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Editorial

Topoisomerases as Targets for Novel Drug Discovery

Andrej Perdih 1,2

1 National Institute of Chemistry, Hajdrihova 19, SI 1000 Ljubljana, Slovenia; andrej.perdih@ki.si;
Tel.: +386-1-4760-376

2 Faculty of Pharmacy, University of Ljubljana, Aškerčeva 7, SI 1000 Ljubljana, Slovenia

DNA topoisomerases (topo) are essential enzymes that maintain the integrity of the
genome by regulating the topological state of DNA during replication, transcription, recom-
bination and repair [1]. These enzymes, which are found in bacteria, archaea, eukaryotes
and even some viruses, are categorized into type I and type II topoisomerases, which are
distinguished by their mechanisms of transient single- or double-strand DNA cleavage and
strand passage that allows DNA topology to be altered [2]. Due to their unique ability to
manipulate DNA topology, topoisomerases are often referred to as the “Magicians of the
DNA world”, as “in their presence, DNA strands or double helices can pass through each
other as if all physical boundaries had disappeared” [2].

The first member of this protein family, the protein ω, now known as Escherichia coli
topo I, was discovered by James Wang and published in 1971 [3]. This enzyme became
the founding member of the type I topoisomerase family and marked the beginning of a
rapidly growing field of research. Since then, numerous members have been identified and
characterized, leading to vibrant research activity over the past five decades [4].

The ability to manipulate DNA topology has made topoisomerases key targets for
antibiotic and cancer therapy, and many drugs acting on them have a long history of
success in clinical practice. In the field of infectious diseases, nalidixic acid, introduced
in the 1960s, was the starting point for the development of fluoroquinolones, such as
ciprofloxacin and levofloxacin, and newer agents such as moxifloxacin, which target
bacterial DNA gyrase and topoisomerase IV. In the field of chemotherapeutics, etopo-
side and teniposide, semi-synthetic derivatives of the natural product podophyllotoxin,
were introduced in the 1980s. They inhibit human topoisomerase II by stabilizing the tran-
sient covalent complex between topo II and DNA. Anthracyclines, including doxorubicin,
daunorubicin and epirubicin, are another established group with a similar mode of action
on topo II. Camptothecin, a natural product of Camptotheca acuminata discovered in the
1960s, led to the development of the clinically approved topo I inhibitors topotecan and
irinotecan in the 1990s, which are used to treat various types of cancer [5].

Despite decades of clinical use, these topoisomerase-targeting agents have several
limitations, including antibiotic resistance, off-target toxicity, induction of secondary ma-
lignancies, cardiotoxicity and limited tumor selectivity [5,6]. This Special Issue presents a
collection of review and research articles that highlight recent progress in overcoming these
challenges through the development of new agents targeting these established targets as
well as novel insights into the management of chemotherapy-induced toxicities.

A large portion of the review articles highlight the strategies currently being developed
for novel topoisomerase inhibitors in oncology and infectious diseases. One of these
provides a comprehensive perspective on topoisomerase inhibitors in cancer, covering both
topo I and topo II agents, and highlights novel chemical scaffolds, hybrid molecules and
clinical candidates that could overcome resistance and toxicity, supported by structural

Pharmaceuticals 2025, 18, 1693 https://doi.org/10.3390/ph18111693
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insights for rational drug design [7]. Complementing this, another review looks at the
development of bacterial gyrase inhibitors that circumvent fluoroquinolone resistance by
targeting either allosteric or ATP-binding sites [8]. The next review focuses on synthetic
lethality strategies that combine topoisomerase II inhibition with disruption of DNA repair
pathways or oncogenic drivers, offering improved therapeutic selectivity and efficacy [9].

The next section of the Special Issue presents original research contributions. These in-
clude 5,8-dimethyl-9H-carbazole derivatives with dual topo I/II inhibition, which illus-
trates the potential of multitarget strategies [10]. The phenotypically discovered thiocarbo-
hydrazone compound, which acts as a catalytic topo II inhibitor, shows cytotoxic activity
against cancer cells [11]. Complementing these reports is a newly developed rolling circle
amplification assay for rapid, gel-free screening of topo I inhibitors, which enables efficient
identification of active compounds [12]. These and other studies in this Special Issue
demonstrate how novel chemical scaffolds and innovative screening platforms are helping
to advance the next generation of topoisomerase therapeutics.

Overall, the Special Issue Topoisomerases as Targets for Novel Drug Discovery demon-
strates that successfully tackling these established targets requires translational strategies
that combine structural biology [13], medicinal chemistry, computational science [14] and
other interdisciplinary approaches to develop next-generation topoisomerase inhibitors
that can overcome long-standing clinical challenges.
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and the dedicated staff of the Pharmaceuticals Editorial Office, for their exceptional cooperation and
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Abstract: Topoisomerases are very important enzymes that regulate DNA topology and are vital for
biological actions like DNA replication, transcription, and repair. The emergence and spread of cancer
has been intimately associated with topoisomerase dysregulation. Topoisomerase inhibitors have
consequently become potential anti-cancer medications because of their ability to obstruct the normal
function of these enzymes, which leads to DNA damage and subsequently causes cell death. This
review emphasizes the importance of topoisomerase inhibitors as marketed, clinical and preclinical
anti-cancer medications. In the present review, various types of topoisomerase inhibitors and their
mechanisms of action have been discussed. Topoisomerase I inhibitors, which include irinotecan
and topotecan, are agents that interact with the DNA-topoisomerase I complex and avert resealing
of the DNA. The accretion of DNA breaks leads to the inhibition of DNA replication and cell death.
On the other hand, topoisomerase II inhibitors like etoposide and teniposide, function by cleaving
the DNA-topoisomerase II complex thereby effectively impeding the release of double-strand DNA
breaks. Moreover, the recent advances in exploring the therapeutic efficacy, toxicity, and MDR
(multidrug resistance) issues of new topoisomerase inhibitors have been reviewed in the present
review.

Keywords: cancer; clinical; marketed drugs; pre-clinical; topoisomerase

1. Introduction

Topoisomerases are a crucial class of enzymes that play a pivotal role in various
DNA-related processes, including DNA replication and transcription. They intricately
control DNA topology, enabling the strands to unwind, separate, and rejoin seamlessly
during essential cellular processes [1]. There are mainly two categories of topoisomerases
(TOPO): topoisomerase I (TOPO I) and topoisomerase II (TOPO II). Further, there are three
subcategories of type I topoisomerases: type IA, IB, and IC [2]. Type IA topoisomerases, also
known as bacterial topoisomerase I, require a single-stranded region in the DNA to bind [3].
They cleave one of the strands in double-stranded DNA and process a transient covalent
bond (via tyrosine residue) with the 5’-phosphoryl group of the DNA [4,5]. This covalent
attachment allows the enzyme to pass the unbroken DNA strand through the nick, altering
the DNA topology. The process by which the enzyme allows the DNA to pass through is
referred to as the “strand passage” mechanism. Type IA topoisomerases relax negative
supercoils, resolve DNA knots, and facilitate DNA replication and transcription [6].

Pharmaceuticals 2023, 16, 1456 https://www.mdpi.com/journal/pharmaceuticals4
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Whereas, type IB topoisomerases are discovered in both prokaryotes and eukaryotes,
including humans. This subtype includes human topoisomerase I. Type IB topoisomerases
break one strand of the DNA, similar to type IA enzymes [1]. However, they differ in the
attachment of the catalytic site of tyrosine residue [7]. Type IB topoisomerases covalently
link the tyrosine to the 3’-phosphoryl group of the DNA [8]. They use a mechanism called
the “swivel” mechanism to relax the DNA supercoils. In this mechanism, the enzyme
interacts with the DNA, breaks one strand, allows the DNA to rotate around the intact
strand, and finally reveals the nick [9]. Type IB topoisomerases are involved in DNA
replication, transcription, repair, and chromatin remodeling. Type IC topoisomerases are
structurally similar to type IB enzymes and share some functional characteristics. They
break a single strand in the DNA and covalently link with the catalytic-pocket tyrosine
to the 3’-phosphoryl end of the DNA [10]. Type IC topoisomerases follow the swivel
mechanism to relax the DNA supercoils, similar to type IB topoisomerases. These enzymes
were primarily discovered in archaea, but they are also present in some bacteria and viruses.
Their specific functions and role in DNA metabolism are still being studied [11].

Similarly, TOPO II also consists of two subtypes: type IIA and IIB. It is probable that
TOPO IIA plays a key function in the cell division process. TOPO IIB is expressed in
post-mitotic cells and may be important in regulating the expression of long genes, even at
this early stage [12].

1.1. Topoisomerase I Mechanism of Action

The general mechanism of action (MOA) of TOPO I involves the relaxation of DNA
supercoiling and the prevention of DNA torsional stress at the outset; TOPO I recognizes
and binds to a specific DNA sequence, usually regions with single-stranded DNA, through
non-covalent interactions [13]. Then, TOPO I introduces a reversible cleave in one of the
DNA strands [14]. This break occurs by forming a covalent linkage between the active site
or catalytic site of tyrosine (TYR) residue and the 3’-phosphoryl group of the DNA [15].
Inhibitors of TOPO I interfere with the denaturation and annealing of the DNA backbone,
which is important for DNA replication and transcription. By blocking the action of
TOPO enzymes, it is possible to disrupt the ligation step in DNA during replication or
transcription, leading to DNA cleavage [16]. These breakdowns can disrupt the genomic
integrity of cells and activate mechanisms, such as apoptosis or necrosis (Figure 1) [17].

Mammalian cells typically possess seven different active sites in topoisomerase en-
zymes (Figure 1), with four encoding type I enzymes and three encoding type II enzymes.
Type I topoisomerases are monomeric enzymes discovered in mammalian cells [18]. They
bind to double-stranded DNA and relieve torsional stress during transcription by cleaving
one strand of DNA. TOPO I drugs or inhibitors are primarily employed in colorectal and
ovarian cancer treatments [19]. Examples of topoisomerase I inhibitors include camp-
tothecin derivatives, particularly camptothecin 9, topotecan 10, irinotecan 11, and belotecan
12, which are accepted by the U.S. Food and Drug Administration (FDA) for colon, lung,
and ovarian cancer treatments, however, these drugs have certain limitations [20,21]. They
can undergo spontaneous inactivation in the blood, requiring longer infusion times due
to rapid drug reversal, and some cancer cells with increased membrane transporters may
develop resistance to these drugs [11,13].

1.2. Mechanism of Action of Topoisomerase II

TOPO II is an enzyme that recognizes specific DNA sequences, usually regions with
double-stranded DNA, during its mechanism of action (MOA) [22]. It cleaves both strands
of the double helix, creating double-strand breaks in a coordinated manner [23,24]. Unlike
type I topoisomerases, type II topoisomerase enzymes exist as multimeric complexes with
α and β domains. Inhibitors of TOPO II induce double-strand breaks, leading to the
activation of apoptosis in cells [6,25]. The capability of TOPO II in the denaturation and
annealing of DNA is central to its active site. All topoisomerases utilize catalytic site
tyrosine amino acid residues to facilitate DNA distraction and ligation. Type II enzymes,
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which break both strands of the double helix, have one of these tyrosine residues in each
protomer subunit [11,26]. TOPO II starts DNA breakdown through the nucleophilic attack
of the catalytic position of the tyrosine amino acid residue on the 3’ end of the phosphate
group in the nucleic acid backbone [24].

 

Figure 1. Mechanism of action of topoisomerase I.

As a result, a covalent phosphotyrosine bond is formed that binds the protein to the
freshly generated 5’ end of the DNA chain [27,28]. Simultaneously, a 3’-hydroxyl group
is generated on the opposite end of the cleaved strand. The cleavage occurs at staggered
scissile bonds across the major groove in the double helix, generating four-base 5’ single-
stranded cohesive ends that are covalently linked to separate protomer subunits of the
enzyme. TOPO II inhibitors used in anti-cancer drugs exert their effects by interfering with
the enzyme’s mechanism of action. They induce double-strand breaks, leading to DNA
damage and the activation of apoptosis in cancer cells [29]. Drugs, such as anthracycline,
anthracenedione, acridine, and epipodophyllotoxin derivatives, are well-known inhibitors
of topoisomerase II [10,30,31] as shown in Figure 2.
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Figure 2. Topoisomerase II mechanism of action.

In recent literature, several noteworthy reviews have been published detailing the
crystal structures of topoisomerase enzymes in a complex with their corresponding in-
hibitors. Specifically, these reviews have shed light on the structural characteristics of both
topoisomerase I (TOPO I) and topoisomerase II (TOPO II) proteins. Here, we provide a
comprehensive overview of the protein structures complex with TOPO, as revealed by
these crystallographic studies [1,32,33] as depicted in Figure 3.
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Figure 3. Structures of human topoisomerases. Shown are the structures of the full-length human
topoisomerase I (left, PDB ID 1k4t) and topoisomerase IIβ (right, PDB ID 5gwi) enzymes with bound
DNA, representative of the overall structure and domains of the two sub-family types.

2. Drugs in Clinical Usage

2.1. Anthracycline-Based Clinically Used DNA-Topoisomerase Inhibitors

The anthracycline agents were the primary class of TOPO inhibitors used in cancer
treatment. They were initially discovered in bacterial Streptomyces species and found to
have anti-proliferative and antibiotic properties [32]. Some clinically marketed anthracy-
cline congeners are doxorubicin 1, epirubicin 2, valrubicin 3, daunorubicin 4, and idarubicin
5. Doxorubicin, in particular, is used for various cancers, such as breast cancer, leukemia,
lymphoma, sarcomas, carcinomas, and other tumors [34]. Daunorubicin and idarubicin are
used for leukemia [35], while epirubicin is used after breast cancer surgery and valrubicin
for urinary bladder carcinoma [36–38]. Anthracycline agents exert their cytotoxic effects
by acting as “poisons” for topoisomerases, specifically type IIα topoisomerases (TOPO IIα
and TOPO IIβ). They intercalate into DNA, bind to it, and are subsequently broken down
by topoisomerases. This interaction stabilizes the DNA–TOPO complex, inhibiting DNA
re-ligation [39,40].

This mechanism contributes to their ability to induce cell death. Additionally, an-
thracyclines generate free radicals in an iron-dependent manner, which further enhances
their cytotoxic effects on cancer cells [41]. Recent studies advise that the inhibition of
TOPO IIβ, which is excessively expressed in cardium, by anthracycline congeners may
lead to cardiotoxicity through apoptosis and reactive oxygen species (ROS) production [42]
(Figure 4, Table 1).

2.2. Anthracenedione and Acridine Derivatives

Anthracenedione agents, including mitoxantrone 6 and pixantrone 7, are synthetic
drugs that mimic the action of anthracycline drugs (Figure 5). Analogous to anthracyclines,
anthracenedione agents act as topoisomerase poisons, primarily targeting TOPO II. Mitox-
antrone intercalates into DNA bound by topoisomerase, avoiding DNA re-ligation and
finally causing DNA breakage and interruption of the DNA repair processes. Pixantrone,
an aza-anthracenedione, was accepted for the treatment of non-Hodgkin B-cell lymphoma.
It depicts cytotoxic effects through DNA intercalation, similar to anthracyclines. Animal
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models have shown that treatment with doxorubicin leads to increased heart weight,
whereas treatment with pixantrone does not have the same effect [43] (Table 1).

Figure 4. Anthracycline derivatives as DNA–topoisomerase inhibitors.

 

Figure 5. Anthracenedione and acridine analogues as DNA–TOPO inhibitors.

Amsacrine (m-AMSA 8) is the only marketed agent in its chemical class. It is a synthetic
drug that consists of an acridine ring (Figure 5). Similar to the previously discussed agents,
amsacrine acts as a TOPO inhibitor, specifically aimed at type II TOPO. Notably, amsacrine
was the first drug recognized to inhibit eukaryotic TOPO II. The acridine ring of the
amsacrine is responsible for its intercalation into DNA and contributes to its activity. On
the other hand, the non-interactive m-AMSA head group provides specificity for the DNA–
TOPO cleavage complex. This combination of structural components enables amsacrine to
exert its cytotoxic effects [44] (Table 1).

2.3. Camptothecin Analogues

Several clinically used camptothecin derivatives are available in the market, including
camptothecin 9, topotecan 10, irinotecan 11, and belotecan 12 (Figure 6). These derivatives
stem from the camptothecin alkaloid, initially obtained from the Chinese tree Camptotheca
acuminata. Camptothecin-derived congeners act initially as topoisomerase inhibitors af-
fecting TOPO I. Many researchers have demonstrated that camptothecin inhibits TOPO I,
leading to DNA strand breaks and inhibition of DNA replication. Irinotecan and topotecan
are clinically accessible hydrophilic versions of camptothecin. They reversibly coordinate
and form a ternary complex with TOPO I and DNA, as mentioned earlier [1,41]. The FDA
approved it as a second-line treatment for lung cancer, with a cisplatin 27 combination for
stage IV-B cervical carcinoma patients instead of surgery or radiation [42,43]. Irinotecan is
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used for metastatic colon or rectal carcinoma following treatment failure or progression
with fluorouracil 26 [45–48]. It can also be given in combination with leucovorin 28 and
5-fluorouracil [49] (Figure 9). Belotecan, one of the comparatively newer camptothecin
congeners, has been approved in South Korea for lung and ovarian cancer treatment since
2003. It shares the same MOA as other agents in its class. In comparison to previously
known camptothecin-based agents, belotecan demonstrates similar efficacy with decreased
toxicities [50] (Figure 6, Table 1).

Figure 6. Camptothecin derivatives as DNA–topoisomerase inhibitors.

2.4. Epipodophyllotoxin Derivatives

Etoposide 13 and teniposide 14 (Figure 7) were obtained from epipodophyllotoxins,
which are natural sources obtained from the mayapple plant (Podophyllum peltatum). These
drugs act as topoisomerase poisons by binding to type II TOPO, similar to the derivatives
discussed earlier. Etoposide has been used in combination with chemotherapy regimens
for refractory testicular tumors and as part of the treatment for lung cancer in combination
with cisplatin [51]. Teniposide is approved for use in combination with other chemotherapy
medications to treat refractory pediatric acute lymphoblastic leukemia [52].

Figure 7. Epipodophyllotoxin derivatives as DNA–topoisomerase inhibitors.
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Table 1. Marketed topoisomerase inhibitors.

Sl. Drug Class Mechanism/Target Indications
Adverse Drug

Reactions
Ref.

1 Doxorubicin Anthracycline
Topoisomerase IIα and
IIβ poison, intercalation,

free radicals
Various cancers

Cardiotoxicity,
myelosuppression,

nausea, potential for
cumulative toxicity

[53,54]

2 Epirubicin Anthracycline
Topoisomerase IIα and
IIβ poison, intercalation,

free radicals
Breast cancer

Cardiotoxicity,
myelosuppression,

nausea, potential for
cumulative toxicity

[36]

3 Valrubicin Anthracycline
Topoisomerase IIα and
IIβ poison, intercalation,

free radicals

Urinary bladder
carcinoma

Local irritation, urinary
symptoms,

myelosuppression
[55]

4 Daunorubicin Anthracycline
Topoisomerase IIα and
IIβ poison, intercalation,

free radicals
Leukemia

Cardiotoxicity,
myelosuppression,

nausea, potential for
cumulative toxicity

[56]

5 Idarubicin Anthracycline
Topoisomerase IIα and
IIβ poison, intercalation,

free radicals
Leukemia

Cardiotoxicity,
myelosuppression,

nausea, potential for
cumulative toxicity

[57]

6 Mitoxantrone Anthracenedione Topoisomerase II
poison, intercalation

Leukemia,
prostate cancer,

MS

Myelosuppression,
potential for cumulative

toxicity, potential for
myelosuppression

[58]

7 Pixantrone Anthracenedione Topoisomerase II
poison, intercalation

Non-Hodgkin
B-cell lymphoma

Myelosuppression,
potential for cumulative

toxicity
[43]

8 Amsacrine Acridine Topoisomerase II
poison, intercalation Acute leukemia

Myelosuppression,
potential for cumulative

toxicity

9 Camptothecin Camptothecin
Topoisomerase I

inhibitor, DNA strand
breaks

Not specified

Gastrointestinal toxicity,
myelosuppression,

potential for cumulative
toxicity

[59]

10 Topotecan Camptothecin
Topoisomerase I

inhibitor, DNA strand
breaks

Small-cell lung
cancer

Myelosuppression,
gastrointestinal toxicity,
potential for cumulative

toxicity

[60,61]

11 Irinotecan Camptothecin
Topoisomerase I

inhibitor, DNA strand
breaks

Colon and rectal
carcinoma

Diarrhea,
myelosuppression,

potential for cumulative
toxicity

[62]

12 Belotecan Camptothecin
Topoisomerase I

inhibitor, DNA strand
breaks

Non-small-cell
lung cancer,

ovarian cancer

Myelosuppression,
gastrointestinal toxicity,
potential for cumulative

toxicity

[50]

13 Etoposide Epipodophyllotoxin Topoisomerase II
poison, intercalation

Testicular tumors,
small-cell lung

cancer

Myelosuppression,
gastrointestinal toxicity,
potential for cumulative

toxicity

[63]

14 Teniposide Epipodophyllotoxin Topoisomerase II
poison, intercalation

Childhood acute
lymphoblastic

leukemia

Myelosuppression,
gastrointestinal toxicity,
potential for cumulative

toxicity

[64]

3. TOPO Inhibitors in Clinical Trials

This segment is focused on novel and new TOPO inhibitor scaffolds that were ex-
amined in human clinical trials, with a summary provided in Table 2. The clinical trials
discussed in this section are categorized based on their phase (1, 2, or 3) and include
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relevant identifiers, such as National Clinical Trial (NCT) numbers or other regulatory
agency identifiers. The information is sourced from the U.S. National Library of Medicine’s
clinical trials database and the WHO/ICMJE ISRCTN registry.

Table 2. Clinical trials on DNA–topoisomerase inhibitors (clinicaltrials.gov, accessed on 17 August
2023).

Sl. Drug Class Mechanism/Target Study Phase NCT Number

1 Indenoisoquinolines
15, 16, 17

Non-camptothecin
type I inhibitors

Stabilize DNA–topoisomerase
cleavage complex, preferential

DNA cleavage sites
Phase 1 NCT-01794104

2 Namitecan
(ST1968)

Topoisomerase I
inhibitor

Inhibits topoisomerase I,
demonstrated anti-tumor

activity
Phase 1 Not specified

3 Vosaroxin
Anti-cancer
quinolone

derivative (AQD)

Targets type II
topoisomerases, induces DNA

damage and apoptosis
Phase 2 NCT-02658487

4 Cytarabine Nucleoside
analogue

Incorporates into DNA,
inhibits DNA synthesis Phase 2 NCT-02658487

5 CRLX101
Camptothecin
nanoparticle

conjugate

Increases tumor cell exposure
to camptothecin,

tumor-specific targeting
Phase 2 NCT-01380769

6 Pixantrone Anthracenedione Induces DNA damage,
anti-tumor activity Phase 3 NCT-01321541

7 Aldoxorubicin Pro-drug of
doxorubicin

Delivers doxorubicin directly
to tumor tissue Phase 3 NCT-02049905

8 Silatecan
Silicon-containing

camptothecin
derivative

Inhibits topoisomerase I,
being evaluated for

gliosarcoma
Phase 2 NCT-01124539

9 Becatecarin Rebeccamycin
analogue

Dual topoisomerase I and II
poison, clinical development

ceased
Phase 2 NCT-00132600

10 Edotecarin Rebeccamycin
analogue

Dual topoisomerase I and II
poison, clinical development

ceased
Phase 2 NCT-02310763

3.1. Topoisomerase Inhibitors in Phase 1 Clinical Trials

The U.S. National Cancer Institute (NCI) conducted a phase 1 clinical trial (NCT-
01794104, (Figure 8, Table 2) investigating a novel class of non-camptothecin type I topoiso-
merase poisons, called indenoisoquinolines, indotecan 15, inimitecan 16, and indenoiso-
quinoline NSC 314622 17, for neoplasm lymphoma [65]. Indenoisoquinolines create a
stable DNA–TOPO cleavage complex like camptothecin analogues, but exhibit a prefer-
ence for specific DNA cleavage sites. This preference enables them to effectively target
camptothecin-resistant cell lines. These derivatives are chemically stable and target their ac-
tion on cells that overexpress ATP-binding cassette transporters ABCG2 and P-glycoprotein
(MDR1). By stabilizing the breakdown complex, they induce DNA destruction, represent-
ing their efficacy as potent anti-cancer treatments. Furthermore, indenoisoquinolines delay
DNA repair, leading to apoptosis. After five days of administration, LMP400 has linear
pharmacokinetics, at which point drug aggregation is seen. Weekly dosing is thought to
raise the drug’s peak levels, resulting in improvements in safety and efficacy [66].
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Figure 8. Representative DNA–TOPO inhibitors in clinical trials.

Namitecan (ST1968) 23 is a TOPO I inhibitor that has demonstrated good anti-prolifera
tive activity and has a far better safety profile compared to topotecan 10 and irinotecan
12. Pharmacokinetic studies using repeated dosing schedules have shown no production
or accumulation of metabolites due to its short half-life. Current research has validated
the safety and pharmacokinetic profile of namitecan, including manageable neutropenia,
and has shown efficacious anti-proliferative activity, with positive responses observed in
endometrium and bladder cancers [67].

3.2. Topoisomerase Inhibitors in Phase 2 Clinical Trials

The Vanderbilt-Ingram Cancer Center enrolled subjects for phase 2 clinical trials (NCT-
02658487) to evaluate the effectiveness of vosaroxin 18 and cytarabine 29 (Figure 9) in
treating patients with untreated acute myeloid leukemia. Vosaroxin is an anti-proliferative
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quinolone conjugate that targets type II TOPO (Figure 8). Quinolone conjugates act on
the DNA–TOPO to breakdown complex and intercalate DNA at exact GC-rich sites to
avoid DNA annealing by TOPO. It leads to specific site DNA destruction, prolongation
of the S-phase, G2-phase cell cycle arrest, and finally leads to apoptosis [32]. Vosaroxin
consists of a quinolone core, which makes it less active compared to the remaining classes
of TOPO inhibitors. It produces fewer toxic metabolites, ROS and cardiotoxicity. Further-
more, vosaroxin can induce p53-independent apoptosis, making it effective against drug
resistance mechanisms associated with p53 inactivation. Its stable quinolone structure is
not extensively metabolized by enzymes or capable of inducing or inhibiting p450 activity,
minimizing the potential for drug–drug interactions and even enhancing the activity of
other anti-cancer drugs, such as cytarabine [68].

Figure 9. Miscellaneous DNA–topoisomerase inhibitors.

The primary goal of this research is to assess the proportion of patients achieving
complete remission after undergoing initial treatment with a combination of vosaroxin and
cytarabine. This study focuses on individuals who have recently been diagnosed with acute
myelogenous leukemia and have not received any prior treatment. The aim is to evaluate
the effectiveness of the vosaroxin and cytarabine combination during the induction therapy
phase [69]. In another phase 2 clinical trial completed by NewLink Genetics Corporation
(NCT-01380769), the impact of CRLX101 on the average survival of patients with advanced
non-small-cell lung cancer (NSCLC) was studied. CRLX101 is a camptothecin nanoparticle
conjugated to a cyclodextrin-based polymer, designed to increase tumor cell exposure to
camptothecin, while minimizing side effects. The nanoparticle size facilitates tumor-specific
targeting by extravasating from the leakier blood vessels found in tumors [70] (Figure 8).

3.3. Topoisomerase Inhibitors in Phase 3 Clinical Trials

CTI BioPharma performed a phase 3 study (NCT-01321541) comparing the ability of
pixantrone 7 with rituximab to gemcitabine 19 with rituximab in 260 patients with relapsed
or refractory diffuse large B-cell lymphoma or follicular grade 3 lymphoma. The major
results measure in the study was progression-free survival (PFS), with secondary outcome
measures including total survival, and complete and total response rate, as well as safety
evaluations, such as adverse events and laboratory values falling outside predetermined
ranges [71]. Aldoxorubicin 20, a pro-drug of doxorubicin, is considered a promising option
for the treatment of soft tissue sarcomas [72]. It contains a carboxylic hydrazine that binds
to albumin in the blood and is then released in the acidic tumor environment, delivering
doxorubicin directly to the tissue. A phase 3 study, sponsored by CytRx (NCT-02049905),
investigated the administration of aldoxorubicin to patients with soft tissue sarcomas, with
the active comparator being the investigator’s choice among various treatment options. The
study assessed the overall survival, safety parameters, and tumor response. Other notable
topoisomerase inhibitors undergoing clinical trials include silatecan 21, a silicon-containing
camptothecin analogue [73], and rebeccamycin analogs obtained from the natural product
rebeccamycin 22 [74]. Silatecan is being evaluated in a phase 2 study for gliosarcoma
(NCT-01124539), while rebeccamycin analogs, such as becatecarin 24 and edotecarin 25,
have progressed to phase 2 trials. These compounds exhibit dual TOPO I and II inhibitors.
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However, the clinical development of becatecarin and edotecarin has stopped, and it
remains uncertain whether additional rebeccamycin compounds will be tested clinically
(Figure 8) [75].

4. Topoisomerase Inhibitors in Preclinical Studies

4.1. Naphthalimide–Benzothiazole Derivatives

Rao et al. reported novel naphthalimide–benzothiazole derivatives as topoisomerase
IIα inhibitors. Among the series of compounds, compounds 30 and 31, containing the
6-aminobenzothiazole ring, exhibited significant cytotoxic activity against lung cancer
(IC50: 4.074 and 3.890 μM) and colon cancer (IC50: 3.715 and 3.467 μM) cell lines when
compared to the standard compound (amonafide 32) (IC50: 5.459 and 7.762 μM). They also
investigated the DNA-binding properties of the active analogues using various techniques,
such as DNA viscosity, CD, UV/Vis, fluorescence spectroscopy, and molecular docking,
revealing a strong intercalation between the two DNA strands. Additionally, the most
potent analogues, 30 and 31, were successfully inhibited by DNA TOPO II (Figure 10) [76].

 

Figure 10. Naphthalimide–benzothiazole derivatives DNA–topoisomerase inhibitors.

4.2. β-Carboline Hybrids as Topoisomerase Inhibitors

In our previous studies, we have described the topoisomerase I inhibitory potential
of β-carboline hybrids (33–58). A series of new β-carboline hybrids were prepared by
introducing a phenyl group at the C1 position, along with chalcone/(N-acetyl)/pyrazole
molecules at the position C3, and all the synthesized analogues were assessed for their
anti-proliferative activity. Additionally, DNA photocleavage studies demonstrated that two
of the analogues, compound 36 and compound 49, successfully cleaved pBR322 plasmid
DNA upon UV light irradiation. The potent hybrid compound 49 efficiently inhibited DNA
TOPO I activity and maintained the DNA in the supercoiled form (Figure 11) [77].

In another study, dithiocarbamate-linked β-carboline analogues were reported as
DNA TOPO II inhibitors. Among the derivatives, compounds 59 and 60 displayed a
prominent anti-proliferative profile, with IC50 values of 1.34 μM and 0.79 μM on the DU-
145 cell line, respectively. Both biophysical investigations and in silico studies indicated a
complexion-type interaction between these analogues and DNA, distinguishing them from
simple β-carbolines. To gain insight into their MOA, a DNA TOPO II inhibition assay was
also performed (Figure 11) [78].

Similarly, C3-trans-cinnamide linked β-carboline analogues were described as signifi-
cant anti-proliferative and DNA TOPO I poisons. These analogues were subjected to the
cytotoxic profile against selected human cancer cell lines. The results indicated that the
newly designed analogues displayed prominent activity against all the tested cell lines,
having IC50 values in the range of 13–45 nM. Particularly, conjugates 61 and 62 demon-
strated the highest activity against the breast cancer cell line (MCF-7 cells), with IC50 values
of 14.05 nM and 13.84 nM, respectively. They also investigated the TOPO I inhibition assay,
DNA-binding affinity, and in silico studies, disclosing that these novel analogues function
as DNA-interactive TOPO I inhibitors (Figure 11) [79].

In related studies, β-carboline-combretastatin carboxamides were reported as DNA
intercalation and TOPO II inhibitors. They were subjected to such studies for their po-
tential DNA-binding affinity, cytotoxicity, and TOPO II inhibition activity. Among them,
compounds 63 and 64 demonstrated potent cytotoxic effects against the A549 cell line, with
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IC50 values of 1.01 μM and 1.17 μM, respectively. The most potent conjugate, 63, was tested
for DNA TOPO II inhibition activity (Figure 11) [80].

 

Figure 11. β-Carboline analogues as DNA–topoisomerase inhibitors.

In another example, β-carboline-bisindole analogues were described as DNA binding,
photocleavage agents, and TOPO I inhibitors. A series of β-carboline-bisindole analogues
were synthesized and subjected to studies for their anti-proliferative activity against various
human cancer cell lines. All the analogues demonstrated significant anti-proliferative
activity. Particularly, compounds 65 and 66 exhibited noteworthy activity against DU-
145 cells, with IC50 values of 1.86 μM and 1.80 μM, respectively. The active conjugates
significantly inhibited DNA TOPO I enzyme and were capable of cleaving the pBR322
plasmid under UV light irradiation. The results also reported a combilexin-type interaction
between the compounds and DNA (Figure 11) [81].

4.3. Imidazopyridinyl-1,3,4-Oxadiazole Derivatives

A series of imidazopyridinyl-1,3,4-oxadiazole analogues were synthesized and sub-
jected to an anti-proliferative assay, revealing promising results for some compounds.
Notably, compound 67 (NSC 763639) exhibited significant growth inhibition with a sin-
gle dose (10 μM) across all human cancer cell lines, meeting the threshold criteria. This
compound was used in five different dose levels (0.01, 0.1, 1, 10, and 100 μM) and yielded
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GI50 values ranging between 1.30 to 5.64 μM. Conjugate 67 exhibited significant inhi-
bition of TOPO II activity, as observed in the TOPO II-mediated DNA relaxation assay
(Figure 12) [82].

Figure 12. Imidazopyridinyl-1,3,4-oxadiazole derivatives as DNA–TOPO inhibitors.

4.4. Pyrazole-Linked Benzothiazole-β-Naphthol Derivatives

Pyrazole-linked benzothiazole-β-naphthol analogues were synthesized using environ-
mentally friendly methods without the need for catalysts, yielding good to excellent yields.
Notably, some derivatives, 68, 69, and 70, exhibited prominent cytotoxicity against human
cervical cancer cells (HeLa), with IC50 values ranging from 4.63–5.54 μM. Furthermore,
these derivatives effectively inhibited TOPO I activity (Figure 13) [83].

Figure 13. Pyrazole-linked benzothiazole-β-naphthol analogues as DNA–topoisomerase inhibitors.

4.5. Podophyllotoxin Congeners

Kamal and others reported a novel class of polyaromatic podophyllotoxin (71–82)
congeners, specifically 4β-N-polyaromatic substituted podophyllotoxins, as DNA TOPO
inhibitors (Figure 14) [84].

Similarly, novel 4β-sulphonamido and 4β-[(4-sulphonamido)benzamide] podophyl-
lotoxin analogues demonstrated potential DNA topoisomerase IIα inhibitory potential.
Among them, compounds 83, 84, and 85 exhibited greater potency than etoposide, a known
anti-cancer drug. Additionally, compound 84 triggered both single-strand and double-
strand DNA breaks, as noticed through a comet assay and c-H2AX analysis, respectively.
Western blot analysis and related studies confirmed that compound 84 inhibited TOPO
IIα activity. The compounds also activated ATM and Chk1 proteins, indicating effective
DNA damage. Moreover, compound 84 induced apoptotic cell death, as evidenced by the
triggering of caspase-3, the upregulation of p21 and p16, the downregulation of NF-kB,
and the decreased expression of the Bcl-2 protein (Figure 14) [85].
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Figure 14. Podophyllotoxin congeners as DNA–topoisomerase inhibitors.

In another study, 4β-[4′-(1-(aryl)ureido)benzamide]podophyllotoxin congeners were
reported as DNA TOPO I and IIα inhibitors. Some conjugates, 86, 87, 88, and 89, exhib-
ited significant anti-proliferative activity in Colo 205 cells, surpassing the effectiveness
of etoposide. Furthermore, enhanced inhibitory activities against DNA TOPO I and IIα
enzymes were demonstrated. The active analogues also induced apoptosis by upregu-
lating the caspase-3 protein, as observed through Western blotting and ELISA analysis
(Figure 14) [86].
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A highly efficient one-pot iodination method, utilizing zirconium tetrachloride and
sodium iodide, has been successfully developed for synthesizing benzothiazolo-4β-anilino-
podophyllotoxin (90–97) and benzothiazolo-4β-anilino-4-O-demethylepipodophyllotoxin
(98–105) analogues. Selected representative conjugates were assessed with an anti-proliferat
ive assay against specific human cancer cell lines and their capability to inhibit DNA TOPO
II activity (Figure 15) [87].

Figure 15. Podophyllotoxin derivatives as DNA–topoisomerase inhibitors.
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Similarly, podophyllotoxin–thiourea congeners were reported as DNA TOPO II in-
hibitors. Among them, selective cytotoxicity was observed on DU-145 (human prostate can-
cer) cells, with compound 106 displaying the most potent activity (IC50 of 0.50 ± 0.03 μM).
Importantly, it demonstrated a favorable safety therapeutic window, exhibiting a 4-fold
difference in potency compared to the non-cancerous human prostate cell line (RWPE-1,
IC50 of 40.85 ± 0.78 μM). Flow cytometric analysis of this compound (106) revealed a
significant G2/M-phase arrest and notable inhibition of TOPO II activity (Figure 15) [88].

In another study, a series of novel 4β-amidotriazole-linked podophyllotoxin congeners
were designed and synthesized using click chemistry and assessed for their biological activ-
ities. Notably, compounds 107, 108, and 109 displayed remarkable cytotoxicity, with IC50
values of less than 1 μM against the tested cancer cell lines, surpassing the activity of the ref-
erence etoposide. Furthermore, these derivatives efficiently inhibited the activity of TOPO
II, as demonstrated by topoisomerase-mediated DNA relaxation assays (Figure 15) [89].

Similarly, podophyllotoxin-linked β-carbolines analogous were reported as a signif-
icant anti-cancer agent and DNA TOPO II inhibitor. Among them, compounds 110 and
111 exhibited the highest cytotoxicity against the DU-145 cell line, with IC50 values of
1.07 ± 0.07 μM and 1.14 ± 0.16 μM, respectively. They also investigated cell cycle analy-
sis, DNA-binding studies, a comet assay, TOPO II inhibition, and molecular modelling,
which revealed that these derivatives interact with DNA and function as inhibitors of
topoisomerase II (Figure 15) [90].

4.6. Benzimidazoles Congeners

Benzimidazoles have demonstrated their ability to disrupt DNA topoisomerases, as
the significant class of enzymes involved in DNA manipulation. Notably, bibenzimidazole
and terbenzimidazole compounds have emerged as distinctive Top1 poisons, constituting
a class that stems from structural modifications of Hoechst 33342 (112), a blue fluorescent
dye employed in DNA staining for molecular biology applications (Figure 16) [91].

Figure 16. Benzimidazole derivatives as DNA–topoisomerase inhibitors.
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The LaVoie Laboratory has been instrumental in advancing the understanding of
terbenzimidazoles’ impact on DNA. Multiple terbenzimidazoles were identified to induce
DNA breakdowns in the presence of mammalian TOPO I. These conjugates were also sub-
jected to analysis for their cytotoxic effects on various human cancer cell lines, supporting
the notion of TOPO I-mediated DNA cleavage. Comparisons with the TOPO I poison
compound 112, based on Hoechst 33342, highlighted the comparable potency of several
terbenzimidazoles. Compounds 113a and 113b displayed analogous TOPO I inhibition to
that of compound 112 (Figure 15). The 5-phenyl-substituted terbenzimidazole 113c exhib-
ited approximately half the potency of compound 112 as a TOPO I poison. Meanwhile, the
3- and 4-pyridyl analogs 113e and 113f demonstrated greater activity than the 2-pyridyl
derivative 113d, both as TOPO I poisons and anti-proliferative agents (Figure 16) [92].

In 2009, Coban et al. [93] conducted research involving congeners of benzimidazole
with alteration mainly at the second and fifth positions. Remarkably high activity was
observed with analogs 114a and 114c (95.4% and 90.2% supercoiled vs. relaxed DNA
bands), showing significant TOPO 1 inhibition and cytotoxicity (Figure 15). Additionally,
in 2011, a series of benzimidazole congeners (2-aryl-5-substituted-2,5-bisbenzimidazole)
were synthesized and subjected to analysis for their capacity to induce DNA cleavage in
the presence of TOPO I (115a–d). These derivatives exhibited significant cancer growth
inhibition against tested cancer cell lines, with IC50 values falling within the micromolar
range (Figure 16) [94,95].

Ananda and others developed and tested a library of 11 dual inhibitors (DiPT-1 to
DiPT-11) targeting PARP1 and TOP1. DiPT-4 (116) emerged as a standout, effectively
inducing DNA damage, cell cycle arrest, and apoptosis, while sparing normal cells. DiPT-4
stabilizes the TOPO I-DNA complex, intensifying DNA breaks and impeding PARylation,
countering resistance. It is a promising candidate for improved single-agent therapy,
circumventing toxicities and enhancing clinical efficacy (Figure 17) [96].

Figure 17. Miscellaneous derivatives as DNA–topoisomerase inhibitors.

Chauhan et al. reported on fluoroquinolones, known as bacterial topoisomerase in-
hibitors and vital antibacterial agents, which also exhibit anti-proliferative effects attributed
to their impact on eukaryotic TOPO II, inducing DNA damage similar to TOPO II poi-
sons [97]. Additional mechanisms, like tumor growth factor regulation, might contribute
to their anti-proliferative actions. Leveraging the structures of tyrosine kinase inhibitor
sunitinib (117) and bacterial topoisomerase inhibitor ciprofloxacin (118) [98], researchers
designed hybrid molecules (e.g., HMNE3, 119), integrating features of both drugs. HMNE3
displayed notable inhibitory activity against tyrosine kinases and TOPO II, demonstrating
cytotoxicity across multiple cell lines (Panc-1, T24, BGC-823, PU145, HCG-27, Capan-1),
with nanomolar IC50 values [99]. Since TOPO II and the epidermal growth factor recep-
tor (EGFR) mutually influence expression, targeting them simultaneously emerges as a
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promising anti-cancer approach. Novel dual inhibitors of TOPO II and EGFR have been
developed to enhance treatment efficacy (Figure 17) [100].

5. Conclusions

In conclusion, topoisomerase inhibitors have emerged as potential anti-cancer med-
ications due to their ability to disrupt the normal function of these enzymes and induce
DNA damage, leading to cell death. This review has discussed different types of TOPO
inhibitors, including type I and II inhibitors, and their mechanisms of action in the treat-
ment of cancer. TOPO I inhibitors stabilize the cleavage complex, while TOPO II inhibitors
cleave the complex with DNA, resulting in DNA breaks. These inhibitors have shown
therapeutic efficacy in the treatment of various cancers, such as breast, lung, and ovarian
cancer. The development of targeted therapies that selectively inhibit overexpressed iso-
forms of topoisomerases in cancer cells holds great promise. By specifically targeting these
isoforms, the inhibitors can disrupt DNA replication and repair processes in cancer cells,
while minimizing damage to normal cells. Furthermore, combining TOPO inhibitors with
other anti-cancer agents, such as chemotherapeutic drugs, immunotherapies, or targeted
therapies, can enhance treatment outcomes and overcome drug resistance.

Researchers have also explored natural products and structural modifications to
discover and optimize new topoisomerase inhibitors. Additionally, advances in struc-
tural biology, computational modelling, and virtual screening techniques have facilitated
structure-based drug design, leading to the development of inhibitors with improved
drug-like properties and the ability to overcome drug resistance mechanisms. These recent
advances in the discovery and design of topoisomerase inhibitors offer promising avenues
to address drug resistance, enhance treatment outcomes, and progress the overall efficacy
and safety of cancer therapies. New methods to improve the therapeutic efficiency include
nano-delivery systems and microneedle patches. Continued research and development in
this field holds great potential for advancing cancer treatment approaches.

6. Recent Advances in the Discovery of New and Novel Topoisomerase Inhibitors

Researchers have been working on developing targeted therapies that specifically
inhibit the isoforms of topoisomerases overexpressed in cancer cells. By selectively tar-
geting these isoforms, the inhibitors can effectively disrupt DNA replication and repair
processes in cancer cells, while minimizing damage to normal cells. Combining topoiso-
merase inhibitors with other anti-cancer agents has shown promise in overcoming drug
resistance and enhancing treatment outcomes. Combinations with chemotherapy drugs,
immunotherapies, or targeted therapies can synergistically enhance the cytotoxic effects
and overcome resistance mechanisms. Dual inhibitors simultaneously target multiple
isoforms of topoisomerases or combine topoisomerase inhibition with the inhibition of
other essential cellular processes. This approach enhances therapeutic efficacy and mini-
mizes the likelihood of resistance development. Natural products, such as marine-derived
compounds and plant extracts, continue to be a valuable source for the discovery of new
topoisomerase inhibitors. Structural modifications and synthesis of analogues derived
from these natural compounds can enhance their potency, selectivity, and pharmacokinetic
properties. Researchers have been exploring novel DNA binding modes for topoisomerase
inhibitors to enhance their affinity and specificity. By targeting unique DNA-binding sites
or inducing structural changes in DNA, these inhibitors can disrupt topoisomerase function
more effectively. Advances in structural biology, computational modeling, and virtual
screening techniques have enabled the rational design of topoisomerase inhibitors with
improved drug-like properties. By utilizing the three-dimensional structures of topoiso-
merases, researchers can design inhibitors with optimized binding interactions and reduced
off-target effects. Understanding the molecular mechanisms of drug resistance has paved
the way for the development of inhibitors that can overcome these resistance mechanisms.
Strategies include the development of inhibitors that are not susceptible to drug efflux
pumps, bypass resistant mutations, or target alternative DNA repair pathways. These
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recent advances in the discovery of topoisomerase inhibitors offer promising avenues to
address drug resistance, enhance treatment outcomes, and improve the overall efficacy and
safety of cancer therapies.
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98. Beberok, A.; Wrześniok, D.; Rok, J.; Rzepka, Z.; Respondek, M.; Buszman, E. Ciprofloxacin Triggers the Apoptosis of Human
Triple-Negative Breast Cancer MDA-MB-231 Cells via the P53/Bax/Bcl-2 Signaling Pathway. Int. J. Oncol. 2018, 52, 1727–1737.
[CrossRef]

99. Ma, Y.C.; Wang, Z.X.; Jin, S.J.; Zhang, Y.X.; Hu, G.Q.; Cui, D.T.; Wang, J.S.; Wang, M.; Wang, F.Q.; Zhao, Z.J. Dual Inhibition
of Topoisomerase II and Tyrosine Kinases by the Novel Bis-Fluoroquinolone Chalcone-Like Derivative HMNE3 in Human
Pancreatic Cancer Cells. PLoS ONE 2016, 11, e0162821. [CrossRef]

100. Skok, Ž.; Zidar, N.; Kikelj, D.; Ilaš, J. Dual Inhibitors of Human DNA Topoisomerase II and Other Cancer-Related Targets. J. Med.
Chem. 2020, 63, 884–904. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

27



pharmaceuticals

28



′ ′

29



′

30



31



32



33



34



θ

35



36



37



38



β

β

β β

β

β

39



40



41



α

α

42



é

43



í é ó á á í Á

ó

44



45



á

à

β

α

46



é

β

β

α β

47



pharmaceuticals

Review

Developments in Non-Intercalating Bacterial Topoisomerase
Inhibitors: Allosteric and ATPase Inhibitors of DNA Gyrase
and Topoisomerase IV

Scott Grossman *, Colin W. G. Fishwick and Martin J. McPhillie *

School of Chemistry, University of Leeds, Leeds LS2 9JT, UK
* Correspondence: s.grossman@leeds.ac.uk (S.G.); m.j.mcphillie@leeds.ac.uk (M.J.M.)

Abstract: Increases in antibiotic usage and antimicrobial resistance occurrence have caused a dramatic
reduction in the effectiveness of many frontline antimicrobial treatments. Topoisomerase inhibitors
including fluoroquinolones are broad-spectrum antibiotics used to treat a range of infections, which
stabilise a topoisomerase-DNA cleavage complex via intercalation of the bound DNA. However,
these are subject to bacterial resistance, predominantly in the form of single-nucleotide polymor-
phisms in the active site. Significant research has been undertaken searching for novel bioactive
molecules capable of inhibiting bacterial topoisomerases at sites distal to the fluoroquinolone binding
site. Notably, researchers have undertaken searches for anti-infective agents that can inhibit topoiso-
merases through alternate mechanisms. This review summarises work looking at the inhibition of
topoisomerases predominantly through non-intercalating agents, including those acting at a novel
allosteric site, ATPase domain inhibitors, and those offering unique binding modes and mechanisms
of action.

Keywords: topoisomerase; DNA gyrase; topo IV; antibiotic; allosteric; ATPase

1. Introduction

Infectious disease contributes significantly to worldwide mortality rates, with over
10 million deaths attributed to this class of disease in 2019 [1]. Following the publication
of the O’Neill report in 2016, it was shown that rising trends in antimicrobial resistance
(AMR) will have profound effects on both mortality rates as well as the global economy [2].
Data from the GRAM report suggested that in 2019, AMR infections were a factor in nearly
5 million deaths, directly causing mortality in 1.2 million cases [3]. As such, there is an
urgent need to curb deaths due to infectious diseases, particularly through the development
of novel antibiotics.

Resistant infections are increasing due to a multitude of reasons, including overpre-
scribing antibiotics, their use in agriculture, and poor public understanding of the causes
and implications of antibiotic resistance [4–6]. Current estimates predict that should these
trends remain on course, by 2050, deaths due to AMR could exceed 10 million, more than
currently die worldwide from all cancers combined [2]. Therefore, one approach to reduc-
ing AMR is the production of new treatments, particularly drugs with new mechanisms of
action, in order to evade pre-existing resistance methods utilised by bacteria.

Broad-spectrum antibiotic activity can be achieved through the inhibition of essential
proteins and enzymes found to be relatively well conserved across bacteria. For example,
topoisomerases are found in all prokaryotes and eukaryotes, and some viruses [7]. Topoiso-
merases are responsible for topological changes in DNA, notably changes in supercoiling,
decatenation, and unknotting, and are heavily involved in the replication and transcription
processes by regulating supercoiling and by decatenating intertwined DNA strands [8].
Without these topological adjustments, DNA would remain unusable, leading to cell death.
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Topoisomerases are divided into classes I and II dependent on whether they act
via a single-strand DNA break (type I) or a double-strand DNA break (type II), with
bacteria generally containing up to four examples [9]. For example, Escherichia coli contains
topoisomerase I and topoisomerase III (type I), both of which are dimeric and reduce
negative supercoiling in DNA [10]. Within type II, E. coli produces topoisomerase II
(DNA gyrase) and topoisomerase IV (topo IV). DNA gyrase is found to introduce negative
supercoils into DNA, whilst topo IV decatenates DNA and relaxes positive supercoiling.
Whilst type I topoisomerases are, in theory, suitable drug targets, to date, the only clinically
used drugs targeting bacterial topoisomerases are type II inhibitors.

DNA gyrase and topo IV are tetrameric proteins formed from two copies each of two
proteins. DNA gyrase consists of two subunits of GyrA and two subunits of GyrB, with
the protein found in the form A2B2 (Figure 1). Likewise, with topo IV, two subunits each
of ParC and ParE form a homologous A2B2 tetramer [11]. In DNA gyrase, the enzyme
functions through a complex mechanism, detailed studies of which have been described
elsewhere [12]. Briefly, a segment of DNA (G segment) associates with DNA gyrase at the
interface of the GyrA and GyrB subunits, and is wrapped around the enzyme (Figure 2).
Upon the winding of approximately 130 bp around the enzyme, the conformation allows
for a different segment of the same DNA strand (T segment) to enter the complex through
the N-terminal gate of the GyrB subunits, positioning it above the G segment of DNA
already associated.

Figure 1. (A) Front view of Staphylococcus aureus DNA gyrase (PDB ID 6QX2 [13]), representative of
the structure of type II topoisomerases. (B) Top view of S. aureus DNA gyrase, rotated 90◦ forwards
from (A). The GyrA/ParC units of topoisomerase (green and red cartoons) are known to be critical to
the actions of DNA strand breakage and covalent linkage of the phosphate backbone (whole DNA
segment in pink spheres) to a conserved tyrosine residue in the active site, whilst the GyrB/ParE
units (yellow and blue cartoons) are required for interactions with ATP. Both of these interactions are
putative targets for topoisomerase inhibitors.

The GyrB subunit contains an ATPase domain, and the binding of ATP to this protein
causes the N gate to shut, trapping the T segment, followed by double strand cleavage of
the G segment and subsequent covalent linkage of the phosphate backbone to a conserved
tyrosine located on the GyrA subunit [14]. The strand break allows the T segment to pass
through the broken G segment, thereby changing the link number by two, and performing
its function to decatenate or alter supercoiling. The T segment leaves the protein through
an exit gate, formed through a conformational change of the GyrA subunits. Religation
of the broken strand, promoted through ATP hydrolysis, reforms the G segment, which
exits via the N gate, reopened through the conversion of ATP to ADP and its subsequent
dissociation from the ATPase domain. Topo IV acts through a similar mechanism, though
with homologous subunits ParC and ParE forming the complex with DNA in place of
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GyrA and GyrB, respectively. Whilst ATP provides the energy required for DNA gyrase
to introduce negative supercoils into DNA, in the absence of ATP, it relaxes negative
supercoiling in DNA.

Figure 2. A generalised catalytic cycle of a topoisomerase. This figure depicts a cycle increasing
supercoiling in circular DNA, though a similar cycle is used to reduce supercoiling, and decatenate
and unknot DNA; GyrA units in blue; GyrB units in orange; G segment of DNA in red; T segment of
DNA in green; non-interacting DNA in grey. (1) DNA interacts with the topoisomerase, and the G
segment associates at the interface between the GyrA and GyrB subunits. (2) The non-interacting
DNA loops around the topoisomerase and the T segment enters the topoisomerase, positioning itself
above the G segment. The binding of ATP to the ATPase domain of GyrB causes the N-terminal gate
to shut. (3) The G segment is cleaved, creating a change in conformation, enabling strand passage.
(4) The T segment passes through the cleavage complex, altering the link number by two, and leaves
via an exit gate. (5) Religation of the G segment, promoted by ATP hydrolysis, reopens the N-terminal
gate, through which it leaves in its supercoiled form. The release of ADP reverts the conformation of
topoisomerase back to its apo form.

The crucial interaction between the GyrA/ParC unit and DNA is the target for the
fluoroquinolone (FQ) class of drugs [15]. Following DNA strand breakage, the FQs are
able to stabilise the cleavage complex by stacking between DNA base pairs at the site of
cleavage, thus preventing further advancement of the strand passage and religation process.
The FQs are often referred to as being ‘gyrase poisons’. Many FQs are used as frontline
drugs, such as ciprofloxacin and moxifloxacin (1 and 2, Figure 3), in part due to their broad
spectrum of activity across both Gram-positive and Gram-negative bacteria [16].

FQs have been in use since the 1970s, though the precursor drug nalidixic acid
(3, Figure 3), a 1,8-naphthyridinone, was discovered in 1962 [17]. Since then, they have
been increasingly used as frontline drugs to treat a wide range of infections, particularly
urinary tract infections [18]. They do, however, have several adverse side-effects, which
can affect patients significantly. Of note, treatment with FQs has been shown to increase
the risk of tendon disorders, including tendon ruptures and tendinitis [19]. The severity
of these risks led the FDA to introduce a black box warning on many FQ antibiotics [20].
Moreover, FQ use has been shown to increase the bacterial SOS response, causing increased
mutation and antibiotic resistance in persister cells [21,22].
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Figure 3. Examples of DNA intercalating drugs. Ciprofloxacin 1 and moxifloxacin 2 are examples of
fluoroquinolones (FQ), which are readily used as frontline drugs currently. They are both derivatives
of an earlier class of drug, 1,8-naphthyridinones, of which nalidixic acid 3 was the first-in-class.
Gepotidacin 4 is an example of a class of topoisomerase inhibitor, which intercalates DNA at an
alternative site, leading to a different mechanism of action. Zoliflodacin 5 and QPT-1 6 are examples
of spiropyrimidinetriones, found to overlap the FQ site, but act with an alternate mode of inhibition.

Although usage in high-income countries has stabilised since the year 2000, overall
usage is increasing steadily worldwide, with findings by Browne et al. suggesting that
global use per capita has approximately doubled since 2000 [23]. With this trend, an
increase in FQ resistance has emerged in pathogens affecting humans, wildlife, farmed
animals, and aquatic environments, with multiple mutations frequently observed in clinical
isolates, notably single-nucleotide polymorphisms (SNP) at sites GyrA83, GyrA87, ParC80,
and ParC84 (E. coli numbering).

Whilst plasmid-mediated quinolone resistance does occur, SNP occurrence is the most
common form of FQ resistance. Hamed et al. found that, in their study of 169 cancer
patients suffering infection due to ciprofloxacin-resistant pathogens, all isolates contained
at least one mutation in GyrA, and 93.3% had a further mutation in ParC, thereby in-
hibiting the crucial interaction between ciprofloxacin and the GyrA/ParC subunit [24].
Variations in the FQ core have subsequently been developed, which evade these forms
of resistance, including using a 2-pyridone, quinazolinedione, isothiazoloquinolone, and
oxazoloquinolin-2-one core [25–28].

As FQ resistance poses a significant threat to global healthcare, drugs targeting topoi-
somerases that further differentiate from FQs through distinct binding positions and
mechanisms of inhibition are highly desirable. One area where researchers have made
progress in is the development of Novel Bacterial Topoisomerase Inhibitors (NBTIs), such
as gepotidacin (4, Figure 3). These compounds, similarly to FQs, act as DNA intercalating
agents, though they occupy a different site within the cleavage complex to evade some FQ
resistance mechanisms. Successes in NBTI developments have been thoroughly reviewed
elsewhere [29–31].

One further interesting scaffold which has been developed in recent years is that of
the spiropyrimidinetrione, the most studied example of which is zoliflodacin, also known
as AZD0914 and ETX0914 (5, Figure 3) [32,33]. Initially, this compound was used to target
Neisseria gonorrhoeae, and is currently in Phase III trials (NCT number NCT03959527), but it
shows further strong activity against a range of other bacteria [34,35]. Work by Basarab et al.
showed that zoliflodacin displays a novel mode of inhibition with respect to ciprofloxacin,
and interacts with GyrB more strongly than GyrA [32,36], whilst still intercalating DNA at
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a site overlapping that of FQs, as evidenced by crystallographic data on both zoliflodacin
(PDB ID 8BP2) as well as a related compound QPT-1 (6, Figure 3, PDB ID 5CDM) [37,38].
Advances in DNA intercalating topoisomerase inhibitors including spiropyrimidinetriones
have been reviewed elsewhere [39,40].

In addition to NBTIs and spiropyrimidinetriones, significant work has been produced
studying inhibition of alternative binding sites of topoisomerases, including that of the
second catalytic domain within DNA gyrase and topo IV, the ATPase domain found in
GyrB/ParE, as well as a novel allosteric site identified in the vicinity of the GyrA active
site. Through the targeting of distal sites within topoisomerases, it may be possible to
reduce the current usage of FQs, thereby extending their lifespan and giving potential for
combined-therapeutic treatments targeting DNA gyrase and topo IV. This review aims to
summarise the research to date primarily focussing on non-intercalating inhibitors targeting
alternative sites in bacterial topoisomerases.

2. Allosteric Inhibitors of GyrA

Researchers at GSK identified an allosteric site in DNA gyrase in 2017, providing
a potential route to novel alternatives to FQs. A high-throughput screen by Chan et al.
identified a thiophene-bearing compound, which was subsequently shown to bind to
DNA gyrase in a previously unidentified pocket, dubbed the allosteric site, at the interface
between GyrA and GyrB in the vicinity of the active site of the enzyme (Figure 4) [41].
Optimisation of the structure from 7 to 8 (Figure 5) improved activity across a range of
bacterial species, including both Gram-positive bacteria (S. aureus, Streptococcus pneumoniae)
and Gram-negative bacteria (Acinetobacter baumannii, Pseudomonas aeruginosa, E. coli, Kleb-
siella pneumoniae). Efflux of both compounds was proposed, with inhibition in efflux pump
mutants of E. coli, P. aeruginosa, and A. baumannii improving efficacy by up to 64-fold.

Figure 4. (A) Front view of superimposed DNA gyrase crystal structures highlighting the primary
active site of ciprofloxacin (cyan spheres, PDB ID 2XCT [42]), and a novel allosteric site recently
identified (green spheres, PDB ID 5NPP [41]). A further natural product, evybactin, was found to
occupy the same allosteric site in Mycobacterium tuberculosis (magenta spheres, PDB ID 7UGW [43]).
(B) Top view of the above-listed superimposed DNA gyrase crystal structures, rotated 90◦ forwards
from (A).

Importantly, 8 was found be unaffected by mutations to key residues in GyrA, ParC,
and ParE, with potent inhibition observed in FQ-resistant strains. However, one alternate
mutation in GyrB-Glu793 (E. coli numbering, Glu634 in S. aureus) was identified which
reduced inhibition caused by 8. Further studies confirmed that the mechanism of action
was different to that of FQs, as single- and double-strand DNA cleavage complexes were
formed in equal quantities, as opposed to the entirely double-strand cleavage caused by
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the actions of ciprofloxacin. Although compound 8 showed promise due to its novel mode
of action, this particular series was discontinued due to in vivo toxicity issues [41].

Figure 5. Inhibitors of bacterial DNA gyrase’s allosteric pocket, with IC50 values against Escherichia
coli DNA gyrase in brackets unless stated otherwise. Thiophene compounds 7 and 8 were the basis
for further developments into a fused ring system as well as a biphenyl system, whereas evybactin
was identified as an antimycobacterial compound before the target was elucidated. aA different assay
was used to test the IC50 of 9 and 10 compared to all other compounds noted here [44], which utilised
fluorescence spectroscopy in comparison to an agarose-gel-based assay used to test compounds
7, 8, 11–13. As a result, they appear to be comparatively better, but are noted as being less potent
than thiophene 8, which was found to have an IC50 value of 0.04 μM when tested in the same assay
conditions as 9 and 10.

The series was altered to incorporate fused ring systems in place of the thiophene-
amide motif, with the authors hypothesising that constraining the core would improve
activity in biochemical assays. Moderate effects were observed in some analogues in the
series [13]. Of note, benzisoxazole 9 (Figure 5) showed weak activity against P. aeruginosa
and K. pneumoniae, whilst the primary amine analogue 10 (Figure 5) showed modest
improvements against hERG and Nav1.5 channels when compared to 8. However, the
reduction in cytotoxic properties was not significant, with 10 still showing hERG and Nav1.5
IC50 values of 23 μM and 22 μM, respectively. Two crystal structures were generated of
compound 9 in the allosteric site of topoisomerase with slight variations in the binding
modes (PDB IDs 6QX1 and 6QX2). Of note, the chiral phenyl ring was found to adopt a
rotated conformation within the pocket compared to parent structure 8.

A further chemical series derived from thiophene 8 by Orritt et al. replaced the
5-arylthiophene with a biphenyl moiety, and explored changes to the chiral phenyl ring [45].
Although these compounds were not as potent as compound 8 on DNA gyrase (activity for
lead compound 11 was 17 μM, cf. 0.3 μM for 8), compound 11 (Figure 5) was found to have
dual activity, targeting both DNA gyrase and topo IV (64 μM, cf. >540 μM for 8). Current
allosteric inhibitors of topoisomerases are designed around knowledge of the DNA gyrase
crystal structures (PDB IDs 5NPK, 5NPP), but less is understood about the structure of
the equivalent allosteric pocket in topo IV, other than a high degree of amino acid identity.
Therefore, SAR data around allosteric inhibition of topo IV could prove beneficial in the
development of dual-targeting topoisomerase inhibitors.
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It was also observed that whilst the R-enantiomers of this series were more potent than
the S- or racemic counterparts, enantiomeric S- and racemic compounds tested showed
reasonable activity, with some activities of S-enantiomers in the same order of magnitude
as their R-counterparts. Moreover, functionalising the chiral phenyl ring with a phenol
moiety did not give any benefit in either the meta- or para-position (12 and 13, Figure 5).
It was predicted that a phenol group would create an additional interaction with Arg630

through an intermediary water, but activity was found to drop, though 12 still retained
micromolar activity [45].

Imai et al. utilised a different method to identify a novel natural product capable
of inhibiting Mycobacterium tuberculosis (Mtb) DNA gyrase [43]. By screening extracts
taken from bacterial strains symbiotic with a nematode host, the researchers were able
to identify and characterise the depsipeptide evybactin (14, Figure 5), a cyclic peptide of
12 amino acids, which was shown to have good activity against Mtb (IC50 = 1 μM Mtb DNA
gyrase, MIC = 0.0625 μg mL−1), but not eukaryotic cell lines. Subsequent analysis and X-ray
crystallography showed evybactin to inhibit DNA synthesis by binding to Mtb DNA gyrase
at a site overlapping with the allosteric pocket identified by Chan et al. (PDB ID 7UGW)
and showed no cross-resistance with known FQ sites. Interestingly, evybactin was found to
target Mtb specifically due to its transport into the cell. The transport protein BacA, capable
of moving highly hydrophilic molecules across the outer membrane [46], was able to move
evybactin into the cytoplasm. In cells lacking BacA or its homolog SbmA, antibacterial and
antimycobacterial activities were weak. Even in other organisms bearing SbmA, such as E.
coli, the presence of other efflux mechanisms such as TolC nullifies the activity of evybactin,
making it specific to mycobacteria (MIC E. coli ATCC 25922 = 8 μg mL−1, MIC E. coli
ΔtolC = 0.25 μg mL−1). Given the complex structure of evybactin, small molecules which
can mimic its binding interactions would be highly desirable to combat Mtb.

3. Inhibitors of the ATPase Site of GyrB

Inhibition of the ATPase activity of the GyrB subunit was identified as a potential
route to new antibiotics as early as the 1950s. The discovery of the aminocoumarin group
of natural product-derived antibiotics led to the approval of novobiocin (15, Figure 6),
which reversibly inhibits DNA gyrase and, to a lesser extent, topo IV, through blocking
of the ATPase site. This prevents the binding of ATP, metabolism and release of ADP,
and the actions associated with this in the catalytic cycle. To date, novobiocin is the only
aminocoumarin approved for clinical use, although it has now been withdrawn due to
safer, more potent alternatives being developed, particularly later-generation penicillins.
Interestingly, novobiocin has recently been studied for its anti-tumour effects as a result
of its strong binding to the ATPase domain in DNA polymerase θ, with specific activity
over other eukaryotic proteins bearing homologous ATPase domains including HSP90,
suggesting a potential repurposing route for the drug [47].

Novobiocin’s validation as a topoisomerase inhibitor has, however, enabled the devel-
opment of numerous subsequent GyrB/ParE inhibitors, many of which were based upon
conserved motifs. The historic development of coumarins and other GyrB/ParE inhibitors
has been reviewed by Bisacchi et al., which highlights the level of work which has gone
into inhibiting this target [48].

Heterocycles bearing a N-ethylurea moiety were identified by Vertex in 2002 as a
potent motif for binding to Asp73 in the adenine-binding region of DNA gyrase [49].
Gradual optimisation of the Vertex scaffold produced compound 16, referred to as SPR719
(Figure 6), which displayed strong antibacterial properties (MIC90 = 0.032 μg mL−1 of
S. aureus) [50], particularly against mycobacteria including Mtb (MIC90 = 0.125 μg mL−1

of extensively drug-resistant Mtb strain XDR 5) [51], though poor solubility limited its
application. Development of prodrug 17 (SPR720, Figure 6), however, overcame these
solubility issues, and a promising phase I trial showed minimal side-effects and good
tolerability in healthy subjects, with the results indicating that 17 shows potential as an oral
treatment of Mtb subject to further trials [52]. Compound 17 progressed to Phase II trials,
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and is currently being tested for treatment in mycobacterium avium complex pulmonary
disease (NCT number NCT05496374).

Figure 6. Examples of topoisomerase ATPase domain inhibitors with IC50 values against E. coli DNA
gyrase unless stated otherwise. An ethyl urea moiety (red) was identified as an important motif
capable of forming two key interactions with a conserved aspartate residue, and was subsequently
used by multiple researchers in the development of novel topoisomerase inhibitors.

Since this first application of the N-ethylurea motif, it has been used frequently in
a range of gyrase ATPase inhibitors. A fragment-to-lead program by Basarab et al. in-
corporated this motif into a thiazole-bearing compound 18a (Figure 6), which showed
nanomolar activity against both Gram-positive and Gram-negative bacteria in a protein-
based assay (IC50 <10 nM S. aureus and E. coli GyrB), though was only able to kill E. coli in
an efflux pump mutant (MIC = 0.15 μg mL−1 of E. coli ΔtolC, MIC >64 μg mL−1 of E. coli
wildtype) [53]. Significantly though, 18a showed high potency against a range of S. aureus
strains, including one methicillin- and quinolone-resistant (MIC = 0.06 μg mL−1).

Yule et al. further utilised the N-ethylurea motif to design and optimise a series
of potent GyrB inhibitors. Using an in silico de novo design, the authors produced a
pyridine-carboxamide (19, Figure 6), which showed nanomolar activity against GyrB
(IC50 = 24 nM S. aureus GyrB and 28 nM E. coli GyrB in a protein-based assay) and ParE
(IC50 = 86 nM S. aureus ParE and 940 nM E. coli ParE) [54]. In all cases listed above, bio-
engineered mutants confirmed GyrB/ParE activity, with GyrB mutation T173N (S. aureus
numbering) frequently found to reduce potency across the described series. GyrA/ParC
mutations did not compromise activity, confirming the target to be the GyrB/ParE sub-
unit. Moreover, an assay monitoring the frequency of spontaneous mutation of 18a in S.
aureus found mutation T173N to spontaneously occur in two of the three experimental
conditions [53].

In another fragment-based approach, Panchaud et al. varied the scaffold by replac-
ing the key pyridine group of compounds 18a, 18b and 19 with an isoquinoline, whilst
maintaining the N-ethylurea moiety (20a, Figure 6) [55]. Although the project direction saw
optimisation geared towards gyrase inhibition, topo IV was further inhibited significantly
(20a IC50 E. coli DNA gyrase = 0.03 μM, IC50 E. coli topo IV = 8 μM). In both Basarab
and Panchaud’s work, X-ray crystal structures were obtained of key compounds in the
target active site. In the case of Basarab, compounds 18a and 18b were crystallised in the
ParE subunit (PDB IDs 4LPB, 4LP0, Figure 6), whilst in that of Panchaud, compounds
20b, 20d and 20e were visualised in the GyrB subunit, allowing for key structural data to
be observed in topo IV and DNA gyrase, respectively (PDB IDs 5MMO, 5MMN, 5MMP,
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Figure 6). In both cases, key interactions were observed between the pyridyl nitrogen and
a water molecule, whilst the N-ethylurea moiety formed two interactions with a conserved
GyrB aspartate residue.

The solubility of many of these ATPase inhibitors was found to be a hurdle in the
development of the series. Hit compound 18a showed an aqueous solubility of approx-
imately 9 μg mL−1, and whilst replacement of the oxadiazolone head with a carboxylic
acid (18b) improved the solubility 40-fold, the solubility was still below 1 mg mL−1 [53].
Panchaud et al. similarly found that their hit compound 20a had a solubility of 20 μg
mL−1 in a phosphate buffer, but development of the compound into a prodrug through
the introduction of a phosphoryl group improved the solubility to 12.7 mg mL−1 (20c,
Figure 6) [55]. Although similar to the method of optimising SPR719, these two prodrugs
were developed independently, suggesting that this could be a promising approach to
improving the physicochemical properties of GyrB ATPase inhibitors.

Further developments moved away from the previously prominent N-ethylurea moi-
ety, with other researchers looking towards tricyclic cores. A fragment-based drug dis-
covery program by Trius Therapeutics produced two potent pyrimido-indoles bearing a
methylamine functionality, capable of mimicking the interaction between the N-ethylurea
motif previously utilised (21a and 21b, Figure 7) [56]. These were found to be highly
potent against Gram-positive bacteria, as well as additionally retaining good activity
against a range of Gram-negative bacteria. This included strong potency against S. aureus
(MIC90 21a = 0.06 μg mL−1, MIC90 21b = 0.008 μg mL−1) and E. coli (MIC90
21a = 1.0 μg mL−1, MIC90 21b = 0.5 μg mL−1). Compound 21a was crystallised in the GyrB
subunit of E. coli and Enterococcus faecalis (PDB IDs 4KFG, 4K4O) and the ParE subunit of
Francisella tularensis (PDB ID 4KQV), whilst 21b was crystallised in the GyrB subunit of E.
faecalis (PDB ID 4KSG).

Hu et al. developed a N-ethylurea-containing scaffold into a pyrido-indole scaf-
fold, which displayed dual activity against both GyrB and ParE [57]. This led to the
generation of 22 (Figure 7), which had excellent potency against Gram-negative strains
(MIC = 0.31 μg mL−1 of E. coli), and showed promise in a neutropenic mouse thigh infection
model. A further effort to dual-target GyrB and ParE by Durcik et al. stemmed from a
benzothiazole core identified previously [58,59]. The lead compound 23a (Figure 7) showed
excellent activity against both DNA gyrase and topo IV across a range of Gram-positive
and Gram-negative bacteria (IC50 <10 nM E. coli and S. aureus DNA gyrase, IC50 = 54 nM
E. coli topo IV and 84 nM S. aureus topo IV), whilst also showing an excellent cytotoxic-
ity profile. Further development of this series yielded compound 23b (Figure 7), which
showed excellent activity against Gram-negative bacteria [60]. The lead compound was
highly active against both DNA gyrase and topo IV in a range of Gram-negative bacteria
and performed excellently against wildtype Gram-negatives in addition to efflux-deficient
strains in killing assays (MIC = 1.0 μg mL−1 of E. coli, K. pneumoniae, and P. aeruginosa
wildtypes, MIC = 0.5 μg mL−1 of A. baumannii wildtype). The authors note, however, that
attempts to optimise physicochemical and ADME properties proved difficult, meaning
properties such as solubility and plasma-free fraction were not suitable for in vivo testing.
Crystal structures were obtained, though, for compound 23b in the GyrB subunit of A.
baumannii (PDB IDs 7PQL [racemate] and 7PQM [(S)-enantiomer]), as well as P. aeruginosa
(PDB ID 7PTG [(S)-enantiomer]).

McGarry et al. developed a tricyclic GyrB inhibitor, which instead featured a
pyrimido[4,5-b]indol-8-amine core [61], derived from previous work into GyrB inhibitors
(PDB ID 4K4O) [62]. Mimicking the interactions between the urea moiety and GyrB-Asp73

of compounds 16–20, the authors utilised the 8-methylamino group and N-indole func-
tionalities of 24a and 24b (Figure 7) to create two hydrogen bonds, as well as creating the
hydrogen bond between the previously identified water molecule and pyrimidyl moiety.
In addition to identifying a novel GyrB inhibitor scaffold, the authors showed strong
activity against Mtb (MIC 24b = 0.06 μg mL−1), and improved activity within the series
by extending into a previously unexplored pocket in the direction of Asp106. The SAR
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series showed that a carboxamide-oxazole side-chain was preferable, and although the
addition of a methyl group at either free site on the oxazole improved efficacy, a molecular
dynamic simulation suggested that 24a displays fewer steric clashes than 24b, and, hence,
a 2-methyl moiety is preferential.

Figure 7. Development of bacterial topoisomerase ATPase inhibitors featuring novel core scaffolds,
including tricyclic cores. Motifs binding to a conserved aspartate (red) branched away from the
previously identified N-ethyl urea moiety. Values in brackets are IC50 values measured against E.
coli DNA gyrase unless otherwise stated. Although no crystal structures were obtained for many of
these compounds, conserved motifs were inferred due to comparisons with successfully crystallised
analogues: 22 with PDB IDs 6M1S, 6M1J; 23 with PDB ID 6TTG, 24–26 with PDB ID 6Y8N. aNo
crystal structure of 25 or similar analogues have been obtained, so the key binding atoms were not
fully elucidated. As such, the entire thiadiazole-thiazole motif is highlighted to indicate that this
region binds to the key aspartate residue, though the exact atoms remain undetermined.

However, subsequent work by Henderson et al. determined compound 25 (Redx04739,
Figure 7) of the same series to be slightly less potent than a previously described analogue
26 (Redx03863, Figure 7) across a range of Gram-positive and Gram-negative bacterial
strains. 26 showed notable activity against P. aeruginosa, with an MIC value of 4 μg
mL−1 [63]. Although this value is higher than activities against other tested strains, P.
aeruginosa employs a range of defence mechanisms, particularly multiple efflux pumps,
which significantly reduces the impact of tested drugs. As such, reasonable activity against
this bacterium is a marked improvement over several other topoisomerase inhibitors, in-
cluding novobiocin and several tested oxazole-bearing tricycles [61]. Moreover, the authors
successfully crystallised 26 and novobiocin in the Mycobacterium thermoresistibile GyrB
ATPase sub-domain, as well as novobiocin in the Mycobacterium smegmatis GyrB ATPase
sub-domain, allowing them to determine that the two compounds occupy a similar binding
site with some overlap, but in general, the tricycle binds deeper into the pocket (PDB IDs
6Y8N, 6Y8L, 6Y8O, respectively). It also makes distinct interactions with GyrB compared to
novobiocin, leading to differences in resistance patterns. For example, novobiocin forms a
key bonding interaction with Arg141, but site-directed mutagenesis proved that interaction
with this residue is not a requirement for 26 to maximise its potency.
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Fragment screens have been successfully deployed multiple times in the search for
GyrB/ParE inhibitors, in part due to the presence of numerous hydrophilic and charged
residues in the active site, as well as the availability of crystal structures of the GyrB/ParE
subunits. Huang et al. employed a fragment screening approach to identify novel motifs
capable of binding to the GyrB subunit, and novel druggable sites [64]. Through a combi-
nation of a thermal-shift assay and an ATPase-activity screen, 49 fragments were identified
from a library of 486, of which 10 were successfully co-crystallised into the E. coli GyrB
ATPase sub-domain, highlighting the high hit-rate a fragment-based approach can yield
(Figure 8).

Figure 8. Superimposed co-crystal structures of fragments bound to the ATPase sub-domain of
DNA gyrase identified by (A) Huang et al. and (B) Yu et al. [64,65]. A wider range of positions and
functional groups were found in crystals produced by Huang et al., including one fragment (green)
which filled a similar space to novobiocin. In comparison, the work by Yu et al. found one dominant
binding mode, but multiple examples of phenols in this position suggest it may be a favourable
binding mode for fragments of this class (PDB IDs (A): 5Z9N, 5Z9N, 5Z4H, 5Z9L, 5Z9P, 5Z9Q, 5Z9F,
5Z4O, 5Z9E, 5Z9B; PDB IDs (B): 7DOR, 7DPR, 7DPS, 7DQF, 7DQH, 7DQI, 7DQJ, 7DQL, 7DQM,
7DQS, 7DQU, 7DQW).

Multiple binding modes were identified from the 10 crystallised fragments, with
some showing micromolar activity and others showing no activity up to 1 mM. Some
active compounds were found to overlap with novobiocin’s binding mode, whilst others
bound deeper into the pocket. This research could provide a basis for a fragment merging
approach in the future to explore the effect of combining these alternate binding sites to
explore both the active and inactive fragments as potential sites within topoisomerases to
boost activity.

Yu et al. adopted a similar approach to identify and co-crystallise 12 ATPase inhibiting
fragments, of which the two most active compounds were found to have high micromolar
activity (Figure 8) [65]. Phenols were a common motif in this screen, with all 12 successfully
crystallised ATPase binders containing at least one. Whilst this does indicate that a phenol
is a suitable fragment core for the binding site, the fragment screen led to limited modes of
binding being identified, with eight of the fragments adopting a similar binding pose deep
in the ATPase binding pocket.

Interestingly, Xue et al. utilised a different technique to identify a suitable fragment to
build from. Instead of screening a fragment library, the group progressed from one single
active molecule, identified through their previous work, and after predicting its interactions
in the GyrB catalytic site, fragmented that to a 4-hydroxy-2-quinolone core [66,67]. Working
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from this lone fragment, the authors then performed a virtual screen on compounds bearing
this motif and ultimately identified several compounds displaying sub-micromolar activity,
including 27 (IC50 DNA gyrase = 0.145 μM, Figure 7). The hit compounds tested showed
reasonable antibacterial activity against a range of S. aureus strains, though optimisation of
solubility alongside other physicochemical properties is desirable. The redox potential of
the scaffold may further warrant exploration into potential off-target effects.

4. Miscellaneous Topoisomerase Inhibitors

Several natural products have been previously identified, which branch away from
the modes of inhibition outlined above. The first, a polythioamide produced by Clostridium
cellulolyticum called closthioamide (28, Figure 9), was found by Chiriac et al. to be a strong
DNA gyrase inhibitor (IC50 E. coli = 1.4 μM), with moderate potency against topo IV (IC50 E.
coli = 113 μM) [68,69]. The authors’ findings show that closthioamide likely has a separate
mode of inhibition to both FQs and novobiocin. However, their suggestion is that it is
inhibiting the ATPase activity of gyrase, though more likely at a site distal to the novobiocin
binding site. Comparisons were drawn with a further natural product kibdelomycin
(29, Figure 9), derived from Kibdelosporangium sp. (MA7385), which also shows ATPase
inhibitory activity, whilst acting with a different mode of inhibition to novobiocin [70].
Kibdelomycin occupies a similar region to novobiocin in the ATPase domain, but shows no
cross-resistance. This is because of a unique binding mode, which does not utilise GyrB-
Asp89 (S. aureus numbering) to form a bonding interaction, which is key to many other
DNA gyrase ATPase inhibitors. The natural product displays a U-shaped conformation,
which shares no common features to the way in which novobiocin binds to the same region,
and hence its ATPase inhibition differs from that of novobiocin [71]. Kibdelomycin features
an interesting dichloropyrrole motif, which was identified by researchers at AstraZeneca as
a potent binder to the adenine pocket of GyrB/ParE, and subsequently benzothiazole 23a

and 23b, highlighting its versatility across scaffolds [59,72]. Kibdelomycin displays strong
inhibition against DNA gyrase in proteinogenic assays (IC50 = 60 nM E. coli), though this
does not translate to potency in Gram-negative bacteria (MIC >64 μg mL−1 of E. coli) [70].

Figure 9. Bacterial topoisomerase inhibitors displaying unique or unusual modes of inhibition, with
IC50 values against E. coli DNA gyrase in brackets. Closthioamide and kibdelomycin are ATPase
inhibitors, though display different modes of inhibition to known ATPase inhibitor novobiocin.
Simocyclinone D8 is further found to bind to a region of GyrB; hence, it displays a novel mechanism
of action where it is capable of interacting with two regions of DNA gyrase simultaneously.
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The natural product simocyclinone D8 (30, Figure 9), derived from Streptomyces antibi-
oticus Tü 6040, has further been the subject of much research. This bifunctional molecule
features both an aminocoumarin head and polyketide, and studies have found that it binds
in two sites on DNA gyrase [73]. The primary site on the N-terminal domain of GyrA is
occupied by the polyketide head, whilst the aminocoumarin head sits on the C-terminal
domain of GyrB [74]. However, simocyclinone D8 is unable to competitively inhibit ATPase
activity in GyrB, nor does it promote cleavage complex formation. Therefore, it has a
unique mechanism of action with respect to both binding sites.

X-ray crystallography shows that the polyketide head does indeed occupy a space
adjacent to ciprofloxacin, and hence likely intercalates DNA, but the site is nonetheless
distinct. In fact, the dominant mechanism of action of simocyclinone D8 is to prevent
cleavage complex formation, in stark contrast to FQs which allow formation and then
stabilise the cleavage complex. Although simocyclinone D8 does also bind to a site on
GyrB, this is the minor binding site, and whilst it cooperatively functions with binding
on GyrA, the GyrB binding is calculated to be approximately 1000-fold weaker [75,76].
It further shows good activity against E. coli in in vitro testing (IC50 = 0.41 μM E. coli
DNA gyrase) [77].

The natural products reported in this section have all been characterised as bacterial
topoisomerase inhibitors via macromolecular biosynthesis and supercoiling DNA gel-based
assays with ciprofloxacin and novobiocin as controls. To our knowledge, their potential
off-target effects have not been characterised with respect to structural features such as
Michael acceptors and redox-active aromatics. Therefore, follow-up characterisation is
warranted to rule out chemical promiscuity or pan-assay interference before pursuing
further as bacterial topoisomerase inhibitors [78].

5. Conclusions

Although improvement upon and development of new FQs will prove fruitful in
the generation of new antibiotics, other approaches are required to prevent the antibiotic
pipeline from drying up. Topoisomerases are a known target, which have been validated
in both Gram-positive and Gram-negative bacteria, making them an excellent drug target.
This review has summarised key research into topoisomerase inhibitors with different
modes of action to FQs, particularly those which target a recently discovered allosteric
site in the GyrA/ParC subunit, and GyrB/ParE inhibitors which bind to the ATPase
site. Moreover, a discussion of compounds with novel modes of action highlighted that
other DNA-intercalating compounds exist which do not proceed via the FQ mechanism
of action, nor that of NBTIs. The research highlighted above shows that the scope for
novel topoisomerase inhibitors is broad, and future research may produce new life-saving
antibiotics, with some research mentioned already in clinical trials.
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Abstract: Irinotecan (CPT-11), an inhibitor of DNA topoisomerase I, stands as a pivotal
therapeutic agent in oncology. However, its use is primarily constrained by side effects
such as neutropenia and the onset of delayed diarrhea. Despite the effective management
of neutropenia, CPT-11-induced diarrhea (CID) is often severe, leading to hospitalization,
dosage adjustments, and in some cases, treatment discontinuation, which can significantly
impact therapeutic outcomes. A multitude of pharmacological agents have been investi-
gated in preclinical and clinical studies with the aim of reducing or preventing the onset of
delayed diarrhea associated with CPT-11. This comprehensive review examines the under-
lying mechanisms of CPT-11-triggered delayed diarrhea and discusses the experimental
medications and strategies that have been utilized to combat this adverse effect. This
review encompasses an exploration of chemical formulations, the application of traditional
Chinese medicine, and the advent of innovative drug delivery systems. It is anticipated
that this article will serve as a valuable resource for both novice researchers in the realm of
irinotecan chemotherapy and for those who are well-versed in the field, including experts
and practicing clinicians.

Keywords: CPT-11(irinotecan); SN-38; CPT-11-induced diarrhea (CID); diarrhea preven-
tion; clinical treatment

1. Introduction

Irinotecan (CPT-11), the inaugural representative of topoisomerase I inhibitors ex-
tracted from the camptotheca acuminata plant, has garnered acclaim for its broad-spectrum
efficacy against various cancers, including colorectal, lung, breast, and malignant lym-
phoma. Its clinical prominence as an antineoplastic agent, however, is tempered by the
significant adverse effects, most notably diarrhea, which have impeded its widespread
adoption in oncology [1,2]. Diarrhea, a prominent and dose-limiting toxicity associated
with CPT-11, manifests in two forms: acute and delayed. Acute diarrhea, often observed
early in the course of CPT-11 administration, is linked to the inhibitory effect of drugs on
cholinergic activity. This inhibition leads to an accumulation of acetylcholine, which in
turn increases intestinal motility, disrupts absorption, and provokes contractility—effects
that can be mitigated with anticholinergic agents such as atropine [3]. In contrast, delayed
diarrhea, which presents over 24 h post-administration, is more severe and persistent, and
is often challenging to manage. Characterized by its non-cumulative nature, it affects up to
87% of patients, with 30–40% experiencing severe grade 3 or 4 diarrhea [4,5]. Prolonged
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diarrhea can lead to renal insufficiency and electrolyte disturbances due to fluid and elec-
trolyte losses and may provoke cardiovascular complications as a result of intravascular
volume fluctuations. These complications can necessitate the cessation of CPT-11 treatment
and pose life-threatening risks. Furthermore, severe diarrhea significantly diminishes pa-
tients’ quality of life, disrupting their social roles, interpersonal relationships, and leading
to a sense of social isolation.

Indeed, the pathophysiological mechanisms underlying delayed diarrhea induced
by CPT-11 have garnered significant interest and have been the focus of extensive experi-
mental research. The severity of this iatrogenic condition is predominantly attributed to
the accumulation of the active metabolite, SN-38, derived from CPT-11. The metabolic
conversion of CPT-11 to SN-38 is facilitated by carboxylesterases, specifically CES1 and
CES2 [6,7]. Thereafter, SN-38 undergoes further metabolism to SN-38G by the enzyme
uridine diphosphate glucuronosyltransferase 1A1 (UGT1A1) [8,9]. SN-38G is excreted into
the bile, where it can be acted upon by β-glucuronidase (β-GD) present in the intestinal
lumen, leading to the release and accumulation of SN-38, which is a primary culprit in
the etiology of CID [10]. Despite this, the precise mechanisms of SN-38-induced diarrhea
remain a subject of ongoing debate. Additional research has highlighted that CPT-11 can
alter the intestinal luminal environment, potentially promoting the proliferation of diverse
bacterial species. The escalating activity of bacterial β-glucuronidase can deconjugate
SN-38G, reinstating the active SN-38 form, which can precipitate severe intestinal dam-
age and consequent diarrhea. Furthermore, CPT-11 has been shown to cause significant
colonic damage, characterized by increased apoptosis, crypt hypoplasia, and dilation, as
well as excessive mucus secretion and damage to the small intestine. These histopatho-
logical changes, coupled with alterations in the number of goblet cells, contribute to the
development of diarrhea.

To date, a myriad of therapeutic strategies and pharmacological agents have been de-
ployed to address the challenge of delayed diarrhea induced by CPT-11. These encompass
the inhibition of SN-38 production, enhancement of SN-38 adsorption, and suppression
of β-glucuronidase (β-GD) activity. Modern medicinal approaches include the use of
loperamide, a synthetic opioid that moderates intestinal motility, extends transit time, and
promotes fluid reabsorption, as well as its role in inhibiting the expression of TX-A2, thereby
exerting an antisecretory effect [11]. Atropine, a competitive antagonist of muscarinic acetyl-
choline receptors, and targeted antidiarrheal therapies such as the somatostatin analog
octreotide and nonsteroidal anti-inflammatory drugs (NSAIDs) are also utilized clinically
to mitigate CID [12,13]. Furthermore, the rich tapestry of traditional Chinese medicine
has been harnessed, with herbal formulas, extracts, and phytochemical substances being
applied to alleviate diarrheal symptoms. Notable among these are Huangqin Decoction,
Hange-Shashin-To, Sairei-To, Shengjiang Xiexin Decoction, and Gegen Qinlian Decoction,
which have demonstrated efficacy in reducing diarrhea associated with CPT-11. The quest
to enhance the management of CID continues to grow, with a keen interest in developing
novel and effective treatment modalities to bolster therapeutic success.

This comprehensive review examines the underlying mechanisms of CPT-11-triggered
delayed diarrhea and discusses the experimental medications and strategies that have been
utilized to combat this adverse effect. The review encompasses an exploration of chemical
formulations, the application of traditional Chinese medicine, and the advent of innovative
drug delivery systems. We aim to provide a balanced overview of all major therapeutic
interventions, highlighting their strengths and limitations. We acknowledge that the mech-
anisms and treatments for diarrhea discussed in this review represent just the beginning
of a much larger body of knowledge. As biotechnology and genetic research continue
to make groundbreaking strides, it is plausible that future developments will yield even
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more potent methods for managing recalcitrant chemotherapy-induced diarrhea. These
advancements will not only enhance our understanding of the condition but also contribute
significantly to the improvement of cancer treatment with chemotherapeutic agents.

2. Mechanisms of CPT-11-Induced Diarrhea

2.1. Mechanism of Pharmacokinetic

The metabolic pathway of CPT-11 is intricate, involving a multitude of enzymes
responsible for drug metabolism. CPT-11, functioning as a prodrug, undergoes biotrans-
formation into its active cellular metabolite, SN-38 (7-ethyl-10-hydroxycamptothecin), via
the ester bond at the C-10 position. SN-38 demonstrates cytotoxic activity that is 100 to
1000 times more potent than that of CPT-11 itself [6,7]. Over recent years, the etiology
of intestinal toxicity has been closely linked to the metabolic processes of CPT-11 and its
active metabolite, SN-38, within the body. Figure 1 provides an overview of the metabolism
of irinotecan, highlighting the key metabolites and enzymes involved in the onset of
delayed diarrhea.

 

Figure 1. Structure and conformation of irinotecan. The main enzymes implicated in the conversion
of irinotecan into its active metabolite SN-38 and the inactive product SN-38G are indicated.

Upon intravenous administration, CPT-11 is rapidly bioactivated to SN-38 in the
plasma and liver. This initial conversion is predominantly facilitated by carboxylesterases
(CEs), which are also found in the small intestine, liver, and colon. The expression
levels and activity of these CEs can significantly influence the balance between CPT-
11 and SN-38, subsequently impacting the circulating concentrations and antineoplastic
efficacy of SN-38 [14,15]. Additionally, CPT-11 can be metabolized into 7-ethyl-10-[4-N-(5-
aminopentanoic acid)-1-piperidino]-carbonyloxy-camptothecine (APC) and 7-ethyl-10-(4-
amino-1-piperidino)-carbonyloxy-camptothecine (NPC) by the cytochrome P450 enzyme
system. Emerging research indicates that NPC serves as a substrate for carboxylesterase,
being nearly entirely converted to SN-38, albeit with a minimal impact on the overall
antitumor efficacy due to the scarce quantity of NPC produced [16,17].

Prior to its excretion into the bile, SN-38 is inactivated by conversion to SN-38-
glucuronide (SN-38G) through the action of glucuronyl transferases (UGTs). Irinotecan
and its metabolites, including SN-38, SN-38G, and APC, are then secreted via the bile into
the small intestine, where they may undergo enterohepatic recirculation back to the liver.
This process is mediated by transport proteins such as multidrug resistance-associated
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protein 1 (MDR1/ABCB1), multidrug resistance-associated protein 2 (MRP2/ABCC2), and
breast cancer resistance protein (BCRP/ABCG2). Moreover, SN-38G can be reconverted
to active SN-38 by β-glucuronidase, an enzyme produced by the intestinal bacterial flora.
Concurrently, CPT-11 is re-hydrolyzed to SN-38 by CEs, allowing for the reabsorption
of both CPT-11 and SN-38 through the intestinal lining. These compounds subsequently
enter the bloodstream and are transported to the liver under the auspices of organic anion
transporter polypeptides (OATPs), thereby completing the hepatic–intestinal cycle [18].
Figure 2 provides a detailed overview of the metabolic pathway of irinotecan, highlighting
the key compounds and enzymes involved in its metabolism and the formation of active
metabolites such as SN-38.

2.2. CPT-11 Factors Leading to Diarrhea
2.2.1. The Effect of UGT1A1 Polymorphisms

Under the catalytic influence of carboxylesterase, CPT-11 is converted into its active
metabolite, SN-38 [6]. Subsequently, SN-38 is metabolized into an inactive form, glu-
curonidated SN-38 (SN-38G), by the liver enzyme UGT1A1 [19]. These metabolites are
ultimately excreted via the bile and eliminated from the body through feces. Currently,
UGT1A1 is recognized as a critical determinant of SN-38 concentrations, which in turn
influence the severity of intestinal toxicity [20]. There is a well-documented correlation
between UGT1A1 gene polymorphisms and the toxicity associated with CPT-11 use both
domestically and internationally.

UGT1A1 exhibits a high degree of polymorphism, with over 100 genetic variants
identified to date [21]. The most pertinent UGT1A1 polymorphisms in relation to the
pharmacokinetics and pharmacodynamics of CPT-11 are UGT1A1*6 and UGT1A1*28 [22].
The promoter region of the UGT1A1 gene features an atypical TATA domain comprising
five to eight thymine–adenine (TA) repeats, with the six-repeat genotype being the most
prevalent. An increase in the number of TA repeats is associated with reduced UGT1A1
expression. Notably, the UGT1A1*28 variant incorporates an additional TA repeat, which
significantly diminishes UGT1A1 transcription and expression by approximately 70%,
leading to decreased levels of SN-38G [19]. This genetic variant is more prevalent among
Caucasians and Africans/African Americans, yet it is less common in the Asian popula-
tion [23]. Individuals with the UGT1A1*28 non-wild type genotype exhibit a significantly
higher incidence of diarrhea compared to those with the wild type, emphasizing the utility
of gene polymorphism screening prior to CPT-11 chemotherapy to identify high-risk groups
and anticipate potential adverse effects, thereby informing clinical decision-making [24].

Given the lower prevalence of UGT1A1*28 in Asians, its impact on toxicity outcomes
is less pronounced in this demographic. Several meta-analyses have indicated that the
UGT1A16 polymorphism may serve as a potential biomarker for predicting CPT-11-related
toxicity in the Asian population [20,25]. Both Caucasian and Asian patients who are ho-
mozygous or heterozygous for the UGT1A1*28 variant are at an elevated risk for severe
diarrhea following CPT-11 administration compared to wild-type patients, with a dose-
dependent effect observed in a meta-analysis of Caucasian carriers [26]. In Asian patients,
the UGT1A1*6 polymorphism is closely linked to the risk of CPT-11-induced neutrope-
nia and is also significantly associated with severe diarrhea [20,27]. However, the dose
dependency of this association remains unclear, as dose-subgroup analyses have not been
conducted [27].

Beyond UGT1A1*6 and UGT1A1*28, other UGT1A1 polymorphisms may theoreti-
cally impact CPT-11-related toxicity [28]. For instance, UGT1A1*60, which is in linkage
with UGT1A1*28, is associated with reduced transcriptional activity [29]. Nevertheless,
UGT1A1*60 status has not been significantly correlated with CPT-11-related toxicities
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or pharmacokinetics in clinical studies [30]. Similarly, UGT1A1*93, also in linkage dise-
quilibrium with UGT1A1*28, has been associated with increased SN-38 area under the
curve (AUC), reduced neutrophil counts, hematological toxicity, diarrhea, and grade 3
vomiting [31].

Genetic polymorphisms in UGT1A9 and UGT1A7 are likewise intimately connected
with the risk of diarrhea. Individuals with the UGT1A9*22 genotype demonstrate
higher enzyme expression and increased SN-38 glucuronidation compared to those with
UGT1A9*1/*1, thus facing a higher risk of diarrhea [32,33]. Conversely, the UGT1A7*3 and
UGT1A7*4 polymorphisms are characterized by diminished enzyme activity and SN-38
binding, with UGT1A7*3/*3 carriers being at a greater risk for adverse events during
CPT-11 chemotherapy [34].

2.2.2. The Effect of Drug Transporter Polymorphisms

The ATP-binding cassette (ABC) membrane transporters play a pivotal role in the
multidrug resistance observed in tumor cells. Members of the ABC family, including
ABCB1, ABCC1, ABCC2, and ABCG2, are integral to the transport pathway of drugs within
the body [35]. Given that both CPT-11 and its active metabolite, SN-38, are substrates for
ABC transporters, polymorphisms in these transporter genes may significantly influence
the pharmacokinetics and toxicity profiles of CPT-11. Clinical analyses have established
a clear link between ABCB1 polymorphisms (specifically SNPs 1128503, rs2032582, and
rs1045642) and the toxicities associated with CPT-11 treatment [36]. Individuals harboring
these SNPs have been shown to exhibit a poorer response to CPT-11-based therapies and a
shorter survival rate in advanced colorectal cancer [37].

Multivariate analyses have revealed associations between ABCC1 single nucleotide
polymorphisms (SNPs rs6498588 and rs1750133) and increased plasma concentrations of
SN-38, as well as decreased absolute neutrophil counts [38]. Conversely, the ABCB1 variant
rs12720066 has been associated with reduced SN-38 exposure and elevated neutrophil
levels. Beyond ABCB1 and ABCC1, polymorphisms in ABCC2 (rs3740066) and ABCG2
(rs2231137) have been identified as independent predictors of toxicity [34]. However, the
impact of the ABCG2 (421C > A) polymorphism on CPT-11 exposure appears to be more
limited [39]. The ABCC2 gene, which encodes an extrahepatic transporter, may confer a
protective effect against diarrhea, potentially through reduced hepatobiliary transport of
CPT-11, thereby lessening its intestinal exposure [40]. Although their specific role in CPT-11
efflux remains to be determined, ABCC5 and ABCG1 may also participate in this process,
as several SNPs associated with these transporters have been linked to severe diarrhea [41].

Within the OATP family of genes, OATP1B1, encoded by the SLCO1B1 gene, is noted
for its high uptake of SN-38 in the liver. Mutations in the SLCO1B1 gene are hypothesized
to impact the transport activity of OATP1B1, consequently affecting the hepatic clearance
of SN-38. Studies have highlighted that two prevalent SLCO1B1 gene mutations can in-
fluence the transport and metabolism of CPT-11, albeit through distinct mechanisms [42].
The SLCO1B1 (T521C) mutation predominantly reduces the affinity of OATP1B1 for its
substrate, thereby impairing its transport efficiency. In contrast, the SLCO1B1 (A388G)
mutation predominantly leads to diminished expression levels of OATP1B1, compromising
its transport capacity and impacting the hepatic metabolism of SN-38, which can result
in more severe adverse reactions [43]. Clinical observations have indicated that patients
with the SLCO1B1*15 allele are at a significantly higher risk of experiencing diarrhea and neu-
tropenia in the week following chemotherapy. The increased toxicity of CPT-11 in these patients
may be attributable to enhanced distribution and bioavailability conferred by the SLCO1B1*15
variant [44,45].
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2.2.3. The Effect of CYP3A Polymorphisms

The CYP3A enzyme, a member of the cytochrome P450 superfamily, is encoded by the
CYP3A gene located on human chromosome 7. It plays a crucial role in the metabolism of
numerous drugs, including CPT-11. Theoretical considerations suggest that diminished
CYP3A activity or expression could reduce the synthesis of APC and NPC, shunting the
metabolic pathway towards increased conversion of CPT-11 to SN-38 by carboxylesterase
(CES). This metabolic shift could potentially elevate the risk of adverse reactions due
to heightened SN-38 production. Consequently, polymorphisms in the CYP3A gene are
hypothesized to be associated with the variability in CPT-11’s adverse reaction profiles [46].

A number of single nucleotide polymorphisms (SNPs) in the CYP3A4 gene have been
documented, with their prevalence varying significantly across different ethnic groups.
Notably, the CYP3A15 variant (485G > A [Arg162Gln]) is observed in 2–4% of African Amer-
icans, while other variants such as CYP3A2 (664T > C [Ser222Pro]), CYP3A10 (520G > C
[Asp174His]), and CYP3A17 (566T > C [Phe189Ser]) are more prevalent among Caucasians
and Mexicans, affecting 2–5% of individuals. In East Asian populations, the CYP3A16
(554C > G [Thr185Ser]) and CYP3A18 (878T > C [Leu293Pro]) variants are more commonly
encountered, affecting 1–10% of individuals [47,48].

Research has indicated that variations in the CYP3A4 genotype can influence the
clearance rate of CPT-11. However, the clinical relevance of CYP3A4 SNPs is often over-
shadowed by the low frequency of these variants and the substantial influence of exogenous
and endogenous factors on enzyme activity. Inter-individual differences in enzyme activity
are more likely to be attributable to environmental and physiological factors, including
drug interactions, nutritional status, alterations in liver function, and the overall health
condition of the patient, rather than genetic polymorphisms alone. As a result, the inclusion
of CYP3A4 gene detection in routine clinical practice remains limited [49].

2.2.4. Pathophysiology of CPT-11-Induced Diarrhea

The alteration of the intestinal milieu post-CPT-11 administration is a recognized
mechanism that precipitates diarrhea [50]. Treatment with CPT-11 can lead to significant
damage to both the colonic and small intestinal tissues. This damage is characterized by
heightened apoptosis, a diminished villi-to-crypt ratio, dilated crypts, increased lymphatic
infiltration within the mucosa, and excessive mucus secretion accompanied by villous
atrophy [51]. Moreover, the active metabolite SN-38 induces direct mucosal injury, which
manifests as malabsorption of water and electrolytes and heightened mucosal secretion [52].

Following CPT-11 administration, there are notable shifts in fecal sodium and potas-
sium levels, prompting an osmotic flow of water into the intestinal lumen to restore
electrolyte balance, a process that culminates in diarrhea. Concurrently, there are significant
alterations in serum sodium, chloride, and osmolality levels. In vivo studies have shown
that CPT-11 can result in a thinner intestinal wall and ileal epithelial vacuolization asso-
ciated with apoptosis, further exacerbating malabsorption. Additionally, CPT-11 induces
goblet cell hyperplasia and an excess of sulfomucin in the cecum, pointing to increased
mucin secretion [53].

The epithelial barrier is crucial for intestinal function, and CPT-11 has been shown
to compromise the integrity of tight junctions, including the vital protein components
claudin-1 and occludin [50]. This disruption can lead to bacterial translocation and exac-
erbate diarrhea. Furthermore, CPT-11 induces alterations in the gut microbiota, which
can contribute to chemotherapy-induced mucositis. The changed luminal environment
can also promote the proliferation of bacteria capable of producing β-glucuronidase, an
enzyme that can convert the inactive SN-38 glucuronide (SN-38G) back to the active SN-38,
thereby augmenting intestinal damage and diarrhea [51].
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The direct role of the intestinal microbiota in CID has been highlighted by studies such
as those by Giovanni Brandi and colleagues [54]. Using germ-free and holoxenic mice, they
demonstrated that the presence of a normal gut microbiota can significantly influence the
severity of CID and intestinal epithelial damage. Notably, holoxenic mice treated with a
lethal dose of CPT-11 exhibited severe intestinal mucosal damage, whereas germ-free mice
showed no such damage, underscoring the role of bacterial factors in the pathogenesis
of CID.

2.2.5. The Dose-Dependent Relationship Between CPT-11 Dosage and Diarrhea Incidence

The incidence and severity of diarrhea associated with irinotecan (CPT-11) treat-
ment have been well-documented in numerous clinical studies, highlighting a clear dose-
dependent relationship. Higher doses of CPT-11 are consistently linked to increased
frequency and severity of both acute and delayed diarrhea, posing significant challenges in
clinical management.

In a phase II study by Shimada et al. [4], the administration of escalating doses of
CPT-11 in patients with metastatic colorectal cancer revealed a direct correlation between
dose intensity and the incidence of diarrhea. Specifically, patients receiving higher doses
exhibited a significantly higher rate of grade 3 and 4 diarrheas compared to those on lower
dosing regimens. This observation underscores the need for meticulous dose titration to
balance therapeutic efficacy and adverse effects.

Further supporting this dose-dependent relationship, Abigerges et al. [11] demon-
strated that high-dose CPT-11 regimens necessitated intensive management with high-dose
loperamide to control severe diarrhea. Their findings indicated that the severity of diarrhea
increased proportionally with higher doses of CPT-11, necessitating careful monitoring and
intervention to prevent life-threatening complications.

Moreover, the pharmacokinetic and pharmacodynamic properties of CPT-11 have been
extensively studied, revealing that its active metabolite, SN-38, is primarily responsible for
the observed gastrointestinal toxicity [47]. The conversion of CPT-11 to SN-38 is facilitated
by carboxylesterases, and the subsequent metabolism of SN-38 to its inactive form, SN-38G,
is mediated by UGT1A1 [31]. Genetic polymorphisms in UGT1A1, such as UGT1A1*28,
have been identified as significant predictors of increased SN-38 levels and, consequently,
higher incidence of severe diarrhea [55]. This genetic variability further complicates the
dose-dependent relationship, as individuals with certain UGT1A1 genotypes may be at
higher risk for adverse events at standard doses.

In addition to genetic factors, clinical studies have shown that the timing and schedule
of CPT-11 administration also influence the incidence of diarrhea. For instance, a study
by JP Armand [5] demonstrated that the frequency of severe diarrhea was significantly
higher in patients receiving CPT-11 every 3 weeks compared to those on a more frequent
dosing schedule. This suggests that the dosing interval may modulate the accumulation
and systemic exposure of SN-38, thereby affecting the severity of gastrointestinal toxicity.

In summary, the dose-dependent relationship between CPT-11 and diarrhea incidence
is well-established through clinical and pharmacogenetic studies. Higher doses of CPT-11
are associated with increased frequency and severity of diarrhea, necessitating careful dose
adjustment and patient monitoring. Future research should focus on personalized dosing
strategies that account for genetic variability and pharmacokinetic profiles to optimize
therapeutic outcomes while minimizing adverse effects.
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Figure 2. Overview of irinotecan metabolism. CPT-11 is a prodrug that is converted to active
metabolite ethyl-10-hydroxy-camptothecin (SN-38) by liver carboxylesterase-converting enzymes
(CES1/2) and is then transported to the liver by 1B1 polypeptide (OATP1B1) and inactivated by
microsomal uridine 5′-diphospho-glucuronosyltransferase enzymes (UGTs): UGT1A1. Irinotecan is
transported to the bile by a group of ATP-binding cassette transporters (ABC transporters): ABCB1,
ABCC2, and ABCG2. Irinotecan is efficiently metabolized by cytochrome P450 enzymes: CYP3A4
and CYP3A5. This results in the generation of less active metabolites APC (7-ethyl-10-[4-N-(5-
aminopentanoic acid)-1-piperidino] carbonyloxycamptothecin) and NPC (7-ethyl-10-[4-amino-1-
piperidino] carbonyloxycamptothecin). NPC (but not APC) can be further converted to SN-38 by
CES1, and CES2 gut microbiota may also participate in irinotecan metabolism by the production of
β-glucuronidase, which catalyzes the breakdown of SN-38G into SN-38.

3. Strategies to Block or Treat Delayed Diarrhea

A spectrum of preventive and therapeutic strategies has been theorized and evaluated
in both animal models and clinical studies, aimed at mitigating or counteracting CID [56].
The proactive approach of diarrhea prevention is widely regarded as the optimal strategy
to avert this grave drug-related complication. Implementing such a strategy not only
enhances the safety profile of the drug but also has the potential to decrease healthcare
costs associated with hospitalization, elevate the quality of life for patients, and possibly
facilitate escalated dosing regimens. This could, in turn, augment the therapeutic efficacy
of the treatment through an improved tumor response [57]. Beyond the initial preventive
steps endorsed by clinical guidelines, which encompass adjustments to the treatment
schedule and dosage, as well as genetic screening, this review delves into the utilization
of traditional Chinese medicine and modern pharmaceuticals. It specifically highlights
their application in either forestalling or treating diarrhea that arises as a consequence of
CPT-11 administration.
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3.1. Chemical Drug Treatment of Delayed Diarrhea
3.1.1. Antidiarrheal Therapy

In accordance with the current clinical guidelines, loperamide is widely acknowledged
as the first-line therapeutic agent for the management of CID. Loperamide functions as
an inhibitor of intestinal peristalsis by activating opioid receptors within the intestinal
plexus and blocking the release of acetylcholine, thereby reducing intestinal motility and
secretion [58]. Research has demonstrated that while diarrhea poses a dose-limiting toxicity
at a dosage of 350 mg/m2 for CPT-11 administered every three weeks, the concurrent
use of high-dose loperamide can potentially escalate the CPT-11 dosage to 750 mg/m2.
Nonetheless, loperamide is not without side effects and has been noted to have a relatively
high failure rate in treating CID [59].

Octreotide, a somatostatin analog and an inhibitor of intestinal secretion, is proposed
as a second-line treatment for CID following the inadequacy of loperamide. It mitigates
diarrhea by curbing gastrointestinal hormone secretion, diminishing intestinal peristalsis,
extending gastrointestinal transit time, and enhancing the reabsorption of water and
electrolytes while reducing secretion [60]. Although octreotide has shown promise in the
secondary prevention of refractory CID in a limited case series, there is an acknowledged
scarcity of robust research on its efficacy in the context of CID [61,62].

Acetorphan, an oral active enkephalinase inhibitor marketed as Racecadotril or
Tiorfan®, has been investigated as an alternative to loperamide due to its antidiarrheal
and antisecretory properties [63]. A low-dose escalation study indicated that prophylactic
acetylmorphine could significantly reduce the incidence of diarrhea without inducing
constipation. However, a subsequent randomized, open-label, multicenter phase II trial
revealed that prophylactic administration of acetorphan at 300 mg/day did not exert a
beneficial effect on CID [64].

Budesonide, typically utilized in the treatment of inflammatory bowel diseases, has
been explored for its potential role in CID management. In a phase I trial, fourteen patients
experiencing stage 4 diarrhea due to CPT-11 were administered budesonide (9 mg oral
dose each morning). Budesonide was observed to reduce the severity of diarrhea by at least
two levels in 86% of the CPT-11-treated patients [65]. However, in a phase III randomized,
double-blind, placebo-controlled trial involving patients with advanced colorectal cancer
(CRC), oral budesonide did not manifest significant advantages in the prevention of CID,
although the findings were somewhat encouraging [66].

3.1.2. Intestinal Alkalization

CPT-11, its active metabolite SN-38, and the glucuronide conjugate SN-38G all possess
an unstable α-hydroxy-δ-lactone ring, the integrity of which is susceptible to pH-dependent
hydrolysis. The detrimental impact of SN-38 on intestinal epithelial cells is postulated to
be the primary cause of delayed diarrhea associated with CPT-11 use. At physiological
pH levels or higher, the less harmful carboxylic acid form of the compound predominates,
whereas in an acidic environment, the more toxic lactone form is favored [67]. Consequently,
modulating the equilibrium between these carboxylate isomers can attenuate the toxicity
of CPT-11. Given that the intestinal absorption rates of CPT-11 and SN-38 are pH-sensitive,
with absorption decreasing by over 65% when the pH exceeds 6.8, an alkaline intestinal
milieu can effectively diminish the absorption of CPT-11 and SN-38 by the intestinal cells.

A case-control study involving lung cancer patients treated with CPT-11 utilized
an alkalinization regimen consisting of sodium bicarbonate, magnesium oxide, water,
and ursodeoxycholic acid administered for four days following CPT-11 treatment. This
approach, which included intestinal alkalinization and controlled defecation, was found to
markedly enhance the management of delayed diarrhea, as well as other side effects such
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as nausea, vomiting, and neutropenia [68]. Subsequent research involving patients with
advanced gastrointestinal cancer who were on a CPT-11 treatment regimen revealed that
the daily intake of 2 g of primary sodium bicarbonate powder, diluted in 250 mL of water
for four days post-CPT-11 injection, resulted in a reduced incidence of grade 3 to 4 diarrhea
to 16%, as opposed to the anticipated rate of 24% in large clinical phase III trials [69].
Nonetheless, a case report highlighted that intestinal alkalinization could significantly
lower plasma levels of SN-38 and CPT-11 [70]. Moreover, the preventive regimen, while
potentially effective, is notably cumbersome, necessitating the consumption of over 2–3 L
of highly alkalized water daily throughout the treatment period [68,71].

3.1.3. Transporter Inhibition

As previously discussed, the pharmacokinetics of CPT-11 are influenced by a multitude
of transporters, including ABCB1, ABCC1, ABCC2, and ABCG2 [18]. The modulation of
these transporters through inhibition by various compounds can significantly impact the
pharmacokinetic profile of CPT-11, the biliary concentration of SN-38, and consequently,
the risk of intestinal toxicity.

The diarrhea induced by CPT-11 is predominantly attributed to the direct cytotoxic
effects of SN-38 on the intestinal tract. SN-38 and its glucuronide conjugate, SN-38G,
are transported from systemic circulation into the biliary tract via ABCB1 and ABCC2,
subsequently entering the intrahepatic circulation [18]. Probenecid, an established inhibitor
of ABCB1 and ABCC2, has demonstrated potential in reducing biliary excretion of CPT-11
metabolites in preclinical studies [72,73]. In a phase I clinical study involving 37 CPT-11-
treated patients who received intravenous cyclosporine (5 mg/kg over 3 days), only one
case of grade 3 diarrhea was reported. The subsequent phase of the study proposed a
dosing regimen of 100 mg/m2 of CPT-11 every two weeks [49]. When 34 patients were
treated at this recommended dose, the incidence of grade 4 diarrhea was observed to be
3%. However, the study also noted that some patients had to discontinue participation due
to cyclosporine-induced toxicity [74].

The transporter MRP2/ABCC2 plays a pivotal role in the biliary excretion of SN-
38 and SN-38G, whereas its involvement in CPT-11 transport is considerably less [47].
Probenecid, an MRP2 inhibitor, when co-administered with CPT-11, has been shown to
decrease the biliary excretion of CPT-11, SN-38, and SN-38G, thereby increasing their sys-
temic concentrations. A reduction in the dosage of CPT-11 resulted in decreased intestinal
SN-38 levels and a reduced incidence of CID, without significantly altering plasma SN-38
levels or the occurrence of myelosuppression compared to the control group [75].

3.1.4. Enzyme Induction and Inhibition
β-Glucuronidase Inhibition

The active metabolite SN-38, derived from CPT-11, can be metabolized into its in-
active glucuronide form, SN-38G, by the action of hepatic uridine diphosphate gluco-
syltransferase [34,76]. A body of research has shed light on the pivotal role of bacterial
β-glucuronidase in the pathogenesis of delayed diarrhea. The intestinal microbiota has
the enzymatic capability to convert SN-38G back into the active and potentially damaging
SN-38, a process that can result in significant intestinal mucosal injury [77].

D-saccharic acid 1,4-lactone (SAL), recognized for its potential as a therapeutic agent
for cerebral ischemia–reperfusion injury in rats, has also been investigated for its capacity to
inhibit β-glucuronidase. Studies have shown that the concurrent use of SAL can markedly
decrease the intestinal mucosal damage induced by CPT-11 in preclinical rat models [78].

There is an ongoing effort to develop targeted methods that selectively inhibit bacte-
rial β-glucuronidase without adversely affecting the intestinal symbiotes or the activity

74



Pharmaceuticals 2025, 18, 359

of mammalian β-glucuronidase. Rasmussen et al. [79] synthesized a novel compound,
uronic acid-noan glucoside, which has demonstrated a competitive inhibitory effect against
Escherichia coli β-glucuronidase. However, the compound exhibited minimal inhibitory
activity against mammalian β-glucuronidase derived from bovine liver. More recently,
nicotinamide, isoniazid, and amoxapine have been identified as inhibitors of bacterial
β-glucuronidase, with negligible effects on the mammalian counterpart. Despite these
promising findings, the clinical efficacy and safety of these compounds await further
evaluation in human trials [80].

UGT1A1 Induction

As previously mentioned, UGT1A1 plays a crucial role in the metabolic pathway of
CPT-11, facilitating the conversion of the cytotoxic metabolite SN-38 into a less harmful glu-
curonide form, SN-38G. Chrysin, despite its low oral bioavailability [81], has demonstrated
the ability to upregulate UGT1A1 activity [82]. Consequently, chrysin can selectively en-
hance the glucuronidation of SN-38 to SN-38G within the gastrointestinal tract through the
induction of UGT1A1. This process may mitigate intestinal mucosal damage and the onset
of delayed diarrhea without impacting the systemic levels of SN-38 or its concentration
within tumors. Other agents known to induce UGT1A1, including phenobarbital—as
previously discussed—and glucocorticoids, have been the subject of clinical investigations.
Notably, dexamethasone has not been found to significantly alter the area under the curve
(AUC) for SN-38 and CPT-11, suggesting minimal influence on the enzymes CYP3A4 and
UGT1A1 through which these substances are metabolized [83,84].

Carboxylesterases Inhibition and Activation

Intestinal carboxylesterase (hiCE) is instrumental in the conversion of CPT-11 to its
active metabolite, SN-38, within the intestinal lumen. Evidence from human intestinal
biopsies has confirmed the presence of hiCE, and in vitro assays have substantiated the
direct conversion of CPT-11 to SN-38 by this enzyme. It is hypothesized that the inhibition
of hiCE, thereby diminishing the levels of the active metabolite SN-38, could potentially
lower the incidence of delayed diarrhea [85].

In this regard, Wadkins et al. [86] have synthesized a suite of seven hiCE inhibitors,
all sulfonamide-based, which exhibit over 200-fold selectivity for hiCE relative to hepatic
carboxylesterase. These inhibitors do not adversely affect human acetylcholinesterase or
butyrylcholinesterase activities. Among the lead compounds developed, four nitrophenol
derivatives have shown particular promise, with compound 3 demonstrating superior
inhibitory efficacy against hiCE compared to rabbit liver carboxylesterase, leaving 14% of
CES activity intact, as reported by Yoon et al. [87]. More recently, a new class of fluorene
analogues has been introduced as hiCE inhibitors, showcasing enhanced potency and
efficiency [85]. The efficacy and safety profiles of these novel inhibitors in animal models
and, ultimately, in human studies remain to be established.

CYP3A4 Inducers

Anti-epileptic medications, such as phenytoin, carbamazepine, and phenobarbital,
which are known to induce the activity of the cytochrome P450 3A4 (CYP3A4) enzyme, have
been utilized in combination with or without dexamethasone. This treatment approach
has been observed to elevate the recommended dosage of CPT-11 for patients who have
not previously received these anti-epileptic drugs. Specifically, the dose of CPT-11 can be
escalated from 350 mg/m2 to 750 mg/m2 when administered every three weeks, due to
the increased metabolic clearance induced by these CYP3A4 inducers [83]. This induction
effect results in an accelerated elimination of CPT-11 and a subsequent reduction in the
area under the curve (AUC) for its active metabolite, SN-38.
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In a separate study, a parallel increase in the clearance rate of CPT-11 and the dosage of
temozolomide was noted. The escalated dosage regimen of temozolomide was 500 mg/m2,
administered every fifteen days over a 28-day cycle, in patients undergoing treatment with
enzyme-inducing anti-epileptic drugs [88]. These findings underscore the importance of
considering the impact of concomitant medications on the pharmacokinetics and optimal
dosing strategies of chemotherapeutic agents.

COX-2 Inhibition

Cyclooxygenase-2 (COX-2) is notably overexpressed in metastatic colorectal cancer,
where it contributes to tumorigenesis through multiple pathways, notably the synthesis
of prostaglandins E2 (PGE2) and thromboxane A2 (TXA2) [89]. The administration of
CPT-11 has been linked to upregulation of COX-2 in intestinal epithelial cells, which leads
to elevated PGE2 levels. This increase in PGE2 induces heightened chloride secretion and
diminished sodium absorption in the intestinal cells, a sequence of events that culminates
in diarrhea. Research by Trifan et al. [90] has shown that celecoxib, a COX-2 inhibitor, can
curtail the production of prostaglandins within the intestinal mucosa. It also lessens the
colon’s inflammatory response and markedly reduces the frequency of diarrhea in mice,
with the severity of diarrhea correlated to the administered dose of celecoxib.

Further investigation in Ward CRC rat models demonstrated that oral celecoxib,
administered at a dosage of 30 mg/kg daily in two divided doses, could lessen the toxicity
associated with CPT-11 and bolster antitumor efficacy, alongside improved survival rates
at doses that would otherwise be lethal [91]. However, subsequent clinical studies did
not replicate these beneficial effects, failing to demonstrate any significant amelioration in
the management of CID or in the treatment of colorectal cancer [92]. Diarrhea persisted
as the primary non-hematological side effect. The lack of therapeutic improvement may
stem from the possibility that COX-2 inhibition alone is insufficient to mitigate CID, or
potentially due to inadequate delivery of celecoxib to achieve the desired protective effect
on the target tissue [92].

3.1.5. Alteration of Intestinal Microflora
Prebiotics and Antibiotics

A study has demonstrated the potential benefits of Lactobacillus casei strain Shi-
rota (LcS) in a rat model. The rats were administered LcS intragastrically at a dosage of
1.64 × 1011 colony-forming units (CFU) per 0.5 g in 3 mL saline for a period of 28 days.
Commencing from the 14th day, the rats were also given CPT-11 at a dosage of 100 mg/kg
for four consecutive days. A control group was simultaneously treated with CPT-11 and an
equivalent volume of saline. The findings indicated that LcS treatment led to a significant
reduction in weight loss, and the rats exhibited a markedly higher food intake compared
to the control group. Moreover, the LcS group showed an improvement in the symptoms
of delayed diarrhea associated with CPT-11, a beneficial effect that may be attributed to
the inhibition of β-glucuronidase activity by LcS, an enzyme produced by the intestinal
flora [93].

In another investigation, VSL#3, a commercially available probiotic formulation com-
prising Lactobacillus, Bifidobacterium, and Streptococcus species, was assessed for its
effects on CPT-11-treated rats. The study found that VSL#3 could enhance glandular prolif-
eration, mitigate weight loss, and reduce the severity of diarrhea, intestinal cell apoptosis,
mucin secretion, and the increase of goblet cells in the jejunal crypts induced by CPT-11.
However, the protective effects of VSL#3 were most pronounced when the probiotic was
administered both prior to and following the chemotherapy regimen [94].
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Antibiotics

The clinical use of antibiotics serves a dual purpose in the management of CID by
targeting microorganisms that produce β-glucuronidase, an enzyme that can convert the
inactive metabolite SN-38G back to its active form, SN-38, thereby exacerbating diarrhea.
By reducing the intestinal bacterial load and β-glucuronidase activity, the concentration
of SN-38 in the gut can be diminished, which may alleviate diarrheal symptoms [95]. In
a clinical study involving patients with colorectal and small cell lung cancer treated with
CPT-11, the administration of neomycin (500 mg, twice daily) in subsequent treatment
cycles effectively prevented the recurrence of severe diarrhea [96].

In vivo research has shown that amoxicillin can mitigate the toxicity of CPT-11 and
enhance its antitumor efficacy in tumor-bearing mice to a certain degree. This effect is asso-
ciated with the inhibition of β-glucuronidase activity in various bacterial strains, including
Escherichia coli, enterococci, streptococci, and staphylococci [97]. However, the alleviation
of CID by antibiotics is not solely attributable to the inhibition of microbial β-glucuronidase.
An animal study utilizing three different diarrhea models demonstrated that while strepto-
mycin could ameliorate intestinal toxicity, it did not inhibit β-glucuronidase activity [98].
This discrepancy may stem from the significant variability in the catalytic efficiency, sub-
strate binding, and reaction rates of β-glucuronidase among different bacterial species [99].
Other antibiotics, such as levofloxacin [100] and cefaclor [101], have also been utilized
clinically to treat CID.

3.1.6. Prevention of Direct Intestinal Exposure

Activated charcoal (AC) is a widely utilized oral adsorbent with the capacity to adsorb
the active metabolite SN-38 within the intestine, thereby mitigating intestinal mucosal
injury and reducing the incidence of CID. AC also augments the clearance of SN-38 by
engaging with intestinal capillaries and impeding the enterohepatic recirculation of the
drug [102]. In a pediatric study involving patients undergoing CPT-11 chemotherapy, those
in the intervention group were administered 250 mg of AC three times daily concurrently
with CPT-11. This regimen resulted in a significant reduction of grade 3 and 4 diarrhea
cases to 4.4% within the AC group, as opposed to the control group. Additionally, the
intervention group experienced fewer chemotherapy discontinuations (6.6% vs. 52.3%).
Consequently, AC has been shown to improve CPT-11 compliance and diminish both the
frequency and severity of CID. Nonetheless, AC’s efficacy is not absolute, it can also adsorb
other concurrently administered oral medications, and the requirement for thrice-daily
administration can be burdensome [103].

AST-120 (clemizine) is an alternative oral carbonaceous adsorbent that has been
investigated for its potential to prevent delayed diarrhea. Clemizine has demonstrated a
significant adsorption capacity for CPT-11 both in vitro and within the rat gastrointestinal
tract. In rats administered with clemizine, there was approximately a 50% reduction in
the frequency of diarrhea compared to untreated controls, with a corresponding decrease
in severity [104]. In a clinical trial, the administration of two grams of clemizine, given
in three divided doses daily, was found to decrease the occurrence of CID during and
post-CPT-11 treatment, with minimal impact on the pharmacokinetics of CPT-11 and its
metabolites [105].

3.1.7. Cytokine and Growth Factors Induction and Inhibition

Thalidomide, a synthetic derivative of glutamic acid, has been recognized for its
potential to mitigate the intestinal pathological changes induced by CPT-11. It exerts
its effects by inhibiting the production of inflammatory cytokines within the intestine,
reducing apoptosis of intestinal epithelial cells, and modulating immune and angiogenic
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responses [106]. Preliminary clinical studies have affirmed thalidomide’s utility beyond its
antitumor properties, highlighting its anti-angiogenic and immunomodulatory capabilities,
and its capacity to alleviate CID [107]. While one study has reported a significant reduction
in the metabolic conversion of CPT-11 to SN-38 with thalidomide treatment, others have
not observed a substantial impact on the pharmacokinetics of CPT-11 [108,109].

In an additional study, Velafermin, a fibroblast growth factor-20, was administered at
a dosage of 16 mg/kg prior to CPT-11 treatment. This approach was found to ameliorate
gastrointestinal mucositis, diarrhea, and mortality associated with CPT-11 in tumor-bearing
DA rats. Although rats treated with verapamil experienced severe or moderate diarrhea,
the onset was delayed, and the condition was less severe and shorter in duration. Notably,
verapamil did not influence tumor proliferation. Various doses of verapamil were assessed,
with some showing diminished effectiveness in reducing the severity and mortality of CID.
Interestingly, certain dosages were associated with increased diarrhea and mortality [110].

Interleukin-15 (IL-15) is a cytokine that has demonstrated a pronounced protective
effect against CPT-11-induced intestinal toxicity and has the potential to moderately boost
the antitumor efficacy in advanced colorectal cancer models [111]. JBT3002, a novel syn-
thetic bacterial lipopeptide, has been shown to stimulate the production of IL-15. This
compound can protect the integrity of the intestinal epithelium, prevent damage to the
intestinal epithelium and mucosal lamina propria, and is tolerable at higher intravenous
doses [112].

3.1.8. Other Chemical Drug Treatment Options

In the realm of preclinical research, the supplementation of diets with low concen-
trations of fish oil—specifically at levels of 3% or 6%—has been observed to enhance the
regression of MCF7 human breast cancer xenografts in nude mice, both prior to and dur-
ing the administration of CPT-11. This augmentation of CPT-11’s therapeutic efficacy is
accompanied by a reduction in the pathological damage to the intestinal tissue [113].

L-Glutamine is categorized as a conditionally essential amino acid, particularly in
conditions of stress where the body’s synthesis may not meet the increased demands [114].
It is an indispensable nutrient that supports the growth, differentiation, and the main-
tenance of integrity and barrier function of the intestinal mucosal epithelium. Studies
have demonstrated its role in facilitating electrolyte absorption in animals subjected to
experimentally induced diarrhea [94].

Phloroglucinol, a myophilic smooth muscle antispasmodic agent, has been identified
in a study to ameliorate diarrhea and normalize electrolyte levels [115]. This drug does
not exert anticholinergic effects and is less likely to cause adverse cardiovascular effects
such as tachycardia, hypotension, or arrhythmia. Given these attributes, phloroglucinol is
deemed more appropriate for use in elderly patients with pre-existing cardiovascular or
cerebrovascular conditions [116]. Figure 3 illustrates the major chemotherapeutic agents
for the treatment of CPT-11-induced diarrhea. (A summary of the mechanisms of action
and limitations of major chemotherapeutic agents for the treatment of CPT-11-induced
diarrhea can be found in Supplementary Material Table S1).

3.2. Traditional Chinese Medicine Treatment of Delayed Diarrhea

Despite the availability of numerous chemical drugs for the prevention and treatment
of CID, there remains no universally recognized and consistently effective standard treat-
ment. The efficacy of individual drugs in isolation is challenging to ascertain. However,
modern pharmacological studies have established that traditional Chinese medicine (TCM)
possesses a unique multi-target and multi-pathway approach. TCM is tailored to individual
patient profiles, which often results in favorable outcomes in the treatment of diarrhea
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caused by CPT-11. Figure 4 outlines the major traditional Chinese medicine treatment of
delayed diarrhea.

Figure 3. The major chemotherapeutic agents for the treatment of CPT-11-induced diarrhea.

3.2.1. Single Component and Active Components of Traditional Chinese Medicine
Hypericum perforatum L. (St. John’s Wort) Extract

Hypericum perforatum L., commonly referred to as St. John’s wort, is a member of the
Guttiferae family and has been traditionally used for its diarrhea-treating properties [117].
Experimental rat studies have substantiated the efficacy of St. John’s wort in this context.
In these experiments, a control group was treated solely with CPT-11, whereas a treatment
group additionally received oral St. John’s wort. The results indicated a significant reduc-
tion in the expression of the inflammatory marker TNF-α mRNA in rats administered with
St. John’s wort. Furthermore, it was observed to partially inhibit apoptosis in intestinal
epithelial cells, thereby mitigating the intestinal damage caused by CPT-11 [118].

Berberine

Berberine, a principal active constituent of the traditional Chinese medicinal herb
Coptis chinensis (huanglian), has been ascribed with a spectrum of pharmacological activ-
ities, including anti-inflammatory, antioxidant, anticancer properties, lipid metabolism
regulation, and energy balance maintenance [119]. In an animal model, berberine was
found to mitigate the mucosal structural damage, ulceration, and neutrophil infiltration
induced by CPT-11. It also enhances mucosal barrier function by increasing the number of
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goblet cells, preserving transepithelial electrical resistance (TEER), reducing permeability,
and upregulating tight junction proteins. Berberine was noted to reduce fecal SN-38 levels,
which may be linked to a decrease in the activity of β-glucuronidase and the corresponding
bacterial population. Notably, berberine preserves the anticancer efficacy of CPT-11 while
simultaneously reducing its intestinal toxicity in xenograft tumor models [120].

Figure 4. The major traditional Chinese medicine treatment of delayed diarrhea.

Curcumin

Curcumin, a polyphenolic compound derived from the rhizome of Curcuma longa L.
(turmeric), is renowned for its diverse pharmacological effects, including anti-inflammatory,
antioxidant, and antitumor activities. In the establishment of a mouse model for delayed
diarrhea induced by CPT-11, a group treated with curcumin prophylactically showed pro-
tective effects against the symptoms and pathophysiology of the condition [121]. Further
animal studies demonstrated that curcumin could effectively alleviate CID symptoms and
intestinal mucosal structural aberrations in nude mice. Curcumin was found to upregulate
the expression of P4HB and PRDX4 in the small intestine, enhance cell morphology, inhibit
apoptosis, maintain mitochondrial membrane potential, and reduce the rise of reactive
oxygen species (ROS) levels provoked by CPT-11 (20 μg/mL) in vitro. Additionally, cur-
cumin increases the expression of molecular chaperone proteins such as GRP78, P4HB,
and PrDX4, and suppresses the expression of apoptosis-related proteins like CHOP and
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cleaved caspase-3, thereby interrupting the NF-κB signaling pathway and safeguarding
cells against CPT-11-induced apoptosis [122].

Hesperidins

Hesperidin, the predominant flavonoid in Citrus reticulata Blanco (chenpi), is recog-
nized for its vascular protective properties, enhanced lymphatic circulation, and demon-
strated anti-inflammatory and antiviral activities. It is postulated that CPT-11’s dose-
restricted diarrhea is associated with the exposure of the active metabolite SN-38 to the
intestinal tract. Hesperidin has been shown to modulate the biliary excretion transporters
of CPT-11 and its metabolites, thereby influencing the pharmacokinetics of both CPT-11
and SN-38 [123,124].

3.2.2. Compound Traditional Chinese Medicine and Extract
Huangqin Decoction

Huangqin Decoction (HQD) is a complex traditional Chinese medicinal formula
consisting of Scutellaria baicalensis Georgi, Glycyrrhiza uralensis Fisch, Paeonia lactiflora Pall,
and Ziziphus jujube Mill in a dry weight ratio of 3:2:2:2. With a history spanning over
1800 years, HQD has been widely utilized in China for the treatment of gastrointestinal
disorders characterized by diarrhea, nausea, abdominal cramps, and vomiting [125]. In a
study involving ICR rats with CID, HQD was administered one day prior to the experiment
and continued for eight days. The findings indicated that HQD-treated rats exhibited a
reduced rate of body weight loss and intestinal mucosal injury. There was a significant
increase in the expression of nitric oxide (NO) in the colon, a decrease in proliferating cell
nuclear antigen (PCNA) expression, and an elevated count of blood neutrophils [126]. In
another animal experiment, the concurrent administration of HQD (10 g/kg, twice daily)
at the onset of CPT-11 significantly mitigated delayed diarrhea in rats, although it was
ineffective in preventing acute diarrhea during the initial two days. Researchers employed
GC/MS and LC/MS metabolomics to analyze serum metabolite changes in male SD rats
before and after HQD treatment, suggesting that HQD could mediate metabolic alterations
by normalizing amino acid, lipid, and bile acid metabolic pathways [127]. PHY906, a
derivative of HQD, has demonstrated its utility as a modulator of chemotherapeutic agents,
particularly in alleviating cancer therapy-induced nausea, vomiting, and diarrhea [128,129].
In a mouse model of allogeneic colon transplantation, oral PHY906 (dosed at 50, 500,
or 1000 mg/kg, twice daily) was shown to attenuate CPT-11-induced gastrointestinal
toxicity through multiple mechanisms, including the inhibition of NF-κB, COX-2, and iNOS
inflammatory pathways, and the promotion of intestinal progenitor cell regeneration via
the upregulation of Wnt signaling components, with a particular emphasis on Wnt3a [130].
A phase I, multicenter, double-blind, randomized, placebo-controlled crossover study
involving 17 patients with advanced colorectal cancer treated with PHY906 in combination
with CPT-11 and 5-FU/IFL regimens showed a reduction in the overall incidence of grade 3
or 4 diarrhea and decreased reliance on antidiarrheal medications such as loperamide and
lomotil. Notably, PHY906 did not alter the pharmacokinetics of CPT-11 or its metabolite
SN-38. However, given the small patient sample size in this trial, further large-scale
randomized trials are necessary to fully assess the benefits of PHY906 in the context of
CID [131].

Shengjiang Xiexin Decoction

Shengjiang Xiexin Decoction (SXD), a classic compound from the traditional text
Shang Han Lun, is composed of eight Chinese herbal medicines and is extensively used in
contemporary clinical practice for the treatment of gastroenteritis, ulcerative colitis, and
diarrhea [132]. In a rat model of diarrhea, SXD, administered at dosages of 5, 10, or 15 g/kg
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per day, was found to promote intestinal cell proliferation while inhibiting intestinal cell
apoptosis and β-glucuronidase activity, thereby preventing delayed diarrhea induced by
CPT-11 in a dose-dependent manner [133]. In an experiment utilizing a CT26 colon cancer
mouse model, mice in the experimental group were given SXD (10 g/kg, twice daily) three
days prior to CPT-11 administration for a total of eight days. In comparison to the model
and control groups, which received equivalent volumes of normal saline, CPT-11 injection
led to significant diarrhea in the model group. The SXD group exhibited significantly lower
diarrhea scores, less severe intestinal mucosal damage under light microscopy, decreased
levels of TNF-α, and increased levels of IL-10, effectively alleviating neutropenia [134].
In a randomized controlled trial involving 115 patients treated with CPT-11 combined
with 5-fluorouracil and calcium 1-folinate, SXD (100 mL, twice daily) was shown to signifi-
cantly reduce the incidence of delayed diarrhea in patients with UGT1A1*28 or UGT1A1*6
mutations, without compromising the clinical response to chemotherapy [135].

Banxia Xiexin Decoction

Banxia Xiexin Decoction (BXD), a formulation comprising seven medicinal ingredi-
ents, is a potent compound prescription in traditional Chinese medicine used to address
conditions such as gastroenteritis, ulcerative colitis, vomiting, and diarrhea [136]. In experi-
ments involving mice with small-cell lung cancer (SCLC) induced to experience diarrhea by
CPT-11, BXD was observed to ameliorate the condition. This improvement is hypothesized
to be due to the inhibition of COX-2 expression in the colonic tissue and a reduction in the
local concentration of SN-38 [137]. A clinical study involving 27 patients with recurrent
SCLC undergoing CPT-11 chemotherapy reported that BXD, administered prior to the
second chemotherapy cycle, effectively prevented and treated delayed diarrhea caused
by CPT-11. Out of six patients who developed delayed diarrhea, four were relieved after
BXD treatment. However, the small sample size in this study necessitates further evalua-
tion in larger, high-quality, randomized controlled trials to confirm the efficacy of BXD in
managing CPT-11-induced delayed diarrhea [138].

Gegen Qinlian Decoction

Gegen Qinlian Decoction (GQD) is a traditional Chinese medicinal formula that
includes Pueraria lobata (Gegen), Scutellaria baicalensis (Huangqin), Coptis chinensis (Huan-
glian), and Glycyrrhiza uralensis (Gancao). Originating from the Shan Han Lun, a text dating
back to the Han Dynasty (202–220 BC), GQD is widely utilized for gastrointestinal disor-
ders, particularly diarrhea [139]. In a mouse model of CID, GQD extract administration
for five days led to a significant decrease in the levels of inflammatory cytokines such as
IL-1β, COX-2, ICAM-1, and tumor necrosis factor-α within the intestinal tissue. Addition-
ally, GQD demonstrated antioxidant properties, activated the Keap1/Nrf2 pathway, and
enhanced the intestinal barrier function by upregulating the expression of tight junction
proteins like ZO-1, HO-1, and occludin. The GQD extract also exhibited a potent inhibitory
effect on hCE2 in vitro, with an IC50 value of 0.187 mg/mL, suggesting its potential in
mitigating hCE2-mediated severe diarrhea [140]. Moreover, the extract of GQD has been
shown to synergistically inhibit the growth of colon cancer when used in conjunction
with CPT-11. In vitro studies have also highlighted GQD’s significant inhibitory effect on
CES2 [141].

Xiao Chaihu Decoction

Xiao Chaihu Decoction (XCD), a blend of seven Chinese medicinal herbs, is the
principal prescription for Shaoyang disease as described in the Shang Han Lun of the Han
Dynasty [142]. Extensive clinical and experimental studies have validated XCD’s efficacy
in treating liver and digestive system diseases. In an animal study, the experimental group
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received XCD at a dosage of 1500 mg/kg (based on crude drug) once daily for 17 days,
while other groups, except for the normal control, were injected with CPT-11 to induce
delayed diarrhea from the 4th to the 10th day. The results indicated that XCD significantly
reduced the rate of hematochezia and improved intestinal mucosal injury in the treated
mice [143].

Other TCM Preparations for Treatment

Sishen Pill, a classic formula in traditional Chinese medicine, is recognized for its effec-
tiveness in treating diarrhea and has shown promise in managing irritable bowel syndrome
and ulcerative colitis. In an animal model using ICR mice, Sishen Pill demonstrated pre-
ventive and therapeutic effects on CPT-11-induced delayed diarrhea, potentially through
reducing intestinal β-glucuronidase activity and the levels of IL-1β and TNF-α [144].

Jiawei Xianglian Decoction (JWXLD), a combination of six medicinal ingredients,
is a clinically used drug in China effective against diarrhea. Studies have found that
JWXLD at dosages of 0.12, 0.23, and 0.46 g significantly mitigated the severity of CID
and altered the levels of Lactobacillus and Bifidobacterium in mice, effects that were
reversible with JWXLD. Furthermore, JWXLD was shown to reduce β-glucuronidase
activity. Histopathological assessments revealed that JWXLD could significantly lessen the
severity of intestinal mucosal injury caused by CPT-11 in rats [145]. Senfu Zhulin San [146]
and Renshen Jianpi Pill [147] are also utilized in Chinese clinical practice to treat CID,
likely through mechanisms involving the regulation of intestinal flora and the inhibition of
inflammation.

Hange-shashin-to, a formula consisting of seven Chinese herbal medicines, is used in
Japan for treating diarrhea and acute gastroenteritis. In animal studies, Hange-shashin-to
(1 g/kg, twice daily) showed protective effects against CPT-11-induced intestinal toxicity by
inhibiting β-glucuronidase activity, leading to reduced weight loss, improved anorexia, and
delayed onset of diarrhea symptoms [148]. Sairei-to, a preparation of 12 traditional Chinese
herbs, is used in Japan for severe diarrhea and various inflammatory conditions, including
rheumatoid arthritis, systemic lupus erythematosus, and nephrotic syndrome [149]. A
preclinical study in male Wistar rats indicated that Sairei-to could alleviate CPT-11-induced
delayed diarrhea, possibly through the inhibition of bacterial β-glucuronidase [150]. (A
summary of the proved effects of single Chinese herbs and traditional Chinese medicine
compound prescriptions on CPT-11-induced diarrhea can be found in Supplementary
Material Tables S2 and S3).

3.3. Structural/Chemical Modification and Novel Drug Delivery Methods

To address the challenges of low bioavailability and enterotoxicity associated with the
anticancer drug CPT-11 and its active metabolite SN-38, various novel dosage forms and
drug delivery systems have been explored. These innovations include the development of
liposomal formulations, polymer conjugates, nanoparticles, dendrimers, and the utilization
of peptides and carbohydrates. Figure 5 summarizes the structural modifications and
novel drug delivery methods explored to enhance the efficacy and reduce the toxicity of
irinotecan and its metabolites.

3.3.1. Novel Drug Delivery of CPT-11
Liposomal Formulations of CPT-11

Irinotecan liposomes, such as Nal-IRI (ONIVYDE), were approved in 2015 [151]
and have since been employed as a second-line treatment for metastatic pancreatic can-
cer [152,153]. New liposomal preparations of CPT-11, like CPX-1, have demonstrated
antitumor activity in phase I studies by combining CPT-11 with fluorouracil, improv-
ing outcomes in patients with advanced solid tumors [154]. Additionally, highly stable
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nanoparticles/liposomes integrated with convection-enhanced delivery (CED) have been
recognized for their potential to prolong drug retention in tissues and reduce toxicity [155].
These liposomal formulations are designed to enhance target specificity, thereby minimiz-
ing systemic toxicity. Despite the potential shown in vitro, many of these carriers have yet
to fulfill their promise in vivo.

Figure 5. Structural/Chemical modification and novel drug delivery methods.

Nanoparticles of CPT-11

Wang et al. have developed novel nanoparticles using hyaluronic acid, poly (lac-
tic acid-glycolic acid), chitosan, and Pluronic F-127 as carriers for CPT-11 and doxoru-
bicin. Hyaluronic acid chemical transport (HyACT®) has emerged as a carrier system
for CPT-11, enhancing the reactivity with CD44-positive tumor cells and improving
progression-free survival rates in metastatic colorectal cancer when used in combination
therapies [156,157]. In a randomized phase II trial, hyaluronic acid-modified CPT-11 was
found to enhance progression-free survival in patients with metastatic colorectal cancer
resistant to 5-fluorouracil [158].

Polymer Conjugates of CPT-11

The covalent attachment of polyethylene glycol (PEG) molecules has been utilized
to enhance the systemic circulation and reduce clearance of CPT-11. PEGylated liposo-
mal CPT-11 preparations, such as MM-398, have shown improved cytotoxicity in mouse
brain metastasis models compared to CPT-11 monotherapy [159,160]. In a phase I clinical
and pharmacokinetic study, IHL-305, a novel PEGylated liposome formulation of CPT-11,
demonstrated a safe repeat dosing regimen over 4 or 2 weeks [161]. Zhang et al. have ex-
plored the combination of CPT-11 with fatty acids to increase lipophilicity and facilitate self-
assembly in an aqueous environment, protecting CPT-11 from carboxylesterase-mediated
hydrolysis and enhancing intracellular accumulation and cytotoxicity [162]. Zashikhina
et al. have developed self-assembled poly (l-lysine)-b-poly (l-leucine) (plys-b-pleu) poly-
mers that exhibit no cytotoxicity in tested cell lines and maintain in vitro antitumor activity
similar to that of free CPT-11 [163].

Strategies to enhance CPT-11 activity, such as adenovirus-mediated β-glucuronidase
expression in tumors [164] and gene-directed enzyme/prodrug therapy (CES/CPT-
11) [165], may indirectly improve antitumor efficacy and ameliorate CID. The hypothesis is
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that targeted administration and the use of liposomes could reduce the concentration of
CPT-11 and SN-38 in bile, thereby minimizing intestinal damage.

3.3.2. Novel Drug Delivery of SN-38
Liposomal Formulations of SN-38

Machmudi et al. have constructed polyethylene glycol polyamide (PAMAM) den-
drimers conjugated with SN-38 and targeting moieties BR2 and CyLoP1. These dendrimers
have shown enhanced cytotoxicity and cellular uptake in mouse colon cancer (CT26) cell
lines compared to native SN-38, with in vivo studies demonstrating improved drug ac-
cumulation at the tumor site and increased antitumor efficacy [143]. Zhang et al. have
developed a liposome-based SN-38 preparation (LE-SN-38) that has exhibited superior effi-
cacy in enhancing cytotoxicity against various tumor cell lines and in treating xenogeneic
mice models [166]. Sun et al. have created amorphous solid disodium glycyrrhizinate
and SN-38 self-assembled micelles (Na2GA/SN-38-BM) with favorable pharmacokinetics
and distribution properties, demonstrating enhanced cytotoxicity against tumor cells and
significant tumor growth inhibition [167].

Nanoparticles of SN-38

Karki et al. have investigated the loading of SN-38 onto graphene oxide (GOS) mod-
ified with polyvinylpyrrolidone (PVP) or β-cyclodextrin (β-CD). Their studies revealed
that SN-38 loaded onto GO-PVP nanocarriers exhibited higher cytotoxic activity against
human breast cancer cells (MCF-7) than GO-β-CD nanocarriers, suggesting the potential of
GO-PVP as an effective drug delivery system [168]. Naumann et al. have conjugated SN-38
to gold nanoparticles using oligonucleotides specific to Ewing’s sarcoma cells, allowing
for the targeted release of SN-38 and its subsequent inhibition of topoisomerase, with
effective and selective drug release observed in both in vitro and in vivo conditions [169].
Furthermore, coupling was performed with monoclonal antibodies (Labetuzumab-SN-38
immunoconjugates [170]), along with a variety of other preparations and methods [171] (A
summary of the mechanisms of action and effects on diarrhea relief of new drug delivery
systems for CPT-11 and SN-38 can be found in Supplementary Material Tables S4 and S5).

3.3.3. Impact on Diarrhea Risk

Despite the promising strategies offered by advanced drug delivery systems for
enhancing the therapeutic efficacy of CPT-11 and SN-38 and reducing systemic toxicity,
their impact on diarrhea risk remains a significant consideration. Systems such as liposomal
formulations and nanoparticles, which reduce systemic exposure to the active metabolite
SN-38, may potentially lower the incidence of CID. However, clinical study results have
been inconsistent, with some trials reporting reduced severe diarrhea and others showing
no significant difference compared to conventional formulations [151]. Moreover, the long-
term clinical outcomes and specific impact on diarrhea incidence require further elucidation.

In summary, while novel drug delivery systems show promise in enhancing the
therapeutic efficacy of CPT-11 and SN-38 and reducing systemic toxicity, their impact
on diarrhea risk remains a critical factor. Further research is needed to fully understand
the long-term effects of these delivery systems on CID risk and to optimize their clinical
application [154,158,172].

4. Discussion

4.1. Clinical and Preclinical Strategies for Blocking or Treating

The management of irinotecan-induced diarrhea (CID) encompasses a diverse array of
therapeutic approaches, each with varying levels of clinical validation and developmental
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maturity. Clinically validated treatments, such as loperamide and octreotide, have demon-
strated robust efficacy in managing acute symptoms and are widely adopted in clinical
practice. These treatments have undergone rigorous clinical trials, ensuring their safety and
effectiveness are well-established [11,12]. For instance, loperamide, a synthetic opioid, effec-
tively reduces intestinal motility and promotes fluid reabsorption, thereby alleviating acute
diarrhea episodes. Similarly, octreotide, a somatostatin analog, mitigates gastrointestinal
secretion and motility, offering significant relief in cases of severe diarrhea [13].

In contrast, several innovative strategies remain in the preclinical stage, showcas-
ing promising potential but requiring further validation. Enzyme inhibitors targeting
β-glucuronidase and UGT1A1 inducers have demonstrated substantial efficacy in reducing
the severity and frequency of CID in preclinical models [31,128]. These approaches aim to
modulate the metabolism of irinotecan’s active metabolite, SN-38, thereby mitigating its
toxic effects on the intestinal mucosa. Additionally, advanced drug delivery systems, such
as liposomal formulations and nanoparticles, are being explored to enhance the targeted
delivery of irinotecan while minimizing systemic toxicity [47,156]. These systems hold the
potential to reduce the incidence of CID by limiting the exposure of the gastrointestinal
tract to SN-38.

Traditional Chinese medicine (TCM) also presents a unique avenue for CID man-
agement, with formulations like Huangqin Decoction and Shengjiang Xiexin Decoction
demonstrating efficacy in both preclinical and clinical settings [129,173]. These herbal
preparations leverage a multi-target approach, modulating inflammation, enhancing in-
testinal barrier function, and reducing mucosal injury. However, their long-term safety
and efficacy profiles are still under evaluation, and standardization of these formulations
remains an ongoing challenge [50].

Distinguishing between clinically validated and preclinical strategies is essential for
guiding clinical practice and future research. While clinically validated treatments provide
immediate relief and are supported by substantial evidence, preclinical strategies offer
innovative solutions that could significantly improve patient outcomes once validated.
Future research should focus on bridging the gap between these categories, ensuring that
emerging therapies are rigorously tested and standardized before clinical application.

4.2. Long-Term Efficacy and Safety Considerations

The long-term efficacy and safety of therapeutic interventions for irinotecan-induced
diarrhea (CID) are critical factors in optimizing patient outcomes and ensuring sustained
therapeutic benefits. While many experimental treatments show promise in short-term stud-
ies, the availability of long-term data remains limited for several emerging strategies. For
instance, conventional treatments such as loperamide and octreotide have demonstrated
consistent efficacy in managing acute symptoms but may face challenges in maintaining
long-term effectiveness due to potential tolerance development or side effects [11,12]. In
contrast, novel approaches like enzyme inhibitors and advanced drug delivery systems,
although highly effective in preclinical models, are still in the early stages of clinical evalu-
ation, and their long-term impacts on patient health are yet to be fully elucidated [31,47].

Traditional Chinese medicine (TCM) formulations, which have garnered attention
for their holistic and multi-target effects, also present unique considerations for long-term
use. While TCM has shown potential in reducing the severity and frequency of CID in
both preclinical and clinical settings [128,129], the long-term safety profile remains an
area of active investigation. The complexity of herbal compositions and the potential for
interactions with other medications necessitate careful monitoring and further research to
establish their long-term efficacy and safety [173].
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Moreover, the potential for delayed side effects cannot be overlooked. For exam-
ple, prolonged use of certain medications may lead to gastrointestinal dysbiosis or other
systemic complications, which could exacerbate the overall burden of treatment [50]. There-
fore, long-term monitoring and follow-up studies are essential to identify and mitigate any
adverse effects that may emerge over time.

In summary, while significant progress has been made in developing treatments for
CID, the long-term efficacy and safety of these interventions remain areas of ongoing
research. Future studies should prioritize the collection of long-term data to inform clinical
practice and guide the development of sustainable, patient-centered treatment strategies.
This approach will be crucial in addressing the multifaceted challenges of managing CID
and improving the quality of life for patients undergoing irinotecan therapy.

4.3. Comparative Analysis of Therapeutic Approaches for Irinotecan-Induced Diarrhea

The management of irinotecan-induced diarrhea (CID) necessitates a thorough eval-
uation of the diverse therapeutic strategies available, each with distinct advantages and
disadvantages. Conventional treatments, such as loperamide and octreotide, remain pivotal
for their rapid alleviation of acute symptoms, supported by extensive clinical validation.
However, their efficacy may wane over time due to potential drug tolerance and side effects,
and they predominantly address symptoms rather than underlying mechanisms.

Traditional Chinese medicine (TCM) provides a holistic, multi-target approach, mod-
ulating inflammation and enhancing intestinal barrier function. While TCM formula-
tions like Huangqin Decoction and Shengjiang Xiexin Decoction have shown efficacy in
both preclinical and clinical settings, challenges remain in standardization and long-term
safety assessment.

Novel drug delivery systems, including liposomal formulations and nanoparticles,
offer enhanced targeted delivery and reduced systemic toxicity, potentially lowering the
incidence and severity of CID. Despite promising preclinical results, clinical outcomes
have been inconsistent, highlighting the need for further validation. (The advantages and
disadvantages of different treatment methods can be found in Table 1).

Table 1. Comparative analysis of the major therapeutic approaches.

Approach Strengths Limitations

Conventional Treatments
(Loperamide, Octreotide)

- Well-established in clinical practice
- Immediate symptom relief

- High failure rate in severe cases
- Potential side effects (e.g.,

constipation, hyperglycemia)

Traditional Chinese
Medicine (TCM)

- Holistic approach
- Potential for long
- Term benefits
- Modulation of gut microbiota

- Standardization challenges
- Limited long-term clinical data
- Potential drug interactions

Novel Drug Delivery Systems
- Enhanced efficacy
- Reduced toxicity
- Targeted delivery

- Limited clinical validation
- Manufacturing complexities
- High costs

Future research should focus on integrating these approaches to develop personalized
treatment strategies that optimize patient outcomes.

5. Conclusions

It is undeniable that nearly two decades after its introduction, CPT-11 remains a
cornerstone in the arsenal of cytotoxic anticancer drugs, particularly for the treatment of
advanced colon cancer and certain solid tumors [174]. The metabolic pathway of CPT-11 is
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intricate, involving numerous factors, leading to considerable inter-individual variability
in pharmacokinetics and posing challenges for personalized therapeutic regimens [173].
Despite this, recent advancements have been made in tailoring treatment combinations
to better suit diverse patient populations. The oral formulation of CPT-11 is also gaining
traction. Yet, the drug is not without serious side effects, most notably neutropenia and
diarrhea. CID is often severe, necessitating dose reductions, treatment omissions, and
hospitalizations. These complications diminish the therapeutic efficacy of CPT-11, escalate
healthcare costs, and degrade the quality of life for patients. Our understanding of the
pathophysiology of CID has advanced, highlighting the interplay of inflammation and
dysbiosis. Although numerous products are in development to treat or prevent CID,
delayed diarrhea continues to be a significant challenge. Grade 3–4 diarrhea is frequently
observed even with premedication, underscoring the limitations of current treatments. The
complex metabolism of CPT-11, involving various enzymes, metabolites, transporters, and
hepatointestinal circulation, coupled with patient-specific genetic profiles and clinical risk
factors, complicates the issue. The journey toward personalized CPT-11 chemotherapy is
ongoing, yet the drug’s role in treating advanced solid tumors is indispensable.

In the contemporary era of targeted cancer therapy and the surge of immunobiological
treatments, it is somewhat paradoxical that cytotoxic agents like CPT-11 continue to be
indispensable in oncology. The imperative for clinicians is to optimize these treatments,
leveraging medical informatics and cutting-edge science for the ultimate benefit of patients.
As previously discussed, preclinical and clinical studies suggest that traditional Chinese
medicine (TCM) formulations, herbal prescriptions, and their active constituents may hold
potential in preventing or mitigating the symptoms of chronic diarrhea associated with CPT-
11-based chemotherapy. The mechanisms by which TCM exerts its effects are multifaceted,
primarily targeting the metabolic pathways of CPT-11 through interactions with specific
enzymes, metabolites, and transporters. While TCM offers certain advantages in managing
CID, the complexity and heterogeneity of its components necessitate further research to
elucidate the active ingredients and underlying mechanisms [173]. The integration of novel
drug delivery systems with TCM-derived active ingredients may represent a promising
frontier in the treatment of CID.

Regardless of the therapeutic approach, the overarching goal is to bolster the tumor’s
response to CPT-11, effectively mitigate CID, elevate patient quality of life, and curtail
medical expenditures. There is an imperative for sustained research into the etiology of CID
and the refinement of targeted treatment strategies. Additionally, vigilant polypharmacy
management and the judicious application of CPT-11 in specific clinical contexts are pivotal
in reducing the prevalence of CID.

In summary, while CPT-11 remains a cornerstone in cancer treatment, managing
its associated diarrhea is a multifaceted challenge. Both conventional and traditional
approaches have shown promise, but each comes with its own set of limitations. Future
research should focus on developing personalized treatment strategies that integrate the
best of both worlds, ensuring optimal patient outcomes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ph18030359/s1, Table S1. Major chemotherapeutic agents for the
treatment of CPT-11-induced diarrhea (Guide recommendation). Table S2. Summary of the proved
effects of Single TCM and active ingredients in CPT-11-induced diarrhea. Table S3. Summary of the
proved effects of in TCM compound prescription CPT-11-induced diarrhea. Table S4. New irinotecan
formulations with effects of modifications and references. Table S5. New SN-38 formulations with
effects of modifications and references.

88



Pharmaceuticals 2025, 18, 359

Author Contributions: X.Y. and J.C. made significant contributions to the literature collection and
organization. The primary manuscript writing was undertaken by X.Y.; Y.W. (Yitao Wang) revised
the manuscript. J.Z. and Y.W. (Yihan Wu) made substantial contributions to the structure and
argumentation of the review. All authors have read and approved the final manuscript.

Funding: This work was supported by Innovation Team and Talents Cultivation Program of Na-
tional Administration of Traditional Chinese Medicine (No: ZYYCXTD-D-202209), National Natural
Science Foundation of China (NSFC) (No: 82405145), China Postdoctoral Science Foundation (No:
GZC20230335, No: 2024m750289).

Conflicts of Interest: The author declares no conflicts of interest associated with this publication and
there has been no significant financial support for this work that could have influenced its outcome.

References

1. Wagner, L.M. Fifteen years of irinotecan therapy for pediatric sarcoma: Where to next? Clin. Sarcoma Res. 2015, 5, 20. [CrossRef]
2. Makimoto, A.; Mugishima, H.; Taga, T.; Ishida, Y.; Nagatoshi, Y.; Ida, K.; Kumagai, M.; Kimura, T.; Ohashi, Y.; Kaneko, M.

Registration-directed phase 1/2 trial of irinotecan for pediatric solid tumors. Pediatr. Int. 2019, 61, 453–458. [CrossRef] [PubMed]
3. Cheng, C.; Lau, J.E.; Earl, M.A. Use of atropine-diphenoxylate compared with hyoscyamine to decrease rates of irinotecan-related

cholinergic syndrome. J. Community Support. Oncol. 2015, 13, 3–7. [CrossRef]
4. Shimada, Y.; Yoshino, M.; Wakui, A.; Nakao, I.; Futatsuki, K.; Sakata, Y.; Kambe, M.; Taguchi, T.; Ogawa, N. Phase II Study of

CPT-11, a New Camptothecin Derivative, in Metastatic Colorectal Cancer. J. Clin. Oncol. 1993, 11, 909–913. [CrossRef]
5. Armand, J. CPT-11: Clinical experience in phase I studies. Semin. Oncol. 1996, 23, 27–33.
6. Slatter, J.; Su, P.; Sams, J.; Schaaf, L.; Wienkers, L. Bioactivation of the Anticancer Agent CPT-11 to SN-38 by Human Hep-

atic Microsomal Carboxylesterases and the in Vitro Assessment of Potential Drug Interactions. Drug Metab. Dispos. 1997,
25, 1157–1164.

7. Morton, C.; Wadkins, R.; Danks, M.; Potter, P. The anticancer prodrug CPT-11 is a potent inhibitor of acetylcholinesterase but is
rapidly catalyzed to SN-38 by butyrylcholinesterase. Cancer Res. 1999, 59, 1458–1463. [PubMed]

8. Rivory, L.; Robert, J. Identification and kinetics of a 13-glucuronide metabolite of SN-38 in human plasma after administration of
the camptothecin derivative irinotecan. Cancer Chemother. Pharmacol. 1995, 36, 176–179. [CrossRef] [PubMed]

9. Haaz, M.C.; Rivory, L.; Jantet, S.; Ratanasavanh, D.; Robert, J. Glucuronidation of SN-38, the Active Metabolite of Irinotecan, by
Human Hepatic Microsomes. Pharmacol. Toxicol. 2009, 80, 91–96. [CrossRef]

10. Younis, I.R.; Malone, S.; Friedman, H.S.; Schaaf, L.J.; Petros, W.P. Enterohepatic recirculation model of irinotecan (CPT-11) and
metabolite pharmacokinetics in patients with glioma. Cancer Chemother. Pharmacol. 2008, 63, 517–524. [CrossRef]

11. Abigerges, D.; Armand, J.; Chabot, G.; Costa, L.D.; Fadel, E.; Cote, C.; Herait, P.; Gandia, D. Irinotecan (CPT-11) high-dose
escalation using intensive high-dose loperamide to control diarrhea. J. Natl. Cancer Inst. 1993, 86, 446–449. [CrossRef] [PubMed]

12. Bleiberg, H.; Cvitkovic, E. Characterisation and Clinical Management of CPT-11 (Irinotecan)-induced Adverse Events: The
European Perspective. Eur. J. Cancer 1996, 32A (Suppl. S3), S18–S23. [CrossRef]

13. Goumas, P.; Naxakis, S.; Christopoulou, A.; Chrysanthopoulos, C.; Nikolopoulou, V.; Kalofonos, H.P. Octreotide Acetate in the
Treatment of Fluorouracil-Induced Diarrhea. Oncologist 1998, 3, 50–53. [CrossRef]

14. Sanghani, S.P.; Quinney, S.K.; Fredenburg, T.B.; Davis, W.I.; Murry, D.J.; Bosron, W.F. Hydrolysis of irinotecan and its oxidative
metabolites, 7-ethyl-10-[4-N-(5-aminopentanoic acid)-1-piperidino] carbonyloxycamptothecin and 7-ethyl-10-[4-(1-piperidino)-
1-amino]-carbonyloxycamptothecin, by human carboxylesterases CES1A1, CES2, and a newly expressed carboxylesterase
isoenzyme, CES3. Drug Metab. Dispos. 2004, 32, 505–511. [PubMed]

15. Wu, M.H.; Chen, P.; Remo, B.F.; Cook, E.H., Jr.; Das, S.; Dolan, M.E. Characterization of multiple promoters in the human
carboxylesterase 2 gene. Pharmacogenetics 2003, 13, 425–435. [CrossRef] [PubMed]

16. Dodds, H.M.; Haaz, M.; Riou, J.; Robert, J.; Rivory, L. Identification of a new metabolite of CPT-11 (irinotecan): Pharmacological
properties and activation to SN-38. J. Pharmacol. Exp. Ther. 1998, 286, 578–583. [CrossRef]

17. Rivory, L.; Riou, J.; Haaz, M.; Sable, S.; Vuilhorgne, M.; Commercon, A.; Pond, S.; Robert, J. Identification and Properties of a
Major Plasma Metabolite of Irinotecan (CPT-11) Isolated from the Plasma of Patients. Cancer Res. 1996, 56, 3689–3694.

18. Smith, N.F.; Figg, W.D.; Sparreboom, A. Pharmacogenetics of irinotecan metabolism and transport: An update. Toxicol. Vitr. 2006,
20, 163–175. [CrossRef]

19. Bosma, P.; Chowdhury, J.; Bakker, C.; Gantla, S.; Boer, A.; Oostra, B.; Lindhout, D.; Tytgat, G.; Jansen, P.; Elferink, R.O.; et al. The
genetic basis of the reduced expression of bilirubin UDP-glucuronosyltransferase 1 in Gilbert’s syndrome. N. Engl. J. Med. 1995,
333, 1171–1175. [CrossRef]

89



Pharmaceuticals 2025, 18, 359

20. Chen, X.; Liu, L.; Guo, Z.; Liang, W.; He, J.; Huang, L.; Deng, Q.; Tang, H.; Pan, H.; Guo, M.; et al. UGT1A1 polymorphisms with
irinotecan-induced toxicities and treatment outcome in Asians with Lung Cancer: A meta-analysis. Cancer Chemother. Pharmacol.
2017, 79, 1109–1117. [CrossRef]

21. Barbarino, J.M.; Haidar, C.E.; Klein, T.E.; Altman, R.B. PharmGKB summary: Very important pharmacogene information for
UGT1A1. Pharmacogenet. Genom. 2014, 24, 177–183. [CrossRef] [PubMed]

22. Douillard, J.; Cunningham, D.; Roth, A.; Navarro, M.; James, R.; Karasek, P.; Jandik, P.; Iveson, T.; Carmichael, J.; Alakl, M.; et al.
Irinotecan combined with fluorouracil compared with fluorouracil alone as first-line treatment for metastatic colorectal cancer: A
multicentre randomised trial. Lancet 2000, 355, 1041–1047. [CrossRef]

23. Hall, D.; Ybazeta, G.; Destro-Bisol, G.; Petzl-Erler, M.; Rienzo, A.D. Variability at the uridine diphosphate glucuronosyltransferase
1A1 promoter in human populations and primates. Pharmacogenetics 1999, 9, 591–599. [CrossRef] [PubMed]

24. Beutler, E.; Gelbart, T.; Demina, A. Racial variability in the UDP-glucuronosyltransferase 1 (UGT1A1) promoter: A balanced
polymorphism for regulation of bilirubin metabolism? Proc. Natl. Acad. Sci. USA 1998, 95, 8170–8174. [CrossRef]

25. Chen, Y.; Hu, F.; Li, C.; Fang, J.; Chu, L.; Zhang, X.; Xu, Q. The association of UGT1A1*6 and UGT1A1*28 with irinotecan-induced
neutropenia in Asians: A meta-analysis. Biomarkers 2014, 19, 56–62. [CrossRef]

26. Liu, X.; Cheng, D.; Kuang, Q.; Liu, G.; Xu, W. Association of UGT1A1*28 polymorphisms with irinotecan-induced toxicities in
colorectal cancer: A meta-analysis in Caucasians. Pharmacogenom. J. 2014, 14, 120–129. [CrossRef] [PubMed]

27. Cheng, L.; Li, M.; Hu, J.; Ren, W.; Xie, L.; Sun, Z.; Liu, B.; Xu, G.; Dong, X.; Qian, X. UGT1A1*6 polymorphisms are correlated
with irinotecan-induced toxicity: A system review and meta-analysis in Asians. Cancer Chemother. Pharmacol. 2014, 73, 551–560.
[CrossRef] [PubMed]

28. Sugatani, J.; Yamakawa, K.; Yoshinari, K.; Machida, Y.; Takagi, H.; Mori, M.; Kakizaki, S.; Sueyoshi, T.; Negishi, M.; Miwa, M.
Identification of a Defect in the UGT1A1 Gene Promoter and Its Association with Hyperbilirubinemia. Biochem. Biophys. Res.
Commun. 2002, 292, 492–497. [CrossRef]

29. Kim, S.; Hong, Y.; Shim, E.; Kong, S.-Y.; Shin, A.; Baek, J.; Jung, K. S-1 plus irinotecan and oxaliplatin for the first-line treatment
of patients with metastatic colorectal cancer: A prospective phase II study and pharmacogenetic analysis. Br. J. Cancer 2013,
109, 1420–1427. [CrossRef]

30. Innocenti, F.; Grimsley, C.; Das, S.; Ramírez, J.; Cheng, C.; Kuttab-Boulos, H.; Ratain, M.J.; Rienzo, A.D. Haplotype structure of the
UDP-glucuronosyltransferase 1A1 promoter in different ethnic groups. Pharmacogenetics 2003, 12, 725–733. [CrossRef]

31. Innocenti, F.; Undevia, S.D.; Iyer, L.; Chen, P.X.; Das, S.; Kocherginsky, M.; Karrison, T.; Janisch, L.; Ramírez, J.; Rudin, C.M.; et al.
Genetic Variants in the UDP-glucuronosyltransferase 1A1 Gene Predict the Risk of Severe Neutropenia of Irinotecan. J. Clin.
Oncol. 2004, 22, 1382–1388. [CrossRef] [PubMed]

32. Han, J.-Y.; Lim, H.-S.; Park, Y.H.; Lee, S.Y.; Lee, J.S. Integrated pharmacogenetic prediction of irinotecan pharmacokinetics and
toxicity in patients with advanced non-small cell lung cancer. Lung Cancer 2009, 63, 115–120. [CrossRef]

33. Inoue, K.; Sonobe, M.; Kawamura, Y.; Etoh, T.; Takagi, M.; Matsumura, T.; Kikuyama, M.; Kimura, M.; Minami, S.; Utsuki, H.; et al.
Polymorphisms of the UDP-glucuronosyl transferase 1A genes are associated with adverse events in cancer patients receiving
irinotecan-based chemotherapy. Tohoku J. Exp. Med. 2013, 229, 107–114. [CrossRef] [PubMed]

34. Gagne, J.-F.; Montminy, V.; Belanger, P.; Journault, K.; Gaucher, G.; Guillemette, C. Common human UGT1A polymorphisms
and the altered metabolism of irinotecan active metabolite 7-ethyl-10-hydroxycamptothecin (SN-38). Mol. Pharmacol. 2002,
62, 608–617. [CrossRef]

35. Dean, M.; Moitra, K.; Allikmets, R. The human ATP-binding cassette (ABC) transporter superfamily. Genome Res. 2001, 11,
1156–1166. [CrossRef] [PubMed]

36. Hu, Y.; Shi, A.; Fu, D.; Hu, X.; Zhang, J. Impact of genetic polymorphism on efficacy and toxicity irinotecan. Chin. J. New Drugs
2008, 17, 1298–1302.

37. Glimelius, B.; Garmo, H.; Berglund, A.; Fredriksson, L.A.; Berglund, M.; Kohnke, H.; Bystrom, P.; Sorbye, H.; Wadelius, M.
Prediction of irinotecan and 5-fluorouracil toxicity and response in patients with advanced colorectal cancer. Pharmacogenom. J.
2010, 11, 61–71. [CrossRef]

38. Li, M.; Seiser, E.; Baldwin, R.; Ramirez, J.; Ratain, M.; Innocenti, F.; Kroetz, D. ABC transporter polymorphisms are associated
with irinotecan pharmacokinetics and neutropenia. Pharmacogenom. J. 2018, 18, 35–42. [CrossRef]

39. Jong, F.A.D.; Marsh, S.; Mathijssen, R.H.J.; King, C.; Verweij, J.; Sparreboom, A.; McLeod, H.L. ABCG2 pharmacogenetics: Ethnic
differences in allele frequency and assessment of influence on irinotecan disposition. Clin. Cancer Res. 2004, 10, 5889–5894.
[CrossRef]

40. Jong, F.A.D.; Scott-Horton, T.J.; Kroetz, D.L.; McLeod, H.L.; Friberg, L.E.; Mathijssen, R.H.; Verweij, J.; Marsh, S.; Sparreboom, A.
Irinotecan-induced diarrhea: Functional significance of the polymorphic ABCC2 transporter protein. Clin. Pharmacol. Ther. 2007,
81, 42–49. [CrossRef]

90



Pharmaceuticals 2025, 18, 359

41. Chen, S.; Villeneuve, L.; Jonker, D.; Couture, F.; Laverdiere, I.; Cecchin, E.; Innocenti, F.; Toffoli, G.; Levesque, E.; Guillemette,
C. ABCC5 and ABCG1 polymorphisms predict irinotecan-induced severe toxicity in metastatic colorectal cancer patients.
Pharmacogenet. Genom. 2015, 12, 573–583. [CrossRef] [PubMed]

42. Gong, I.Y.; Kim, R.B. Impact of Genetic Variation in OATP Transporters to Drug Disposition and Response. Drug Metab.
Pharmacokinet. 2013, 28, 4–18. [CrossRef] [PubMed]

43. Nies, A.T.; Niemi, M.; Burk, O.; Winter, S.; Zanger, U.M.; Stieger, B.; Schwab, M.; Schaeffeler, E. Genetics is a major determinant
of expression of the human hepatic uptake transporter OATP1B1, but not of OATP1B3 and OATP2B1. Genome Med. 2013, 5, 1.
[CrossRef]

44. Takane, H.; Miyata, M.; Burioka, N.; Kurai, J.; Fukuoka, Y.; Suyama, H.; Shigeoka, Y.; Otsubo, K.; Ieiri, I.; Shimizu, E. Severe
toxicities after irinotecan-based chemotherapy in a patient with lung cancer: A homozygote for the SLCO1B1*15 allele. Ther.
Drug Monit. 2007, 29, 666–668. [CrossRef]

45. Takane, H.; Kawamoto, K.; Sasaki, T.; Moriki, K.; Moriki, K.; Kitano, H.; Higuchi, S.; Otsubo, K.; Ieiri, I. Life-threatening toxicities
in a patient with UGT1A1*6/*28 and SLCO1B1*15/*15 genotypes after irinotecan-based chemotherapy. Cancer Chemother.
Pharmacol. 2009, 63, 1165–1169. [CrossRef]

46. Paulik, A.; Nekvindova, J.; Filip, S. Irinotecan toxicity during treatment of metastatic colorectal cancer: Focus on pharmacoge-
nomics and personalized medicine. Tumori 2018, 106, 87–94. [CrossRef] [PubMed]

47. Mathijssen, R.; Alphen, R.V.; Verweij, J.; Loos, W.; Nooter, K.; Stoter, G.; Sparreboom, A. Clinical pharmacokinetics and metabolism
of irinotecan (CPT-11). Clin. Cancer Res. 2001, 7, 2182–2194.

48. Marsh, S.; Xiao, M.; Yu, J.; Ahluwalia, R.; Minton, M.; Freimuth, R.R.; Kwok, P.-Y.; McLeod, H.L. Pharmacogenomic assessment of
carboxylesterases 1 and 2. Genomics 2004, 84, 661–668. [CrossRef] [PubMed]

49. Mathijssen, R.H.J.; Jong, F.A.D.; Schaik, R.H.N.V.; Lepper, E.R.; Friberg, L.E.; Rietveld, T.; Bruijn, P.D.; Graveland, W.J.; Figg, W.D.;
Verweij, J.; et al. Prediction of Irinotecan Pharmacokinetics by Use of Cytochrome P450 3A4 Phenotyping Probes. J. Natl. Cancer
Inst. 2004, 96, 1585–1592. [CrossRef]

50. Stringer, A.M.; Gibson, R.J.; Bowen, J.M.; Logan, R.M.; Ashton, K.; Yeoh, A.S.J.; Al-Dasooqi, N.; Keefe, D.M.K. Irinotecan-induced
mucositis manifesting as diarrhoea corresponds with an amended intestinal flora and mucin profile. Int. J. Exp. Pathol. 2009,
90, 489–499. [CrossRef]

51. Stringer, A.M. Interaction between host cells and microbes in chemotherapy-induced mucositis. Nutrients 2013, 5, 1488–1499.
[CrossRef] [PubMed]

52. Mahdy, M.S.; Azmy, A.F.; Dishisha, T.; Mohamed, W.R.; Ahmed, K.A.; Hassan, A.; Aidy, S.E.; El-Gendy, A.O. Irinotecan-gut
microbiota interactions and the capability of probiotics to mitigate Irinotecan-associated toxicity. BMC Microbiol. 2023, 23, 53.
[CrossRef]

53. Stringer, A.M.; Gibson, R.J.; Logan, R.M.; Bowen, J.M.; Yeoh, A.S.J.; Laurence, J.; Keefe, D.M.K. Irinotecan-induced mucositis is
associated with changes in intestinal mucins. Cancer Chemother. Pharmacol. 2009, 64, 123–132. [CrossRef]

54. Brandi, G.; Dabard, J.; Raibaud, P.; Battista, M.D.; Bridonneau, C.; Pisi, A.M.; Labate, A.M.M.; Pantaleo, M.A.; Vivo, A.D.; Biasco,
G. Intestinal microflora and digestive toxicity of irinotecan in mice. Clin. Cancer Res. 2006, 12, 1299–1307. [CrossRef]

55. Fukuda, M.; Oka, M.; Soda, H.; Kinoshita, A.; Fukuda, M.; Nagashima, S.; Kuba, M.; Takatani, H.; Tsurutani, J.; Nakamura, Y.;
et al. Phase II study of irinotecan combined with carboplatin in previously untreated non-small-cell lung cancer. Clin. Trial 2004,
54, 573–577. [CrossRef] [PubMed]

56. Swami, U.; Goel, S.; Mani, S. Therapeutic targeting of CPT-11 induced diarrhea: A case for prophylaxis. Curr. Drug Targets 2013,
14, 777–797. [CrossRef] [PubMed]

57. Benson, A.B., III; Ajani, J.A.; Catalano, R.B.; Engelking, C.; Kornblau, S.M.; Martenson, J.A., Jr.; McCallum, R.; Mitchell, E.P.;
O’Dorisio, T.M.; Vokes, E.E.; et al. Recommended Guidelines for the Treatment of Cancer Treatment-Induced Diarrhea. J. Clin.
Oncol. 2004, 22, 2918–2926. [CrossRef]

58. Lee, K.J. Pharmacologic Agents for Chronic Diarrhea. Intest. Res. 2015, 13, 306–312. [CrossRef]
59. Abigerges, D.; Chabot, G.; Armand, J.; Herait, P.; Gouyette, A.; Gandia, D. Phase I and pharmacologic studies of the camptothecin

analog irinotecan administered every 3 weeks in cancer patients. J. Clin. Oncol. 1995, 13, 210. [CrossRef]
60. Andreyev, J.; Ross, P.; Donnellan, C.; Lennan, E.; Leonard, P.; Waters, C.; Wedlake, L.; Bridgewater, J.; Glynne-Jones, R.; Allum, W.;

et al. Guidance on the management of diarrhoea during cancer chemotherapy. Lancet Oncol. 2014, 15, e447–e460. [CrossRef]
61. Barbounis, V.; Koumakis, G.; Vassilomanolakis, M.; Demiri, M.; Efremidis, A. Control of irinotecan-induced diarrhea by octreotide

after loperamide failure. Support. Care Cancer 2001, 9, 258–260. [CrossRef] [PubMed]
62. Rosenoff, S. Octreotide LAR resolves severe chemotherapy-induced diarrhoea (CID) and allows continuation of full-dose therapy.

Eur. J. Cancer Care 2004, 13, 380–383. [CrossRef] [PubMed]
63. Goncalves, E.; Costa, L.D.; Abigerges, D.; Armand, J.P. A new enkephalinase inhibitor as an alternative to loperamide in the

prevention of diarrhea induced by CPT-11. J. Clin. Oncol. 1995, 13, 2144–2146. [CrossRef]

91



Pharmaceuticals 2025, 18, 359

64. Ychou, M.; Douillard, J.; Rougier, P.; Adenis, A.; Mousseau, M.; Dufour, P.; Wendling, J.; Burki, F.; Mignard, D.; Marty, M.
Randomized comparison of prophylactic antidiarrheal treatment versus no prophylactic antidiarrheal treatment in patients
receiving CPT-11 (irinotecan) for advanced 5-FU-resistant colorectal cancer: An open-label multicenter phase II study. Am. J. Clin.
Oncol. 2000, 23, 143–148. [CrossRef] [PubMed]

65. Lenfers, B.; Loeffler, T.; Droege, C.; Hausamen, T. Substantial activity of budesonide in patients with irinotecan (CPT-11) and
5-fluorouracil induced diarrhea and failure of loperamide treatment. Ann. Oncol. 1999, 10, 1251–1253. [CrossRef]

66. Karthaus, M.; Ballo, H.; Abenhardt, W.; Steinmetz, T.; Geer, T.; Schimke, J.; Braumann, D.; Behrens, R.; Behringer, D.; Kindler,
M.; et al. Prospective, Double-Blind, Placebo-Controlled, Multicenter, Randomized Phase III Study with Orally Administered
Budesonide for Prevention of Irinotecan (CPT-11)-Induced Diarrhea in Patients with Advanced Colorectal Cancer. Oncology 2005,
68, 326–332. [CrossRef]

67. Kobayashi, K.; Bouscarel, B.; Matsuzaki, Y.; Ceryak, S.; Kudoh, S.H. Fromm, pH-dependent uptake of irinotecan and its active
metabolite, SN-38, by intestinal cells. Int. J. Cancer 1999, 83, 491–496. [CrossRef]

68. Takeda, Y.; Kobayashi, K.; Akiyama, Y.; Soma, T.; Handa, S.; Kudoh, S.; Kudo, K. Prevention of irinotecan (CPT-11)-induced
diarrhea by oral alkalization combined with control of defecation in cancer patients. Int. J. Cancer 2001, 92, 269–275. [CrossRef]

69. Moreno, V.V.; Vidal, J.B.; Alemany, H.M.; Salvia, A.S.; Serentill, M.L.; Montero, I.C.; Tormo, S.S.; Bert, E.S.; Padro, J.G. Prevention
of irinotecan associated diarrhea by intestinal alkalization. A pilot study in gastrointestinal cancer patients. Clin. Transl. Oncol.
2006, 8, 208–212. [CrossRef]

70. Hamada, A.; Aoki, H.T.A.; Ito, K.; Yokoo, K.; Sasaki, Y.; Saito, H. Pharmacokinetic changes of irinotecan by intestinal alkalinization
in an advanced colorectal cancer patient. Ther. Drug Monit. 2005, 27, 536–538. [CrossRef]

71. Tamura, T.; Yasutake, K.; Nishisaki, H.; Nakashima, T.; Horita, K.; Hirohata, S.; Ishii, A.; Hamano, K.; Aoyama, N.; Shirasaka, D.;
et al. Prevention of Irinotecan-Induced Diarrhea by Oral Sodium Bicarbonate and Influence on Pharmacokinetics. Oncology 2005,
67, 327–337. [CrossRef]

72. Chester, J.D.; Joel, S.P.; Cheeseman, S.L.; Hall, G.D.; Braun, M.S.; Perry, J.; Davis, T.; Button, C.J.; Seymour, M.T. Phase I and
pharmacokinetic study of intravenous irinotecan plus oral ciclosporin in patients with fuorouracil-refractory metastatic colon
cancer. J. Clin. Oncol. 2003, 21, 1125–1132. [CrossRef] [PubMed]

73. Gupta, E.; Safa, A.; Wang, X.; Ratain, M. Pharmacokinetic modulation of irinotecan and metabolites by cyclosporin A. Cancer Res.
1996, 56, 1309–1314. [PubMed]

74. Vasudev, N.; Jagdev, S.; Anthoney, D.; Seymour, M. Intravenous irinotecan plus oral ciclosporin. Clin. Oncol. 2005, 17, 646–649.
[CrossRef] [PubMed]

75. Horikawa, M.; Kato, Y.; Sugiyama, Y. Reduced gastrointestinal toxicity following inhibition of the biliary excretion of irinotecan
and its metabolites by probenecid in rats. Pharm. Res. 2002, 19, 1345–1353. [CrossRef]

76. Ciotti, M.; Basu, N.; Brangi, M.; Owens, I. Glucuronidation of 7-ethyl-10-hydroxycamptothecin (SN-38) by the human UDP-
glucuronosyltransferases encoded at the UGT1 locus. Biochem. Biophys. Res. Commun. 1999, 260, 199–202. [CrossRef]

77. Kehrer, D.; Sparreboom, A.; Verweij, J.; Bruijn, P.D.; Nierop, C.; Schraaf, J.V.D.; Ruijgrok, E.; Jonge, M.D. Modulation of
irinotecan-induced diarrhea by cotreatment with neomycin in cancer patients. Clin. Cancer Res. 2001, 7, 1136–1141.

78. Fittkau, M.; Voigt, W.; Holzhausen, H.-J.; Schmoll, H.-J. Saccharic acid 1.4-lactone protects against CPT-11-induced mucosa
damage in rats. J. Cancer Res. Clin. Oncol. 2004, 130, 388–394. [CrossRef]

79. Rasmussen, T.S.; Koldso, H.; Nakagawa, S.; Kato, A.; Schiott, B.; Jensen, H.H. Synthesis of uronic-noeurostegine--a potent
bacterial β-glucuronidase inhibitor. Org. Biomol. Chem. 2011, 9, 7807–7813. [CrossRef]

80. Ahmad, S.; Hughes, M.A.; Yeh, L.-A.; Scott, J.E. Potential repurposing of known drugs as potent bacterial β-glucuronidase
inhibitors. J. Biomol. Screen. 2012, 17, 957–965. [CrossRef]

81. Walle, T.; Otake, Y.; Brubaker, J.; Walle, U.; Halushka, P. Disposition and metabolism of the flavonoid chrysin in normal volunteers.
Br. J. Clin. Pharmacol. 2001, 51, 143–146. [CrossRef]

82. Walle, T.; Otake, Y.; Galijatovic, A.; Ritter, J.; Walle, U. Induction of UDP-glucuronosyltransferase UGT1A1 by the flavonoid
chrysin in the human hepatoma cell line hep G2. Drug Metab. Dispos. 2000, 28, 1077–1082. [CrossRef]

83. Prados, M.D.; Yung, W.K.A.; Jaeckle, K.A.; Robins, H.I.; Mehta, M.P.; Fine, H.A.; Wen, P.Y.; Cloughesy, T.F.; Chang, S.M.; Nicholas,
M.K.; et al. Phase 1 trial of irinotecan (CPT-11) in patients with recurrent malignant glioma: A North American Brain Tumor
Consortium study. Neuro Oncol. 2004, 6, 44–54. [CrossRef]

84. Innocenti, F.; Undevia, S.D.; Ramírez, J.; Mani, S.; Schilsky, R.L.; Vogelzang, N.J.; Prado, M.; Ratain, M.J. A phase I trial of
pharmacologic modulation of irinotecan with cyclosporine and phenobarbital. Clin. Pharmacol. Ther. 2004, 76, 490–502. [CrossRef]

85. Hicks, L.D.; Hyatt, J.L.; Stoddard, S.; Tsurkan, L.; Edwards, C.C.; Wadkins, R.M.; Potter, P.M. Improved, selective, human
intestinal carboxylesterase inhibitors designed to modulate 7-ethyl-10-[4-(1-piperidino)-1-piperidino]carbonyloxycamptothecin
(Irinotecan; CPT-11) toxicity. J. Med. Chem. 2009, 52, 3742–3752. [CrossRef]

86. Khanna, R.; Morton, C.; Danks, M.; Potter, P. Proficient metabolism of irinotecan by a human intestinal carboxylesterase. Cancer
Res. 2000, 60, 4725–4728.

92



Pharmaceuticals 2025, 18, 359

87. Hyatt, J.L.; Tsurkan, L.; Wierdl, M.; Edwards, C.C.; Danks, M.K.; Potter, P.M. Intracellular inhibition of carboxylesterases by
benzil: Modulation of CPT-11 cytotoxicity. Mol. Cancer Ther. 2006, 5, 2281–2288. [CrossRef]

88. Loghin, M.E.; Prados, M.D.; Wen, P.; Junck, L.; Lieberman, F.; Fine, H.; Fink, K.L.; Metha, M.; Kuhn, J.; Lamborn, K.; et al. Phase
I study of temozolomide and irinotecan for recurrent malignant gliomas in patients receiving enzyme-inducing antiepileptic
drugs: A north american brain tumor consortium study. Clin. Cancer Res. 2007, 13, 7133–7138. [CrossRef]

89. Voutsadakis, I.A. Pathogenesis of colorectal carcinoma and therapeutic implications: The roles of the ubiquitin-proteasome
system and Cox-2. J. Cell. Mol. Med. 2007, 11, 252–285. [CrossRef]

90. Trifan, O.C.; Durham, W.F.; Salazar, V.S.; Horton, J.; Levine, B.D.; Zweifel, B.S.; Davis, T.W.; Masferrer, J.L. Cyclooxygenase-2
inhibition with celecoxib enhances antitumor efficacy and reduces diarrhea side effect of CPT-11. Cancer Res. 2002, 62, 5778–5784.

91. Javle, M.M.; Cao, S.; Durrani, F.A.; Pendyala, L.; Lawrence, D.D.; Smith, P.F.; Creaven, P.J.; Noel, D.C.; Iyer, R.V.; Rustum, Y.M.
Celecoxib and mucosal protection: Translation from an animal model to a phase I clinical trial of celecoxib, irinotecan, and
5-fluorouracil. Clin. Cancer Res. 2007, 13, 965–971. [CrossRef]

92. Fakih, M.G.; Rustum, Y.M. Does celecoxib have a role in the treatment of patients with colorectal cancer? Clin. Colorectal. Cancer
2009, 8, 11–14. [CrossRef]

93. Ooi, K.; Miya, T.; Sasaki, H.; Morimoto, Y. Prevention of irinotecan hydrochloride-induced diarrhea by oral administration of
Lactobacillus casei strain Shirota in rats. Gan Kagaku Ryoho 2008, 35, 951–954.

94. Bowen, J.M.; Stringer, A.M.; Gibson, R.J.; Yeoh, A.S.J.; Hannam, S.; Keefe, D.M.K. VSL#3 probiotic treatment reduces
chemotherapy-induced diarrhea and weight loss. Cancer Biol. Ther. 2007, 6, 1449–1454.

95. Yue, B.; Gao, R.; Wang, Z.; Dou, W. Microbiota-Host-Irinotecan Axis: A New Insight Toward Irinotecan Chemotherapy. Front.
Cell. Infect. Microbiol. 2021, 11, 710945. [CrossRef]

96. Schmittel, A.; Jahnke, K.; Thiel, E.; Keilholz, U. Neomycin as secondary prophylaxis for irinotecan-induced diarrhea. Ann. Oncol.
2004, 15, 1296. [CrossRef]

97. Kong, R.; Liu, T.; Zhu, X.; Ahmad, S.; Williams, A.L.; Phan, A.T.; Zhao, H.; Scott, J.E.; Yeh, L.-A.; Wong, S.T.C. Old drug new
use—Amoxapine and its metabolites as potent bacterial β-glucuronidase inhibitors for alleviating cancer drug toxicity. Clin.
Cancer Res. 2014, 20, 3521–3530. [CrossRef]

98. Kurita, A.; Kado, S.; Matsumoto, T.; Asakawa, N.; Kaneda, N.; Kato, I.; Uchida, K.; Onoue, M.; Yokokura, T. Streptomycin
alleviates irinotecan-induced delayed-onset diarrhea in rats by a mechanism other than inhibition of β-glucuronidase activity in
intestinal lumen. Cancer Chemother. Pharmacol. 2011, 67, 201–213. [CrossRef]

99. Wallace, B.D.; Roberts, A.B.; Pollet, R.M.; Ingle, J.D.; Biernat, K.A.; Pellock, S.J.; Venkatesh, M.K.; Guthrie, L.; O’Neal, S.K.;
Robinson, S.J.; et al. Structure and Inhibition of Microbiome β-Glucuronidases Essential to the Alleviation of Cancer Drug Toxicity.
Chem. Biol. 2015, 22, 1238–1249. [CrossRef]

100. Flieger, D.; Klassert, C.; Hainke, S.; Keller, R.; Kleinschmidt, R.; Fischbach, W. Phase II clinical trial for prevention of delayed
diarrhea with cholestyramine/levofloxacin in the second-line treatment with irinotecan biweekly in patients with metastatic
colorectal carcinoma. Oncology 2007, 72, 10–16. [CrossRef]

101. Furman, W.L.; Crews, K.R.; Billups, C.; Wu, J.; Gajjar, A.J.; Daw, N.C.; Patrick, C.C.; Rodriguez-Galindo, C.; Stewart, C.F.; Dome,
J.S.; et al. Cefixime allows greater dose escalation of oral irinotecan: A phase I study in pediatric patients with refractory solid
tumors. J. Clin. Oncol. 2006, 24, 563–570. [CrossRef] [PubMed]

102. Chyka, P. Multiple-dose activated charcoal and enhancement of systemic drug clearance: Summary of studies in animals and
human volunteers. J. Toxicol. Clin. Toxicol. 1995, 33, 399–405. [CrossRef]

103. Balram, C.; Zhou, Q.-Y.; Cheung, Y.B.; Lee, E.J.D. Influence of multiple dose activated charcoal on the disposition kinetics of
irinotecan in rats. Drug Metab. Metabol. Drug Interact. 2002, 19, 137–148. [CrossRef]

104. Sergio, G.-C.; Felix, G.-M.; Luis, J.-V. Activated charcoal to prevent irinotecan-induced diarrhea in children. Pediatr. Blood Cancer
2008, 51, 49–52. [CrossRef]

105. Maeda, Y.; Ohune, T.; Nakamura, M.; Yamasaki, M.; Kiribayashi, Y.; Murakami, T. Prevention of irinotecan-induced diarrhoea by
oral carbonaceous adsorbent (Kremezin) in cancer patients. Oncol. Rep. 2004, 12, 581–585. [CrossRef]

106. Singhal, S.; Mehta, J.; Desikan, R.; Ayers, D.; Roberson, P.; Eddlemon, P.; Munshi, N.; Anaissie, E.; Wilson, C.; Dhodapkar, M.; et al.
Antitumor activity of thalidomide in refractory multiple myeloma. N. Engl. J. Med. 1999, 341, 1565–1571. [CrossRef] [PubMed]

107. Govindarajan, R.; Heaton, K.; Broadwater, R.; Zeitlin, A.; Lang, N.; Hauer-Jensen, M. Effect of thalidomide on gastrointestinal
toxic effects of irinotecan. Lancet 2000, 356, 566–567. [CrossRef] [PubMed]

108. Ramirez, J.; Wu, K.; Janisch, L.; Karrison, T.; House, L.K.; Innocenti, F.; Cohen, E.E.W.; Ratain, M.J. The effect of thalidomide
on the pharmacokinetics of irinotecan and metabolites in advanced solid tumor patients. Cancer Chemother. Pharmacol. 2011,
68, 1629–1632. [CrossRef] [PubMed]

109. Villalona-Calero, M.; Schaaf, L.; Phillips, G.; Otterson, G.; Panico, K.; Duan, W.; Kleiber, B.; Shah, M.; Young, D.; Wu, W.-H.; et al.
Thalidomide and celecoxib as potential modulators of irinotecan’s activity in cancer patients. Cancer Chemother. Pharmacol. 2007,
59, 23–33. [CrossRef]

93



Pharmaceuticals 2025, 18, 359

110. Gibson, R.J.; Stringer, A.M.; Bowen, J.M.; Logan, R.M.; Yeoh, A.S.-J.; Burns, J.; Alvarez, E.; Keefe, D.M.K. Velafermin improves
gastrointestinal mucositis following irinotecan treatment in tumor-bearing DA rats. Cancer Biol. Ther. 2007, 6, 541–547. [CrossRef]

111. Cao, S.; Black, J.; Troutt, A.; Rustum, Y. Interleukin 15 offers selective protection from irinotecan-induced intestinal toxicity in a
preclinical animal model. Cancer Res. 1998, 58, 3270–3274. [PubMed]

112. Shinohara, H.; Bucana, C.; Killion, J.; Fidler, I. Intensified regression of colon cancer liver metastases in mice treated with
irinotecan and the immunomodulator JBT 3002. J. Immunother. 2000, 23, 321–331. [CrossRef] [PubMed]

113. Hardman, W.; Moyer, M.; Cameron, I. Fish oil supplementation enhanced CPT-11 (irinotecan) efficacy against MCF7 breast
carcinoma xenografts and ameliorated intestinal side-effects. Br. J. Cancer 1999, 81, 440–448. [CrossRef]

114. Rao, R.; Samak, G. Role of Glutamine in Protection of Intestinal Epithelial Tight Junctions. J. Epithel. Biol. Pharmacol. 2012, 5
(Suppl. 1-M7), 47–54. [PubMed]

115. He, W.; Zhang, H. Treatment of delayed diarrhea caused by irinotecan. Guide China Med. 2013, 11, 476–477.
116. Li, X. Clinical observation of Phloroglucinol combined with Octreotide in treatment of severe delayed-onset diarrhea caused by

Irinotecan. China Mod. Dr. 2012, 50, 135–136.
117. Di Carlo, G.; Borrelli, F.; Ernst, E.; Izzo, A.A. St John’s wort: Prozac from the plant kingdom. Trends Pharmacol. Sci. 2001,

22, 292–297. [CrossRef]
118. Fiebich, B.; Hollig, A.; Lieb, K. Inhibition of substance P-induced cytokine synthesis by St. John’s wort extracts. Pharmacopsychiatry

2001, 34 (Suppl. S1), S26–S28. [CrossRef]
119. Wang, S.; Xu, Z.; Cai, B.; Chen, Q. Berberine as a Potential Multi-Target Agent for Metabolic Diseases: A Review of Investigations

for Berberine. Endocr. Metab. Immune Disord. Drug Targets 2021, 21, 971–979.
120. Yue, B.; Gao, R.; Lv, C.; Yu, Z.; Wang, H.; Geng, X.; Wang, Z.; Dou, W. Berberine Improves Irinotecan-Induced Intestinal Mucositis

Without Impairing the Anti-colorectal Cancer Efficacy of Irinotecan by Inhibiting Bacterial β-glucuronidase. Front. Pharmacol.
2021, 12, 774560. [CrossRef]

121. Luo, Z.; Chen, X.; Zhu, D.; Wang, G.; Liu, C. The protective effect of curcumin on delayed diarrhea caused by irinotecan
chemotherapy. Guangdong Med. J. 2016, 37, 1462–1466.

122. Ouyang, M.; Luo, Z.; Zhang, W.; Zhu, D.; Lu, Y.; Wu, J.; Yao, X. Protective effect of curcumin against irinotecan-induced intestinal
mucosal injury via attenuation of NF-κB activation, oxidative stress and endoplasmic reticulum stress. Int. J. Oncol. 2019, 54,
1376–1386. [CrossRef] [PubMed]

123. Wang, X.; Rao, Z.; Qin, H.; Zhang, G.; Ma, Y.; Jin, Y.; Han, M.; Shi, A.; Wang, Y.; Wu, X. Effect of hesperidin on the pharmacokinetics
of CPT-11 and its active metabolite SN-38 by regulating hepatic Mrp2 in rats. Biopharm. Drug Dispos. 2016, 37, 421–432. [CrossRef]
[PubMed]

124. Yu, Y.; Kong, R.; Cao, H.; Yin, Z.; Liu, J.; Nan, X.; Phan, A.T.; Ding, T.; Zhao, H.; Wong, S.T.C. Two birds, one stone: Hesperetin
alleviates chemotherapy-induced diarrhea and potentiates tumor inhibition. Oncotarget 2018, 9, 27958–27973. [CrossRef]

125. Cui, D.; Wang, X.; Chen, J.; Lv, B.; Zhang, P.; Zhang, W.; Zhang, Z.; Xu, F. Metabolomic study of Chinese medicine Huang Qin
decoction as an effective treatment for irinotecan-induced gastrointestinal toxicity. Rsc Adv. 2015, 5, 26420–26429.

126. Wu, Q.; Ye, H.; Zhu, Y.; Guo, M.; Zheng, X. Experimental Study on Preventive Effect of Huangqin Tang on Irinotecan Induced
Delayed Diarrhea. Chin. J. Exp. Tradit. Med. Formulae 2013, 19, 163–168.

127. Wang, X.; Cui, D.; Dai, X.; Wang, J.; Zhang, W.; Zhang, Z.; Xu, F. HuangQin Decoction Attenuates CPT-11-Induced Gastrointestinal
Toxicity by Regulating Bile Acids Metabolism Homeostasis. Front. Pharmacol. 2017, 30, 156. [CrossRef]

128. Lam, W.; Jiang, Z.; Gu, F.; Huang, X.; Hu, R.; Wang, J.; Bussom, S.; Liu, S.-H.; Zhao, H.; Yen, Y.; et al. PHY906(KD018), an
adjuvant based on a 1800-year-old Chinese medicine, enhanced the anti-tumor activity of Sorafenib by changing the tumor
microenvironment. Sci. Rep. 2015, 5, 9384. [CrossRef]

129. Lam, W.; Ren, Y.; Guan, F.; Jiang, Z.; Cheng, W.; Xu, C.; Liu, S.; Cheng, Y. Mechanism Based Quality Control (MBQC) of Herbal
Products: A Case Study YIV-906 (PHY906). Front. Pharmacol. 2018, 9, 1324. [CrossRef]

130. Lam, W.; Bussom, S.; Guan, F.; Jiang, Z.; Zhang, W.; Gullen, E.A.; Liu, S.-H.; Cheng, Y.-C. The four-herb Chinese medicine PHY906
reduces chemotherapy-induced gastrointestinal toxicity. Sci. Transl. Med. 2010, 2, 45ra59. [CrossRef]

131. Kummar, S.; Copur, M.S.; Rose, M.; Wadler, S.; Stephenson, J.; O’Rourke, M.; Brenckman, W.; Tilton, R.; Liu, S.-H.; Jiang, Z.;
et al. A phase I study of the chinese herbal medicine PHY906 as a modulator of irinotecan-based chemotherapy in patients with
advanced colorectal cancer. Clin. Color. Cancer 2011, 10, 85–92. [CrossRef] [PubMed]

132. Wang, J.; Jia, L.; Tan, H.; Pang, L.; Yu, L.; Deng, B. Effect of Shengjiang Xiexin Decoction on the Repair of Damaged Rat intestinal
Mucosa after irinotecan Chemotherapy. Chin. J. Integr. Tradit. West. Med. 2015, 35, 1236–1243.

133. Deng, C.; Deng, B.; Jia, L.; Tan, H.; Zhang, P.; Liu, S.; Zhang, Y.; Song, A.; Pan, L. Preventive Effects of a Chinese Herbal Formula,
Shengjiang Xiexin Decoction, on Irinotecan-Induced Delayed-Onset Diarrhea in Rats. Evid. Based Complement. Altern. Med. 2017,
2017, 7350251. [CrossRef] [PubMed]

134. Wu, M.; Deng, B.; Jia, L. Preventive effects of Shengjiang Xiexin Decoction against irinotecan-induced toxicity in CT26 tumorbear-
ing mice. J. China-Jpn. Friendsh. Hosp. 2018, 32, 356–359+377+320.

94



Pharmaceuticals 2025, 18, 359

135. Liu, X. Clinical Effect of Shengjiang Xiexin Decoction on Gastrointestinal Reaction after FOLFIRI Chemotherapy. China J. Pharm.
Econ. 2021, 16, 108–110.

136. Wang, X.; Yang, J.; Cao, Q.; Tang, J. Therapeutic efficacy and mechanism of water-soluble extracts of Banxiaxiexin decoction on
BALB/c mice with oxazolone-induced colitis. Exp. Ther. Med. 2014, 8, 1201–1204. [CrossRef]

137. Lu, H.; Ma, S.; Guo, Y.; Cai, J.; Wang, X.; Ye, W. Study on the improvement and mechanism of Banxia Xiexin Decoction against
irinotecan-induced diarrhea in nude bearing mice tumor of human small cell lung cancer. Chin. Arch. Tranditional Chin. Med.
2009, 27, 1082–1084.

138. Lu, H.; Qin, J.; Han, N.; Xie, F.; Gong, L.; Li, C. Banxia Xiexin Decoction Is Effective to Prevent and Control Irinotecan-Induced
Delayed Diarrhea in Recurrent Small Cell Lung Cancer. Integr. Cancer Ther. 2018, 17, 1109–1114. [CrossRef]

139. Wu, Y.; Cheng, Y.; Wang, D.; Yang, X.; Zhong, X.; Lin, J.; Fu, C.; Zhang, J.; Hu, Y. Analysis of Mechanism of Chloroform Extract of
Gegen Qinliantang on Alleviating Enterotoxicity Induced by Irinotecan. Chin. J. Exp. Tradit. Med. Formulae 2021, 27, 16–23.

140. Wu, Y.; Wang, D.; Yang, X.; Fu, C.; Zou, L.; Zhang, J. Traditional Chinese medicine Gegen Qinlian decoction ameliorates irinotecan
chemotherapy-induced gut toxicity in mice. Biomed. Pharmacother. 2019, 109, 2252–2261. [CrossRef]

141. Zhou, M.; Zhang, H.; Zhang, Y.; Qiu, J.; Zhang, J. Determination of chloroform fraction in Gegen Qinlian decoction and its
inhibition on carboxylesterase. Pharm. Clin. Chin. Mater. Medica 2019, 10, 10–13.

142. Fu, Y.; Wang, J. A review of the clinical application of Xiao Chai Hu Tang in the digestive system. HeiLongJiang Tradit. Chin. Med.
2016, 45, 71–72.

143. Zhou, Y.; Yang, G.; Wan, L. Preventive and Treatment Effects of Xiaochaihu Decoction on Irinotecan- induced Bloodystool in
Model Mice with Delayed Diarrhea. China Pharm. 2017, 28, 1762–1765.

144. Ji, L.; Xie, L.; Zhang, D.; Xian, H.; Yu, L.; Chen, H.; Yan, W.; Hu, W. Effect of Sishen Pill on Delayed Diarrhea-Induced by Irinotecan
in Mice. Liaoning J. Tranditional Chin. Med. 2017, 44, 1294–1297+1777.

145. Lu, J.; Lin, Z.; Huang, S.; Shen, Y.; Jiang, J.; Lin, S. Jiawei Xianglian Decoction (JWXLD), a Traditional Chinese Medicine (TCM),
Alleviates CPT-11-Induced Diarrhea in Mice. Evid. Based Complement. Altern. Med. 2020, 2020, 7901231. [CrossRef]

146. Lei, X.; Yu, S. Modified Shenling Baizhu Powder for treating diarrhea after chemotherapy for malignant tumors. Chin. Traditonal
Med. 2007, 29, 1419–1421.

147. Cui, Q.; Hu, Y.; Cui, Q.; Zhang, X. The effect of Ren Shen Jian Pi Pill on delayed diarrhea caused by irinotecan and its impact on
gut microbiota and serum inflammatory factors. Acta Chin. Med. Pharmacol. 2021, 49, 83–86.

148. Urushiyama, H.; Jo, T.; Yasunaga, H.; Michihata, N.; Yamana, H.; Matsui, H.; Hasegawa, W.; Hiraishi, Y.; Mitani, A.; Fushimi, K.;
et al. Effect of Hangeshashin-To (Japanese Herbal Medicine Tj-14) on Tolerability of Irinotecan: Propensity Score and Instrumental
Variable Analyses. J. Clin. Med. 2018, 7, 246. [CrossRef]

149. Kato, S.; Hayashi, S.; Kitahara, Y.; Nagasawa, K.; Aono, H.; Shibata, J.; Utsumi, D.; Amagase, K.; Kadowaki, M. Saireito (TJ-114), a
Japanese traditional herbal medicine, reduces 5-fluorouracil-induced intestinal mucositis in mice by inhibiting cytokine-mediated
apoptosis in intestinal crypt cells. PLoS ONE 2015, 10, e0116213. [CrossRef]

150. Takasuna, K.; Kasai, Y.; Kitano, Y.; Mori, K.; Kobayashi, R.; Hagiwara, T.; Kakihata, K.; Hirohashi, M.; Nomura, M.; Nagai,
E. Protective effects of kampo medicines and baicalin against intestinal toxicity of a new anticancer camptothecin derivative,
irinotecan hydrochloride (CPT-11), in rats. Cancer Sci. 2010, 86, 978–984. [CrossRef]

151. Bernards, N.; Ventura, M.; Fricke, I.B.; Hendriks, B.S.; Fitzgerald, J.; Lee, H.; Zheng, J. Liposomal Irinotecan Achieves Significant
Survival and Tumor Burden Control in a Triple Negative Breast Cancer Model of Spontaneous Metastasis. Mol. Pharm. 2018,
15, 4132–4138. [CrossRef] [PubMed]

152. Wang-Gillam, A.; Hubner, R.A.; Siveke, J.T.; Hoff, D.D.V.; Belanger, B.; Jong, F.A.D.; Mirakhur, B.; Chen, L.-T. NAPOLI-1 phase 3
study of liposomal irinotecan in metastatic pancreatic cancer: Final overall survival analysis and characteristics of long-term
survivors. Eur. J. Cancer 2019, 108, 78–87. [CrossRef]

153. Woo, W.; Carey, E.T.; Choi, M. Spotlight on liposomal irinotecan for metastatic pancreatic cancer: Patient selection and perspectives.
Onco Targets Ther. 2019, 12, 1455–1463. [CrossRef]

154. Batist, G.; Gelmon, K.A.; Chi, K.N.; Miller, W.H.M., Jr.; Chia, S.K.L.; Mayer, L.D.; Swenson, C.E.; Janoff, A.S.; Louie, A.C. Safety,
pharmacokinetics, and efficacy of CPX-1 liposome injection in patients with advanced solid tumors. Clin. Cancer Res. 2009,
15, 692–700. [CrossRef]

155. Noble, C.O.; Krauze, M.T.; Drummond, D.C.; Yamashita, Y.; Saito, R.; Berger, M.S.; Kirpotin, D.B.; Bankiewicz, K.S.; Park, J.W.
Novel Nanoliposomal CPT-11 Infused by Convection-Enhanced Delivery in Intracranial Tumors: Pharmacology and Efficacy.
Cancer Res. 2006, 66, 2801–2806. [CrossRef]

156. Wang, H.; Agarwal, P.; Zhao, S.; Xu, R.X.; Yu, J.; Lu, X.; He, X. Hyaluronic acid-decorated dual responsive nanoparticles of
Pluronic F127, PLGA, and chitosan for targeted co-delivery of doxorubicin and irinotecan to eliminate cancer stem-like cells.
Biomaterials 2015, 72, 74–89. [CrossRef]

95



Pharmaceuticals 2025, 18, 359

157. Alamgeer, M.; Watkins, D.N.; Banakh, I.; Kumar, B.; Gough, D.J.; Markman, B.; Ganju, V. A phase IIa study of HA-irinotecan,
formulation of hyaluronic acid and irinotecan targeting CD44 in extensive-stage small cell lung cancer. Investig. New Drugs 2018,
36, 288–298. [CrossRef]

158. Gibbs, P.; Clingan, P.R.; Ganju, V.; Strickland, A.H.; Wong, S.S.; Tebbutt, N.C.; Underhill, C.R.; Fox, R.M.; Clavant, S.P.; Leung, J.;
et al. Hyaluronan-Irinotecan improves progression-free survival in 5-fluorouracil refractory patients with metastatic colorectal
cancer: A randomized phase II trial. Cancer Chemother. Pharmacol. 2011, 67, 153–163. [CrossRef]

159. Harris, J.M.; Chess, R.B. Effect of pegylation on pharmaceuticals. Nat. Rev. Drug Discov. 2003, 2, 214–221. [CrossRef]
160. Mohammad, A.S.; Griffith, J.I.; Adkins, C.E.; Shah, N.; Sechrest, E.; Dolan, E.L.; Terrell-Hall, T.B.; Hendriks, B.S.; Lee, H.; Lockman,

P.R. Liposomal Irinotecan Accumulates in Metastatic Lesions, Crosses the Blood-Tumor Barrier (BTB), and Prolongs Survival in
an Experimental Model of Brain Metastases of Triple Negative Breast Cancer. Pharm. Res. 2018, 35, 31. [CrossRef]

161. Infante, J.R.; Keedy, V.L.; Jones, S.F.; Zamboni, W.C.; Chan, E.; Bendell, J.C.; Lee, W.; Wu, H.; Ikeda, S.; Kodaira, H.; et al. Phase
I and pharmacokinetic study of IHL-305 (PEGylated liposomal irinotecan) in patients with advanced solid tumors. Cancer
Chemother. Pharmacol. 2012, 70, 699–705. [CrossRef] [PubMed]

162. Zhang, C.; Jin, S.; Xue, X.; Zhang, T.; Jiang, Y.; Wang, P.C.; Liang, X.-J. Tunable self-assembly of Irinotecan-fatty acid prodrugs
with increased cytotoxicity to cancer cells. J. Mater. Chem. B 2016, 4, 3286–3291. [CrossRef] [PubMed]

163. Mahmoudi, A.; Jaafari, M.R.; Ramezanian, N.; Gholami, L.; Malaekeh-Nikouei, B. BR2 and CyLoP1 enhance in-vivo SN38 delivery
using pegylated PAMAM dendrimers. Int. J. Pharm. 2019, 564, 77–89. [CrossRef]

164. Huang, P.; Chen, K.; Prijovich, Z.; Cheng, T.; Leu, Y.; Roffler, S. Enhancement of CPT-11 antitumor activity by adenovirus-mediated
expression of beta-glucuronidase in tumors. Cancer Gene Ther. 2011, 18, 381–389. [CrossRef]

165. Kojima, A.; Hackett, N.R.; Ohwada, A.; Crystal, R.G. In vivo human carboxylesterase cDNA gene transfer to activate the prodrug
CPT-11 for local treatment of solid tumors. J. Clin. Investig. 1998, 101, 1789–1796. [CrossRef]

166. Zhang, J.A.; Xuan, T.; Parmar, M.; Ma, L.; Ugwu, S.; Ali, S.; Ahmad, I. Development and characterization of a novel liposome-based
formulation of SN-38. Int. J. Pharm. 2004, 270, 93–107. [CrossRef]

167. Sun, X.; Zhu, D.; Cai, Y.; Shi, G.; Gao, M.; Zheng, M. One-step mechanochemical preparation and prominent antitumor activity of
SN-38 self-micelle solid dispersion. Int. J. Nanomed. 2019, 14, 2115–2126. [CrossRef]

168. Karki, N.; Tiwari, H.; Pal, M.; Chaurasia, A.; Bal, R.; Joshi, P.; Sahoo, N.G. Functionalized graphene oxides for drug loading,
release and delivery of poorly water soluble anticancer drug: A comparative study. Colloids Surf. B Biointerfaces 2018, 169, 265–272.
[CrossRef]

169. Naumann, J.A.; Widen, J.C.; Jonart, L.A.; Ebadi, M.; Tang, J.; Gordon, D.J.; Harki, D.A.; Gordon, P.M. SN-38 Conjugated Gold
Nanoparticles Activated by Ewing Sarcoma Specific mRNAs Exhibit In Vitro and In Vivo Efficacy. Bioconjug. Chem. 2018,
29, 1111–1118. [CrossRef]

170. Govindan, S.V.; Cardillo, T.M.; Moon, S.-J.; Hansen, H.J.; Goldenberg, D.M. CEACAM5-Targeted Therapy of Human Colonic
and Pancreatic Cancer Xenografts with Potent Labetuzumab-SN-38 Immunoconjugates. Clin. Cancer Res. 2009, 15, 6052–6061.
[CrossRef]

171. Venditto, V.J.; Simanek, E.E. Cancer Therapies Utilizing the Camptothecins: A Review of thein VivoLiterature. Mol. Pharm. 2010,
7, 307–349. [CrossRef] [PubMed]

172. Kurzrock, R.; Goel, S.; Wheler, J.; Hong, D.; Fu, S.; Rezai, K.; Morgan-Linnell, S.K.; Urien, S.; Mani, S.; Chaudhary, I.; et al. Safety,
pharmacokinetics, and activity of EZN-2208, a novel conjugate of polyethylene glycol and SN38, in patients with advanced
malignancies. Cancer 2012, 118, 6144–6151. [CrossRef] [PubMed]

173. Tang, L.; Li, X.; Wan, L.; Xiao, Y.; Zeng, X.; Ding, H. Herbal Medicines for Irinotecan-Induced Diarrhea. Front. Pharmacol. 2019,
10, 182. [CrossRef] [PubMed]

174. Bailly, C. Irinotecan: 25 years of cancer treatment. Pharmacol. Res. 2019, 148, 104398. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

96



pharmaceuticals

Article

5,8-Dimethyl-9H-carbazole Derivatives Blocking hTopo I
Activity and Actin Dynamics

Jessica Ceramella 1, Domenico Iacopetta 1,*, Anna Caruso 1, Annaluisa Mariconda 2, Anthi Petrou 3,

Athina Geronikaki 3, Camillo Rosano 4, Carmela Saturnino 2, Alessia Catalano 5, Pasquale Longo 6

and Maria Stefania Sinicropi 1

1 Department of Pharmacy, Health and Nutritional Sciences, University of Calabria,
87036 Arcavacata di Rende, Italy

2 Department of Science, University of Basilicata, 85100 Potenza, Italy
3 Department of Pharmacy, School of Health, Aristotle University of Thessaloniki, 54124 Thessaloniki, Greece
4 U.O. Proteomica e Spettrometria di Massa, IRCCS Ospedale Policlinico San Martino, Largo R. Benzi 10,

1632 Genova, Italy
5 Department of Pharmacy-Drug Sciences, University of Bari “Aldo Moro”, 70126 Bari, Italy
6 Department of Chemistry and Biology, University of Salerno, Via Giovanni Paolo II, 132, 84084 Fisciano, Italy
* Correspondence: domenico.iacopetta@unical.it; Tel.: +39-0984-493200

Abstract: Over the years, carbazoles have been largely studied for their numerous biological proper-
ties, including antibacterial, antimalarial, antioxidant, antidiabetic, neuroprotective, anticancer, and
many more. Some of them have gained great interest for their anticancer activity in breast cancer due
to their capability in inhibiting essential DNA-dependent enzymes, namely topoisomerases I and
II. With this in mind, we studied the anticancer activity of a series of carbazole derivatives against
two breast cancer cell lines, namely the triple negative MDA-MB-231 and MCF-7 cells. Compounds
3 and 4 were found to be the most active towards the MDA-MB-231 cell line without interfering
with the normal counterpart. Using docking simulations, we assessed the ability of these carbazole
derivatives to bind human topoisomerases I and II and actin. In vitro specific assays confirmed that
the lead compounds selectively inhibited the human topoisomerase I and interfered with the normal
organization of the actin system, triggering apoptosis as a final effect. Thus, compounds 3 and 4 are
strong candidates for further drug development in multi-targeted therapy for the treatment of triple
negative breast cancer, for which safe therapeutic regimens are not yet available.

Keywords: human topoisomerases I/II; anticancer; docking simulation; actin dynamics

1. Introduction

One of the principal targets of pharmaceutical research is represented by the design of
new and valid anticancer drugs characterized by higher selectivity on neoplastic cells and
lower toxicity on normal ones. Over the years, medical and pharmaceutical researchers’ at-
tention has been focused on the carbazole scaffold, which is present in important classes of
indole-containing heterocycles characterized by widespread biological activities, including
anticancer, antibacterial, antiviral, antioxidant, antidiabetic, and neuroprotective ones [1].
These characteristics resulted in the extensive applications of carbazole derivatives in the
field of medicinal chemistry [2,3]. The carbazole skeleton is the key structural motif of many
synthetic and natural biologically effective molecules acting as DNA intercalating agents
and able to interfere with the activity of crucial enzymes involved in cancer progression,
such as the topoisomerases (Topos) [4]. The latter are ubiquitous enzymes, vital for gene
expression, chromosome segregation, as well as DNA replication and recombination, due
to their capability to solve DNA supercoiling by cutting one or both strands of the DNA
duplex [5]. Based on their mechanism of action, two classes of DNA topoisomerases have
been identified from eukaryotes: the DNA topoisomerase I (Topo I) which acts by making a
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temporary break in one strand of DNA, while the DNA topoisomerase II (Topo II) mediates
the ATP-dependent DNA double-strand breaks [6]. Anticancer agents targeting both Topo I
and II have been proven to be highly effective in cancer treatment [7]. Because of these
interesting properties, extensive research concerning the chemistry and biological activities
of carbazoles targeting topoisomerases has been reported since the characterization of
the 9H-carbazole in 1872 by Graebe and Glaser [1,8–10]. Ellipticine (Figure 1) is one of
the first studied natural occurring alkaloids with a carbazole nucleus and several studies
have evidenced its wide biological effectiveness, highlighting its capability to act as DNA
intercalating and Topos inhibitor [11]. However, Ellipticine is also characterized by a high
toxicity. Thus, to obtain more active and safer derivatives, great efforts in the design and
synthesis of carbazole analogues have been made over the last years. For instance, new
pyrrolo[2,3-α]carbazole derivatives were found to significantly reduce the Topo I activity in
a concentration dependent manner [12], while some 11H-pyrido[a]carbazole ones resulted
good DNA intercalating and Topo II inhibitors [13]. Moreover, a new series of racemic
and chiral carbazole aminoalcohols was proved to possess a potent Topo I inhibitory ac-
tivity [14]. Two Ellipticine analogues acted as good inhibitors of human topoisomerase II
(hTopo II) and resulted more potent than the reference molecule. In our previous works,
more than one series of carbazole compounds have been designed and prepared. In
particular, the new synthesized N-thioalkylcarbazole, N,N,N-trimethylethanammonium
iodide alkylcarbazole, and 1,4-dimethylcarbazole derivatives exhibited exciting cytotoxic
profiles on different breast cancer cell lines and inhibited the hTopo II decatenation activ-
ity [15–17]. Moreover, we demonstrated that some benzothienoquinazolinones carbazole
bioisosters [18] exerted good anticancer activity on breast cancer cells due to their capability
to inhibit the hTopo I supercoil relaxing activity. Beyond that, the benzothienoquinazoli-
nones carbazole bioisoster also targeted the microtubule network involved in vital cellular
functions, such as mitosis, cell migration, and cell signaling. These findings are seminal in
the fight against breast cancer, which still represents the main cancer-related cause of dis-
ease for women, and its incidence and mortality have risen worldwide in recent years [19].
Over the years, numerous carbazole derivatives were designed, synthesized, and examined
for their anti-breast cancer activity [20–22]. Recently, Vlaar et al. studied new analogues of
EHop-016, a carbazole compound acting as a Rac1 inhibitor, implicated in the intracellular
actin polymerization. Some of them exerted good antiproliferative activity on different
breast cancer cells lines and inhibited the migration process in the metastatic MDA-MB-231
cells. In addition, the lead compound improved by approximately four-fold in vitro efficacy
in inhibiting the activity of the Rho GTPase Rac1 in both MDA-MB-231 and MDA-MB-435
cell lines if compared with EHop-016 [23]. Moreover, Butler-Fernández et al. published a
new series of N-alkyl-3,6-dibromocarbazole and N-alkyl-5-bromoindole derivatives, whose
anticancer and anti-migratory effects in MCF-7 and MDA- MB-231 breast cancer cell lines
are connected to the interference with the intracellular actin dynamics [24].

Building upon these findings, the goal of this work was to evaluate the anticancer
activity of a series of five carbazole derivatives (1–5) (Figure 1), previously synthesized
by us [25], against two human breast cancer cell lines, namely MCF-7 and MDA-MB-231.
Docking studies and in vitro assays were performed in order to elucidate the mechanism of
their action, revealing that the two individuated leads target hTopo I and actin. Finally, they
can be considered promising candidates for the development of new multi-target agents in
the treatment of triple negative breast cancer.
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Figure 1. Structures of Ellipticine and the studied carbazole derivatives (1–5) previously synthesized
by us [25].

2. Results

2.1. Chemistry

Carbazole derivatives (1–4) were synthesized as reported in the literature [25]. The
synthesized molecules (1–4) differ by the substituent in position 6, while compound 5 is
analogous to compound 4, but does not bear the Boc group. The substituents selected for
the design of the molecules were: -Br, -OCH3, -B(OH)2 e -OH, whose presence allowed to
obtain valuable information about the correlation between the architecture of the molecules
and the biological activity.

2.2. Effects on Breast Cancer and Normal Cells Viability

The inhibition of cancer cell growth exerted by the five considered compounds (1–5)
has been evaluated in vitro against two models of breast cancer, namely the estrogen recep-
tor positive (ER+) MCF-7 and the triple negative MDA-MB-231 human breast cancer cells
(lacking ER, PR, and HER-2/Neu amplification), together with the normal counterpart,
namely the non-malignant breast epithelial cells MCF-10A. The IC50 values were deter-
mined at 72 h after treatment by means of the MTT assay and are reported in Table 1. As
reference molecule, we adopted Ellipticine, the parent molecule with a carbazole scaffold
from which they have been derived. Our results indicated that, among the carbazole
derivatives, compound 4 resulted the most active, since it drastically reduced the growth
of the MDA-MB-231 cells with an IC50 value of 0.73 ± 0.74 μM. Then, compound 3 also
exhibited good anticancer activity against the triple negative cancer cells, with an IC50
value of 1.44 ± 0.97 μM. A moderate activity was noticed against the MCF-7 cells, with
compound 4 being most active. More interestingly, compound 4 did not affect the MCF-10A
cells viability, until the concentration of 100 μM, whereas compound 3 induced the death of
the half of cells at a concentration of approximately 52 μM. Compounds 5, 2, and 1 exhib-
ited decreasing anticancer activity against the MDA-MB- 231 cells, with IC50 values equal
to 6.59 ± 0.68, 8.19 ± 0.26, and 43.45 ± 1.21 μM, respectively. Moreover, no effects were
recorded against the MCF-7 cells, at least until the concentration of 100 μM. These outcomes
suggest that the presence of the bromine substituent on the carbazole nucleus is responsible
of the net decrease of the activity, whereas the hydroxy and boron substituents seem to be
determinant for the observed higher activity. It is important to highlight that compounds
3 and 4 possess a higher anticancer activity against the MDA-MB-231 cells and a better
cytotoxic profile than the Ellipticine, which is not even selective amongst breast cancer and
normal cells. Thus, the two lead compounds were chosen for subsequent studies aiming at
individuating the molecular mechanisms underlying the observed anticancer activity.
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Table 1. IC50 values of carbazoles derivatives and Ellipticine expressed in μM. The means ± standard
deviations are shown.

IC50 (μM)

Compounds MDA-MB-231 MCF-7 MCF-10A

1 43.45 ± 1.21 >100 >100
2 8.19 ± 0.26 >100 89.16 ± 0.47
3 1.44 ± 0.97 27.58 ± 0.71 51.89 ± 0.88
4 0.73 ± 0.74 19.76 ± 1.12 >100
5 6.59 ± 0.68 >100 >100

Ellipticine 1.92 ± 0.38 1.34 ± 0.40 1.12 ± 0.51

2.3. Docking Studies

Molecular docking simulations were performed in order to understand the possible
binding modes of the compounds described above (Figure 1) and the target proteins,
namely the actin and the human Topoisomerases I and II. We considered a “blind-docking
approach” for our simulations: no “a priori” information about the binding site was
provided to the system. This kind of procedure has been successfully used by our research
group in several other studies (some examples in [26–29]). Using this kind of approach, we
aimed both to identify the most promising candidate among our compounds and to further
improve the atomic structure of our molecules in order to design and synthesize better lead
compounds. Our study was based on the compound binding affinity to the two human
Topoisomerases and actin (Table 2), as calculated by the program Autodock (this program
calculates a binding affinity constant Ki based on the binding Energy, according to the
expression Ki = exp (deltaG/(R * T)). To discriminate the successful candidates, we took into
consideration the clusterization of the results from the simulations, as discussed in previous
work [30]. Eventually, the obtained binding mode was examined to evaluate the quality of
the protein–ligand interactions. Docking simulations (Figures 2 and S1, panels C) suggested
our compounds were able to dock actin and the hTopo I and II, forming several hydrogen
and hydrophobic interactions. Particularly, our molecules dock the actin in a protein cleft
occupied by the Latrunculin B in the crystal structure described by Wang et al. [31]. The
actin residues Asp 157, Lys 213. Glu 214, Thr 303, and Tyr 306 are involved in the hydrogen
bonding to our compounds. The protein cleft is completed by the hydrophobic residues
Ala 181, Leu 185, Leu 216, Cys 217, Pro 307, and Ile 309 that contribute to stabilize the
compounds binding. Simulations carried over the hTopo I, as the protein target, identified
three distinct possible binding sites for our compounds. Compound 5 (Figure S1, panel A)
binds a first site forming hydrogen bonds with Asp 331 and hydrophobic interactions with
the backbone of the loop Asn 327- Gly 339 and the side chains of residues Ala 334 and
Val 338. In the same pose, compound 3 (Figure 2, panel A) forms additional hydrogen
bonds with residues Lys 329, ser 342 Arg 344, and Asp 399. A second binding lays on the
opposite site of the loop Asn 327- Gly 339 and hosts compounds 4 and 1 (Figures 2 and S1,
panels A, respectively). These compounds are both stabilized by hydrophobic interactions
with Ala 334 and Thr 337. Compound 4 forms hydrogen bonds with His 203, Lys 329,
Thr 337, and Lys 368, while compound 1 loses the interaction with His 203 but adds a
halogen bond between its bromide moiety and Ser 342. On the other hand, compound 2

(Figure S1, panel A) docks to a protein area that is far from the previously described sites.
In this case, compound 2 is surrounded by hydrophobic residues Leu 321, the aromatic
ring of Tyr 373, Val 377, Ile 464, and Val 550, forming hydrogen bonds with Asn 467 and
Gln 469. The same molecules described above bind the hTopo II close to the DNA-gate
(Figures 2 and S1, panels B). The residues Gln 726 and Asn 851 are hydrogen-bonded to
compound 5 (Figure S1, panel A), Gln 544 and Lys 550 to compound 3 (Figure 2, panel A),
and Gln 544, Lys 550, and Gln 542 to compound 4 (Figure S1, panel A). Due to the presence
of a methyl group, compound 2 (Figure S1, panel A) loses the ability to form hydrogen
bonds with Gln 544, Lys 550, and Gln 542 (those three molecules are almost superposed),
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whilst compound 1 (Figure S1, panel A) makes a halogen bond with Arg 672. The pocket is
contoured by hydrophobic residues Leu 592, Pro 593 Leu 705, Leu 685, and Tyr 686.

 

Figure 2. The three-dimensional structure of the human proteins Topoisomerase I (Panel A), Topoi-
somerase II (Panel B) and Actin (Panel C) bound to compounds 3 and 4 are drawn. Proteins are
schematically reported as ribbons. Ligands binding poses are described as colored sticks.

Table 2. Binding free energies of carbazole derivatives against hTopo I, hTopo II and actin.

Compounds hTopo I hTopo II Actin

1 −7.22 −8.13 −7.52
2 −6.46 −7.17 −7.56
3 −8.62 −7.61 −7.42
4 −7.95 −8.75 −8.0
5 −6.30 −7.75 −6.88

The binding energies are calculated using the software Autodock 4.0.2 and expressed in Kcal/mol.
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2.4. Inhibition Assays on Human Topoisomerase I and II

The carbazole derivatives 1–5 were tested for their ability to inhibit the human Topoiso-
merase I (hTopo I) and II (hTopo II), using specific enzymatic assays, as reported in [17,18],
and the obtained results are shown in Figure 3.

Figure 3. (a) hTopo I supercoiled relaxing activity. hTopo I was exposed to the vehicle alone (DMSO,
lane 2) or compounds 3 and 4 at the concentration of 1 μM (lanes 3 and 4). Then, the hTopo I reaction
products were visualized on agarose gel. Supercoiled DNA (plasmid pHOT1) was used as marker
(lane 1). (b) hTopo II decatenation assay. hTopo II was exposed to the vehicle alone (DMSO, lane 3) or
compounds 3 and 4 at the concentrations of 1 μM (lanes 4 and 5) and 10 μM (lanes 6 and 7). Then,
the hTopo II reaction products were visualized on agarose gel. Decatenated DNA and kinetoplast
DNA (kDNA) were used as markers (lanes 1 and 2).

First, only 3 and 4 totally inhibited the hTopo I supercoiling relaxing activity at the
concentration of 1 μM. Indeed, as shown in Figure 3a (lanes 3 and 4), a clear band of the
uncut plasmid DNA at the bottom of the gel is present. The uncut plasmid pHOT1, used as
marker, is present in Figure 3a, lane 1. On the contrary, in the control reaction (only vehicle,
Figure 3a, lane 2), it is possible to observe the presence of multiple bands corresponding to
the relaxed plasmid DNA, used as substrate.

Next, we screened all the compounds for their activity against the hTopo II but, in
this case, none of the tested compounds have been able to block the decatenation activity
at the concentration of 1 μM (Figure 3b, lanes 4 and 5). Moreover, since 3 and 4 totally
blocked the hTopo I, in order to exclude a dose-dependent activity, the concentration was
increased to 10 μM (see Figure 3b, lanes 6 and 7). Again, no inhibitory activity was recorded.
Indeed, two bands related to the DNA decatenation products are present at the bottom of
the agarose gel, which denote the enzyme full activity, both in the control (only vehicle,
Figure 3b, lane 3) and the tested compound reactions (Figure 3b, lanes 4–7). Thus, we can
conclude that the lead compounds 3 and 4 are selective inhibitors of the hTopo I, being
inactive against the hTopo II.

2.5. Influence of Compounds 3 and 4 on Actin Dynamics

In order to determine whether the lead compounds 3 and 4 may effectively regulate
the actin system, we employed both the immunofluorescence and in vitro direct enzymatic
assays. Thus, MDA-MB-231 were treated for 24 h with compounds 3 and 4 at a concentra-
tion equal to their IC50 values, respectively. As negative and positive controls, we used
the only vehicle (DMSO) and latrunculin A (LA) at a concentration of 0.1 μM, respectively.
After processing, the cells were observed under a fluorescent microscope, (see experimental

102



Pharmaceuticals 2023, 16, 353

section for the details). Our outcomes showed that the actin filaments are regularly orga-
nized in the cell cytoplasm in the DMSO treated cells (Figure 4, CTRL, panel B), whereas
under the LA exposure (Figure 4, LA, panel B), the cells underwent an important shape
change, appearing circular, because of the interference with the actin system. Moreover, the
latter looked brighter and stocked in the cytoplasm in dot-like structures or thicker fibers.
Again, the MDA-MB-231 cells, under exposure to compounds 3 and 4, lost their shape
(Figure 4, compounds 3 and 4, panels B), as we observed under LA treatment, and with a
very similar arrangement of the actin network. These outcomes suggest that compounds 3

and 4 interfere with the normal actin organization in MDA-MB-231 cells, with a similar
behavior of LA.

Figure 4. Actin immunofluorescence studies. MDA-MB-231 cells were exposed for 24 h to the vehicle
alone (CTRL), 0.1 μM LA or carbazole derivatives 3 and 4 (used at their IC50 values). Then the cells
were further processed, as indicated in the experimental section. The inverted fluorescence micro-
scope was adopted to observe and image all the immunofluorescence figures (40× magnification).
Panels A: nuclear stain with DAPI (λex/λem = 350/460 nm); Panels B: β-actin (Alexa Fluor® 568;
λex/λem = 644/665 nm); Panels C show a merge. Representative fields are reported.

With the aim to confirm the immunofluorescence results and substantiate whether
compounds 3 and 4 could inhibit the actin polymerization mechanism and/or boost the
F-actin depolymerization, we employed a fluorescent-labeled purified rabbit actin. LA and
cytochalasin B (CB) were used as positive controls for both the polymerization inhibition
and F-actin subunits dissociation, or only the polymerization inhibition, respectively. In the
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negative control reaction (only vehicle), actin monomers undergo a normal polymerization,
as visible in Figure 5, panel A. The reaction curve rises in approximately 5 min to a value of
about 25,000 RFU (plateau) which remains almost unvaried until the end of the experiment.
Contrariwise, the two reference molecules, i.e., LA and CB, used at the concentration of
5 μM, braked the actin polymerization, mostly LA rather than CB, under the adopted
experimental conditions, and the LA curve dropped until a value of about 8000 RFU at
the reaction end. The CB curve, similar to that of LA, showed a decrease and ended at
approximately 13,000 RFU.

Figure 5. (A) In vitro actin polymerization assay. Compounds 3 and 4 (used at the concentration of
5 μM) were incubated with the labeled rabbit muscle actin in order to verify their ability to inhibit
the protein polymerization. (B) In vitro actin depolymerization assay. After actin polymerization,
compounds 3 and 4 (5 μM) were added to the reaction mixture, in order to determine their ability to
act as depolymerizing agents. For both the assays, the vehicle DMSO was used as a negative control.
Actin-targeting agents, LA and CB, both at the concentration of 5 μM, were used as positive controls.
The assemblage of the actin filaments was established by monitoring the fluorescence (λEx/Em=
365/410 nm) in kinetic mode for 1 h at room temperature by using a microplate reader. The graphics
are representative of three separate experiments and error bars represent the standard deviations.

Lastly, compounds 3 and 4, used at the concentration of 5 μM, both exhibited an
inhibitory effect against actin polymerization, but with a lesser efficacy than LA. However,
compound 3 curve was lower than that of CB and reached a final value of about 13,000 RFU,
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which is pretty similar to that of CB, whereas the final value of compound 4 was around
16,000 RFU. Thus, compound 3 has an inhibitory effect slightly superior to that of CB
throughout the whole reaction, whereas compound 4 seemed to inhibit better the actin
polymerization than CB only in the first 40 min.

Moreover, we performed the F-actin depolymerization assay to verify whether com-
pounds 3 and 4 could induce the actin depolymerization as well as the LA does (Figure 5,
panel B). For this purpose, we started the actin polymerization for one hour under the same
experimental conditions used previously. Then, we added the compounds or the reference
molecules at the concentration of 5 μM and monitored the reactions for an additional hour.
Our results indicated that the LA induced an important fall of the curve until a final value
of about 8000 RFU, indicating the F-actin depolymerization. On the contrary, the control
polymerization reaction (only vehicle) exhibited an almost constant value (20,000 RFU)
until the reaction end. The addition of CB was not able to produce the same effect of
LA. Instead, its behavior follows that of the vehicle, suggesting that CB does not induce
the F-actin depolymerization. Contrarily, both the compounds were able to induce an
important depolymerizing effect on the F-actin, most evident in the first 7 min after the
exposure. Particularly, compounds 3 and 4 produced final values of approximately 14,000
and 12,000 RFU, respectively. Altogether, our outcomes suggest that compounds 3 and
4 produced a similar effect to that of LA on actin, even if to a lesser extent, inducing the
inhibition of the polymerization reaction and, at the same time, accelerating the dissociation
of F-actin. This combined effect leads to a disorganization of the intracellular actin network.

2.6. Compounds 3 and 4 Trigger Apoptosis in MDA-MB-231 Cells

Having individuated two intracellular targets, we wondered whether the lead com-
pounds could induce apoptosis in MDA-MB-231 cells. Thus, we performed a TUNEL assay.
The cells were treated and processed as described in the experimental section (Section 4.2.6)
and the obtained outcomes, shown in Figure 6, suggested that both the compounds are
able to trigger apoptosis in MDA-MB- 231 cells. Indeed, the exposure to both compounds
produced a green nuclear fluorescence, already at 24 h, in MDA-MB-231 cells (Figure 6, 3

and 4, panels B, CFTM488A) as a consequence of the damaged DNA. This event did not
happen in the DMSO-treated cells (Figure 6, CTRL, panel B, CFTM488A), indicating the
lack of a massive DNA break. The overlay channel (Figure 6, panels C) is also shown.

2.7. Druglike Properties, Toxicity and Drug-Likeness

‘Drug-like’ molecules were evaluated in silico for their ADMET profile in order to
rapidly screen multiple properties [32]. Compounds that have been predicted to exhibit
toxicity, high blood–brain barrier permeability, low water solubility, and poor Caco2-
permeability were excluded from potential hits. The server pkCSM [33] was used for this
purpose. pkCSM relies on graph-based signatures. These encode distance patterns between
atoms in order to represent the small molecule and to train predictive models (Table S1).

Computational studies are considered a viable approach to drug discovery, and they
have several advantages over in vivo studies, especially in reducing cost, time, and animals
sacrifice. These approaches, nowadays, are broadly used in studies of the physicochemical
and pharmacokinetic properties of compounds in medicinal chemistry. Lipinski’s rule of
five (Ro5) is considered a standard for drug development [34], and violations of Ro5 are
MW > 500, lipophilicity (LogPo/w) > 5, hydrogen bond determined for binding donors
(HBD) < 5. Violations of these rules lead to reduced intestinal absorption, penetration,
or solubility [35]. The next extension of the Lipinski Ro5 includes polar surface area
(PSA <140 Å2), which is an important predictor of drug oral bioavailability.
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Figure 6. Tunel Assay. MDA-MB-231 breast cancer cells were treated with compounds 3 and 4 at the
concentration equal to their IC50 values or with vehicle (CTRL) for 24 h. Then they were exposed to
the TdT enzyme, further processed (see experimental section for more details) and visualized under
a fluorescence microscope (20× magnification). Panels A: DAPI, λex/em= 350 nm/460 nm. Panels B:
CFTM488 A, λex/em = 490 nm/515 nm. Panels C show the overlay channels.

The synthesized compounds have been studied in silico using the Swiss ADME soft-
ware [36].The drug-likeness and bioavailability scores of all tested compounds are shown
in Table 3. According to prediction results, the bioavailability score of all compounds
was approximately 0.55. Furthermore, all compounds displayed moderate to good drug-
likeness scores, ranging from −0.43 to 0.52. The best in the in-silico prediction result was
achieved for the most active compounds, 3 and 4 with a drug-likeness score of 0.52 and
0.42 (Figure 7, Table 3). Moreover, these compounds showed no violation in all rules.

The BOILED-Egg allows for the evaluation of passive gastrointestinal absorption
(GIA), brain penetration (BBB), and P-glycoprotein (P-gp) activity in the presence of the
molecule. The white region of the “BOILED-egg” represents the high probability of passive
absorption by the gastrointestinal tract, and the yellow region (yolk) the high probability of
brain penetration. Moreover, the points are colored in blue if predicted as active effluxes by
P-gp (PGP+) and in red if predicted as non-substrate of P-gp.
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Figure 7. (A) BOILED-Egg diagram for all the designed compounds. (B) Bioavailability radar chart of
all compounds. The pink area represents the optimal range for each property for oral bioavailability,
Lipophilicity (LIPO): XLOGP3 between −0.7 and +5.0, Molecular weight (SIZE): MW between 150
and 500 g/mol, Polarity (POLAR) TPSA between 20 and 130 Å2, Solubility (INSOLU): log S not
higher than 6, Saturation (INSATU): fraction of carbons in the sp3 hybridization not less than 0.25,
and Flexibility (FLEX): no more than 9 rotatable bonds.
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3. Discussion

It is noteworthy that breast cancer is the most frequently diagnosed malignant tu-
mor and the second most deadly cancer in women. Many important developments in
cancer prevention, early diagnosis, and treatment have been achieved, but the complex
etiopathogenesis and the development of chemoresistance make the fight against breast
cancer difficult to win. Consequently, scientific research has pursued different approaches,
such as multitarget therapies able to reduce the cancer cells growth and invasion and
exert very low effects on normal cells [37]. Despite the use of successful targeted and
tailored therapies, many types of cancer, amongst them the triple negative breast cancers
(TNBC), are still difficult to treat, mostly because of their heterogeneity and resistance on-
set [38]. A successful strategy in breast cancer therapy is based on the apoptosis induction
in tumor cells acting on different pathways that are potential targets, with a minimal or
null effect on the growth of the normal cells [39,40]. With this in mind, we studied the
anticancer properties of a series of carbazole derivatives, (1–5), since our experience and a
lot of studies from literature indicated their important antitumor activities, together with
antibacterial, anti-inflammatory, and many other properties [8,20,41,42]. One of the first
studied compounds with a carbazole scaffold was Ellipticine, a planar natural alkaloid,
with known antitumor activities due to its ability to intercalate DNA and regulating several
cell pathways with a multimodal effect [43]. Thus, we adopted two human breast cancer cell
lines, namely MCF-7 and the most aggressive and metastatic MDA-MB-231, together with
the normal counterpart, MCF-10A cells. The obtained viability data, resumed in Table 1,
demonstrated a low to high activity in MDA-MBA cells and a moderate to null activity
in MCF-7 cells, under the experimental conditions used in these assays. Particularly, the
most active compounds in MDA-MB-231 cells were 3 and 4, which also exhibited moderate
activity in MCF-7 cells and a lack of cytotoxicity in the MCF-10A cells. It is worthwhile to
highlight that both the compounds possess a better cytotoxic profile and selectivity with
respect to the reference molecule, Ellipticine. The latter and its several synthetic derivatives
possess a wide range of intracellular targets, whose exact mechanisms of action are not yet
totally clear. However, our previous studies, and others from the literature, suggested a
major role in DNA intercalation and inhibition of DNA topoisomerases [20,44,45]. These
enzymes are implicated in the correct DNA metabolism and are the main target of nu-
merous chemotherapeutics that produce irreversible genomic damages and cancer cell
death [46]. The molecular docking approach gave us a prediction of interaction between
our molecules and target proteins [47], which suggested that all the compounds could dock
to the hTopo I and II in different sites and with a different mode. Particularly interesting is
the case of the hTopo I, where compounds 1 and 5 dock to a loop involved into the protein
dimerization processes, therefore creating some local rigidity and impairing the functional
oligomerization of the complex. On the other side, compounds 3 and 4 are positioned in an
area that is normally occupied by DNA, while compound 2 is located in a site that does not
seem functional. Only compound 3 was found to dock to a site usually occupied by the
DNA in the case of hTopo II. Next, we adopted direct inhibition assays, which indicated
that only the two most active compounds, 3 and 4, were able to block totally the hTopo
I activity at a concentration of 1 μM, whereas no inhibition was recorder for the other
compounds. On the contrary, neither at the same concentration nor rising up to 10 μM
were compounds 3 and 4 (Figure 3), and the other ones as well, able to inhibit the hTopo
II, differently from the predictive docking simulations. These results are in agreement
with literature studies [12,18,48] reporting that different carbazole derivatives may block
both the hTopos or, selectively, only one and induce cancer cells death. Amongst the
targets of carbazole derivatives, cytoskeletal proteins have attracted the attention of many
researchers, and some of them were found to provoke a net disorganization of the tubulin
filaments and their accumulation around cell nuclei [22,49,50]. However, the literature is
still lacking studies reporting the effects on the actin metabolism, with the exception, e.g.,
of a study on cell motility exerted by the carbazole derivative wiskostatin. The latter is a
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cell-permeable N-alkylated carbazole derivative found to be a selective inhibitor of actin
filaments assembly [51]. It is known that the cell cytoskeleton is implicated in the cancer cell
metastasis formation process, a dramatic phenomenon that causes many deaths for cancer.
Particularly, the actin and many regulatory proteins are modified to allow the abnormal
growth of cancer cells and the development of migratory properties [52,53]. Again, in
silico and in vitro approaches allowed us to prove the effects on actin dynamics, which
evidenced, overall, a net regulation of the actin cytoskeleton. Indeed, MDA-MB-231 cells
treated with 3 or 4 change their normal morphology, because of the evident interference
with intracellular actin, whose network appeared disorganized and forms bundles un-
evenly distributed in the cell cytoplasm. Moreover, the polymerization/depolymerization
assays indicated a behavior similar to that of LA, instead of CB, which only blocks actin
polymerization but not the opposite reaction, confirming what has already been observed.
Finally, as expected, MDA-MB-231 cells, under exposure to compounds 3 or 4, underwent
cell death by apoptosis, recorded by means of the TUNEL assay. This ultimate effect is due
to the observed hTopo I and actin filament formation inhibition necessary to sustain the
uncontrolled cancer cells growth and progression. Drug-likeness has greatly impacted the
most recent medicinal chemistry, which considers different molecular properties, such as
hydrophobicity, size, flexibility, presence of various pharmacophores features, bioavail-
ability, transport properties, and so on. Regarding this, the obtained scores indicated that
the most active derivatives 3 and 4 do not violate any rules and are predicted to be orally
active, making them the most promising compounds to be further developed.

4. Materials and Methods

4.1. Docking Studies

We built the three dimensional models of hTopo I and II, as previously described [30],
using as templates the crystal structures of the hTopo I in covalent and noncovalent
complexes with DNA (PDB code 1A35) [54] and of Topo IIα in complex with a short
DNA fragment and etoposide (PDB Code 5gwk) [31]. The crystal structure of the complex
formed between the Beta/Gamma-Actin with Profilin and the acetyltransferase AnCoA-
NAA80 [55] (PDB code 6nbw) was also used as a target for the docking simulations. The
structures of the tested compounds have been built and energy minimized using the
program MarvinSketch (ChemAxon ltd, Budapest, Hungary). Autodock v.4.2.2. program
suite [56] was employed to evaluate the possible binding modes and the binding energies
of our compounds to the above mentioned proteins. We chose to adopt a “blind docking”
strategy for our simulations: the docking of the compounds to the different targets were
done without any a priori knowledge of the binding site by the system. All the simulations
were performed adopting the standard program default values. The protein and the
ligands were prepared using the ADT graphical interface [57]. For each protein, polar
hydrogens were added, Kollman charges assigned, and solvation parameters calculated.
While the ligands were considered as fully flexible objects, each protein was considered
as full rigid. To properly calculate affinity maps, a searching grid was extended all over
the protein and the search was carried out using a Lamarckian genetic algorithm. Using
this protocol, a population of 100 individuals with a mutation rate of 0.02 was evolved for
100 generations and the final evaluation of the results was conducted, listing the different
poses of each molecule accordingly to its predicted binding energy. Further on, an analysis
cluster based on root mean squares deviation (RMSD) values of each pose with respect
to the starting geometry was performed. The lowest energetic conformation of the most
populated cluster was considered as the best candidate. In case two or more clusters were
almost equipopulated and their energy distribution was spread, the corresponding were
considered as bad ligands [26]. The docking poses resulting from our simulations were
ranked in order of their binding energy values and clustered on the basis of a RMSD cut-off
value of 2.0 Å. From the structural analysis of the lowest energy solutions of each cluster, we
could spot the protein binding site. Figures were drawn using the program Chimera [58].

110



Pharmaceuticals 2023, 16, 353

4.2. Biology
4.2.1. Cell Cultures

The used cell lines (MCF-7, MDA-MB-231 and MCF-10A) were obtained from Amer-
ican Type Culture Collection (ATCC, Manassas, VA, USA) and cultured as already indi-
cated [59].

4.2.2. MTT Assay

MTT assays (Sigma Aldrich (St.Louis, MO, USA)) were employed to evaluate the
in vitro anticancer activities of all the studied compounds, as previously described [59].
The compounds were tested at different concentrations (0.1-1-10-25-50-100 μM) for 72 h.
The IC50 values were calculated from the percent (%) of control using GraphPad Prism 9
(GraphPad Software, La Jolla, CA, USA).

4.2.3. hTopo I Relaxation Assay and hTopo II Decatenation Assay

hTopo I relaxation assays were performed as indicated in the manufacturer’s protocol
(TopoGEN, Port Orange, FL, USA) with some revisions [15]. hTopo I relaxation assays
were performed in a final volume of 20 μL: 0.25 μg of supercoiled pHOT1 in TE buffer [TE:
10 mM Tris-HCl (pH 7.5), 1 mM EDTA] was added to a solution containing water, 1× assay
buffer (10 mM Tris-HCl (pH 7.9), 1 mM EDTA, 0.5 mM NaCl, 0.1% bovine serum albumin,
0.1 mM spermidine and 5% glycerol) and the tested compounds. The mix was incubated for
15 min at 37 ◦C. Then, the reaction was initiated by addition of recombinant hTopo I (2 U),
incubated at 37 ◦C for 1 h and terminated by the addition of 5× stop buffer (5% sarkosyl,
25% glycerol, 0.125% bromophenol blue). The aqueous phase was loaded onto a 1% agarose
gel containing 1× TAE buffer (diluted from50× buffer containing 242 g Tris base, 57.1 mL
glacial acetic acid and 100 mL of 0.5 M EDTA) without ethidium bromide (EB). At the end,
1× TAE buffer containing EB (0.5 μg/mL) was used to stain agarose gel for 30 min and after
washing with distilled water for 15 min, it was visualized using a UV transilluminator.
Similarly, hTopo II decatenation assays were carried out, as indicated in the manufacturer’s
procedures (TopoGEN, Port Orange, FL, USA) with some revisions [15].

hTopo II decatenation assays were performed in a final volume of 20 μL: 0.3 μg of
kinetoplast DNA (kDNA) was added to a solution containing 1× assay buffer (50 mM Tris-
HCl, pH of 8, 150 mM NaCl, 10 mM MgCl2, 0.5 mM Dithiothreitol (DTT), 30 μg/mL bovine
serum albumin (BSA), 1 mM ATP) and the tested compounds. The mix was incubated for
15 min at 37 ◦C. Then, the reaction was started by adding 3 U of hTopo II and incubating at
37 ◦C for 1 h. Then, 5× stop buffer was added and the samples were treated as described
in the previous paragraph. The aqueous phase was loaded on a 1% agarose gel containing
1× TAE buffer with EB (0.5 μg/mL) and visualized using an UV transilluminator.

4.2.4. Immunofluorescence Analysis

The cells were plated and further processed, as previously indicated [30]. Specifically,
the rabbit anti-β-Actin (Santa Cruz Biotechnology, Dallas, TX, USA), diluted 1:100 in bovine
serum albumin (BSA) 2%, was used as primary antibody and incubated overnight at 4
◦C. The secondary antibody, Alexa Fluor® 488 conjugate goat-anti-rabbit, was diluted
1:500 and incubated for 2 h at 37 ◦C. DAPI (4′,6-diamidino-2-phenylindole, Sigma Aldrich,
Milan, Italy) 0.2 μg/mL was used for nuclei staining. A fluorescence microscope (Leica
DM 6000) was utilized for fluorescence detection (40× magnification). LAS-X software
allowed acquiring and processing all the fluorescence images, which are representative of
three separate experiments.

4.2.5. Actin Polymerization/Depolymerization Assay

An Actin Polymerization/Depolymerization Assay Kit, purchased from Abcam, was
employed to assess the ability of compounds 3 and 4 to interfere with the actin poly-
merization and depolymerization processes. To perform the essays, the manufacturer’s
instructions were followed with some modifications [60]. In particular, polymerization
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assay was carried out incubating in a white 96-well plate the reconstituted actin with sup-
plemented Buffer G, compounds 3 and 4 and then Buffer P was added in order to induce
actin polymerization. For the Actin Depolymerization Assay, the actin polymerization was
first induced, incubating supplemented Buffers P and G at room temperature for one hour.
Then, compounds 3 and 4 were added at a concentration of 5 μM. Latrunculin A (LA) and
Cytochalasin B (CB) were utilized as positive control at a concentration of 5 μM. For both
the assays, the assemblage of the actin filaments was defined by measuring the fluorescence
(Ex/Em: 365/410 nm) in kinetic mode for 1 h at room temperature in a microplate reader.

4.2.6. Tunel Assay

TUNEL assay was employed to assess the cells apoptosis, following the manufacturer’s
protocols (CF™488A TUNEL Assay Apoptosis Detection Kit, Biotium, Hayward, CA, USA)
with few revisions. Briefly, the cells were plated and then additional processed as previously
described [30]. DAPI (0.2 μg/mL, Sigma Aldrich, Milan, Italy) was used for nuclei staining.
A fluorescence microscope (Leica DM 6000) was used for fluorescence detection (20×
magnification). LAS-X software allowed acquiring and processing all the fluorescence
images, which are representative of three separate experiments.

4.3. In-Silico Predictive Studies

The targeted molecules were appraised for predicting the drug-likeness based on 5
separate filters, namely Lipinski, Ghose, Veber, Egan, and Muegge [61–66] rules, accompa-
nying bioavailability and drug-likeness scores obtained using the Molsoft software and
SwissADME program (http://swissadme.ch, The access date was 10 January 2022) using
the ChemAxon’s Marvin JS structure drawing tool.

5. Conclusions

Since the discovery of Ellipticine, carbazole derivatives have attracted the interest of
the scientific world because of their versatility and wide range of applications. Herein, we
described the interesting anticancer properties of a small series of carbazole derivatives
observed using in silico and in vitro studies. The most active compounds 3 and 4 were found
to be particularly active against the highly aggressive and metastatic MDA-MB-231 cells,
without cytotoxicity on the normal counterpart. Further studies proved that they are able
to selectively inhibit the hTopo I and actin polymerization, promoting, at the same time,
the F-actin depolymerization. As a final and combined effect, both compounds induced
apoptosis in the MDA-MB-231 breast cancer cells. Finally, these compounds deserve to
be further developed as new multi-target agents in the treatment of triple negative breast
cancer, currently characterized by a poor prognosis and for which few valid therapeutic
options are available.
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poses are described as colored sticks.; Table S1: The main calculated pharmacokinetic descriptors
studied on pkCSM predictive models.
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4 Faculty of Technology and Metallurgy, University of Belgrade, Karnegijeva 4, 11120 Belgrade, Serbia
5 National Cancer Research Center, Pasterova 14, 11000 Belgrade, Serbia
* Correspondence: andrej.perdih@ki.si; Tel.: +386-1-4760-376

Abstract: Phenotypic screening of α-substituted thiocarbohydrazones revealed promising activity of
1,5-bis(salicylidene)thiocarbohydrazide against leukemia and breast cancer cells. Supplementary cell-
based studies indicated an impairment of DNA replication via the ROS-independent pathway. The
structural similarity of α-substituted thiocarbohydrazone to previously published thiosemicarbazone
catalytic inhibitors targeting the ATP-binding site of human DNA topoisomerase IIα prompted us to
investigate the inhibition activity on this target. Thiocarbohydrazone acted as a catalytic inhibitor and
did not intercalate the DNA molecule, which validated their engagement with this cancer target. A
comprehensive computational assessment of molecular recognition for a selected thiosemicarbazone
and thiocarbohydrazone provided useful information for further optimization of this discovered lead
compound for chemotherapeutic anticancer drug discovery.

Keywords: thiocarbohydrazones; human DNA topoisomerase IIα; catalytic inhibitors; dynophores;
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1. Introduction

Cancer is the second leading cause of death worldwide, and, according to the World
Health Organization (WHO), it was responsible for nearly 10 million deaths in 2020, or
nearly one in six deaths [1]. It comprises a diverse group of diseases that result from
abnormal cell growth and can potentially invade and metastasize to other parts of the
body. One of the hallmarks of cancer is rapid, uncontrolled cell proliferation [2,3], and the
inhibition of this process has been the focus of cancer research since its inception, resulting
in many efficient chemotherapy regimens [4].

Rapidly dividing cancer cells require the enhanced activity of a family of DNA topoi-
somerases, efficient biological nanomachines that catalyze formation of either transient
single-strand breaks (type I topoisomerases, topo I) or double-strand breaks (type II topoiso-
merases, topo II) and regulate the topological changes of the DNA molecule. An important
member of this family is the human topoisomerase IIα, an ATP-dependent enzyme [5]
that exists in α and β isoforms [6] and shares approximately 70% sequence similarity
but is differentially regulated during cell growth. Topo IIα is elevated in proliferating
cells, whereas topo IIβ is present in proliferating as well as postmitotic cells. Human topo
IIα represents a main target of the type II family for cancer therapies and is targeted by
many established anticancer drugs such as etoposide, doxorubicin, daunorubicin, and
mitoxantrone [7,8]. These compounds are classified as topoisomerase poisons because they
exert anticancer activity by stabilizing the transient covalent DNA–topo II complex, which
blocks DNA replication and transcription and promotes cell apoptosis. Although they
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are clinically highly efficient, the use of topo II poisons is limited by rapidly developing
cancer resistance and severe side effects such as the induction of secondary malignancies
and cardiotoxicity [7,9–11]. To avoid these side effects, an emerging group of catalytic topo
II inhibitors was extensively studied [12]. These compounds interfere with the catalytic
cycle of topo II without inducing DNA damage, acting through several mechanisms such
as preventing DNA cleavage, competing with ATP for the same binding site [13–15] to
prevent ATP hydrolysis, and interfering with DNA–topo II binding [16].

The design of dual-target or multitarget inhibitors is a promising approach to over-
come cancer cell resistance and the side effects of topoisomerase II inhibitors while re-
ducing the pharmacokinetic issues associated with combinatorial therapy. One of the
proposed strategies is to target proteins that are structurally related to topo II, such as
Hsp90, and kinases that have similar ATP-binding domains [17]. Alternatively, molecular
hybridization of two pharmacophores resulting in dual-binding inhibitors, such as the
daunorubicin-suberoylanilide hydroxamic acid (SAHA) hybrid that targets topo II and
histone deacetylases (HDACs), also presents itself as a viable new strategy [18].

Intracellular targets as well as the polypharmacological profiles of the newly studied
anticancer agents are often discovered retrospectively. In silico tools that analyze pharma-
cophoric similarity with drugs with known mechanisms of action are often very useful for
this task [19]. Moreover, the use of molecular dynamics (MD) simulations in combination
with pharmacophore modeling is a successful approach in the development of potent
telomerase inhibitors as anticancer drugs [20].

In the last 10 years, there has been a resurgence of interest in phenotypic drug discov-
ery (PDD) in both academic research and the pharmaceutical industry [21]. PDD screening
yields hit compounds with diverse mechanisms of action, but the further development
of optimized compounds is complicated by additional variables such as cell permeabil-
ity, potential polypharmacology, binding to transport proteins, and metabolic stability.
Although there are successful examples of hit-to-lead optimization using ligand-based
structure–activity relationships (SAR), lack of target knowledge is considered a major risk
for clinical development and regulatory approval [22].

Thiosemicarbazones (TSCs) are a well-known class of molecules with anticancer
properties. Among them, the α-(N)-heterocyclic TSCs are of particular interest due to
their ability to also chelate metal ions. These ligands bind strongly to Fe ions and inhibit
metal-dependent enzymes such as ribonucleotide reductase, which is essential for DNA
biosynthesis. The best-known example of this class of compounds is 3-aminopyridine-2-
carboxaldehyde TSC (3-AP, triapine), a ribonucleotide reductase inhibitor that was tested
in more than 30 Phase I and Phase II trials and is currently in Phase III clinical trials for
radiotherapy in combination with cisplatin [23]. The inhibitory effect of triapine on topo
II was investigated. Yalowich et. al. reported that triapine and some other TSCs did not
induce cleavage of plasmid DNA or inhibit topo IIα decatenation [24]. On the other hand,
Huang et. al. reported a series of α-(N)-heterocyclic TSC derivatives (Figure 1), such
as compound TSC24, that act as catalytic inhibitors of topo IIα and bind to the ATPase
domain where the ATP binding site is located [25].

Thiocarbohydrazones (TCHs) are higher homologs of TSCs with an additional N atom
that can act as a metal-coordinating center. Compared to TSCs, the reports on the anticancer
activity and mechanistic studies of TCHs are scarce. In a previous study, a series of mono-
and bis-TCHs displayed a polypharmacological profile of anticancer activity with strong
indications of a multitarget mechanism of action [26]. Moreover, salicylaldehyde monoth-
iocarbohydrazone was reported to act as a copper ion ionophore and an antiproliferative
agent against breast cancer and human prostate adenocarcinoma cell lines with low toxicity
to normal human keratinocytes [27]. It was reported that the addition of Cu2+ increased
the antiproliferative activity of salicylaldehyde mono-TCH. In addition, the complex of
1,5-bis(salicylidene)thiocarbohydrazide (compound 2, Figure 1) and Cu2+ formed in situ
efficiently cleaved DNA via oxidative and hydrolytic pathways, resulting in significant
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antiproliferative activity against HeLa and MCF-7 cancer cell lines [28]. However, no
studies on the activity of TCHs on topo IIα have been reported so far.

 
Figure 1. Structures of thiocarbohydrazones 1–4 investigated in this study, along with structurally
similar thiosemicarbazones (triapine) that possess anticancer properties, and TSC24, which addition-
ally inhibits the human DNA topoisomerase IIα.

Here, we report the phenotypic screening of a small series of mono- and bis-TCHs
(salicylaldehyde or 2-acetylpyridine) bearing an α-(N)-atom or an α-hydroxyl group as
metal chelating centers and radical scavenging groups (Figure 1) against acute monocytic
leukemia (THP-1), breast adenocarcinoma (MCF-7), and pancreatic adenocarcinoma (AsPC-
1) cell lines. Encouraged by the observed activity of these compounds and their similarity
to the TSC-based compound TSC24, a known catalytic topo IIα inhibitor [25], we then
investigated their topo IIα inhibitory activity. For the most promising compound (2), we
performed additional biochemical assays to further investigate its mechanism of action.
Computational study of the binding properties of the active compounds 2 and TSC24 in the
ATP binding site of topo IIα, with molecular simulations, dynamic pharmacophore models,
and MM/GBSA binding free energy calculations enabled a deeper insight into molecular
recognition and provided information for further optimization. We also performed target
fishing and molecular docking to outline other plausible targets and evaluated TCH’s
drug-like properties.

2. Results and Discussion

2.1. Phenotypic Screening of Thiocarbohydrazones on Human Cancer Cell Lines

First, we tested the proapoptotic effect of thiocarbohydrazones 1–4 on leukemia
(THP-1), breast cancer (MCF-7), and prostate adenocarcinoma (AsPC-1) cancer cell lines.
Apoptosis is the main type of cell death in THP-1 and MCF-7, whereas AsPC-1 proved to be
a highly resistant cancer stem cell, with its cell death events being exclusively necrotic [29,
30]. The obtained results shown in Table S1 demonstrate that compound 4 induced cell
death in three cell lines and suggest a higher efficacy of bis-TCH derivatives compared to
mono-TCHs.

The apoptotic response was concentration-dependent for all compounds except for
compound 2, 1,5-bis(salicylidene)thiocarbohydrazide (Figure S1), for which a non-standard
biphasic curve with two exponential phases and a middle plateau situated between 10 and
50 μM was observed (Figure S2). These changes strongly correlate with the distribution of
THP-1 cells within the phases of mitotic division (Figure 2A). The suspended increase in the
percentage of apoptotic cells detected at 10 and 50 μM of compound 2 coincides with the cell
cycle arrest at the G2 checkpoint. A burst in the incidence of cells in the advanced phases
of apoptosis at 75 μM of compound 2 was accompanied by a decreased frequency of cells
at the G2/M phase and an apparently restored G1 phase, whereas compound 2 at 100 μM
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stimulated arrest at the G1-to-S transition point. The described fluctuations in apoptotic
response and cell cycle distribution imply that the DNA repairing machinery is initiated
and operates in THP-1 cells treated with compound 2 within 10–50 μM concentration range,
which strongly indicates that compound 2 interferes with chromosomal replication. At this
point, it remains unclear whether compound 2 at concentrations greater than 50 μM affects
the THP-1 cells via the same mechanism, or if another one emerges.

Figure 2. (A) Distribution of THP-1 cells within phases of mitotic division assessed on the remaining
cells after Annexin V/PI readouts. Incidences of cells in phases G0/G1, S, and G2/M were deter-
mined according to the distribution of cells in nontreated populations. All results are expressed as
mean ± SD of two replicates from independent experiments. (B) Mitochondrial superoxide (O2

•−)
generation in nontreated and cells treated with the investigated compounds, determined after 6 h of
incubation by using MitoSOX Red staining. Results represent mean ± SD percentage of cells positive
for mitochondrial O2

•− production in three replicates from independent experiments. (C) Mean
fluorescent intensity (MFI) computed for O2

•−-positive subpopulations, expressed in arbitrary units
(AU). Results are presented as the mean ± SD of three replicates from independent experiments. The
Kruskal–Wallis test showed no statistical difference in mitochondrial O2

•− accumulation between
the analyzed samples. (D) Percentages of cells positive for activated caspase-8, caspase-9, or both
caspases acquired in nontreated samples (open bars) or in samples treated for 6 h with the investi-
gated compounds (closed bars). Bars represent the mean ± SD of three replicates from independent
experiments. Statistical evaluation was performed using an unpaired t-test with Welch’s correction
comparing treated to non-treated populations. Significant differences are marked with *, **, and ***.

Although compounds 1, 3, and 4 also arrested the THP-1 cells at the G0/G1 phase or
at the G1-to-S checkpoint, none of these changes provide an indication that DNA repair is
ongoing at any of the concentrations tested (Figure 2A). DNA replication is a very complex
process that may be interfered with in various ways [31,32]. Therefore, it was interesting
to determine whether the currently investigated compounds stimulate the production
of reactive oxygen species (ROS) that may damage DNA integrity and compromise its
replication [33]. Therefore, we assessed the impact of compounds 1–4 on the mitochondrial
superoxide anion (O2

•−) production in mitochondria, which is the cellular organelle known
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as the key source of ROS generation. The compounds display quite different pro-oxidant
activity regarding the percentage of cells positive for O2

•− (Figure 2B), but the values of
mean fluorescence intensity (MFI) in all treated samples are on the level of non-treated
controls (Figure 2C). The MFI results indicate that O2

•− does not accumulate but is most
likely rapidly neutralized by the mitochondrial superoxide dismutase [34], implying that
DNA damage by ROS is unlikely to be the reason why DNA repair machinery was launched
after the treatment of THP-1 cells with compound 2.

2.2. Similarity-Based Quest for Possible Targets: Human DNA Topoisomerase IIα

In search of the possible molecular targets that could rationalize the observations
obtained in the phenotypic screening, we came across a structurally similar thiosemicar-
bazone derivative called compound TSC24 (Figure 1). To quantify its similarity with our
series, we calculated the Tanimoto maximum common structure similarity (MCS) index for
compounds 2 and 3 with TSC24 and obtained values of 0.60 and 0.38, respectively [35,36].
This compound acted as a human topo IIα catalytic inhibitor and potentially targeted the
ATP binding site on the enzyme’s ATPase domain. To test whether the thiocarbohydra-
zones target the same enzyme, we first screened compounds 1–4 and the etoposide, a
known topoisomerase poison, at a concentration of 50 μM with HTS topo IIα relaxation
assay [37]. The assay was performed as previously described [15]. The selected screening
concentration corresponded to the concentration that induced the cell cycle arrest at the
G2 phase in THP-1 cells treated with compound 2 (Figure 2A). The percentage of topo
IIα inhibition for etoposide was in line with the literature [13], and the results (Table S2)
showed first indications that the α-hydroxyphenyl-thiocarbohydrazones (TCHs) can in-
hibit topo IIα. The most promising compound was 1,5-bis(salicylidene)thiocarbohydrazide
(compound 2) with a higher percentage of inhibition than etoposide (83% vs. 70%) at 50 μM.
This highlights that compound 2 may be a potential inhibitor of topo IIα, and it allows
speculation on the underlying cause of the arrest of THP-1 cells at the G2 checkpoint after
treatment with 50 μM of compound 2 (Figure 2A). Moreover, the activation of the intrinsic
apoptotic pathway for bis-TCH analog compound 2 suggests that the damaged cellular
homeostasis is responsible for its pro-apoptotic activity (Figure 2D) [38,39].

To study the mechanism of topo IIα inhibition in detail, additional assays are required,
as topo II operates as a complex molecular machine [40]. Thus, we focused on the most
promising thiocarbohydrazone, compound 2, from the initial HTS assay and performed a
topo IIα-mediated decatenation assay together with etoposide as a reference molecule. The
results of this assay allow direct observation of the inhibition process on the gel. Analysis of
the data obtained for etoposide showed that the first traces of decatenated kinetoplast DNA
(kDNA) appeared at 125 μM and became more intense at 31.5 μM, which is consistent with
the literature (Figure 3A). Furthermore, compound 2 inhibited the decatenation of kDNA
in a concentration-dependent manner, with 56% inhibition occurring at 50 μM (Figure 3A)
(see also Figure S3A and Table S3 for more details).

To distinguish the catalytic inhibitors from the topoisomerase poisons, we performed
a topo IIα-mediated cleavage assay. The topoisomerase II poisons act by stabilizing the
short-lived DNA-enzyme cleavage complex, which prevents the relegation of the plasmid
and leads to the accumulation of the linear, cleaved plasmid. The results shown in Figure 3B
(and in Figure S3B and Table S4) confirm that etoposide gradually increases the amount
of linear plasmid. In the case of compound 2, there was no significant increase in linear
plasmid at any concentration tested, indicating that compound 2 acts as a catalytic inhibitor
of topo IIα.

In addition, we examined the activity of compound 2 as a DNA intercalator using the
unwinding assay with mAMSA as a positive control. The results in Figures 3C and S3C
show that the intercalation of mAMSA was completed at 62.5 μM, whereas no unwind-
ing was observed even at 250 μM of compound 2 with supercoiled or relaxed substrate.
Therefore, compound 2 is not a DNA intercalator. To obtain further direct evidence of topo
IIα inhibition, we also performed a topo IIα-mediated relaxation assay on the gel. The
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results shown in Figure 3D (and in Figure S3D and Table S5) independently confirmed
the results of the decatenation assay, i.e., that compound 2 inhibits topo II-mediated DNA
topology changes in a concentration-dependent manner (e.g., 61% inhibition at 62.5 μM).
Taken together, the performed biochemical assays strongly imply that compound 2 acts as
a catalytic inhibitor of human topo IIα.

 

Figure 3. (A) Results of the human topo IIα-mediated decatenation assay. The assay was performed
for four different concentrations of compound 2 (12.5, 50, 100, and 200 μM) and for etoposide as
a positive control (3.9, 31.5, 125, and 500 μM). (B) Human topo IIα-mediated cleavage assay. The
assay was performed for four different concentrations of compound 2 (12.5, 25, 50, and 100 μM),
and etoposide was used as a positive control (12.5, 25, 50, and 100 μM). (C) Unwinding assay using
supercoiled substrate. The assay was performed for four different concentrations of compound 2

and etoposide (31.5, 62.5, 125, and 250 μM) and of the positive control intercalator mAMSA (31.5,
62.5, 125, and 250 μM). (D) Results of the topoisomerase IIα-mediated relaxation assay. The assay
was performed for four different concentrations of compound 2 (31.5, 62.5, 125, and 250 μM) and
etoposide as positive control (31.5, 62.5, 125, and 250 μM).

2.3. Thiosemicarbazide and Thiocarbohydrazone Binding to Topo IIα ATPase Domain Investigated
with Molecular Simulations

The structural resemblance between thiosemicarbazone TSC24 and thiocarbohydra-
zone 2 further implies that both compounds could target the ATP binding site located
on the topo IIα ATPase domain. Currently, there is no available crystal structure of hu-
man topoisomerase IIα in complex with a catalytic inhibitor bound to the ATP binding
site; thus, the binding mode of TSC24 was proposed with molecular docking using the
available structure of the ATPase domain of human topo IIα, as in the original study [25].
The quinoline moiety of TSC24 was placed deep in the binding pocket, forming mainly
hydrophobic interactions with Ile125, Ile141, and Phe142, as well as with Asn95 and Asn120
residues located within the adenine sub-pocket (Figure 4A). This binding mode differs
from the previously published mode [25], wherein the α-N atom of the quinoline moiety
was reported to interact with the hydroxyl group of Ser149. This placed the TSC24 ligand
in the middle of the adenine binding pocket near the sugar-binding region. This difference
in binding poses likely originates from the inclusion of a Mg2+ ion in the definition of the
active site [25]. As Mg2+ generally binds to the enzymes in a complex with ATP [41], we
omitted this ion from the active site in our docking experiments, as such a binding site
topology could be considered more realistic [13–15,40].
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Figure 4. (A) Representative binding poses of compounds 2 and TSC24 within the ATPase domain
of human topo IIα obtained via molecular docking (PDB:1ZXM); dynophore models represented as
superfeature clouds (left) and the contribution of individual amino acid residues to each interaction
(right) for compounds 2 (B) and TSC24 (C).

We also docked thiocarbohydrazone 2, and one of its phenolic moieties was positioned
within the adenine part of the ATP pocket, where it interacted with residues Asn120 and
Asn95. The hydrazide NH atoms were located near Asn91, a part of the phosphate-binding
region of the ATPase domain. Both aromatic rings of compound 2 were oriented towards
the hydrophobic pocket and comprised residues Ile125, Ile141, and Phe142 (Figure 4A).

Starting from the docking poses of ligands TSC24 and 2 in the ATP binding site, we
then performed 200 ns of unrestrained MD simulations of a fully solvated system. For
compound 2, we observed in the performed replica 1 (R1) simulation that the interactions
with residues defining the adenine subpocket (e.g., Asn120 and Asn95) as well as the
hydrophobic subpocket (Ile125, Ile141, and Phe142) were mostly conserved during the
entire trajectory. On the other hand, the thiocarbohydrazide linker and the second phenolic
group adopted two orientations in the binding site, which we labeled as CF1 and CF2
(Figure S4). To better capture the dynamics of these interactions, we performed two
additional simulations termed R2 and R3, each with a length of 200 ns that started from
the different initial structures generated by prolonging the NPT equilibration stage. The
results indicate that the CF1 and CF2 orientations were exchanged throughout the entire
trajectory. The root mean square deviations (RMSD) of the ligand 2 for three replicas of
the MD simulation ranged from 1.28 Å for R1 to 1.75 Å for R3 (Figure S5A and Table S6).
The bound conformation of the ligand TSC24 displayed less conformational variation
within the ATP binding site during the simulations. Lower average RMSD values of the
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ligand, between 0.92 Å for the first simulation (R1) and 0.95 Å for the second replica
(R2), suggested general conformational confinement to the docking mode (Figure S5B and
Table S7). Because the TSC24 binding conformation was strongly preserved and stable in
both replicas R1 and R2, we did not perform a third simulation.

To complement the geometric analysis of the binding modes of thiocarbohydra-
zone 2 and the compound TSC24, we also calculated the dynamical pharmacophores
(dynophores) [42] for all performed simulations. With this approach, one can more effec-
tively investigate the hydrophobic interactions as well as H-bonds between the ligand and
the binding site. The dynophore models for the R2 simulation of compound 2 and R2 of
TSC24 are shown in Figure 4B,C. The remaining models and their corresponding anima-
tions can be found in the Supplementary Information (Figures S6–S8 and Videos S1–S5).

Dynophores pinpointed the favorable hydrophobic interactions between the first
phenolic moiety of compound 2 and residues Ile125, Ile217, Ile88, Phe142, Thr215, and
Ala92, which contribute to the stability within the ATP binding site. Furthermore, the
hydrogen bonds of the phenolic OH of compound 2 with Asn91, Asn95, Arg98, and
particularly Asn120 were conserved during the MD trajectories, providing the additional
stabilization of the ligand in the binding pocket. The conformational mobility of the
thiocarbohydrazide linker and the second phenolic group of compound 2 observed in
the simulation, oscillating between the orientations CF1 and CF2, resulted in a scattered
pattern of pharmacophore super-features around the amino acids responsible for sugar
and phosphate binding of the ATP molecule. More precisely, the thiocarbohydrazide linker
established hydrogen bond donor (HBD) interactions with Asn91, Ser149, Asn150, and
Arg162 in approximately 30% of the simulation time. The hydrogen bond acceptor (HBA)
interactions of the thioketo sulfur atom with Arg98 and Ile125 were observed in 11% of the
simulation time. The second phenolic group, located in the outer part of the binding site,
was bound to Ser148, Ser149 and Asn150 via HBA interactions. This part of the molecule
was also stabilized by hydrophobic interactions with Ile141, Phe142, and Ala167 (Figure 4B).
Conformational analysis of the second replica of the MD simulation (Supplementary
Video S2) shows that ligand 2 preferred the bent conformation (CF1). The driving forces
for this conformational change of the ligand to its linear conformation CF2 appear to be
interactions with residues of the ATP-sugar binding region as well as the ATP-binding loop,
i.e., residues Ser148, Ser149, Asn150, Arg162, Asn163, Gly164, and Ala167.

Compared to a larger conformational space that bound compound 2 exhibits during
the simulations, the ligand TSC24 remains predominantly in a single conformation. The
quinoline moiety of the ligand is located in the adenine binding pocket of the binding site
and forms hydrophobic interactions with Ile88, Ala92, Ile118, Thr215, and Ile217 and HBA
interactions with Asn95 and Arg98. Two interactions that stabilize compound 2 within the
adenine subpocket were not found for quinoline ring of TSC24; hydrogen bond interaction
with Asn120 and hydrophobic interactions with the hydrophobic pocket comprised Ile125,
Ile141, and Phe142. Two methyl groups of the thiosemicarbazone moiety established stable
hydrophobic interactions with this pocket and with Ala167. This ligand was additionally
stabilized by HBD interactions with the main chain of Ile141 and HBA bonds with Arg98,
Ser148, and Ser149 (Figure 4C).

Overall, the bound conformation of TSC24 exhibited a more conformationally re-
stricted and stable pattern of interactions than compound 2, where determined interactions
were more dispersed. Decatenation and relaxation experiments demonstrated that at
the 25 μM concentration of TSC24, topo IIα was completely inhibited [25], and it thus
exhibited better inhibition properties than compound 2. The obtained simulation data
imply that optimization of the flexible thiocarbohydrazide linker of this lead compound
by either structure rigidification and/or more efficient exploitation of the interactions
revealed from the dynophore models could pave the way to more potent and selective topo
IIα-acting compounds.

To complement the geometry-based information with energetic data, we performed
Molecular Mechanics/Generalized Born Surface Area (MM/GBSA) free energy calculations.
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This approach does not consider explicit water molecules that might be involved in hydro-
gen bonding between the protein and the ligand. Instead, the explicit solvent is removed
and replaced with an implicit continuum solvent to significantly speed up computation
time. Interestingly, this calculation suggested that compound 2 binds more strongly to
the ATPase domain compared to TSC24 (ΔG = −34.92 ± 6.14 vs. −29.71 ± 3.78 kcal/mol,
respectively (Figure S9)). Although the average binding affinity of compound 2 was higher
overall for topo IIα, it was also associated with a significantly higher standard deviation
of ΔG compared with conformationally restrained TSC24, consistent with the more stable
binding position observed for TSC24.

To evaluate the importance of the observed interactions, we analyzed the energy
contributions of the individual residues that were shown by the dynophore models to
stabilize the ligands in a particular conformation (Table 1). The results show that the
hydrogen bond interactions with Asn91, Asn95, and Asn120 contributed most strongly
to the stability of a phenolic moiety of compound 2 bound in the adenine binding pocket.
Hydrophobic interactions with Ile125, Ile141, Phe142 also stabilized compound 2 in CF1
and CF2. The main differences between the two stable conformations CF1 and CF2 are
the smaller contribution of Phe142 in the linear conformation CF2 as the second phenol
ring shifts away, weaker interactions of CF2 with the adenine-binding part, and stronger
interactions with residues Arg98, Asn163, and Gly164 of the ATP-binding loop.

Table 1. The results of MM/GBSA binding free energy analysis for the selected timeframes in which
ligands 2 and TSC24 adopted a particular conformation. All residues with binding free energy
contributions above 0.5 kcal/mol are listed and ordered by descending contributions.

Replica,
Timeframe

Conformation
Main Amino Acid Residues

(Total Energy Decomposition ΔG
in kcal/mol)

C
om

po
un

d
2 R1, 40–60 ns CF1, bent

Asn95 (−3.21), Asn91 (−2.97), Asn120
(−1.79), Phe142 (−1.43), Ile141 (−1.29), Ile 217

(−0.96), Thr215 (−0.92), Gly166 (−0.85),
Ala167 (−0.85), Ile125 (−0.84)

R1, 100–120 ns CF2, linear

Asn91 (−1.85), Asn95 (−1.79), Ile141 (−1.78),
Ile125 (−1.65), Asn120 (−1.47), Ile217 (−0.90),

Arg98 (−0.83), Asn163 (−0.83), Phe142
(−0.79), Gly164 (−0.72), Thr215 (−0.67)

T
S

C
2

4

40–60 ns restrained

Ile141 (−2.17), Phe142 (−1.82), Asn91 (−1.06),
Ala92 (−0.94), Ile125 (−0.94), Ser148 (−0.86),

Thr215 (−0.85), Ile217 (−0.84), Gly164
(−0.78), Ile88 (−0.77)

160–180 ns restrained

Ala92 (−1.86), Ile217 (−1.79), Ile125 (−1.49),
Gly164 (−1.09), Phe142 (−0.99), Ile141

(−0.98), Thr215 (−0.92), Asn91 (−0.80), Ile88
(−0.68), Asn120 (−0.67)

The reference ligand TSC24 forms hydrophobic interactions with Ala92, Ile217, Ile125,
Ile141, and Phe142 of the adenine binding region (Table 1). MM/GBSA analysis of the two
selected 20 ns timeframes of the trajectory revealed that Asn95 and Arg98 are not important
for molecular recognition between TSC24 and the topo IIα catalytic domain in contrast
to the dynophore analysis (Figure 4). The interactions of the aliphatic part of TSC24 with
Ser148 and Gly164 of the phosphate binding part of the ATPase binding site were also
suggested to be important for the stability of the protein/ligand complex by analyzing the
MM/GBSA calculations.

The conformational behavior of the ATPase domain of topo IIα with both bound
compounds was also investigated. The average RMSD of the protein backbone for the
topo IIα-TSC24 complex was between 1.66 and 1.70 Å, whereas for the three replicas of

124



Pharmaceuticals 2023, 16, 341

topo IIα with bound compound 2, the averages were 2.01, 2.15, and 2.49 Å (as shown in
Tables S6 and S7). The temporal RMSD plots show that complexes reached equilibrium
after about 20–30 ns of simulation. To further pinpoint the main source of flexibility, we
performed root-mean-square fluctuation (RMSF) calculations [43], where the most profound
fluctuations were associated with the movement of residues in the transducer domain of
topo IIα, comprising residues 265–405 (Figure 5A), which is similar to observations in our
previous studies [5]. The protein flexibility induced by the binding of the two catalytic
inhibitors is similar, and two conformations of compound 2 revealed by MD (Figure S4) did
not influence protein flexibility considerably (Table S6 ). The adenine and sugar-binding
moiety of the ATP binding site were essentially unchanged during the simulations, whereas
some structural fluctuations were observed in the ATP binding loop and the hydrophobic
pocket above the ATP binding site.

 
Figure 5. Flexibility of the ATPase domain of human topo IIα, depicted as a B-factor representation
colored by RMSF values (top) and also shown as RMSF graphs s (middle) for complexes with
compound 2 (A) and TSC24 (B). The bottom panel shows pairs of residues of topo IIα ATPase
domain displaying anticorrelation movements (correlation coefficients between −0.4 and −0.6) (left),
topo IIα complex with compound 2, and (right) topo IIα complex with compound TSC24.

The calculated cross-correlation matrices of the protein residues revealed significant
anticorrelation movements of the ATP binding site residues located on the GHKL domain
and the residues of the transducer domain. These pairs of residues in complex with bound
TSC24 displayed more pronounced and focused anticorrelations around the ATP binding
site compared to complexes with compound 2 (Figure 5), which is in line with its superior
topo IIα inhibition [25]. The binding of both compounds results in enhanced and focused
movement compared to the apo structure of topo IIα we simulated in our previous study,
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which showed considerably more randomly distributed anticorrelation movements [44].
This indicated that the ligands can mimic some of the interactions of the native ATP ligand,
which was also able to enhance the focused movement compared to the apo structure [44].

2.4. In Silico Target Fishing of Thiocarbohydrazones and Assessment of Drug-Likeness

Phenotypic screening (Figures 2A and S2) indicated that the cytotoxic activity of
compound 2 is probably associated with the activity on multiple targets. In this study, we
evaluated that compound 2 is a catalytic inhibitor of human DNA topoisomerase IIα. To
gain further insights and deconvolute the results of the phenotypic screening, we searched
for additional potential macromolecular targets using the PharmMapper web server [45].
This program analyzes the pharmacophoric similarity between the multiple conformations
of the input structure and several thousand pharmacophore models mapping the active
sites of different protein targets. The results indicated that glutathione S-transferase P,
carbonic anhydrase 12, and cell division protein kinase 2 were the three best-matched
proteins associated with cancer (Table S8).

Next, we docked compound 2 into the active site of these three proteins, relaxed the
obtained complexes using a short MD simulation to remove steric hindrances, and rescored
binding poses using the ChemPLP, PLP, and PLP95 scoring functions [46]. The docking
scores highlighted cell division protein kinase 2 (CDPK2) as a promising target (Table S9).
The binding mode of compound 2 in the active site of CDPK2 shows that two phenolic
moieties establish a rich pattern of hydrophobic, HBD, and HBA interactions within the
binding pocket (Figure S10). These data provide a starting point for future studies to further
evaluate the mode of action of these compounds.

According to the Biopharmaceutics Classification System (BCS) and the estimated
ADMET properties (Table S10), compound 2 belongs to Class I, i.e., compounds with high
permeability and high solubility. It follows Lipinski’s rule of five [47] and shows promising
bioavailability; thus, it is likely to be well absorbed upon oral administration. Moreover,
compound 2 has low blood–brain barrier (BBB) permeability and is not a substrate for
P-glycoprotein. In terms of potential toxicity, compound 2 is predicted as non-hepatotoxic
but could inhibit the hERG II ion channel. In addition, the hydrazone phenol moiety of com-
pound 2 is recognized as a potential pan-assay interference structure (PAINS), which urges
caution in further development. Nevertheless, some drugs used in the clinic such as the
anticancer agent mitoguazone, the antibiotic agent nifuroxazide and the antihypertensive
agent dihydralazine possess a hydrazone moiety [48]. Compound 2 thus possesses lead-like
properties; however, future modifications should aim to reduce potential cardiotoxicity
and carefully validate the PAINS potential or, preferably, eliminate it completely.

3. Materials and Methods

3.1. Chemistry

The synthesis, characterization, and isomerism of thiocarbohydrazones 1–4 were
reported in our previous paper [49].

3.2. Biology
3.2.1. Cell Culture and Preparation of Solutions

Human acute monocytic leukemia cell line (THP-1, ATCC® TIB-202) was maintained
in RPMI-1640 (Life Technologies, Paisley, UK, Cat. No. 11875-093), supplemented with
10% (v/v) heat inactivated fetal bovine serum (FBS, Life Technologies, Paisley, UK, Cat No
10270-106) and 1% (v/v) penicillin-streptomycin (10,000 units/mL and 10,000 μg/mL, Life
Technologies, Paisley, UK, Cat No 15140-122). Cells were kept at 37 ◦C in a humidified
atmosphere containing 5% (v/v) CO2 during their exponential growing phase and during
incubation with investigated compounds.

Investigated compounds 1–4 were dissolved in DMSO to the stock concentration of
20 mM. Further dilutions to the experimental concentrations applied on the cells were
done with RPMI-1640 or DMEM media immediately before each experiment; thus, the
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final concentration of DMSO on cells treated with the highest applied concentration of an
investigated compound was 0.5% (v/v).

3.2.2. Annexin V and Propidium Iodide Staining

Cells were seeded in 96 flat-bottom well plates (Corning® Costar®, Cat. No. CLS3596)
in a volume of 0.1 mL at a density of 10,000 per well. Investigated compounds 1–4 were
added in a range of six concentrations 24 h after cell seeding. As controls, non-treated
cells, cells treated with 0.5% DMSO, and cells treated with Celastrol (Enzo Life Sciences,
Lausen, Switzerland, Cat. No. ALX-350-332-M025) at 50 μM concentration were used.
After 24 h of treatment, Annexin V-FITC (Immuno Tools, Friesoythe, Germany, Cat No
31490013) and propidium iodide (PI, Miltenyl Biotec Inc., Auburn, AB, USA, Cat No 130-
093-233) were added to wells in a volume of 3 μL each. Plates were analyzed after 30 min
of incubation in the dark with a Guava® easyCyte 12HT Benchtop flow microcapillary
cytometer (Millipore, Merck, Darmstadt, Germany) using the dedicated InCyteTM 3.1
software package. Cells were classified according to Annexin V-FITC (green fluorescence)
and PI (red fluorescence) labeling on viable cells (double negative), pre-apoptotic cells
(Annexin V-FITC single-stained cells), necrotic cells (PI single-stained cells), and cells in
advanced phases of apoptosis (double-stained cells).

3.2.3. Concentration–Response Curve Plotting

Percentages of Annexin V single-stained and double-stained cells were summarized
for each concentration of investigated compound and plotted against corresponding con-
centrations. Concentration–response curves were drawn using the sigmoidal asymmetric
five-parameter logistic equation, or the biphasic model, for the hill-shaped curve in Graph-
Pad Prism 6 software (GraphPad Software, Inc., Boston, MA, United States).

3.2.4. Cell Cycle Analysis

The distribution of cells within phases of mitotic division was evaluated on the
remaining cells after Annexin V/PI analysis, which, right after the readout was finished,
were fixed in ethanol overnight at 4 ◦C. Before reading, plates were centrifuged on 450× g
for 10 min, ethanol was discarded, and PBS was added in a volume of 100 μL per well.
Cells were stained with 50 μL of FxCycleTM PI/RNAse Staining solution (Molecular Probes,
Eugene, OR, United States; Thermo Fisher Scientific, Waltham, MA, United States, Cat. No.
F10797) and incubated at 37 ◦C for 30 min in the dark. Plates were analyzed with a Guava®

easyCyte 12HT Benchtop flow microcapillary cytometer using the dedicated InCyteTM 3.1
software package.

3.2.5. Caspase-8 and Caspase-9 Activities

Cells were treated with investigated compounds at 50 μM concentration for 6 h;
afterwards, the activity of caspase-8 and caspase-9 were assayed by means of Guava
Caspase 9 SR and Caspase 8 FAM kits (EMD Millipore, Merck, Darmstadt, Germany, Cat.
No. 4500-0640) by following the manufacturer’s instructions. Cells were analyzed with
a Guava® easyCyte 12HT Benchtop flow microcapillary cytometer using the dedicated
InCyteTM 3.1 software package. Acquired data cells were discriminated according to their
expression of caspase-8 (Grn-B fluorescence) and caspase-9 (Yel-B fluorescence).

3.2.6. Generation of Radical Oxygen Species in Mitochondria

Cells were treated over 6 h with investigated compounds in a concentration of 50 μM;
afterwards, they were stained with MitoSox Red (Molecular Probes, Cat. No. M36008)
according to the manufacturer’s recommendations. Analysis was performed with a Guava®

easyCyte 12HT Benchtop flow microcapillary cytometer using the dedicated InCyteTM 3.1
software package. The generation of O2

•− was evaluated by means of two parameters:
percentage of O2

•−-generating cells, and mean fluorescence intensity (MFI) expressed in
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arbitrary units (AU). The MFI was computed for the O2
•−-positive subpopulation, and it

indicated the average quantity of O2
•− per cell.

3.2.7. Human DNA Topoisomerase IIα-Mediated Decatenation Assay

This topo IIα assay, along with additional assays described in Section 2.2, were per-
formed in collaboration with Inspiralis (Norwich, UK). One U of topo II was incubated with
200 ng kDNA in a 30 μL reaction at 37 ◦C for 30 min under the following conditions: 50 mM
Tris HCl (pH 7.5), 125 mM NaCl, 10 mM MgCl2, 5 mM DTT, 0.5 mM EDTA, 0.1 mg/mL
bovine serum albumin (BSA), and 1 mM ATP. The reaction was then stopped by the addi-
tion of 30 μL chloroform/isoamyl alcohol (26:1) and 30 μL Stop Dye (40% sucrose (w/v),
100 mM Tris. HCl (pH 7.5), 10 mM EDTA, 0.5 μg/mL bromophenol blue) before being
loaded on a 1% TAE gel run at 85 V for 90 min.

Bands were visualized via ethidium bromide staining for 15 min and destained for
10 min. Gels were scanned using documentation equipment (GeneGenius, Syngene, Cam-
bridge, UK), and inhibition levels were calculated from the band data obtained with the
gel scanning software (GeneTools, Syngene, Cambridge, UK). Assays were performed
for active compound 2 at concentrations of 12.5, 50, 100, and 200 μM and for etoposide
standard at concentrations of 3.9, 31.5, 125, and 500 μM.

3.2.8. Human DNA Topoisomerase IIα-Mediated Relaxation Assay

The activity of the enzyme was determined prior to the testing of the compounds, and
1 U was defined as the amount of enzyme required to fully relax the substrate. Compound
2 was tested at 31.25 μM, 62.5 μM, 125 μM, and 250 μM, and these volumes were added to
the reaction before the addition of the enzyme. Final DMSO concentration in the assays
was 1% (v/v). One U of human topo IIα was incubated with 500 ng supercoiled pBR322
in a 30 μL reaction at 37 ◦C for 30 min under the following conditions: 50 mM Tris HCl
(pH 7.5), 125 mM NaCl, 10 mM MgCl2, 5 mM DTT, 0.5 mM EDTA, 0.1 mg/mL bovine
serum albumin (BSA), and 1 mM ATP. Each reaction was stopped by the addition of
30 μL chloroform/isoamyl alcohol (24:1) and 30 μL Stop Dye before being loaded on a
1.0% TAE gel run at 90 V for 90 min. Bands were visualized via ethidium staining for
10 min, destained for 10 min in water, analyzed by using gel documentation equipment
(Syngene, Cambridge, UK), and quantified using Syngene Gene Tools software. Raw gel
data (fluorescent band volumes) collected from Syngene, GeneTools gel analysis software
were calculated as a percentage of the 100% control (the fully supercoiled DNA band) and
converted to percent inhibition.

3.2.9. Human DNA Topoisomerase IIα Cleavage Assay

The activity of the human topoisomerase IIα was determined prior to testing of the
compounds, and 1 unit (U) was defined as the amount of enzyme required to reach the
maximum cleavage of the substrate. The final DMSO concentration in all reactions was
1% (v/v). The compound was serially diluted in 100% DMSO and added to the reaction
before the addition of the enzyme. The control compound for all assays was etoposide. One
U of the human topo IIα was incubated with 0.5 μg supercoiled plasmid DNA (pBR322)
in a 30 μL reaction at 37 ◦C for 30 min under the following conditions: 20 mM Tris HCl
(pH 7.5), 200 mM NaCl, 0.25 mM EDTA, and 5% glycerol. The reaction was then incubated
for a further 30 min with 0.2% SDS and 0.5 μg/μL proteinase K. The reaction was then
stopped by the addition of 30 μL chloroform/isoamyl alcohol (26:1) and 30 μL Stop Dye
(40% sucrose (w/v), 100 mM Tris HCl (pH 7.5), 10 mM EDTA, 0.5 μg/mL bromophenol
blue) before being loaded on a 1% TAE gel run at 80 V for 2 h. Assays were performed
for compound 2 at concentrations of 12.5, 25, 50, and 100 μM and for etoposide (control)
at concentrations of 12.5, 25, 50 and 100 μM. Bands were visualized as scanned and as
described in the decatenation assay.
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3.2.10. Wheatgerm Topo I Unwinding ASSAY

A volume of 1 U of wheatgerm topo I was incubated with 0.5 μg supercoiled or
relaxed plasmid DNA (pBR322) in a 30 μL reaction at 37 ◦C for 30 min under the following
conditions: 50 mM Tris HCl (pH 7.9), 50 mM NaCl, 1.0 mM EDTA, 1.0 mM DTT, and
20% glycerol. Each reaction was stopped, and the compounds were removed, prior to the
running of the gels by the addition of 50 μL butanol and 30 μL of water. The samples were
vortexed, and the aqueous layer was removed before the addition of 30 μL chloroform/iso-
amyl alcohol (24:1) and 30 μL Stop Dye. These were then loaded on a 1.0% TAE gel run
at 90 V for 2 h. Bands were visualized via ethidium bromide staining for 15 min and
destaining for 10 min. Gels were scanned using documentation equipment (GeneGenius,
Syngene, Cambridge, UK). The assay was performed at four different concentrations of
compound 2 (31.5, 62.5, 125, and 250 μM) and of the positive control, intercalator mAMSA
(31.5, 62.5, 125, and 250 μM).

3.3. Molecular Modeling
3.3.1. Molecular Docking Calculations

The generated conformations of compounds 2 and TSC24 were optimized with a
MMFF94 force field [50], with the obtained conformations additionally optimized by using
the semiempirical PM7 method [51] implemented in MOPAC2016 [52]. This approach
generated structures with precise bond lengths and optimal conformational properties
to provide a good starting geometry for the molecular docking. The active site of one
protomer of human topo IIα ATPase domain (PDB code:1ZXM [53]) was defined as all
residues up to 10 Å away from the co-crystallized ligand AMP-PNP. The ligand, water, and
metal ions were removed, and the hydrogen atoms were added to resemble the protonation
state of the protein at pH 7.4 as predicted by PROPKA [54]. The .pdbqt files of compound
2, TSC24, and the receptor were prepared in Vega ZZ 3.2.0 [55,56]. AutoDockVina 1.1 [57]
was used for docking. Exhaustiveness was set to 100, and 20 binding poses were stored.
All other settings were kept at default values.

3.3.2. Molecular Dynamics Simulations

The best docking poses of compounds 2 and TSC24 were taken as starting points
for the protein–ligand complexes used for molecular dynamics simulations. We first
determined the force field parameters for both ligands. The molecular geometry and
electronic structure of compounds 2 and TSC24 were first optimized at the Hartree–Fock
level using the 6–31 G* basis set. The partial charges of the ligands were obtained by
performing a Merz–Kollman population analysis. Quantum mechanical calculations were
carried out in Gaussian 16, revision C.01 [58]. The RESP charges were then fitted using the
Antechamber module of Amber18 [59]. The bond distances, bond angles, and dihedrals
of the ligands were obtained from the optimized geometries using Antechamber. The
force field parameters of the ligands were represented in the General Amber Force Field of
second generation (gaff2). The partial atomic charges of the ligands 2 and TSC24 and their
atom types are provided in the Supplementary Materials, Tables S11 and S12. The monomer
of human topo IIα ATPase domain (chain A, residues 39–345 and 350–405) comprised the
simulated protein molecule.

Both complexes were solvated using a cubic box of TIP3P-type water molecules [60]
with at least 10 Å distance between the edges of the box and the protein. Three chloride
ions were added to neutralize the system, and the final system consisted of approximately
137,000 atoms. The Amber14SB force field was used to describe the protein [61], and
gaff2 was used for the ligand atoms [62]. The energies of the solvated protein–ligand
complexes were minimized by applying 10,000 steps of steepest descent minimization
followed by 20,000 steps of conjugate gradient minimization. Next, we performed four
NVT equilibration runs in which the system was gradually heated to 300 K using the
Langevin thermostat. In each run, 10,000 steps with a time step of 2 fs were applied by
gradually releasing the applied constraints on the protein from 100 kcal mol−1 Å−2 (first
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run) over 60 kcal mol−1 Å−2 (second) and 30 kcal mol−1 Å−2 (third run) to the fourth run,
which had no restraints. Afterward, one run of 200 ps NPT equilibration with 2 fs time
step was performed, applying 20 kcal mol−1 Å−2 force constants on the protein. The final
run of NPT equilibration was done without applying any constraints. The pressure was
maintained at 1 bar using the Berendsen thermostat [63].

The initial configurations of the three replicas of the MD simulation of the topo IIα-2
complex were generated by varying the equilibration time of unconstrained NPT equilibra-
tion to 0.2, 0.6, and 1.0 ns. For the topo IIα-TSC24 complex, 0.6 ns and 1.0 ns of the final NPT
equilibration were taken for generating input structures of two replicas. The simulations
were performed by applying periodic boundary conditions, with long-range electrostatics
treated using the Particle Mesh Evald method [64] with the cut-off value of 10 Å. The
lengths of all bonds involving hydrogen atoms were constrained using the SHAKE algo-
rithm to achieve the time step of 2 fs [65]. Each of five MD replicas was 0.2 μs long with the
production simulations done in the Amber18 pmemd.cuda program [66]. Molecular simu-
lations were performed using the computational resources of the Azman high-performance
computing (HPC) center at the National Institute of Chemistry in Slovenia.

3.3.3. Analysis of the MD Trajectories

Molecular trajectories obtained during the production stage of the MD simulations
were analyzed by determining the root-mean-square deviations (RMSD) of the protein
backbone Cα and the ligand, which were calculated in the VMD software where the
trajectories were also visualized [67]. The root-mean-square fluctuation (RMSF) values of
the protein were calculated using the Cpptraj module of Amber 18 [59]. The initial structure
of the protein–ligand complex was used as a reference frame for the RMSD and RMSF
calculations. Dynamic pharmacophores were calculated using DynophoreApp software
and using 400 equidistant frames for each simulated system [42].

The cross-correlation maps determining the extents of the pairwise residual corre-
lations were calculated with the Bio3D package [68] and using its dccm function, which
derived the covariation matrices and calculated the Pearson’s correlation coefficients (Cij)
on the Cα atom pairs, i and j. The anticorrelated movements of pairs of residues were
visualized in PyMOL [69].

The binding free energy calculations of the protein–ligand complexes were performed
using the Molecular Mechanics/Generalized Born Surface Area (MM/GBSA) method
implemented in Amber Tools 20 [70,71]. Calculations were performed on 400 equidistant
frames using the Generalized Born IGB method 5 and 0.15 M salt concentration. More-
over, we performed per-residue decomposition analysis to evaluate the contributions of
individual amino acid residues to overall binding.

3.3.4. Pharmacophore Similarity Search and ADME-Tox Predictions

The PharmMapper web server was used for the identification of other potential
molecular targets for active compound 2 [45]. All protein targets from the v2010 database
(7302 items) were matched against the database of pharmacophores generated for 300 con-
formers of compound 2 and ranked according to normalized Fit scores and Z-scores. The
ADME-Tox properties of compound 2 were predicted using the Swiss-ADME [72] and
pkCSM [73] online tools. The SMILES string of the compound was used as input.

4. Conclusions

Phenotypic screening of a small series of mono- and bis-substituted thiocarbohydra-
zones against three cancer cell lines revealed that 1,5-bis(salicylidene)thiocarbohydrazide 2

induces the apoptosis and activates the DNA repair machinery via an ROS-independent
pathway. Structurally related thiosemicarbazones are known catalytic topo IIα inhibitors,
and compound 2 exhibited a similar catalytic inhibition of action and did not act as a DNA
intercalator. The molecular simulations of complexes of compounds 2 and TSC24 with
the ATPase domain of topo IIα, which were followed by dynamic pharmacophore and
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MM/GBSA analyses, revealed differences in the interaction patterns and conformational
stability of the two ligands. Thiocarbohydrazide 2 was more flexible in the targeted ATP
binding site compared with TSC24. Furthermore, the model of molecular recognition
suggested that rigidifying the structure and optimizing the interactions with the sugar-
and phosphate-binding portions of the topo IIα ATP site could result in more potent and
selective derivatives.

Human DNA topoisomerase IIα is a validated anticancer drug target, but rapidly
evolving cancer resistance and severe side effects associated with the use of topoisomerase
poisons such as etoposide and doxorubicin limit its applicability. The design and devel-
opment of catalytic topo IIα inhibitors is a promising approach to overcome these issues.
This study highlights 1,5-bis(salicylidene)thiocarbohydrazide as a potential novel lead
compound with cytotoxic and topo II inhibition properties useful for chemotherapeutic
anticancer drug discovery.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ph16030341/s1, Table S1: Anticancer activity of thiocarbohydra-
zones 1–4; Figure S1: Types of cell death in THP-1 cells treated with investigated compounds, deter-
mined by means of Annexin V/PI dual staining assay after 24 h incubation; Figure S2: Concentration-
response curve for compound 2 on THP-1 cells after 24 h treatment; Table S2: The results of HTS
human topo IIα relaxation assay; Figure S3: The results of second run of human topo IIα decatenation
assay, human topo IIα cleavage assay, unwinding assay, and topoisomerase IIα relaxation assay;
Table S3: Results of decatenation assay (in duplicate) for thiocarbohydrazone 2 and etoposide at
different concentrations represented as the % of the decatenated kDNA; Table S4: Percentage of
linear DNA, determined in cleavage assay (in duplicate) for etoposide and thiocarbohydrazone
2 at four concentrations; Table S5: Results of relaxation assay (in duplicate) for thiocarbohydra-
zone 2 and etoposide at different concentrations represented as the % of topo IIα inhibition; Figure
S4: Two conformations of compound 2 observed in three replicas of MD simulations; Figure S5:
RMSD of the ligand heavy atoms for each replica of MD simulation of 2 (A) and TSC24 (B) bound
within the ATPase domain of human topo IIα; Table S6: Average RMSD of the ligand 2 and topo
IIα protein for the three replicas of MD simulation; Table S7: Average RMSD of the TSC24 lig-
and and topo IIα protein for two replicas of MD simulation; Figure S6: Dynophore model for
the first replica (R1) of MD simulation of the ligand 2 in complex with ATPase domain of human
topoisomerase IIα; Figure S7: Dynophore model for the third replica (R3) of MD simulation of
the ligand 2 in complex with ATPase domain of human topoisomerase IIα; Figure S8: Dynophore
model for the first replica (R1) of MD simulation of the ligand TSC24 in complex with ATPase
domain of human topoisomerase IIα; Figure S9: The MM/GBSA binding free energy (ΔG) for the
binding of compounds 2 and TSC24 to topo IIα; Table S8: Cancer-related drug target candidates
for thiocarbohydrazone 2 identified through PharmMapper search; Table S9: ChemPLP, PLP, and
PLP95 docking scores of the minimized complexes of compound 2 and the best three protein targets
identified via pharmacophore similarity search; Figure S10: Binding mode and ligand interaction
diagram for the binding of compound 2 to cell division protein kinase 2; Table S10: The pharma-
cokinetics and drug-likeness of compound 2 predicted using pkCSM and SwissADME; Table S11:
The partial atomic charges of the ligand 2; Table S12: The partial atomic charges of the ligand
TSC24; Video S1: Dynophores_R1_compound2; Video S2: Dynophores_R2_compound2; Video S3:
Dynophores_R3_compound2; Video S4: TSC24_R1_Dynophores; Video S5: TSC24_R2_Dynophores.
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44. Janežič, M.; Valjavec, K.; Loboda, K.B.; Herlah, B.; Ogris, I.; Kozorog, M.; Podobnik, M.; Grdadolnik, S.G.; Wolber, G.; Perdih, A.
Dynophore-Based Approach in Virtual Screening: A Case of Human DNA Topoisomerase IIα. Int. J. Mol. Sci. 2021, 22, 13474.
[CrossRef] [PubMed]

45. Liu, X.; Ouyang, S.; Yu, B.; Liu, Y.; Huang, K.; Gong, J.; Zheng, S.; Li, Z.; Li, H.; Jiang, H. PharmMapper Server: A Web Server
for Potential Drug Target Identification Using Pharmacophore Mapping Approach. Nucleic Acids Res. 2010, 38, W609–W614.
[CrossRef]

46. Korb, O.; Stützle, T.; Exner, T.E. Empirical Scoring Functions for Advanced Protein−Ligand Docking with PLANTS. J. Chem. Inf.
Model. 2009, 49, 84–96. [CrossRef]

47. Lipinski, C.A.; Lombardo, F.; Dominy, B.W.; Feeney, P.J. Experimental and Computational Approaches to Estimate Solubility and
Permeability in Drug Discovery and Development Settings. Adv. Drug Deliv. Rev. 1997, 23, 3–25. [CrossRef]

133



Pharmaceuticals 2023, 16, 341

48. Amine Khodja, I.; Boulebd, H. Synthesis, Biological Evaluation, Theoretical Investigations, Docking Study and ADME Parameters
of Some 1,4-Bisphenylhydrazone Derivatives as Potent Antioxidant Agents and Acetylcholinesterase Inhibitors. Mol. Divers.
2021, 25, 279–290. [CrossRef]
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Abstract: Background: Sulfonamide acridine derivatives have garnered significant attention from
medicinal chemists due to their diverse range of biological activities. Methods: In this study, eleven
compounds were synthesized according to the literature, and their impact on cell growth inhibition,
induction of apoptosis, and cell cycle distribution were assessed in three different cell lines. Their
inhibitory effects on the topoisomerase (Topo) I and II were investigated in vitro. Molecular docking
studies were conducted to predict the binding affinities of these compounds for crystallized down-
loaded topoisomerases. Results: The compounds were examined in vitro for their anticancer activity
against human hepatic (HepG2) colon (HCT-8) and breast (MCF-7) carcinoma cell lines. Compound
8b was the most active against HepG2, HCT-116, and MCF-7 with IC50 14.51, 9.39, and 8.83 μM,
respectively, compared to Doxorubicin as reference. In addition, it demonstrated the highest potency
among the tested compounds against Topo-I, with an IC50 value of 3.41 μg/mL compared to the
control camptothecin (IC50 of 1.46 μM). Compound 7c displayed a significant inhibitory effect on
Topo-II, with an IC50 of 7.33 μM, compared to an IC50 value of 6.49 μM via Doxorubicin, the control.
Compounds 7c and 8b were assessed against topoisomerases showing induction of apoptosis and
a reduction in the S phase of the cell cycle. Molecular docking demonstrated interaction with the
active site as with those exhibited by the co-crystallized ligands of the crystallized proteins in both
topoisomerases. Conclusion: Compounds 7c and 8b hold promise as potential anticancer drugs
due to their anti-proliferative and proapoptotic effects, which are mediated by their action on the
topoisomerase enzyme, particularly Topo II.

Keywords: acridines; cytotoxicity; topoisomerase; molecular docking

1. Introduction

Topoisomerases are a crucial group of enzymes that play a vital role in various DNA-
related processes, such as replication and transcription. They intricately regulate DNA
structure, enabling the smooth unwinding, separation, and rejoining of strands throughout
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cellular processes [1]. These enzymes cleave and reconnect the DNA strands by form-
ing a covalent bond with the DNA phosphorus group. Topoisomerases are categorized
into two groups according to their mechanism of action: topoisomerases I (Topo I) and
topoisomerases II (Topo-II), which are then subdivided into five subfamilies [2]. Topo-I
generate temporary single-stranded DNA nicks, whereas (Topo IIα and Topo IIβ) induce
temporary double-stranded DNA breaks. Cancer chemotherapy targets nuclear Topo I and
Topo II, while therapeutic procedures include Top inhibitors [3–5]. The use of cytostatic
drugs, which inhibit enzyme activity, lead to the irreversible breakage of DNA strands
(via the formation of a stable DNA-topoisomerase complex), which leads to cell death.
The heightened level of topoisomerase activity observed in several types of cancer has
generated significant interest in the use of topoisomerase inhibitors [6]. Over the past
decade, a wide variety of bioactive compounds have been produced and subjected to
biological evaluation by various scientists, with the specific aim of targeting topoisomerase.
These molecules can be classified into nine categories based on their structural features, and
compounds that include N-heterocycles are one of these categories. Acridine derivatives
are a class of heterocyclic compounds that are currently being extensively studied for their
potential as anticancer drugs. Acridine derivatives, including Amsacrine (Figure 1), are
part of an extensively researched group of anticancer medicines that mainly function by
interfering with DNA synthesis and inhibiting or poisoning Topo- II [2,7–14]. The acridine
ring is responsible for intercalating into DNA, whereas the non-interactive head group
offers selectivity for the DNA–Topo cleavage complex and enhances its activity. In 1984,
acridines (specifically Amsacrine) were discovered as topoisomerase II inhibitors. Since
then, numerous derivatives of acridine with various substituents on the acridine chro-
mophore have been extensively investigated as topoisomerase inhibitors [15]. Also, during
the early 1980s, cytotoxic alkaloid camptothecin (CPT) was identified as a topoisomerase I
inhibitor [16].

 

Acridine Amsacrine 

Figure 1. Structure of acridine-based Amsacrine (m-AMSA 8).

The academic literature has recorded the successful use of the hybrid pharmacophore
concept, which involves combining heterocycles with established active groups such as
sulfonamides, in the development of pharmaceutical drugs. Furthermore, the hybrid of
thiourea and sulfonamide compounds has garnered significant interest because of their
diverse range of biological effects, such as their ability to inhibit the growth of cancer cells,
viruses, bacteria, parasites, and fungi [17–22]. Furthermore, the goal is to reduce drug
resistance development in hybrid compounds while improving their effectiveness [23].
The combination of two bioactive chemicals via hybridization typically leads to increased
activity as a result of the synergistic effects. The presence of a significant number of
intramolecular hydrogen bonds between the thiourea group and the receptor pocket
contributes to the enhancement of drug bioactivities [24]. In our previous study, we
aimed to discover new acridine derivatives that have strong anticancer properties but
cause minimal side effects. To achieve this, we synthesized and evaluated several acridine
analogs with sulfonamide and thioureide side chains at the C-9 position. These analogs
were prepared using nucleophilic aromatic substitution (SNAr) to replace the chlorine
atom in 9-chloroacridine with either 4,4’-diaminodiphenylmethane or phenylenediamine.
To make thiourea and acridine sulfonamide analogs, the 9-amino derivatives were mixed
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with phenyl isothiocyanate or aryl–sulfonyl chlorides. By incorporating basic side chains
with para-phenylenediamine into the acridine structure at the C-9 position, we observed a
significant increase in the anticancer activity of these compounds in vitro against human
HepG2, colon (HCT-116), and breast (MCF-7) carcinoma cells [25]. Accordingly, this
study aimed to evaluate both in silico and in vitro the inhibitory effects of the synthesized
acridine analogs hybrids on both topoisomerase I and topoisomerase II, along with their
antiproliferative activity on hepatocellular carcinoma cell lines.

2. Results

2.1. The Antiproliferative Activity Against HepG2, MCF7, and HCT Cell Lines

As reported in our previous study the antiproliferative activity of synthesized com-
pounds were assessed on three cancerous cell lines, HepG2, MCF7, and HCT, using an
MTT assay. Following 48 h exposure to varying concentrations of each compound, growth
inhibitory curves were employed to determine the IC50 for each compound. These IC50
values were then compared to those of Doxorubicin (DOX), a known agent with powerful
anti-proliferative and cytotoxic effects on these cell lines [25]. The resulting IC50 values
for the tested compounds are tabulated below; Table 1 indicates that compounds 5b, 8b,
6b, and 8a exhibited significant anticancer activity against all three cancer cell lines. It is
worth noting that 5b and 8b are the most active against HepG2, HCT-116, and MCF-7 with
IC50 8.30, 8.93, 5.88 and 14.51, 9.39, 8.83 μM, respectively, when compared to reference drug
DOX used in the same assay. Dose responsive curves of antiproliferative activity for the
synthesized acridine derivatives are illustrated in Figure S1.

Table 1. In vitro cytotoxicity of the tested hybrids against three cancer cell lines.

Compounds
IC50 (μM)

HepG-2 HCT-116 MCF-7

5b 8.30 ± 0.7 8.93 ± 0.8 5.88 ± 0.4

6a 36.71 ± 3.5 47.21 ± 3.9 40.93 ± 3.8

6b 17.98 ± 1.7 13.07 ± 1.2 16.47 ± 1.5

7a 62.32 ± 4.4 72.16 ± 4.7 88.36 ± 5.1

7b 93.60 ± 5.3 88.53 ± 4.8 73.81 ± 4.5

7c 31.07 ± 3.1 40.61 ± 3.7 29.08 ± 2.7

7d 45.49 ± 3.9 57.96 ± 4.3 33.65 ± 3.3

7e 55.35 ± 4.2 66.67 ± 4.5 50.76 ± 4.0

8a 20.63 ± 1.8 15.18 ± 1.6 10.54 ± 1.0

8b 14.51 ± 1.4 9.39 ± 0.9 8.83 ± 0.9

8c 22.38 ± 2.0 35.69 ± 3.4 25.47 ± 2.4

8d 23.13 ± 2.2 29.85 ± 2.8 19.69 ± 1.7

DOX 4.50 ± 0.2 5.23 ± 0.3 4.17 ± 0.2

2.2. Enzyme Inhibitory Assay

Based on the above-mentioned results and aiming to explore the specific inhibitory
activity of the synthesized compounds, they were assessed for their potential inhibitory
effect on both Topo-I and Topo-II isomerase enzymes. Subsequently, these compounds were
employed to evaluate their capacity to inhibit topoisomerase activity at the established
IC50, using supercoiled DNA as a substrate. The resulting DNA products were separated
via 1% gel electrophoresis and stained with ethidium bromide. As shown in Table 2, in
comparison to the control (camptothecin), which displayed an IC50 of 1.46 μM, compounds
6b, 8b, and 7d exhibited IC50 values of 4.17, 3.41, and 7.67 μM, respectively, effectively
reducing Topo-I activity. Similarly, compounds 7a and 7c displayed IC50 values of 8.07 and
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7.33 μM, respectively, in the Topo-II assay, effectively reducing Topo-II activity, however,
the reference Doxorubicin, demonstrated an IC50 value of 6.49 (Figure S2a,b).

Table 2. Potential inhibitory effect of compounds (6a–8d) on both Topo I and Topo II activities
reflected by their IC50 μM.

Compound Topo-I (IC50) μM Topo-II (IC50) μM

6a 27.6 ± 1.5 101 ± 5.51

6b 4.17 ± 0.23 24.5 ± 1.34

7a 18.4 ± 1 8.07 ± 0.44

7b 82.5 ± 4.49 234 ± 12.7

7c 16.6 ± 0.9 7.33 ± 0.4

7d 7.67 ± 0.42 21.6 ± 1.18

7e 42.2 ± 2.29 38.7 ± 2.1

8a 15 ± 0.81 10.9 ± 0.59

8b 3.41 ± 0.19 16.2 ± 0.88

8c 21.4 ± 1.17 22 ± 1.2

8d 11.9 ± 0.65 32.7 ± 1.78

Cisplatin 5.71 ± 0.31 11.3 ± 0.62

Doxorubicin 3.36± 0.18 6.49 ± 0.35

Camptothecin 1.64 ± 0.09 -

2.3. Cell Cycle Analysis in HepG2 Cells

Compounds 8b and 7c were evaluated on the hepatocellular carcinoma cell line
(HepG2). Compound 8b exhibited significant topoisomerase I inhibitory activity with
an IC50 of 3.41, while compound 7c displayed remarkable topoisomerase II inhibitory
activity with an IC50 of 7.33. These compounds were selected for further investigation to
assess their impact on apoptosis and cell cycle arrest. As tabulated below in Table 3, the
percentage of the cells in the S phase decreased from 46.39% to 39.15% when exposed to
compound 8b. Additionally, compound 7c induced a slight reduction in the cell population
in the G0–G1 phase, from 47.02% to 42.61%, and in the S phase, from 46.39% to 29.27%.
This outcome suggests that compound 7c led to cell cycle arrest in the S phase. These
results exhibit a significant resemblance to the effects of the well-established anticancer
drug SAHA, highlighting the substantial efficacy of the synthesized compounds.

Table 3. Cell cycle analysis revealing DNA content percentage by control, compound 7c and com-
pound 8b.

Code G0–G1 %S %G2/M %Pre-G1

7c/HepG2 42.61 29.27 28.12 19.61

8b/HepG2 51.19 39.15 9.66 26.95

SAHA/HepG2 47.02 46.39 6.59 34.12

cont. HepG2 44.06 35.11 20.83 1.84

2.4. Flow Cytometry for Compounds 8b and 7c in HepG2 Cells

An Annexin V-FITC assay was utilized to detect apoptosis in HepG2 cells. The cells
were exposed to compounds 8b (3.4 μM) and 7c (7.3 μM) for 24 h, with untreated cells
and cells treated with SAHA serving as negative and positive controls, respectively. After
staining with propidium iodide (PI) and Annexin V-FITC, cell apoptosis was assessed via
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flow cytometry. The percentages of cells in the early and late apoptotic stages, as well as
those undergoing necrosis, were presented in Figure 2.

   -ve control   +ve control 

Comp,7c Comp,8b 

Figure 2. Impact of compounds 7c and 8b on apoptosis in HepG2 cells. HepG2 cells were treated
with compounds 7c and 8b at the indicated concentrations for 72 h. Cells were collected, treated with
Annexin V-FITC and PI, and subjected to flow cytometry as described in the text. Percentages of early
and late apoptotic cells are indicated in the lower right and upper right corners, respectively.

Compound 7c exhibited a 19.6% population of apoptotic cells (comprising 1.6% in the
early stage and 12% in the late stage), along with 5.9% in the necrotic stage. In contrast,
compound 8b demonstrated 26.9% of the apoptotic cells (consisting of 3.5% in the early
stage and 19.6% in the late stage), with 3.1% in the necrotic stage. Compound 7c induced
apoptosis to the extent of 55% and necrosis to 88% of the levels observed with SAHA, while
compound 8b induced apoptosis to the extent of 79% and necrosis to 46% of that of SAHA.

2.5. Selectivity Index

The higher the selectivity index of a compound to cells, the more selective the com-
pounds are to killing or inhibiting the growth of a cancer cell compared to normal cells.
Compounds with high SI values offer the potential for safer and more effective therapy in
cancer therapy [26].

Accordingly, in an attempt to explore the selectivity of the prepared acridine-based
derivatives to cancer cells over normal cells, both compounds were assessed for their
cytotoxicity against normal cell line (THLE-2) in order to calculate the SI. Both compounds
7c and 8b exhibited relative cellular cytotoxicity against normal cell line THLE-2 with IC50
of 104 and 55.5 μM, respectively, which is better than that caused by the control anticancer
drug SAHA (IC50 = 33.6 μM), as shown in Table 4.
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Table 4. In vitro cytotoxicity of compounds 7c and 8b against THLE-2 cell line.

Compound IC50 μM

7c 104 ± 5.86

8b 55.5 ± 3.13

SAHA 33.6 ± 1.89

Then, the selectivity index was calculated, and the results are tabulated below, in
Table 5. Based on the test results, compound 7c was found to be more selective for HePG2
and MCF-7 cells with SI > 3 than for HCT-116 cells. Meanwhile, compound 8b was found
to be selective for all the three tested cancer cells HePG2, HCT-116, and MCF-7 with SI > 3.
These findings show that the synthetic compounds have the ability to target cancer cells
specifically, while causing the least amount of damage to healthy cells, which is a desirable
effect in chemotherapeutic treatments.

Table 5. Selectivity index of compounds 7c and 8b on HePG2, HCT-116, and MCF-7 cell lines.

Compound
HePG2 HCT-116 MCF-7 THLE-2

IC50 μM SI IC50 μM SI IC50 μM SI IC50 μM

7c 31.07 ± 3.1 3.35 40.61 ± 3.7 2.56 29.08 ± 2.7 3.57 104 ± 5.86

8b 14.51 ± 1.4 3.82 9.39 ± 0.9 5.91 8.83 ± 0.9 6.28 55.5 ± 3.13

2.6. Molecular Docking

Two proteins were downloaded from the protein data bank with pdb ID: 1K4T and
5GWK for topoisomerases-I and II, respectively. Regarding topoisomerase-I (pdb ID: 1K4T),
the co-crystalized ligand downloaded with topoisomerase I—“2-(1-dimethylaminomethyl-
2-hydroxy-8-hydroxymethyl-9-oxo-9,11-dihydro-indolizino [1,2-b]quinolin-7-yl)-2-hydroxy-
butyric acid”, referred to as “TGG”—defined the residues in the binding pockets [27]
Asp-533, Asn-722, Lys-532,Phe-361,Gly-363, and Arg-364, as shown in Figure 3. TGG was
stabilized by stacking interaction with the DNA in addition to a hydrogen bond with Asp-
533 and Asn-722. Residues Asp-533, Asn-722, Lys-532, and Arg-364 contributed to direct
interaction with the drug. Phe-361, Arg-362, and Gly-363 were not essentially important to
interact with the drug directly but were stabilizing the intercalation-binding pocket. Re-
docking of the co-crystallized ligand was performed for validation and the recorded RMSD
value was 0.94 Å. Analyzing the resulting data upon docking compounds 6a–8d revealed
similar interactions to those reported by TTG, where the main amino acids involved in most
of the interactions were Lys-374, Lys-532, Arg-364, Asp-533, Arg-362, and Asn-722. The
binding affinities were −8.145 to −6.274 kcal/mol with perfect fitting inside the binding
site, as shown in Table 6. The acridine–sulfonamide derivative 8b recorded the least IC50
value against topoisomerase I (3.41 ± 0.19)μM. Analyzing the recorded scores, compound
8b demonstrated a binding energy of −6.739 kcal/mol and the amino acids residues in-
volved in interaction with the receptor pocket were the main residues required for direct
interaction with the co-crystallized ligand including Lys-532, Asp-533, and Arg-364, in
addition to Phe-361, which is important for stabilizing the intercalation binding pocket, as
seen in Figure 4. There was also hydrogen bonding at the DNA binding region at TGP11
and DG12, in addition to another hydrophobic one with DG12. The docked compounds
showed high affinities; the various interactions with the mentioned main residues were
consistent with the recorded low IC50 value.

Regarding topoisomerase-IIα (pdb ID: 5GWK), the redocking of the co-crystallized
ligand was performed at the ligand binding site and showed a RMSD of 1.71 Å. Upon
docking the synthesized compounds at the defined ligand site, the proposed binding
mode of the substituted tricyclic planar structure of the docked acridines showed affinity
values ranging from −7.508 to −5.285 kcal/mol. Analyzing the docking results of the best
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inhibitor 7c, which recorded the lowest IC50 score 7.33 ± 0.4 μM against topoisomerase II,
it can be seen that it has occupied the same pocket as the co-crystallized ligand, as shown
in Figure 5, forming four interactions with the pocket residues, two of which were with the
terminal sulfonamide moiety, which showed hydrogen bond interaction with Arg-804 and
DC11, while the planar aromatic system of substituted acridine showed hydrophobic π-π
stacked and π-π T-shaped stacked interactions with DA12 and DG 13, respectively, at the
DNA hinge region, as seen in Figure 5. The docking results including residues involved in
the interactions as well as the types of bonding are tabulated in Table 6.

Table 6. Docking results for compounds 6a–8d at the downloaded proteins topoisomerase I and II.

Compound Energy (kcal/mol)
Amino Acids

(Ligand Interaction Type)
Energy (kcal/mol)

Aminoacids
(Ligand Interaction Type)

6a −7.90

Lys-374 (H-bond acceptor)
Lys-532 (H-bond acceptor)

Arg-364 (pi-cation)
Arg-364 (pi-cation)

−6.45
His-759 (H-bond acceptor)

Lys-489 (pi-alkyl) DA 12 (pi-pi)
DA 12 (pi-pi)

6b −6.52 Arg-364 (H-bond acceptor)
TGP 11 (pi-pi) −5.99

DG 13 (H-bond donor)
DC 11 (pi-alkyl)

DA 12 (pi-pi)

7a −7.21

Asp-533 (H-bond donor)
Arg-364 (H-bond acceptor)
Arg-364 (H-bond acceptor)
Arg-364 (H-bond acceptor)

−6.43 Met-766 (H-bond donor)
DA 12 (pi-pi)

7b −6.76 Thr-718 (H-bond donor)
Lys-532 (H-bond acceptor) −6.46 Met-766 (H-bond donor) DA

12 (H-pi)

7c −8.14 Lys-532 (H-bond acceptor)
Arg-364 (pi-cation) −6.51

DC11 (H-bond acceptor)
Arg-804(H-bond acceptor)

DG12 (pi-pi stacked)
DG 13 (pi-pi)

7d −7.84
Asn-722 (H-bond acceptor)
Lys-425 (pi-alkyl) Lys-425

(pi-alkyl)
−6.96

DC 14 (H-bond donor)
Glu-461(H-bond donor) DC 14

(H-bond acceptor)

7e −8.15
Arg-362 (pi-alkyl)
Lys-425 (pi-alkyl)

DG12 (H-bond acceptor)
−7.37 -

8a −6.27 Asn-722 (H-bond acceptor) −5.75
Met-766 (H-bond donor)

Met-765 (H-bond donor) DA
12 (pi-pi)

8b −6.74

Lys-532 (H-bond acceptor)
Arg-364 (pi-cation)

TGP 11 (H-bond acceptor)
DG 12 (H-bond acceptor)
DG 12 (pi-alkyl) Asp-533

(pi-anion)
Phe-361 (pi-alkyl)

−5.29

Asp-463 (H-bond acceptor)
Ser-464 (H-bond acceptor) DA

12 (pi-pi)
DA 12 (pi-pi)

8c −6.88 Arg-364 (H-bond acceptor) −6.78
DA 12 (H-bond donor) DA 12

(pi-alkyl)

8d −7.49 Lys-532 (H-bond acceptor)
TGP11 (pi-alkyl) −7.51

Met-762 (H-bond donor) DG
13 (H-bond donor)

DC 11 (H-bond acceptor) DA
12 (H-bond acceptor)
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Figure 3. Site view of the co-crystallized ligand (represented as pink sticks) of Topo-I showing the
most important active site residues, which define the receptor pocket.

Figure 4. The acridine derivative 8b docked in Topo-I ligand site (2D and 3D) showing the hydrogen
bonds in a green dashed line, the hydrophobic interactions in a purple dashed line, and the pi-ion
bonds in an orange dashed line.

 
Figure 5. The co-crystallized ligand of the downloaded protein pdb ID; a 5GWK (in blue sticks)-
defining receptor pocket and 7c (in purple sticks) interacting with the pocket residues where hydrogen
bonds are represented by a green dashed line and hydrophobic interactions are represented by a pink
dashed line.
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3. Materials and Methods

3.1. Chemistry

Compounds from 4, 5a, and 5b were the starting materials for preparing compounds
from 6a to 8d. The derivatives of acridine 6a–8d were synthesized as reported in the
literature, Scheme 1 [25]. (Compounds 6a–8d are illustrated individually in Figure S3 and
their data analysis results are illustrated in Figures S4–S16).

Scheme 1. Synthesis of acridine amalogues: (a) Appropriate amine, H2N-X-NH2, EtOH, Er3N,
Reflux (below 80 ◦C), 2.5–7 h. (b) Chiloroform, Ph-N=C=S, stirring at room temperature, (2–8 day).
(c) ArSO2Cl, DMF, Et3N, (rt. or reflux).

3.2. Antiproliferative Activity Assays

The antiproliferative activity of the following compounds, 6a, 6b, 7a–7e, 8a–8d, was
assessed using an MTT assay. This study evaluated the cytotoxic effects of these compounds
in human hepatic (HepG2), colon (HCT-116), and breast (MCF-7) carcinoma cell lines, as
previously reported [25].

Moreover, the most promising compounds (8b and 7c) were evaluated against normal
transformed Human Liver Epithelial-2 Cell Line THLE-2, which was procured from the
American Type Culture Collection. These cells were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) from Invitrogen/Life Technologies, supplemented with 10% Hyclone
fetal bovine serum, 10% insulin (10 g/mL Sigma), and 1% penicillin and streptomycin.
For experimental purposes, the cells were seeded in 96-well tissue culture plates at an
approximate density of 5 × 103 cells per well and were allowed to incubate overnight. The
following day, the culture medium was replaced with fresh medium containing varying
concentrations of the synthesized compounds to be tested for their toxicity. After 48 h of
exposure, the medium was removed, and the cells were washed twice with phosphate-
buffered saline (PBS). A new medium containing MTT solution was added, and the cells
were further incubated for 4 h. The cellular viability and toxicity in response to each
compound were determined using ELISA microplate reader- Bioline by measuring the
absorbance at a wavelength of 450 nm.
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3.3. Enzyme Inhibitory Assays

The compounds displaying cytotoxic activities underwent further examination for
their potential as topoisomerase I and topoisomerase II inhibitors. To evaluate the catalytic
activity of Topo-I, supercoiled DNA served as the substrate. Commercial samples of Topo I
and supercoiled DNA were provided by TG1018-1A, Inc., TopoGEN, Inc. (Columbus, OH,
USA). For the Topo-II assay, a Topo II drug kit, TopoGEN, TG1009, was obtained from the
same source, with doxorubicin used as the reference drug.

3.3.1. Topoisomerase I Inhibitory Assay

Camptothecin and the tested compounds were mixed with Topo-I DNA complex and
incubated at 37 ◦C for 30 min. A subsequent increase in temperature to 65 ◦C for 30 min
rendered the enzyme inactive. To visualize the cleavage products after incubation, we used
1% agarose gel electrophoresis to separate the samples.

3.3.2. Topoisomerase II Inhibitory Assay

To assess the Topo-II activity, a typical enzyme reaction was set up using human
Topo-II, supercoiled pHot1 DNA as the substrate, the test drug, and the assay buffer. After
incubation at 37 ◦C for 30 min, the mixture underwent a chemical reaction. The reaction
was halted by introducing a solution containing 10% sodium dodecyl sulfate and proteinase
K and incubating it at 37 ◦C for 15 min. Following that, the DNA was stained and ran on a
1% agarose gel for one to two hours using a Bio-Rad gel electrophoresis apparatus. Both
supercoiled and linear DNA strands were included in the gel to serve as indicators for
DNA-Topo-II intercalation.

3.4. Cell Cycle Analysis

Approximately 1 × 105 HepG2 cells were seeded into each well of a six-well plate
and incubated for 24 h. Following incubation, the cells were treated with compounds 8b

and 7c as specified for an additional 24 h. Subsequently, the cells were harvested, fixed
in 70% ethanol, and incubated for 12 h at 4 ◦C. After fixation, the cells were centrifuged,
and the cell pellets were washed and resuspended in 0.5 mL of cold phosphate-buffered
saline (PBS). The cells were then stained with 5 μg/mL of propidium iodide (PI; Sigma,
Panama City, Panama), and the DNA content was determined using a BD FACSCalibur
flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA). Data analysis was performed
using CellQuest software, and 10,000 events were analyzed for each sample.

3.5. Apoptosis Assay

An Annexin V-FITC assay was employed to detect apoptosis in the HepG2 cells. In
a six-well plate, approximately 2 × 105 cells were incubated with compounds 8b and 7c

for 24 h. Following incubation, the cells were harvested, washed twice with cold PBS, and
resuspended in 500 μL of Annexin V-FITC binding buffer (10 μM HEPES, 140 μM NaCl,
and 2.5 μM CaCl2 at pH 7.4) and incubated for 15 min at room temperature. Subsequently,
the cells were stained with 5 μL of Annexin V-FITC and incubated in the dark at 4 ◦C for
30 min, followed by the addition of 5 μL of propidium iodide (PI). Cell apoptosis was
detected using a FACSCalibur flow cytometer (Becton-Dickinson, Franklin Lakes, NJ, USA).
Data analysis was carried out using CellQuest software, and 10,000 events were analyzed
for each sample. The Annexin V assay classified the cells as follows: viable cells were
both Annexin V-FITC and PI negative. The cells in early apoptosis were Annexin V-FITC
positive and PI negative, whereas the cells in late apoptosis were positive for both Annexin
V and PI. The necrotic and dead cells were negative for Annexin V-FITC and positive for PI.
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3.6. Selectivity Index Analysis

The selectivity index (SI) was obtained from the IC50 value of the compound against
normal cells divided by the IC50 value of the cancer cells [28,29]. Accordingly, each SI value
was calculated using the formula given below:

SI = IC50 for normal cells/IC50 for cancer cells.

Compounds were classified as high selectivity if the SI value was >3 and less selective
if the SI value was <3 [30].

3.7. Molecular Docking

Molecular modeling studies were performed where two proteins were retrieved for
docking from the protein data bank; one was the crystal structure topoisomerase-I along
with its co-crystallized ligand (PDB ID:1K4T), while the other was topoisomerase2α protein
with its co-crystallized ligand, which was downloaded with (PDB ID: 5GWK). Every
compound structure was sketched as a 2D structure in a chem-sketch then converted to
3D using open babel and saved in sdf formate, which can be opened in UCSF-chimera
1.17.3 and Discovery Studio. Ligand and protein were then prepared using UCSF-chimera
by adding hydrogen and assigning Gasteiger charges, then energy minimization. Grid
box was generated using Auto-grid allocated at the macromolecule center. The grid box
was then resized to cover the whole protein. Docking was performed using AutoDock
vina. The results were saved as pdbqt and then visualized using Biovia Discovery Studio
v21.1.0.20298 [31].

4. Conclusions

This work describes the synthesis of three novel series of acridine–sulfonamide hy-
brids, 6a–b, 7a–e and 8a–8d. An MTT assay was performed against three cancer cell lines
where compound 8b recorded the best results with IC50S values 14.51 ± 1.4, 9.39 ± 0.9, and
8.83 ± 0.9 μM against HepG2, HCT-116, and MCF-7 cell lines, respectively. The compounds’
capacity to inhibit topoisomerase activity was established using supercoiled DNA as a
substrate where 8b exhibited the best IC50 score of 3.41 μM against Topo-I, and 7c displayed
remarkable Topo-II inhibitory activity with an IC50 of 7.33 μM. Upon investigating their
impact on apoptosis and cell cycle arrest, compound 8b dropped the proportion of cells in
the S phase from 46.39% to 39.15%. Furthermore, compound 7c caused a minor decrease in
the cell population in the S phase (from 46.39% to 29.27%), and in the G0–G1 phase (from
47.02% to 42.61%). Compound 7c induced apoptosis to the extent of 55% and necrosis
to 88% of the levels observed with SAHA as +ve control, while compound 8b induced
apoptosis to the extent of 79% and necrosis to 46% of that of SAHA. Furthermore, com-
pounds 8b and 7c were evaluated on a THLE2 normal cell line using SAHA as a reference,
where they exhibited cellular cytotoxicity with IC50 of 104 and 55.5 μM, respectively, in
comparison to the control drug SAHA IC50 = 33.6 μM. In an attempt to explore the selec-
tivity of the tested derivatives to cancer cells, the selectivity index was calculated for both
compounds 7c and 8b which revealed that both the compounds demonstrated SI > 3 except
for 7c and HCT-116 cells; however, compound 8b was more selective than 7c for HepG2,
HCT-116, and MCF-7. These findings show that the synthetic compounds have the ability
to specifically target cancer cells while causing less damage to healthy cells. Molecular
modeling studies revealed that some amino acids residues involved in the interaction of
the tested compounds 8b and 7c with the receptor pocket were the main residues required
for interaction with the co-crystallized ligand as well. Overall, compounds 7c and 8b can
be considered as promising candidates for further anticancer drug development.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ph17111487/s1, Figure S1: dose responsive curve of anticancer
activity for acridine; Figure S2a: inhibition power of the synthesized compounds and the control on
topo I-DNA cleavage complex formation; Figure S2b: inhibition power of the synthesized compounds
and the control on topo II -DNA cleavage complex formation. Figure S3: chemical structures of the
synthesized compounds; Figures S4–S16: data analysis results for the synthesized compounds.
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Abstract: In the presented study, eight novel Meldrum’s acid derivatives containing various vanillic
groups were synthesized. Vanillidene Meldrum’s acid compounds were tested against different
cancer cell lines and microbes. Out of nine, three showed very good biological activity against E. coli,
and HeLa and A549 cell lines. It is shown that the O-alkyl substituted derivatives possessed better
antimicrobial and anticancer activities in comparison with the O-acyl ones. The decyl substituted
molecule (3i) has the highest activity against E. coli (MIC = 12.4 μM) and cancer cell lines (HeLa,
A549, and LS174 = 15.7, 21.8, and 30.5 μM, respectively). The selectivity index of 3i is 4.8 (HeLa). The
molecular docking study indicates that compound 3i showed good binding affinity to DNA, E. coli
Gyrase B, and topoisomerase II beta. The covalent docking showed that 3i was a Michael acceptor for
the nucleophiles Lys and Ser. The best Eb was noted for the topoisomerase II beta-LYS482-3i cluster.

Keywords: Meldrum’s acid; vanillin; antimicrobial activity; anticancer activity; gyrase B;
topoisomerase II

1. Introduction

Meldrum’s acid presents a compound that has an active methylene group, which was
discovered by Meldrum [1]. Therefore, Meldrum proposed the wrong chemical structure.
Four decades later, the structure of Meldrum’s acid was solved by Davidson [2]. Its
carbonyl function easily can be attacked predominately by oxygen or nitrogen nucleophiles.
The C5 position is involved in electrophilic substitution. At high-temperature regimes,
Meldrum’s acid and its derivatives could suffer from a fragmentation process that leads to
reactive ketene formation [3]. Although it was discovered more than a century ago, its use
continues to attract the attention of synthetic chemists. Electrophilicity, dienophilicity, and
its relatively low acidity (pKa = 4.9) make Meldrum’s acid attractive and quite useful for
a wide number of synthetic manipulations such as heterocycles synthesis, Friedel-Crafts
acylation, total synthesis, alkylidene and asymmetric synthesis, domino reactions, and

Pharmaceuticals 2023, 16, 281 https://www.mdpi.com/journal/pharmaceuticals148



Pharmaceuticals 2023, 16, 281

catalytic additions [4,5]. Furthermore, Meldrum’s acid represents an essential molecule in
the synthesis of natural products and analogues [6].

Meldrum’s acid derivatives have a wide spectrum of biological activities such as
antibacterial, antifungal, anticancer properties that make them attractive from the pharma-
ceutical point of view [7]. The good antimalarial activity of vanillidene Meldrum’s acid that
was comparable with chloroquine was noted against P. falciparum [8]. Some vanillidene
Meldrum’s acid showed a high antimicrobial effect against B. subtilis and B. cereus [9].
Bisarylidene Meldrum’s acid possesses significant activity against S. aureus, B. cereus, E. coli,
and P. aeruginosa species [10]. Promising antibiotic potential together with fluoroquinolones
for the selected Meldrum’s acid arylamino methylene group was achieved. In this commu-
nication, authors proved this group’s good applicability to fight with reverse resistance in
the future [11]. 5-Arilidene derivatives have been published as a promising generation of
novel platelet aggregation inhibitors [12]. The importance of aryilidene Meldrum’s acid
derivatives were applied as key intermediates in synthesis of various molecules such as
epoxide [13], carboxylic acid [14], oxopyridines [15], aldehydes [16], and monoalkyl deriva-
tives [17]. In addition, the presence of an α,β-unsaturated carbonyl function is important
in the treatment of various diseases [18,19].

Dual-active drugs are a concept noted as an imperative in future drug design. Namely,
a good perspective is found in the development of novel drugs that can have double
biological behavior (anticancer–antiviral, –antimicrobial, etc.) that have the possibility to
cure two different diseases [20–24]. To date, there is no evidence about the potential dual
activity of Meldrum’s acid derivatives. Our continual attention on the development of dual-
active drugs prompted us to make a novel set of vanillidene Meldrum’s acid derivatives.
Going forward, antimicrobial and cytotoxicity evaluation were investigated.

2. Results

Our initial idea was to synthesize a set of benzylidene Meldrum’s acid derivatives
starting from different vanillic aldehydes that have long-chain fragments. The first reaction
was tested with 5′-nitrovanilline (2a) and Meldrum’s acid (1). Applying similar catalytic
conditions such as those described in our published paper [9], we isolated product 3a

(79%). In the presence of the complex salt (PhNH3)2CuCl4 as the catalyst in a concentration
of 1 mg/mL (0.85 mol%), the reaction was very fast (5 min). Therefore, PTSA (p-toluene
sulfonic acid) as catalyst (5 and 10 mol%) produced 3a in lower yield (62%) during 12 h.
The same experimental conditions were tested in reactions 2b and 2f with 1. In both cases
PTSA gave lower yield in comparison with (PhNH3)2CuCl4. In some cases, yields were
significantly lower. For example, employing PTSA the yield of 3f was 51%, and 75% when
(PhNH3)2CuCl4 was loaded. The results prompted us to apply (PhNH3)2CuCl4 (1 mg/mL)
as the catalyst in reaction 1 and various O-acyl or -alkyl vanillic aldehydes.

Applying the catalytic system, good to excellent yields (54–92%) of vanillidene Mel-
drum’s acid derivatives were obtained (Scheme 1). Almost all products were isolated very
easily by filtration. However, there were some problems during the workup of compound
3e. The increased number of oxygen atoms in the side chain made 3e very soluble in
ethanol. The reaction mixture was evaporated, and upon the addition of the DCM product
3e was precipitated, filtered, and washed with the DCM. Acyl groups (propionyl, cyclo-
propanecarbonyl, and p-metoxybenzoyl) as structural motifs in 3b–d (61–69%) negatively
affected the yield in comparison with long-chain alkyl groups in 3f–i (75–92%).

Proton and carbon NMR spectra of 3a–i samples (cca. 40 mg/mL) were carried out
in CDCl3 or DMSO-d6 (Figures S1–S18). In every sample, the methyliden proton was the
best measure of condensation efficiency. It can be found at approximately 8.35 ppm in
proton NMR. In the 1H NMR spectrum of 3a (Figure S1), 1.74 (s), 3.92 (s), 8.14 (s), 8.33
(s), and 8.54 (s) ppm are assigned to 2,2-dimethyl, methoxy, aromatic, and methyliden
protons, respectively. The phenolic proton in 3a is invisible in its NMR, which is presumably
caused by the strong electron-withdrawing effect of the nitro group attached to the ortho
position. The specific carbon peak located at 155 ppm (Figure S2) was assigned to phenolic
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carbon, fragment C-OH. Moreover, in all samples, the high-intensity peak at 1.7–1.8 ppm is
assigned to the 2,2-dimethyl backbone of Meldrum’s acid fragment. As compared to all
carbon NMR, the 13C NMR spectrum of 3b–d (Figures S4, S6 and S8) showed new peaks at
around 171 ppm that originated from the acyl carbonyl function.

Scheme 1. General outline of the synthesis of benzylidene Meldrum’s acid 3a–i.

The strong and broad FT-IR peak at around 3204 cm−1 is assigned as an overlapped
peak of phenolic OH and methyliden function. The band at 2949 cm−1 is related to C-H
stretching of a chemically non-equivalent double bond functional within 3a. Two strong
bands at 1751 and 1703 cm−1 denote the vibration of a carbonyl group from Meldrum’s
acid skeleton.

Vanillidene Meldrum’s acid derivatives 3a–i were subjected to biological evaluation.
For these experiments, we treated various microbes (Escherichia coli, Bacillus subtilis, Staphy-
lococcus aureus, and Bacillus cereus) and cancer cell lines (HeLa, K562, A549, LS174, and
PaCa-2). Selectivity was checked towards normal human fibroblast (MRC-5). Streptomycin
and cis-platinum (cis-DDP) were chosen as reference standards. The data presented in
Tables 1 and 2 are average antimicrobial and anticancer activities of 3a–i delivered after
three independent experiments.

Table 1. Antimicrobial activity of 3a–i. MIC values are presented in μM.

E. coli B. subtilis S. aureus B. cereus

3a 115.3 - - -
3b 89.5 175.3 210.5 174.2
3c 85.1 180.5 205.8 171.5
3d 74.8 169.1 199.6 168.4
3e 38.1 133.1 145.1 80.5
3f 37.5 48.3 73.9 42.3
3g 36.1 45.2 60.4 37.5
3h 14.7 31.5 54.2 64.8
3i 12.4 29.5 50.9 41.5
streptomycin 0.010 0.003 0.005 0.003

Table 2. Cytotoxicity of 3a–i (MTT in μM).

HeLa K562 A549 LS174 PaCa-2 MRC-5

3a 126.1 ± 1.45 151.2 ± 3.47 >200 >200 >200 >200
3b 101.7 ± 2.14 74.5 ± 1.73 41.2 ± 1.74 104.7 ± 4.62 152.7 ± 4.29 >200
3c 84.6 ± 1.84 70.2 ± 1.68 45.7 ± 1.65 99.6 ± 1.44 172.5 ± 5.25 >200
3d 94.5 ± 3.15 105.1 ± 0.92 36.2 ± 0.39 118.9 ± 0.95 145.1 ± 2.92 >200
3e 37.3 ± 1.20 80.5 ± 2.36 25.9 ± 0.46 38.1 ± 0.41 181.5 ± 3.94 110.9 ± 2.19
3f 63.5 ± 0.45 71.9 ± 1.65 39.6 ± 0.74 45.3 ± 0.58 110.5 ± 1.75 144.2 ± 2.84
3g 62.6 ± 0. 71 69.5 ± 1.37 35.1 ± 0.27 47.1 ± 1.69 94.2 ± 1.09 139.1 ± 3.07
3h 18.2 ± 0.11 73.5 ± 1.43 27.4 ± 0.78 36.5 ± 0.24 90.5 ± 0.83 72.8 ± 0.77
3i 15.7 ± 0.28 63.7 ± 2.49 21.8 ± 0.91 30.5 ± 0.35 58.2 ± 0.74 74.6 ± 1.46
cis-DDP 2.36 ± 0.28 5.56±0.23 17.93 ± 0.44 20.8 ± 0.44 25.8 ± 0.65 4.26 ± 0.46
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Going deeper inside interactions that should be responsible for antimicrobial or an-
ticancer activity, molecular docking was applied to the most active compounds (3e, 3h,
and 3i). The mentioned compounds were docked to DNA, Escherichia coli Gyrase B, and
topoisomerase II beta. The energies of binding (Eb) of 3e, 3h, and 3i are presented in Table 3.
The Eb of reference compounds ellipticine (for DNA), P3C (for Gyrase B), and etoposide
(for topoisomerase II) are −8.98, −7.9, and −14.04 kcal mol−1, respectively. Considering
these results, the most promising molecule that showed good binding affinity towards
reference compounds is 3i.

Table 3. Energies of binding (Eb) derived from docking of 3e, 3h, and 3i to DNA (I), Escherichia coli
Gyrase B (II), and topoisomerase II beta (III).

Eb (kcal mol−1)

I II III

3e −5.61 −5.45 −8.46
3h −6.94 −7.20 −9.37
3i −7.74 −7.52 −9.51

3. Discussion

The results of antimicrobial testing of 3a–i against selected microbes showed significant
activity (Table 1) against Gram-positive (B. subtilis, S. aureus, and B. cereus) and Gram-
negative bacteria (E. coli). All the tested compounds showed significantly better activity
against Gram-negative in comparison with Gram-positive strains. From a structural point
of view, vanillidene with the O-alkyl fragment (3e–i) showed to be much more active in
contrast to ones with O-acyl compounds (3b–d) against all treated bacteria. The principal
reason could be found in the cell wall structural difference. The Gram-positive bacteria
cell wall contains peptidoglycans and teichoic acids, while Gram-negative bacteria have
lipopolysaccharides and lipopoliproteins as building units of the cell wall [25]. Hence,
the presence of a long alkyl chain in structures 3e–i make them more lipophilic, and
consequently enables easier passage of these molecules through the cell wall. Out of all
nine, the compound with the decyl fragment (3i) has the most promising activity against
E. coli (12.4 μM). Compound 3a has the lowest activity against all bacterial strains.

The cytotoxic potential of 3a–i was studied against various cancer and normal cell lines.
The results are presented as IC50 values in Table 2. Several compounds have good activity,
while others possessed a moderate to weak cytotoxic effect. Generally, all nine molecules
demonstrated the best activity against A549 cell lines in the range of 21.8–45.7 μM. The
best activity was shown by 3i. In particular, this molecule stands out against HeLa, A549,
and LS174 cell lines, with values of 15.7, 21.8, and 30.5, respectively. The achieved IC50
values are similar to the ones obtained after treatment of HeLa, A549, and LS174 with
cis-DDP. The investigation of MRC-5 cell lines suggests no significant toxicity of 3a–g,
while 3h and 3i showed moderate toxicity. The three most active compounds possess
good selectivity indexes (SI) for HeLa cells (3h, 3e, and 3i, with values of 2.9, 4.0, and 4.8,
respectively). Significant SIs were obtained for A549 cells at 4.3, 2.6, and 3.6 for 3h, 3e,
and 3i, respectively. Acyl fragments in structures of 3b–d influenced the obtained IC50
value being at least double compared to ones delivered to alkyl substituted vanillidene
Meldrum’s acid (3e–i). The compounds of interest are 3e, 3h, and especially 3i (Figure 1),
which has the highest cytotoxicity and antimicrobial activity against all treated cell lines
and bacteria. Considering all results noted during antimicrobial and cytotoxicity testing,
we employed molecular docking to investigate the affinity of 3e, 3h, and 3i to DNA, E. coli
Gyrase B, and topoisomerase II beta at the molecular level.

The selected compounds (3e, 3h, and 3i,) were computationally evaluated for interca-
lating ability by docking to a six base pair DNA structure (PDB: 1z3f) against ellipticine, a
co-crystalized substrate from the used file [26]. The results are presented in Table 3. Testing
of each compound produced results of higher energy when compared against the reference
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substrate, indicating weaker binding. In each case, the pseudo planar part of the resulting
lowest energy structure was packed into an intercalating cavity with slightly different
positioning, indicating that each compound may bind in this way. The compound with the
longest aliphatic chain (3i) showed the most promising results and is displayed in Figure 2.

Figure 1. Structures of compounds 3e, 3h, and 3i.

Figure 2. Compound 3i bound to DNA in intercalative mode.

It was decided based on our biological tests to computationally examine new compounds
for their binding affinity towards enzyme Gyrase B of E. Coli. Molecular docking of our
compounds was performed on the crystal structure of Gyrase B (PDB:6f86) where the target
cavity was the binding place of 4-(4-bromo-1H-pyrazol-1-yl)-6-[(ethylcarbamoyl)amino]-N-
(pyridine-3-yl)pyridine-3-carboxamide (P3C). Since the inhibitory activity of P3C is known
(IC50 = 0.037 μM [27]), it serves as a good reference for comparison of obtained docking
results for new inhibitors. Binding energies are presented in Table 3. Based on the obtained
binding energies, we can conclude that most of our compounds would generally show
weaker inhibitory activity when compared to P3C, but the result obtained from docking
3i is comparable to the result displayed by the reference compound. The position of the
docked structure for 3i is similar to the position of PC3, and this similarity is evident from
Figure 3 and Figure S19. The difference is, for example, that 3i does not possess a side
group bound to a central aromatic ring like the bromopyrazolyl moiety of P3C, which
allows interactions with and in the vicinity of ILE94, while 3i has a long aliphatic chain that
extends much deeper into the cavity of the enzyme than the ethylcarbamoyl group of P3C.

To further examine the potential anticancer application of examined compounds,
molecular docking experiments were performed on the crystal structure of type II topoi-
somerase beta (TOP2β) in a complex with DNA and the anticancer drug etoposide (PDB:
3qx3) [28]. Benzylidene Meldrum’s acid was noted as the key precursor to novel topoiso-
merase II inhibitors [29]. One of them is α-lapachone, which is approved as a topoisomerase
II inhibitor [30,31]. Redocking of etoposide was used to obtain the reference value of bind-
ing energy. The main reason for choosing the selected binding site was comparison with the
selected substrate (etoposide) that binds in that exact site. Topoisomerase II is symmetric,
and there are two identical sides. Docking experiments were conducted on both sides and
identical results (geometry and energy of binding) were obtained. For better clarity we
present only one of the identical binding modes.
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Figure 3. The lowest energy structures that resulted from docking of 3i to active site of Gyrase B of E.
coli. (Left): 3i, (right): P3C.

The results derived from docking of the examined compounds are compared against
the reference value in Table 3. Significantly higher binding energies of tested compounds
when compared to etoposide suggest much weaker binding in the same pocket. Upon
investigation of structures obtained from the best docking results, it was found that contrary
to etoposide, which intercalates with DNA and interacts with the amino acid residues of
the enzyme that can be found on both sides of the DNA chain, our compounds position
themselves in such a way that only allows interactions with residues from a single side of
the chain (Figure 4 and Figure S20).

Figure 4. Comparison of binding modes for lowest energy 3i structure (left) and lowest energy
etoposide structure (right).

Docking of covalently bound ligands is important for gaining insight into enzymatic
processes and designing superior covalent ligands. AutoDock 4 was used to implement
two methods for docking covalently bound ligands: a grid-based method and a modifi-
cation of the flexible side chain approach [32]. Covalent docking has also been applied to
oligopeptidase [33] and proteasome [34] inhibitors and glycoside hydrolyses ligands [35].
Benzylidene Meldrum’s acid was used as a valuable Michael acceptor [36,37]. Conse-
quently, in this paper, covalent docking was employed to simulate the formation of the
covalent adduct using the flexible side chain technique proposed by Bianco et al. [32].
This protocol needs to adapt the residue taking part in the covalent bond by attaching the
ligand to its side chain; this modified residue is then considered flexible during the docking
calculation. Docking was attained for the ligand, keeping the remodeled cysteine and
serine residues flexible. This permitted us to sample the torsional flexibility of the ligand
within the Gyrase B and topoisomerase II beta. It was shown that the best conformational
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compatibility between the subjected ligand Michael acceptor (3i) and substrate Gyrase B or
topoisomerase II beta had residues LYS139 (Gyrase B), LYS482, and SER480 (topoisomerase
II beta). The molecular interactions between 3i and the amino acids lysine and serine in
Gyrase B and topoisomerase II beta were estimated by using covalent docking calculations.
The obtained results for Eb are presented in Table 4. The more negative Eb values indicate
that the investigated ligand 3i inhibits the receptor better.

Table 4. Binding energies for best docking conformation of 3i with Gyrase B and topoisomerase II
beta.

Eb (kcal mol−1)

Gyrase B-LYS139 Topoisomerase-LYS482 Topoisomerase-SER480

3i −5.64 −7.40 −5.24

As shown in Table 4, the investigated ligand strongly binds to the target receptors.
The docking analyses revealed that covalent interactions existed between the investigated
molecule and target receptors. These interactions occur between 3i and the amino acids
LYS and SER in positions 482 and 480 in the primary structure of the topoisomerase
II beta-receptor. On the other hand, 3i forms the covalent bond with the amino acid
LYS139 from Gyrase B (Figure 5). Additionally, the docking results show that several
non-covalent interactions occurred between the investigated molecule and target receptors.
The important interactions are hydrogen bonds, carbon–hydrogen bonds, alkyl–alkyl, and
alkyl–π interactions (Figure 5). The obtained results indicate that the 3i ligand could act as
a potential covalent inhibitor.

Figure 5. The docking interactions of the most stable conformation of 3i and investigated receptors.

The α- and β-lapachones were described as covalent inhibitors of topoisomerase II [38].
The mentioned compounds have also been investigated as irreversible catalytic inhibitors
of topoisomerase II [30]. The high affinity of 3i to form a covalent bond with topoisomerase
II beta makes it similar to the aforementioned Meldrum’s acid analogs.
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4. Materials and Methods

The IR spectra were recorded by a Perkin–Elmer Spectrum One FT-IR spectrometer
on a KBr pellet. The NMR spectra of compounds 3a–i were performed in DMSO-d6 and
CDCl3 with TMS as the internal standard on a Varian Gemini 200 MHz NMR spectrometer
(1H at 200 and 13C at 50 MHz). Abbreviations for the NMR signals that were used are as
follows: s = singlet, d = doublet, dd = double of double, t = triplet, and m = multiplet. The
1H and 13C spectra are given in Supplementary Information (Figures S1–S18).

4.1. Synthesis of Benzylidene Meldrum’s Acid Derivatives (3)

In the 10 mL round-bottomed flask, Meldrum’s acid (1.5 mmol) was dissolved in 5 mL
of absolute ethanol. Selected aldehyde was added at room temperature. Immediately after,
(PhNH3)2CuCl4 (1 mg/mL, 0.85 mol%) was loaded as catalyst. Precipitation of products
occurred in the interval of 5 to 10 min. One hour later, amorphous powder was filtrated
and washed out with 96% ethanol and water. Knoevenagel adducts were isolated in good
purity grade for NMR measurements. NMR data for 3a–i are given below.

5-(4′-hydroxy-3′-methoxy-5′-nitrobenzylidene)-2,2-dimethyl-1,3-dioxane-4,6-dione 3a

Green solid; yield: 79% (383 mg); IR ν 3204, 2949, 1751, 1703, 1577, 1541 cm−1; 1H
NMR (200 MHz, DMSO-d6) δ 8.54 (s, 1H), 8.33 (s, 1H), 8.14 (s, 1H), 3.92 (s, 3H), 1.74 (s, 6H)
ppm; 13C NMR (50 MHz, DMSO-d6) δ 162.8, 160.0, 155.1, 147.3, 124.2, 121.8, 120.2, 113.5,
104.5, 56.9, 27.2 ppm; ESI-MS (m/z): [M + Na]+ = 346.

2′-methoxy-4′-((2,2-dimethyl-4,6-dioxo-1,3-dioxan-5-ylidene)methyl)phenyl propionate 3b

Light green solid; yield: 63% (316 mg); IR ν 3465, 2991, 2944, 1762, 1733, 1598,
1582, 1512 cm−1; 1H NMR (200 MHz, CDCl3) δ 8.36 (s, 1H), 8.22 (d, J = 2.0 Hz, 1H),
7.63–7.51 (m, 1H), 7.15 (d, J = 8.2 Hz, 1H), 3.90 (s, 3H), 2.65 (q, J = 7.5 Hz, 2H), 1.80 (s,
6H), 1.29 (t, J = 7.5 Hz, 3H) ppm; 13C NMR (50 MHz, CDCl3) δ 171.7, 163.3, 159.8, 157.1,
151.1, 144.6, 130.2, 129.1, 123.0, 116.9, 114.1, 104.5, 56.1, 27.6, 27.4, 9.1 ppm; ESI-MS (m/z):
[M + H]+ = 335.

2′-methoxy-4′-((2,2-dimethyl-4,6-dioxo-1,3-dioxan-5-ylidene)methyl)phenyl cyclopropanecar-
boxylate 3c

Light green solid; yield: 61% (317 mg); IR ν 3469, 2985, 1753, 1733, 1513, 1379 cm−1;
1H NMR (200 MHz, CDCl3) δ 8.36 (s, 1H), 8.22 (d, J = 2.0 Hz, 1H), 7.57 (dd, J = 8.4, 2.0 Hz,
1H), 7.17 (d, J = 8.3 Hz, 1H), 3.91 (s, 3H), 1.96–1.80 (m, 7H), 1.23–1.01 (m, 4H) ppm; 13C
NMR (50 MHz, CDCl3) δ 172.1, 163.3, 159.8, 157.1, 151.2, 144.6, 130.2, 129.1, 123.1, 116.9,
114.1, 104.46, 56.1, 27.6, 12.9, 9.5 ppm; ESI-MS (m/z): [M + H]+ = 347.

2′-methoxy-4′-((2,2-dimethyl-4,6-dioxo-1,3-dioxan-5-ylidene)methyl)phenyl 4-methoxybenzoate
3d

Green solid; yield: 69% (426 mg); IR ν 3446, 2993, 1732, 1606, 1577 cm−1; 1H NMR
(200 MHz, CDCl3) δ 8.40 (s, 1H), 8.26 (d, J = 1.8 Hz, 1H), 8.15 (t, J = 5.7 Hz, 2H), 7.62 (dd,
J = 8.3, 1.9 Hz, 1H), 7.30–7.26 (m, 1H), 6.98 (t, J = 5.7 Hz, 2H), 3.89 (d, J = 1.9 Hz, 6H), 1.81
(s, 6H) ppm; 13C NMR (50 MHz, CDCl3) δ 164.0, 163.7, 163.3, 159.8, 157.2, 151.4, 144.9,
132.5, 130.2, 129.2, 123.2, 121.1, 117.0, 114.1, 113.9, 104.5, 56.1, 55.5, 27.6 ppm; ESI-MS (m/z):
[M + H]+ = 413.

5-(4′-(2”-(2′”-(2””-hydroxyethoxy)ethoxy)ethoxy)-3′-methoxybenzylidene)-2,2-dimethyl-1,3-
dioxane-4,6-dione 3e

Green solid; yield: 54% (332 mg); IR ν 3583, 3439, 2939, 2913, 1745, 1708, 1578,
1559 cm−1; 1H NMR (200 MHz, CDCl3) δ 8.35 (s, 1H), 8.28 (d, J = 2.0 Hz, 1H), 7.63 (dd,
J = 8.6, 2.0 Hz, 1H), 6.97 (d, J = 8.5 Hz, 1H), 4.33–4.25 (m, 2H), 3.95–3.85 (m, 5H), 3.76–3.59
(m, 8H), 2.58 (s, 1H), 1.80 (s, 6H) ppm; 13C NMR (50 MHz, CDCl3) δ 163.9, 160.4, 158.0,
153.9, 148.9, 132.2, 125.2, 116.2, 111.9, 110.7, 104.1, 72.5, 70.9, 70.3, 69.2, 68.5, 61.7, 55.9,
27.5 ppm; ESI-MS (m/z): [M + H]+ = 411.

5-(4′-hexyloxy-3′-methoxybenzylidene)-2,2-dimethyl-1,3-dioxane-4,6-dione 3f

Yellow solid; yield: 75% (407 mg); IR ν 3444, 2956, 2937, 1748, 1713, 1558, 1523 cm−1;
1H NMR (200 MHz, CDCl3) δ 8.36 (s, 1H), 8.29 (d, J = 2.1 Hz, 1H), 7.64 (dd, J = 8.6, 2.1 Hz,
1H), 6.94 (d, J = 8.6 Hz, 1H), 4.13 (t, J = 6.9 Hz, 2H), 3.94 (s, 3H), 1.93–1.82 (m, 8H), 1.56–1.26
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(m, 6H), 0.94–0.87 (m, 3H) ppm; 13C NMR (50 MHz, CDCl3) δ 164.1, 160.5, 158.2, 154.5,
148.9, 132.6, 124.7, 116.0, 111.4, 110.2, 104.0, 69.2, 56.0, 31.5, 28.8, 27.5, 25.5, 22.5, 14.0 ppm;
ESI-MS (m/z): [M + H]+ = 363.

5-(4′-heptyloxy-3′-methoxybenzylidene)-2,2-dimethyl-1,3-dioxane-4,6-dione 3g

Yellow solid; yield: 92% (519 mg); IR ν 3436, 2949, 2923, 1746, 1708, 1548, 1522 cm−1;
1H NMR (200 MHz, CDCl3) δ 8.36 (s, 1H), 8.29 (d, J = 2.1 Hz, 1H), 7.64 (dd, J = 8.6, 2.1 Hz,
1H), 6.94 (d, J = 8.5 Hz, 1H), 4.13 (t, J = 6.9 Hz, 2H), 3.94 (s, 3H), 2.06–1.77 (m, 8H), 1.77–1.03
(m, 8H), 1.03–0.79 (m, 3H) ppm; 13C NMR (50 MHz, CDCl3) δ 164.1, 160.5, 158.2, 154.5,
148.9, 132.6, 124.7, 116.1, 111.4, 110.3, 104.0, 69.2, 56.0, 31.7, 29.0, 28.9, 27.5, 25.8, 22.6,
14.1 ppm; ESI-MS (m/z): [M + H]+ = 377.

5-(3′-methoxy-4′-octyloxybenzylidene)-2,2-dimethyl-1,3-dioxane-4,6-dione 3h

Yellow solid; yield: 88% (515 mg); IR ν 3439, 2950, 2930, 1745, 1708, 1549, 1523 cm−1;
1H NMR (200 MHz, CDCl3) δ 8.36 (s, 1H), 8.30 (d, J = 2.1 Hz, 1H), 7.63 (d, J = 8.5 Hz, 1H),
6.94 (d, J = 8.6 Hz, 1H), 4.13 (t, J = 6.8 Hz, 2H), 3.94 (s, 3H), 2.05–1.62 (m, 8H), 1.60–1.16 (m,
10H), 0.89 (m, 3H) ppm; 13C NMR (50 MHz, CDCl3) δ 164.0, 160.5, 158.1, 154.5, 148.9, 132.5,
124.7, 116.1, 111.4, 110.3, 103.9, 69.2, 56.0, 31.7, 29.2, 29.1, 28.8, 27.5, 25.8, 22.6, 14.0 ppm;
ESI-MS (m/z): [M + H]+ = 391.

5-(4′-decyloxy-3′-methoxybenzylidene)-2,2-dimethyl-1,3-dioxane-4,6-dione 3i

Yellow solid; yield: 82% (514 mg); IR ν 3439, 2952, 2928, 1746, 1709, 1545, 1521 cm−1;
1H NMR (200 MHz, CDCl3) δ 8.36 (s, 1H), 8.30 (d, J = 2.1 Hz, 1H), 7.64 (dd, J = 8.6, 2.1 Hz,
1H), 6.94 (d, J = 8.6 Hz, 1H), 4.13 (t, J = 6.8 Hz, 2H), 3.94 (s, 3H), 2.00–1.68 (m, 8H), 1.62–1.16
(m, 14H), 0.88 (t, J = 6.4 Hz, 3H) ppm; 13C NMR (50 MHz, CDCl3) δ 164.0, 160.5, 158.1,
154.5, 148.9, 132.5, 124.7, 116.0, 111.4, 110.3, 104.0, 69.2, 56.0, 31.9, 29.5, 29.3, 29.3, 28.8, 27.5,
25.8, 22.6, 14.1 ppm; ESI-MS (m/z): [M + H]+ = 419.

4.2. Determination of Antimicrobial Activity

The following strains of bacteria were used as test organisms in this study: Staphylo-
coccus aureus (ATCC 25923), Bacillus subtilis (ATCC 6633), Bacillus cereus (ATCC 10987), and
Escherichia coli (ATCC 25922). All the bacteria used were obtained from the American Type
Culture Collection (ATCC). Cultures were stored at 4 ◦C and subcultured every 15 days.
The minimal inhibitory concentration (MIC) was determined by the broth microdilution
method using 96-well micro-titer plates [39]. A series of dilutions of the tested compounds
was used in the experiment against every microorganism. The starting solutions of tested
compounds were obtained by measuring off a certain quantity of the compounds and
dissolving it in 5% DMSO. The MIC was determined with resazurin. The inoculated plates
were incubated at 37 ◦C for 24 h. Resazurin is an oxidation–reduction indicator used for
the evaluation of microbial growth. It is a blue non-fluorescent dye that becomes pink
and fluorescent when reduced to resorufin by oxidoreductases within viable cells. The
boundary dilution without any changing in color of resazurin was defined as the MIC
for the tested microorganism at a given concentration. As a positive control of growth
inhibition, streptomycin was used. A 5% DMSO solution was used as a negative control
for the influence of the solvents.

4.3. Evaluation of Cytotoxicity

Cell line cells were obtained from the American Type Culture Collection. Human
cervical adenocarcinoma HeLa, human chronic myelogenous leukemia K562, non-small
cell lung carcinoma A549, human colon carcinoma LS174, pancreatic carcinoma PaCa-2,
and normal human lung fibroblast MRC-5 cell lines were grown in RPMI-1640 medium
with 10% fetal bovine serum, L-glutamine, and penicillin–streptomycin solution. Cells were
plated into the 96-well cell culture plates. Cells were incubated at 37 ◦C in CO2 incubator.
Adherent cell lines were incubated for 20 h before addition of tested compounds. Two
hours before addition of compounds, K562 cells were seeded into 96-well plates. The tested
compounds were applied at five different concentrations ranging from 10 to 300 μM for
72 h. Thereafter, the survival of cells was determined by MTT assay in accordance with
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the protocol established by Mosmann [40] and Ohno and Abe [41]. The solution of MTT
was added to blank and cell samples. The plates were incubated for 5 h at 37 ◦C, and
then 10% solution of sodium dodecyl sulfate was added to the wells. The absorbance was
measured at 570 nm using Thermo Scientific Multiskan EX plate reader. Three independent
experiments were performed.

4.4. Molecular Docking

Molecular docking experiments were prepared using AutoDockTools and were per-
formed using AutoDock 4 [42]. Structures of target molecules were obtained from rscb.org,
and were prepared by first removing co-crystalized substrates, ions, and water molecules,
followed by calculating Gasteiger charges and removing non-polar hydrogens. Structures
of investigated molecules were optimized using PM7 method of MOPAC2016 [43], but
Gasteiger charges were calculated for use in docking experiments. Each co-crystalized
substrate was re-docked to its original parent molecule to obtain reference value of binding
energy and to validate the applied method. Grid maps were calculated using cube-shaped
grid boxes 60 pts wide for protein targets and 40 pts wide for DNA target (1 pt = 0.375 A).
Grid boxes were centered using coordinates of co-crystalized substrates. Each experi-
ment consisted of 10 hybrid genetic algorithm–local search runs, with 2.5 × 107 energy
evaluations per run.

The two-point attractor and flexible side chain approaches [32] are two types of cova-
lent docking methods that can be used with AutoDock 4. Both methods use precalculated
grid maps and atom probes to speed up the scoring process. However, they simulate ligand
conformations in different ways during the scoring process. In this paper, we used the
flexible side chain method. This approach uses tethered docking to mimic the way covalent
ligands are bound in the pocket. For this plan to work, the electrophilic center of the ligand
must bond to the two nucleophilic atoms at the ends of the protein. By figuring out the
right SMARTS pattern, these two atoms are put on top of the right residue atoms in the
protein to make the structure that is wanted. The bound ligand is then treated as a flexible
residue, and the standard AutoDock 4 method for flexible residues is used to look at its
different shapes in the pocket. With the aid of the scripts provided by the AutoDock 4
website [44], the ei ligand and cysteine and serine residues were overlapped. Subsequently,
the receptor grid maps were calculated with the AutoGrid4 software, mapping the receptor
interaction energies using the ligand atom types as probes. The grid of 60 Å × 60 Å × 60 Å
with 0.375 Å spacing was centered on the coordinates of the ligand originally present in
the Gyrase B and topoisomerase II beta. Finally, the actual docking was attained for the ei
ligand, keeping the cysteine and serine residues as flexible. This permitted the sampling of
the torsional flexibility within the receptors.

5. Conclusions

In this paper, eight novel Meldrum’s acid derivatives containing vanillic fragments
were synthesized under soft reaction conditions in good to excellent yields (54–92%). All
compounds showed good to moderate anticancer and antimicrobial activities. Vanillidene
Meldrum’s acid derivatives with an O-acyl group attached on the vanillic motif have
lower activity against cancer cell lines and bacteria. However, the presence of the O-alkyl
fragment significantly influenced the biological activity, both anticancer and antimicrobial.
The most active compound that showed dual activity was 3i. This molecule contains a decyl
chain that is probably responsible for the good activity against E. coli (12.4 μM) and cancer
cell lines (IC50 for HeLa, LS174, and A549: 15.7, 20.8, and 21.8 μM, respectively). Significant
dual activity was displayed by compounds 3e and 3h. Very good selectivity indices were
accomplished with 3e, 3h and 3i. The highest selectivity index was for 3i against HeLa
(4.8), while the next highest was 3h against A549 cell lines (4.3). In further investigation,
the most active compounds (3e, 3h, and 3i) were subjected to molecular docking. The
binding affinities of mentioned compounds to DNA, E. coli Gyrase B, and topoisomerase
II beta were tested. Compounds 3e, 3h, and 3i showed good non-covalent interactions
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and consequently good energy of binding. Therefore, 3i possessed the highest affinity
and was subjected to a covalent docking study. Under this investigation, 3i was played as
the Michael acceptor in the reaction with the amino or hydroxy group from Lys and Ser
residues, respectively. The lowest binding energy was realized for the topoisomerase II
beta-LYS482-3i cluster (Eb = −7.40 kcal mol−1). From molecular docking and experimental
outputs, it was shown that 3i is a molecule of interest. Going forward, we believe that the
presented concept and dual-active compounds described herein have bright futures.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ph16020281/s1, Figures S1–S18: NMR spectra of 3a–i.
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Abstract: With the increasing need for effective compounds against cancer or pathogen-borne
diseases, the development of new tools to investigate the enzymatic activity of biomarkers is necessary.
Among these biomarkers are DNA topoisomerases, which are key enzymes that modify DNA and
regulate DNA topology during cellular processes. Over the years, libraries of natural and synthetic
small-molecule compounds have been extensively investigated as potential anti-cancer, anti-bacterial,
or anti-parasitic drugs targeting topoisomerases. However, the current tools for measuring the
potential inhibition of topoisomerase activity are time consuming and not easily adaptable outside
specialized laboratories. Here, we present rolling circle amplification-based methods that provide fast
and easy readouts for screening of compounds against type 1 topoisomerases. Specific assays for the
investigation of the potential inhibition of eukaryotic, viral, or bacterial type 1 topoisomerase activity
were developed, using human topoisomerase 1, Leishmania donovani topoisomerase 1, monkeypox
virus topoisomerase 1, and Mycobacterium smegmatis topoisomerase 1 as model enzymes. The
presented tools proved to be sensitive and directly quantitative, paving the way for new diagnostic
and drug screening protocols in research and clinical settings.

Keywords: human topoisomerase 1; Mycobacterium smegmatis topoisomerase 1; Leishmania donovani
topoisomerase 1; monkeypox virus topoisomerase 1; enzyme activity; rolling circle amplification;
drug screening

1. Introduction

DNA modifying enzymes, such as DNA topoisomerases, play an essential role in
DNA replication, transcription, chromosome segregation, and recombination [1–3], as
they are responsible for the removal of superhelical tension in genomic DNA [1,4]. Both
eukaryotic and prokaryotic DNA topoisomerases are targets of small-molecule compounds
with potential effects against human cancers or pathogens, such as eukaryotic parasites
or bacteria causing diseases [5–11]. Hence, the need for new tools to investigate the
clinical relevance of potential drugs against topoisomerases is highly relevant. Notably,
the eukaryotic type 1B topoisomerases (TOP1B) are of high interest due to their potential as
targets of compounds that are effective against cancer or pathogen-borne diseases [9,10,12,13].
Human topoisomerase 1 (hTOP1) helps to maintain genomic DNA integrity during cellular
processes [2] and its activity is increased in several cancer types [14–16]. Other TOP1B
include the monkeypox virus TOP1 (mpxvTOP1), which is a conserved enzyme playing
an essential role in the replication and spreading of the monkeypox virus [17,18], and the
Leishmania donovani TOP1 (LdTOP1), that is an essential enzyme involved in the replication
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of the L. donovani parasite, the causative agent of the neglected tropical disease visceral
leishmaniasis [19]. Moreover, the Mycobacterium tuberculosis TOP1 (mtTOP1), a type 1A
topoisomerase (TOP1A) present in the bacteria responsible for tuberculosis, is a relevant
target for small-molecule compounds with anti-pathogen potential [20].

Common to these topoisomerases, is that they remove the topological tension in
genomic DNA during cellular processes such as replication and transcription. This is
achieved by the enzyme introducing a transient single-stranded break in DNA, thereby
generating the formation of a cleavage intermediate with the enzyme linked to the 3′-end
(for the TOP1B enzymes) or to the 5′-end (for the TOP1A enzymes) of the nicked DNA.
Subsequently, the nicked DNA is religated and the enzyme leaves the DNA intact [1,4].
This catalytic cycle can be targeted by small-molecule compounds acting either as TOP1
inhibitors or TOP1 poisons [21]. TOP1 inhibitors act by preventing the catalytic activity by
inhibiting the DNA binding and/or cleavage, whereas TOP1 poisons act by prolonging
the half-life of the enzyme–DNA cleavage complex. This can result in accumulation of
TOP1-bound nicks in the genome, which ultimately can lead to cell death by collision
with the DNA replication and transcription machinery. Reduced TOP1 activity levels are
detrimental for single-cell eukaryotes such as Trypanosoma brucei and L. major [22–24], while
TOP1 appears only to be essential during early developmental stages in higher eukaryotes
and mammals [25,26]. Hence, TOP1 inhibitors are of particular interest as potential anti-
parasitic drugs [10], while TOP1 poisons are of high interest as potential anti-cancer agents,
since they convert TOP1 activity into a cell killer [27]. Examples of TOP1-targeting anti-
cancer drugs include the water-soluble camptothecin (CPT) derivatives, topotecan, and
irinotecan [28].

In order to screen libraries of natural and synthetic small-molecule compounds for
potential TOP1-targeting properties, it is necessary to have access to assays that allow easy
and fast investigation of the effect of these compounds on TOP1 activity. Several assays,
including the relaxation assay [29], electrophoretic mobility shift assay (EMSA) [30,31], the
DNA suicide cleavage-ligation assay [32,33], and the in vivo complex of enzymes (ICE)
assay [34], have been developed. These assays can be used to assess the inhibitory effect of
new compounds. However, these assays all rely on gel electrophoresis, which requires DNA
intercalating agents, or they require special equipment and expertise. Moreover, most of
these assays only perform optimally when using relatively large amounts of purified TOP1
enzyme. To enable specific detection of hTOP1 activity in small and even crude samples,
rolling-circle-enhanced enzyme activity detection (REEAD), was previously developed [35].
This assay relies on the hTOP1-mediated circularization of a specific DNA substrate. The
closed circles are then amplified by isothermal rolling circle amplification (RCA), generating
103 tandem repeats, which subsequently can be visualized either by a fluorescent-based
readout or a chemiluminescent-based readout.

TB is currently the second-leading infectious disease, with 1.6 million deaths in
2022 [36]. The number of new cases may potentially rise in the near future due to growing
worldwide mobility. This emphasizes how critical it is to establish tools for rapid TB diag-
nosis and for the screening of candidate molecules for the treatment of TB, counteracting
the emergent antibiotic resistance.

Taking the challenges in measuring the activities of TOP1A and TOP1B into account,
this study presents the easy and fast REEAD assay as a drug screening tool for compounds
against hTOP1 and LdTOP1. It also shows how this assay can be adapted to investigate the
activity of mpxvTOP1, as a model for poxviruses, even in crude samples. Moreover, an
alternative use of the previously developed assay for the detection of mtTOP1 activity [37]
is presented, using the non-pathogen M. smegmatis TOP1 (MsTOP1) as a model enzyme.
The assay is termed TB enzyme activity detection (TB-EAD), and this study demonstrates
the drug screening potential of this assay.
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2. Results

2.1. Detection of hTOP1, LdTOP1, and mpxvTOP1 Activities Using the REEAD Assay

TOP1 inhibitors are significant compounds for their anti-cancer, anti-bacterial, and
anti-parasitic capacity [6,9–11,13,38]. Efficient and sensitive methods for the detection
and quantification of their inhibitory capacity are therefore highly desirable, as traditional
control systems are expensive and require skilled personnel. Here, an assay capable of
detecting the activity and the drug response of TOP1B is presented. The principle of this
assay is illustrated in Figure 1 and relies on the TOP1-mediated circularization of an open
substrate (Figure 1A) with or without the presence of TOP1-targeting drugs. The hTOP1-
and LdTOP1-specific substrates fold into a dumbbell shape containing two single-stranded
loops and a double-stranded stem. The double-stranded stem contains an hTOP1/LdTOP1-
preferred cleavage site and one of the single-stranded loops contains a sequence comple-
mentary to a surface-anchored primer suitable for RCA. The mpxvTOP1-specific substrate
folds into a half-dumbbell shape, with one single-stranded loop containing a sequence
complementary to the surface-anchored primer and a double-stranded region containing
a mpxvTOP1-preferred cleavage site. Upon TOP1-mediated cleavage and ligation, the
circularized substrates are hybridized to the surface-anchored primers, in well-defined
rectangular areas (termed wells) of a glass slide. The hybridized circles act as a template
for isothermal RCA mediated by Phi29 polymerase (Figure 1B(i)). During RCA, biotiny-
lated nucleotides are incorporated into the rolling circle products (RCPs) (Figure 1B(ii)).
This allows binding of horseradish peroxidase (HRP)-conjugated anti-biotin antibody and
visualization of the generated RCPs using an enhanced chemiluminescence (ECL)-based
readout (Figure 1B(iii)). The presented REEAD assay provides a sensitive detection of TOP1
activity, as one TOP1-mediated cleavage-ligation reaction generates a single RCP, thereby
making the assay directly quantitative.

Figure 1. Schematic illustration of the REEAD assay. (A) TOP1 will cleave and ligate a specific
substrate, thereby generating closed circular substrates. (B) (i) The closed circles are hybridized to a
primer attached to a glass surface and can be amplified by RCA using the Phi29 polymerase (purple).
(ii) In the presence of biotin-coupled nucleotides, the generated RCPs will be biotinylated, allowing
the binding of HRP-conjugated anti-biotin antibodies. (iii) Visualization of the RCPs is carried out by
addition of the ECL components, luminol and H2O2, that are converted into detectable light by HRP.
Created with BioRender.com.

2.2. Using REEAD as a Drug Screening Tool for Drugs against hTOP1 and LdTOP1

To demonstrate the functionality of the REEAD assay as a drug screening tool, the
activity of hTOP1 and LdTOP1 in the presence of TOP1-targeting compounds was mea-
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sured. The two indenoisoquinoline derivatives, LMP400 and LMP744 (see the structure of
the compounds in Supplementary Figure S1), which are known hTOP1 [39] and LdTOP1
inhibitors [40] were used, and the hTOP1-targeting anti-cancer drug CPT was included as a
control (as indicated in Figure 2). Twelve nanograms of recombinant purified hTOP1 or
LdTOP1 (see Supplementary Figure S2A for protein purifications [41,42]) was incubated
with the specific substrate in the presence of 80 μM of the compounds or 5% of the solvent
DMSO. The generated circles were amplified by RCA in the presence of biotin-labeled
nucleotides, and the HRP-conjugated anti-biotin antibody was subsequently bound to
the biotinylated RCPs. Visualization was performed using the ECL-based readout, and
Figure 2A,B show the results of these analyses. Figure 2A,B upper panels show repre-
sentative images of the intensities of the biotinylated RCPs when visualized using ECL.
As evident from the graphical depictions, and as expected from the literature [5,43], CPT
inhibits both the hTOP1 (Figure 2A lower panel) and LdTOP1 (Figure 2B lower panel)
activities significantly. LMP400 has a stronger inhibitory effect on LdTOP1 compared to
hTOP1, while LPM744 seemed to be more potent against hTOP1 rather than LdTOP1 when
compared to CPT. However, the scope of these experiments was not to directly compare
the inhibitory effects of the two compounds, but merely to demonstrate the ability of the
REEAD assay to be used as a screening tool for compounds that act against human, parasite,
or other eukaryotic TOP1.

Figure 2. REEAD as a drug screening tool. (A) Top panel: image obtained after analyzing activity of
purified hTOP1 in the presence of 5% of the solvent DMSO, or 80 μM of either of the compounds CPT,
LPM400, or LMP744, using REEAD with the ECL-based readout. Lower panel: graphical depiction
of the quantification of the results obtained when analyzing hTOP1 activity in the presence of 80 μM
of the compounds indicated on the figure. A negative control, without enzyme, was included.
Plotted data are normalized to the intensity obtained when measuring hTOP1 activity in the presence
of DMSO and represent average +/− standard error of the mean (SEM) from six independent
experiments. One-way ANOVA with Brown–Forsythe and Welch correction. Asterisks indicate
significant difference compared to DMSO, ** p < 0.005; *** p < 0.0005; **** p < 0.0001. a.u: arbitrary
units. (B) same as (A), except that LdTOP1 was used instead of hTOP1. Plotted data represent
average +/− SEM from three independent experiments. One-way ANOVA with Brown–Forsythe
and Welch correction, **** p < 0.0001. a.u: arbitrary units.

The observed inhibitory effect of the compounds was moreover demonstrated to be
dose dependent (see Supplementary Figure S3A,B). The results presented are in line with
the literature [5,43] and clearly demonstrate the drug screening ability of the REEAD assay.
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2.3. The REEAD Assay Can Be Used to Measure Poxvirus TOP1B Activity

Poxviruses encapsidate a type 1B topoisomerase essential for viral growth. As a model
for a poxvirus TOP1B, mpxvTOP1 was used. To screen for the activity of mpxvTOP1, a
substrate that folds into a half-dumbbell shape, containing the specific cleavage sequence
recognized by the poxviruses TOP1, as first identified in the vaccinia virus TOP1 [44],
was designed (see Figure 1A). To validate the specificity of the mpxvTOP1 REEAD, the
ability of hTOP1 and mpxvTOP1 to cleave/ligate the half-dumbbell-shaped substrate was
compared. Recombinant purified mpxvTOP1 (0–50 ng) (see Supplementary Figure S2B
for protein purification) or hTOP1 was incubated with the half-dumbbell substrate to
generate closed circles that subsequently were amplified by RCA in the presence of biotin-
labeled nucleotides. The biotinylated RCPs were again visualized using the ECL-based
readout. The upper panel of Figure 3A shows representative images of the intensities of
the biotinylated RCPs when measuring 0–50 ng of purified mpxvTOP1 or hTOP1, and the
lower panel of Figure 3A shows a graphical depiction of the resulting quantifications.

Figure 3. mpxvTOP1 REEAD assay. (A) Top panels: image obtained after analyzing the activity of 0–
50 ng of purified mpxvTOP1 and hTOP1 using mpxvREEAD with ECL-based readout. Lower panel:
graphical quantification of the results obtained when analyzing the activity of 0–50 ng of purified
mpxvTOP1 or hTOP1 using the mpxvREEAD. Plotted data are normalized to the intensity obtained
when analyzing 0 ng of purified enzyme and represent average +/− SEM from three independent
experiments. a.u: arbitrary units. (B) Top panels: image obtained after analyzing the activity of
0–50 ng purified mpxvTOP1 containing a fixed amount of saliva spike using mpxvREEAD with
ECL-based readout. Lower panel: graphical quantification of the results obtained when analyzing
the activity of 0–50 ng of purified mpxvTOP1 containing a fixed amount of saliva spike using
mpxvREEAD. Plotted data are normalized to the intensity obtained when analyzing 0 ng of purified
enzyme and represent average +/− SEM from three independent experiments. a.u: arbitrary units.

Figure 3A shows that the signal intensity rises when analyzing a higher amount of
purified mpxvTOP1, but not when examining increasing amounts of purified hTOP1. This
result clearly demonstrates the specificity of the mpxvTOP1 REEAD assay. However, it
should be noted that this assay is not specific for mpxvTOP1 compared to other poxvirus
TOP1B, but can be used to detect all poxvirus TOP1 in purified form.

The REEAD assay has previously proven to be a powerful tool for the simple and fast
detection of TOP1 activity in crude biological samples [15,45–50]. Next, it was investigated
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if the mpxvREEAD assay could be used to detect mpxvTOP1 in a crude extract. For this
purpose, we performed a titration experiment, spiking in purified mpxvTOP1 in saliva,
as a crude biological specimen. Using a fixed amount of saliva and increasing amount
of purified mpxvTOP1, it was possible to detect mpxvTOP1 activity above background
level, as indicated in Figure 3B. Two negative controls were included, one containing only
the DNA substrate (“No enzyme, no saliva” in Figure 3B), as a measure of the possible
nonspecific incorporation of biotin-labeled nucleotides during RCA of a non-circularized
substrate, and one containing only saliva and purified mpxvTOP1 enzyme but no DNA
substrate (“No substrate” in Figure 3B), as a measure of the potential nonspecific binding
of the anti-biotin antibody to the wells. Both these controls gave intensities around or
below the intensity observed when the reactions were performed in the absence of purified
mpxvTOP1 (0 ng) with a fixed amount of saliva. The result presented in Figure 3B shows
that the mpxvTOP1 REEAD can be used to detect mpxvTOP1 in a crude extract. Again, it is
important to highlight that, due to the designed substrate characteristic, this assay cannot
be used for diagnostic purposes as it does not allow for discrimination between TOP1B
from different poxviruses.

2.4. Detection of MsTOP1 Activity Using the TB-EAD Assay

As mentioned, TOP1 inhibitors are relevant compounds for their anti-bacterial or anti-
parasitic capacity. Here, the ability of the previously designed TB-EAD assay [37] to be used
as a drug screening tool for new, more effective anti-TB drugs was investigated. TB-EAD is
schematically depicted in Figure 4. The assay is based on the use of a single-stranded DNA
substrate containing a strong TOP1 site (STS) [51], an RCA primer annealing sequence, and
a probe annealing sequence. The substrate is hybridized to a surface-anchored RCA primer,
and upon MsTOP1-mediated cleavage and ligation, the substrate is circularized (Figure 4A).
This step occurs with or without the presence of the compound to be tested for inhibition
ability. Starting from the surface-anchored primer, the closed circle is amplified by RCA
mediated by Phi29 polymerase (Figure 4B(i)), generating a long tandem repeat product. By
hybridization with fluorescently labeled probes (Figure 4B(ii)) to the generated RCPs, they
can be visualized in a fluorescence microscope. The TB-EAD assay is highly sensitive and
can detect MsTOP1 activity at a single molecule level, since each detected fluorescent spot
in the microscope corresponds to a single catalytic cycle reaction of MsTOP1. Hence, the
TB-EAD assay is also directly quantitative.

Figure 4. Schematic illustration of the TB-EAD assay. (A) The substrate is hybridized to a glass
surface containing a complementary primer. MsTOP1 will then cleave and ligate the substrate,
thereby making a closed circle. (B) (i) Following circularization, the circle is amplified by RCA
generating tandem repeats (ii). (iii) Fluorescent probes are then hybridized to the RCPs, enabling
visualization of the products in a fluorescence microscope. Created with BioRender.com.
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2.5. The TB-EAD Assay Can Be Used as a Drug Screening Tool for Drugs against MsTOP1

To demonstrate that the TB-EAD assay can be used as a drug screening tool for
MsTOP1-targeting compounds, the activity of purified MsTOP1 was tested (see Supple-
mentary Figure S2C for protein purification) in the presence of increasing concentrations of
novel synthesized compounds, as indicated in Figure 5A. In the design of methods for the
detection and quantification of this enzymatic inhibition, some heterocyclic compounds are
key species due to their behavior against this target [52], as previously published [53–56].
Incidentally, it is important to mention that the recently optimized Povarov reaction [57,58]
is a very suitable strategy, whose multicomponent version gives access to different families
of heterocycles in a simple and fast manner. For this study, six compounds targeting
MsTOP1 were synthesized (see Supplementary Figure S4A,B for the synthesis of the com-
pounds and Supplementary Figure S5 and Supplementary Information S6.3 for structural
elucidation) to be used to test the drug screening ability of our REEAD-based assay. In
total, 100 μM or 150 μM of the compounds, or 5% of the solvent DMSO, was added to
the reaction mixtures during the circularization step of the substrate. Subsequently, the
generated circles were amplified by RCA and visualized by hybridization to fluorescent
probes. The number of signals was quantified, normalized to DMSO, and is graphically
depicted in Figure 5A. Incubation with three compounds (SF2, SF3 and SF5) and the start-
ing reagent (sulfadoxine 1) showed a decrease in MsTOP1 activity already at the lowest
dose, of 100 μM, whereas incubation with the compound SF10 only showed a significant
inhibition at the highest dose, of 150 μM. Incubation with the compound HINSF1 did not
result in any significant changes in the MsTOP1 activity.

One of the compounds showing the highest inhibitory effect on MsTOP1 activity
was also tested against hTOP1 using the REEAD assay, shown in Figure 1. This was
performed to show the specificity of the compounds against MsTOP1 alone. Indeed, when
screening for new compounds against a specific TOP1 target, it is necessary to consider
the specificity and potential off-target effects. In this case, having the possibility of testing
both the human and bacterial enzyme, it was possible to assess if the tested compound
could function as an anti-bacterial drug. Increasing concentrations of SF5 were added to
the circularization reaction of hTOP1, as indicated in Figure 5B. The circles were amplified
by RCA and the resulting RCPs were visualized using the ECL-based readout. As evident
from the graphical depiction, the two highest concentrations of SF5 used show some
inhibitory effect on hTOP1 activity, but to a lower extent compared to the effect on MsTOP1
activity. This demonstrated that SF5 shows a small off-target effect. The results presented
clearly demonstrate the ability of the TB-EAD assay to be used as a drug screening tool for
compounds targeting MsTOP1.
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Figure 5. TB-EAD as a drug screening tool. (A) Top panel: representative microscopic image when
analyzing purified mtTOP1 using the TB-EAD assay. Lower panel: graphical quantification of the
results obtained when analyzing purified MsTOP1 activity using the TB-EAD assay in the presence
of 100–150 μM of the compounds SF10, SF5, HINSF1, SF2, SF3, sulfadoxine 1, or 5% of the solvent
DMSO. A negative control without enzyme was included. Plotted data are normalized to the number
of signals obtained when measuring purified MsTOP1 activity in the presence of DMSO, and represent
average +/− SEM from three independent experiments. One-way ANOVA with Brown–Forsythe and
Welch correction. Asterisks indicate significant difference compared to DMSO, ns: non-significant;
* p < 0.05; ** p < 0.005; *** p < 0.0005. (B) Top panel: image obtained after analyzing the activity of
purified hTOP1 in the presence of 40–160 μM of the compound SF5, or 5% of the solvent DMSO, as
indicated using the REEAD assay with ECL-based readout. Lower panel: graphical quantification of
the results obtained when analyzing hTOP1 activity in the presence of 40–160 μM of the compound
SF5. A negative control without enzyme was included. Plotted data are normalized to the intensity
obtained when measuring hTOP1 activity in the presence of DMSO and represent average +/− SEM
from three independent experiments. One-way ANOVA with Brown–Forsythe and Welch correction.
* indicates significant difference compared to DMSO, ns: non-significant; ** p < 0.005; *** p < 0.0005.

3. Discussion and Conclusions

The ongoing demand for the discovery of novel small-molecule compounds with
anti-cancer or anti-pathogen effects requires the development of easily accessible tools for
measuring the interaction between a vast number of natural or synthesized new drugs
and their potential cellular targets. Due to their key role in the maintenance of the genome
integrity, topoisomerases have been targets of investigations of inhibitor compounds for
the treatment of several types of cancers [12,13] since their discovery. In addition, topoi-
somerase inhibitors have also been investigated for their potential as anti-bacterial or
anti-parasite infections agents [8,10]. These studies typically involve in vitro experiments
using cell cultures along with different gel-based assays, which are labor and time consum-
ing and require specialized equipment [29–34]. The presented study shows the advantages
of RCA-based assays for the quick and simple screening of libraries of small-molecule
compounds with potential effects as TOP1 inhibitors. As a proof of principle, we presented
the REEAD-based assay for the measurement of the inhibitory effect of small-molecule
compounds against eukaryotic and poxvirus TOP1B, using commercially available drugs
with well-known effects, and using human, leishmanial, and monkeypox virus TOP1 as
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model enzymes. The presented tool will help with pre-screening of a large number of
compounds to measure their potential inhibitory ability. More assays can be combined to
test for target specificity, while other tools can be applied to investigate the mechanisms of
the compounds in detail [59] and identify TOP1 inhibitors versus TOP1 poisons.

We demonstrated that the REEAD assay, with a novel developed ECL-based readout,
is a valid alternative to the relaxation and radiolabeled oligonucleotide-based assays when
rapid screening of a panel of a compounds is required. Moreover, the assay is easy and
adaptable to every laboratory setting and is directly quantitative.

One of the most challenging diseases to fight, and with a high and growing spread
around the globe, is TB. Most cases of TB can be treated with a combination of antibi-
otics [60], but some strains of TB have developed resistance and more resistant strains
are emerging [61]. This highlights the importance of developing more TB drug discovery
pipelines. We have previously developed an assay that can be used as a diagnostic tool
for the identification of TB infection directly from saliva from patients [37]. Here, we
demonstrated that the same tool is particularly useful also for the identification of novel
anti-TB drugs, using mtTOP1 as the target.

We believe that the presented results provide solid tools that, in principle, might
significantly shorten the time required to move from the identification of a possible inhibitor
into a clinical trial.

4. Materials and Methods

4.1. Reagents

All chemicals were purchased from Sigma Aldrich, Søborg, Denmark.

4.2. DNA Oligonucleotides

DNA oligonucleotides were synthesized by LGC Biosearch Technologies, Lystrup
Denmark. The sequences were as follow:

• 5′amine REEAD primer: 5′-/5AmMC6/CCAACCAACCAACCAAGGAGCCAAA
CATGTGCATTGAGG

• hTOP1/LdTOP1 dumbbell substrate: 5′-AGAAAAATTTTTAAAAAAACTGTGAA
GATCGCTTATTTTTTTAAAAATTTTTCTAAGTCTTTTAGATCCCTCAATGCACATG
TTTGGCTCCGATCTAAAAGACTTAGA

• mpxvTOP1 half-dumbbell substrate: 5′-ATTGTATCGGAATAAGGGCGACAGACT
CACTGTGAAGATCGCTTATCCTCAATGCACATGTTTGGCTCCGAGTCTGTCGCC
CTTATT

• MsTOP1 substrate: 5′-CAGTGAGCGAGCTTCCGCTTGACATCCCATATCTCTACT
GTGAAGATCGCTTATTCTCTCCTCAATGCACATGTTTGGCTCCTCTCTGAGCTTC
CGCT

• Fluorescent probe: 5′-FAM-CCTCAATGCACATGTTTGGCTCC

4.3. REEAD
4.3.1. Preparation of Slides

A custom-designed silicone grid (Grace-bio lab, Bend, Oregon, USA), termed the Well-
maker, was attached to a CodeLink Activated HD slide (Surmodics, Saint Paul, Minnesota)
and the slides were coupled with 10 μM of the 5′amine REEAD primer in 300 mM Na3PO4,
pH 8. The slide was incubated overnight in a humidity chamber with saturated NaCl. The
slide was subsequently blocked in 50 mM Tris, 50 mM Tris-HCl, and 50 mM ethanolamine
pH 9, for 30 min at 50 ◦C and washed in 4× SSC, 0.1% SDS for 30 min at 50 ◦C.

4.3.2. Circularization for Drug Screening

Circularization of the hTOP1- or LdTOP1-specific substrates was carried out by in-
cubating purified hTOP1 or LdTOP1 with 0.1 μM of the specific substrate in the presence
of 80 μM of the drugs to be tested (as indicated in the figure legend of Figure 2A,B) in a
buffer containing 10 mM Tris-HCl pH 7.5, 5 mM EDTA, and 50 mM NaCl for 30 s for hTOP1
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and 1 min for LdTOP1, at 37 ◦C. The reaction was stopped by the addition of 0.5% SDS.
Subsequently, the circles were hybridized on the REEAD primer coupled slides for 1 h at
37 ◦C. The slide was then washed in wash buffer 1 (100 mM Tris-HCl pH 7.5, 150 mM NaCl,
0.3% SDS) for 1 min at room temperature, wash buffer 2 (100 mM Tris-HCl pH 7.5, 150 mM
NaCl, 0.05% Tween20) for 1 min at room temperature, and finally dehydrated for 1 min in
70% EtOH.

4.3.3. Circularization for mpxvTOP1-Specificity Test

Specific circularization of the mpxvTOP1 substrate was carried out by incubating
either purified mpxvTOP1 or hTOP1 with 0.1 μM of the mpxvTOP1-specific substrate in
a buffer containing 10 mM Tris-HCl pH 7.5, 5 mM EDTA, and 50 mM NaCl, for 1 h at
37 ◦C. The reaction was stopped by increasing the NaCl concentration to 250 mM. The
hybridization of the circles to the slides and washing of the slides were performed as
described above.

Alternatively, mpxvTOP1-mediated circularization of the specific substrate was carried
out in the presence of a fixed amount of saliva. Here, increasing amounts of purified
mpxvTOP1 (as indicated in the figure legend of Figure 3) were incubated with 0.5 μM of
the specific substrate in the presence of 2 μL of saliva. The circularization was performed
as described above.

4.3.4. RCA and Detection of RCPs

RCA was performed in 1× Phi29 buffer (50 mM Tris-HCl pH 7.5, 10 mM MgCl2,
10 mM (NH4)2SO4, 4 mM DTT) supplemented with 0.2 μg BSA, 100 μM dATP, 100 μM
dTTP, 100 μM dGTP, 90 μM dCTP, 10 μM biotin-dCTP, and 1 Unit Phi29 polymerase. The
reaction was carried out for 2 h at 37 ◦C in a humidity chamber. The slide was then washed
with wash buffers 1 and 2 and 70% EtOH, as previously. Subsequently, the slide was blocked
in 1× TBST (20 mM Tris-HCl pH 9, 150 mM NaCl, 0.05% Tween20 pH 9) supplemented with
5% skimmed dry milk and 5% BSA for 1 h at room temperature, followed by incubation with
1:300 HRP-conjugated anti-biotin antibody in 1× TBST supplemented with 5% skimmed
dry milk and 5% BSA, for 1 h at room temperature. The slide was washed 3 × 3 min in
1× TBST before addition of 2 μL of 1:1 ECL mixture to allow chemiluminescence readout
using a CCD camera.

4.4. TB-EAD
4.4.1. Preparation of slides

Slides were prepared as in REEAD (see step Section 4.3.1).

4.4.2. Circularization

Ten picomoles of the MsTOP1 substrate, in 10 mM Tris-HCl pH 7.5, 1 mM EDTA, and
200 mM NaCl, was hybridized to the REEAD primer on the slides, for 1 h at 37 ◦C in a
humidity chamber. The slides were washed for 1 min in wash buffer 1, 1 min in wash
buffer 2, and 1 min in 70% EtOH, as described previously. Then, 100 ng of purified MsTOP1
was added to the slides in a buffer containing 10 mM Tris-HCl pH 7.5, 10 mM MgCl2,
10 mM MnCl2, 200 mM NaCl, 1 mM DTT, 0.1% Tween20, 100 μg/mL BSA in the presence
of DMSO, or 100 μM or 150 μM of each of the drugs, as indicated in the figure legend of
Figure 5. The reactions were incubated for 90 minutest 37 ◦C in a humidity chamber before
the slides were washed in wash buffers 1 and 2 and 70% EtOH, as previously.

4.4.3. RCA and Detection of RCPs

RCA was performed in 1× Phi29 buffer (50 mM Tris-HCl pH 7.5, 10 mM MgCl2,
10 mM (NH4)2SO4, 4 mM DTT) supplemented with 0.2 μg BSA, 1 mM dNTP, and 1 unit of
Phi29 polymerase. The reaction was carried out for 1 h at 37 ◦C in a humidity chamber,
followed by wash in wash buffers 1 and 2 and 70% EtOH, as previously. Two picomoles of
the fluorescent probe were added to the slides in 2× SSC, 20% formamide, and 5% glycerol
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for 30 min in a humidity chamber at 37 ◦C. Subsequently, the slides were washed in wash
buffer 1 for 10 min, wash buffer 2 for 5 min, and 1 min in 70% EtOH. The slides were
mounted with Vectashield (Vector laboratories, Burlington, ON, Canada) and a cover glass,
and analyzed in a fluorescence microscope with a 60× magnification objective. Twelve
images were acquired for each sample and quantified using Image J Fiji.

4.5. Statistical Analysis

Data were analyzed using the GraphPad Prism software and expressed as mean +/−
standard error of the mean (SEM). Statistical significance was assessed using one-way
ANOVA test applying Brown–Forsythe and Welch correction.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ph16050657/s1. Figure S1: Chemical structure of LMP400 and
LMP744. Figure S2: Coomassie stains of purified enzymes. Figure S3: Dose-dependent inhibition
of hTOP1 and LdTOP1 activities. Figure S4: Synthesis of compounds targeting mtTOP1. Figure S5:
Structural elucidation of new compounds.

Author Contributions: Conceptualization, C.T. (Cinzia Tesauro), R.M.R., Y.P.-P., R.B.-F., B.R.K. and
C.A.; methodology, C.T. (Cinzia Tesauro), J.G.K., K.V.P., C.M. and A.T.; data analysis, J.G.K.; K.V.P.,
C.T. (Cinzia Tesauro) and K.M.; writing—original draft preparation, J.G.K.; writing—review and
editing, J.G.K., C.T. (Celine Thiesen), R.B.-F., L.B. and C.T. (Cinzia Tesauro). All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded in part by the Ministerio de Ciencia e Innovación, Spain (PID2021-
122558OB-I00, UE) and by Gobierno Vasco, Universidad del País Vasco (GV, IT1701-22; UPV).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article; raw data are available upon
request from the corresponding author.

Acknowledgments: We acknowledge laboratory technician Noriko Y. Hansen for the assistance in
purification of MsTOP1.

Conflicts of Interest: The authors C.T., J.G.K, and K.M are employees of VPCIR Biosciences ApS. C.T.
and B.R.K. are shareholders and/or share option holders. The other authors declare that they have
no competing interests.

References

1. Champoux, J.J. DNA Topoisomerases: Structure, Function, and Mechanism. Annu. Rev. Biochem. 2001, 70, 369–413. [CrossRef]
2. Leppard, J.B.; Champoux, J.J. Human DNA Topoisomerase I: Relaxation, Roles, and Damage Control. Chromosoma 2005, 114,

75–85. [CrossRef] [PubMed]
3. Wang, J.C. DNA Topoisomerases. Annu. Rev. Biochem. 1996, 65, 635–692. [CrossRef] [PubMed]
4. Wang, J.C. Cellular Roles of DNA Topoisomerases: A Molecular Perspective. Nat. Rev. Mol. Cell Biol. 2002, 3, 430–440. [CrossRef]

[PubMed]
5. Pommier, Y. Topoisomerase I Inhibitors: Camptothecins and Beyond. Nat. Rev. Cancer 2006, 6, 789–802. [CrossRef]
6. Ho, J.S.Y.; Mok, B.W.Y.; Campisi, L.; Jordan, T.; Yildiz, S.; Parameswaran, S.; Wayman, J.A.; Gaudreault, N.N.; Meekins, D.A.;

Indran, S.V.; et al. TOP1 Inhibition Therapy Protects against SARS-CoV-2-Induced Lethal Inflammation. Cell 2021, 184, 2618–2632.
[CrossRef] [PubMed]

7. Collin, F.; Karkare, S.; Maxwell, A. Exploiting Bacterial DNA Gyrase as a Drug Target: Current State and Perspectives. Appl.
Microbiol. Biotechnol. 2011, 92, 479–497. [CrossRef]

8. Balaña-Fouce, R.; Álvarez-Velilla, R.; Fernández-Prada, C.; García-Estrada, C.; Reguera, R.M. Trypanosomatids Topoisomerase
Re-Visited. New Structural Findings and Role in Drug Discovery. Int. J. Parasitol. Drugs Drug Resist. 2014, 4, 326–337. [CrossRef]

9. Balaña-Fouce, R.; Redondo, C.M.; Pérez-Pertejo, Y.; Díaz-González, R.; Reguera, R.M. Targeting Atypical Trypanosomatid DNA
Topoisomerase I. Drug Discov. Today 2006, 11, 733–740. [CrossRef]

10. García-Estrada, C.; Prada, C.F.; Fernández-Rubio, C.; Rojo-Vázquez, F.; Balaña-Fouce, R. DNA Topoisomerases in Apicomplexan
Parasites: Promising Targets for Drug Discovery. Proc. Biol. Sci. 2010, 277, 1777–1787. [CrossRef]

171



Pharmaceuticals 2023, 16, 657

11. Álvarez-Bardón, M.; Pérez-Pertejo, Y.; Ordóñez, C.; Sepúlveda-Crespo, D.; Carballeira, N.M.; Tekwani, B.L.; Murugesan, S.;
Martinez-Valladares, M.; García-Estrada, C.; Reguera, R.M.; et al. Screening Marine Natural Products for New Drug Leads against
Trypanosomatids and Malaria. Mar. Drugs 2020, 18, 187. [CrossRef] [PubMed]

12. Cinelli, M.A. Topoisomerase 1B Poisons: Over a Half-Century of Drug Leads, Clinical Candidates, and Serendipitous Discoveries.
Med. Res. Rev. 2019, 39, 1294–1337. [CrossRef] [PubMed]

13. Pommier, Y.; Leo, E.; Zhang, H.; Marchand, C. DNA Topoisomerases and Their Poisoning by Anticancer and Antibacterial Drugs.
Chem. Biol. 2010, 17, 421–433. [CrossRef]

14. Proszek, J.; Roy, A.; Jakobsen, A.K.; Frøhlich, R.; Knudsen, B.R.; Stougaard, M. Topoisomerase I as a Biomarker: Detection of
Activity at the Single Molecule Level. Sensors 2014, 14, 1195–1207. [CrossRef]

15. Jakobsen, A.K.; Lauridsen, K.L.; Samuel, E.B.; Proszek, J.; Knudsen, B.R.; Hager, H.; Stougaard, M. Correlation between
Topoisomerase I and Tyrosyl-DNA Phosphodiesterase 1 Activities in Non-Small Cell Lung Cancer Tissue. Exp. Mol. Pathol. 2015,
99, 56–64. [CrossRef]

16. Roy, A.; Tesauro, C.; Frøhlich, R.; Hede, M.S.; Nielsen, M.J.; Kjeldsen, E.; Bonven, B.; Stougaard, M.; Gromova, I.; Knudsen, B.R.
Decreased Camptothecin Sensitivity of the Stem-Cell-like Fraction of Caco2 Cells Correlates with an Altered Phosphorylation
Pattern of Topoisomerase I. PLoS ONE 2014, 9, e99628. [CrossRef]

17. Perry, K.; Hwang, Y.; Bushman, F.D.; van Duyne, G.D. Insights from the Structure of a Smallpox Virus Topoisomerase-DNA
Transition State Mimic. Structure 2010, 18, 127. [CrossRef]

18. Estep, R.D.; Messaoudi, I.; O’Connor, M.A.; Li, H.; Sprague, J.; Barron, A.; Engelmann, F.; Yen, B.; Powers, M.F.; Jones, J.M.;
et al. Deletion of the Monkeypox Virus Inhibitor of Complement Enzymes Locus Impacts the Adaptive Immune Response to
Monkeypox Virus in a Nonhuman Primate Model of Infection. J. Virol. 2011, 85, 9527–9542. [CrossRef]

19. Villa, H.; Marcos, A.R.O.; Reguera, R.M.; Balaña-Fouce, R.; García-Estrada, C.; Pérez-Pertejo, Y.; Tekwani, B.L.; Myler, P.J.; Stuart,
K.D.; Bjornsti, M.A.; et al. A Novel Active DNA Topoisomerase I in Leishmania Donovani. J. Biol. Chem. 2003, 278, 3521–3526.
[CrossRef]

20. Ahmed, W.; Menon, S.; Godbole, A.A.; Karthik, P.V.D.N.B.; Nagaraja, V. Conditional Silencing of Topoisomerase I Gene of
Mycobacterium Tuberculosis Validates Its Essentiality for Cell Survival. FEMS Microbiol. Lett. 2014, 353, 116–123. [CrossRef]

21. Pommier, Y. Diversity of DNA Topoisomerases I and Inhibitors. Biochimie 1998, 80, 255–270. [CrossRef]
22. Gutiérrez-Corbo, C.; Álvarez-Velilla, R.; Reguera, R.M.; García-Estrada, C.; Cushman, M.; Balaña-Fouce, R.; Pérez-Pertejo, Y.

Topoisomerase IB Poisons Induce Histone H2A Phosphorylation as a Response to DNA Damage in Leishmania Infantum. Int. J.
Parasitol. Drugs Drug Resist. 2019, 11, 39–48. [CrossRef] [PubMed]

23. Balaña-Fouce, R.; García-Estrada, C.; Pérez-Pertejo, Y.; Reguera, R.M. Gene Disruption of the DNA Topoisomerase IB Small
Subunit Induces a Non-Viable Phenotype in the Hemoflagellate Leishmania Major. BMC Microbiol. 2008, 8, 113. [CrossRef]
[PubMed]

24. Bakshi, R.P.; Shapiro, T.A. RNA Interference of Trypanosoma Brucei Topoisomerase IB: Both Subunits Are Essential. Mol. Biochem.
Parasitol. 2004, 136, 249–255. [CrossRef]

25. Zhang, C.X.; Chen, A.D.; Gettel, N.J.; Hsieh, T.S. Essential Functions of DNA Topoisomerase I in Drosophila Melanogaster. Dev.
Biol. 2000, 222, 27–40. [CrossRef] [PubMed]

26. Morham, S.G.; Kluckman, K.D.; Voulomanos, N.; Smithies, O. Targeted Disruption of the Mouse Topoisomerase I Gene by
Camptothecin Selection. Mol. Cell Biol. 1996, 16, 6804–6809. [CrossRef]

27. Burgess, D.J.; Doles, J.; Zender, L.; Xue, W.; Ma, B.; McCombie, W.R.; Hannon, G.J.; Lowe, S.W.; Hemann, M.T. Topoisomerase
Levels Determine Chemotherapy Response in Vitro and in Vivo. Biol. Sci. 2008, 105, 9053–9058. [CrossRef]

28. Pommier, Y. Camptothecins and Topoisomerase I: A Foot in the Door. Targeting the Genome beyond Topoisomerase I with
Camptothecins and Novel Anticancer Drugs: Importance of DNA Replication, Repair and Cell Cycle Checkpoints. Curr. Med.
Chem. Anticancer. Agents 2004, 4, 429–434. [CrossRef]

29. Nitiss, J.L.; Soans, E.; Rogojina, A.; Seth, A.; Mishina, M. Topoisomerase Assays. Curr. Protoc. Pharmacol. 2012, 57, 3. [CrossRef]
30. Tesauro, C.; Fiorani, P.; D’annessa, I.; Chillemi, G.; Turchi, G.; Desideri, A. Erybraedin C, a Natural Compound from the Plant

Bituminaria Bituminosa, Inhibits Both the Cleavage and Religation Activities of Human Topoisomerase I. Biochem. J. 2010, 425,
531–539. [CrossRef]

31. Keller, J.G.; Hymøller, K.M.; Thorsager, M.E.; Hansen, N.Y.; Erlandsen, J.U.; Tesauro, C.; Simonsen, A.K.W.; Andersen, A.B.;
VandsøPetersen, K.; Holm, L.L.; et al. Topoisomerase 1 Inhibits MYC Promoter Activity by Inducing G-Quadruplex Formation.
Nucleic Acids Res. 2022, 11, 6332–6342. [CrossRef]

32. Christiansen, K.; Westergaard, O. Characterization of Intra- and Intermolecular DNA Ligation Mediated by Eukaryotic Topoiso-
merase I. Role of Bipartite DNA Interaction in the Ligation Process. J. Biol. Chem. 1994, 269, 721–729. [CrossRef]

33. Svejstrup, J.Q.; Christiansen, K.; Andersen, A.H.; Lund, K.; Westergaard, O. Minimal DNA Duplex Requirements for Topoiso-
merase I-Mediated Cleavage in Vitro. J. Biol. Chem. 1990, 265, 12529–12535. [CrossRef]

34. Anand, J.; Sun, Y.; Zhao, Y.; Nitiss, K.C.; Nitiss, J.L. Detection of Topoisomerase Covalent Complexes in Eukaryotic Cells. Methods
Mol. Biol. 2018, 1703, 283–299. [PubMed]

35. Stougaard, M.; Lohmann, J.S.; Mancino, A.; Celik, S.; Andersen, F.F.; Koch, J.; Knudsen, B.R. Single-Molecule Detection of Human
Topoisomerase I Cleavage-Ligation Activity. ACS Nano 2009, 3, 223–233. [CrossRef]

172



Pharmaceuticals 2023, 16, 657

36. World Health Organization. Global Tuberculosis Report. Available online: https://www.who.int/publications/i/item/97892400
61729 (accessed on 23 January 2023).

37. Franch, O.; Han, X.; Marcussen, L.B.; Givskov, A.; Andersen, M.B.; Godbole, A.A.; Harmsen, C.; Nørskov-Lauritsen, N.; Thomsen,
J.; Pedersen, F.S.; et al. A New DNA Sensor System for Specific and Quantitative Detection of Mycobacteria. Nanoscale 2019, 11,
587–597. [CrossRef]

38. Prada, C.F.; Álvarez-Velilla, R.; Balaña-Fouce, R.; Prieto, C.; Calvo-Álvarez, E.; Escudero-Martínez, J.M.; Requena, J.M.; Ordóñez,
C.; Desideri, A.; Pérez-Pertejo, Y.; et al. Gimatecan and Other Camptothecin Derivatives Poison Leishmania DNA-Topoisomerase
IB Leading to a Strong Leishmanicidal Effect. Biochem. Pharmacol. 2013, 85, 1433–1440. [CrossRef] [PubMed]

39. Cushman, M. Design and Synthesis of Indenoisoquinolines Targeting Topoisomerase I and Other Biological Macromolecules for
Cancer Chemotherapy. J. Med. Chem. 2021, 64, 17572–17600. [CrossRef]

40. Balanã-Fouce, R.; Prada, C.F.; Requena, J.M.; Cushman, M.; Pommier, Y.; Álvarez-Velilla, R.; Escudero-Martínez, J.M.; Calvo-
Álvarez, E.; Pérez-Pertejo, Y.; Reguera, R.M. Indotecan (LMP400) and AM13-55: Two Novel Indenoisoquinolines Show Potential
for Treating Visceral Leishmaniasis. Antimicrob. Agents Chemother. 2012, 56, 5264–5270. [CrossRef]

41. Lisby, M.; Krogh, B.O.; Boege, F.; Westergaard, O.; Knudsen, B.R. Camptothecins Inhibit the Utilization of Hydrogen Peroxide in
the Ligation Step of Topoisomerase I Catalysis. Biochemistry 1998, 37, 10815–10827. [CrossRef] [PubMed]

42. Knudsen, B.R.; Straub, T.; Boege, F. Separation and Functional Analysis of Eukaryotic DNA Topoisomerases by Chromatography
and Electrophoresis. J. Chromatogr. B Biomed. Appl. 1996, 684, 307–321. [CrossRef]

43. Staker, B.L.; Hjerrild, K.; Feese, M.D.; Behnke, C.A.; Burgin, A.B.; Stewart, L. The Mechanism of Topoisomerase I Poisoning by a
Camptothecin Analog. Proc. Natl. Acad. Sci. USA 2002, 99, 15387–15392. [CrossRef]

44. Shuman, S. Vaccinia Virus DNA Topoisomerase: A Model Eukaryotic Type IB Enzyme. Biochim. Biophys. Acta 1998, 1400, 321–337.
[CrossRef]

45. Keller, J.G.; Petersen, K.V.; Knudsen, B.R.; Tesauro, C. Simple and Fast DNA-Based Tool to Investigate Topoisomerase 1 Activity,
a Biomarker for Drug Susceptibility in Colorectal Cancer. In Recent Understanding of Colorectal Cancer Treatment; Intech Open:
London, UK, 2022.

46. Keller, J.G.; Mizielinski, K.; Petersen, K.V.; Stougaard, M.; Knudsen, B.R.; Tesauro, C. Simple and Fast Rolling Circle Amplification-
Based Detection of Topoisomerase 1 Activity in Crude Biological Samples. J. Vis. Exp. 2022, 190, e64484.

47. Keller, J.G.; Stougaard, M.; Knudsen, B.R. Enzymatic Activity in Single Cells. In Methods in Enzymology; Elsevier: Amsterdam,
The Netherlands, 2019; Volume 628, pp. 43–57. ISBN 9780128170908.

48. Keller, J.G.; Tesauro, C.; Coletta, A.; Graversen, A.D.; Ho, Y.P.; Kristensen, P.; Stougaard, M.; Knudsen, B.R. On-Slide Detection of
Enzymatic Activities in Selected Single Cells. Nanoscale 2017, 9, 13546–13553. [CrossRef] [PubMed]

49. Tesauro, C.; Keller, J.G.; Gromova, I.; Gromov, P.; Frøhlich, R.; Erlandsen, J.U.; Andersen, A.H.; Stougaard, M.; Knudsen,
B.R. Different Camptothecin Sensitivities in Subpopulations of Colon Cancer Cells Correlate with Expression of Different
Phospho-Isoforms of Topoisomerase I with Different Activities. Cancers 2020, 12, 1240. [CrossRef] [PubMed]

50. Jakobsen, A.K.; Yuusufi, S.; Madsen, L.B.; Meldgaard, P.; Knudsen, B.R.; Stougaard, M. TDP1 and TOP1 as Targets in Anticancer
Treatment of NSCLC: Activity and Protein Level in Normal and Tumor Tissue from 150 NSCLC Patients Correlated to Clinical
Data. Lung Cancer 2022, 164, 23–32. [CrossRef]

51. Sikder, D.; Nagaraja, V. Determination of the Recognition Sequence of Mycobacterium Smegmatis Topoisomerase I on Mycobacte-
rial Genomic Sequences. Nucleic Acids Res. 2000, 28, 1830–1837. [CrossRef]

52. Martín-Encinas, E.; Selas, A.; Palacios, F.; Alonso, C. The Design and Discovery of Topoisomerase I Inhibitors as Anticancer
Therapies. Expert. Opin. Drug Discov. 2022, 17, 581–601. [CrossRef]

53. Alonso, C.; Fuertes, M.; Martín-Encinas, E.; Selas, A.; Rubiales, G.; Tesauro, C.; Knudssen, B.K.; Palacios, F. Novel Topoisomerase
I Inhibitors. Syntheses and Biological Evaluation of Phosphorus Substituted Quinoline Derivates with Antiproliferative Activity.
Eur. J. Med. Chem. 2018, 149, 225–237. [CrossRef]

54. Selas, A.; Fuertes, M.; Melcón-Fernández, E.; Pérez-Pertejo, Y.; Reguera, R.M.; Balaña-Fouce, R.; Knudsen, B.R.; Palacios, F.;
Alonso, C. Hybrid Quinolinyl Phosphonates as Heterocyclic Carboxylate Isosteres: Synthesis and Biological Evaluation against
Topoisomerase 1b (Top1b). Pharmaceuticals 2021, 14, 784. [CrossRef]

55. Selas, A.; Ramírez, G.; Palacios, F.; Alonso, C. Design, Synthesis and Cytotoxic Evaluation of Diphenyl(Quinolin-8-Yl)Phosphine
Oxides. Tetrahedron Lett. 2021, 70, 153019. [CrossRef]

56. Fuertes, M.; Selas, A.; Trejo, A.; Knudsen, B.R.; Palacios, F.; Alonso, C. Synthesis of Hybrid Phosphorated Indenoquinolines
and Biological Evaluation as Topoisomerase I Inhibitors and Antiproliferative Agents. Bioorg Med. Chem. Lett. 2022, 57, 128517.
[CrossRef] [PubMed]

57. Ghashghaei, O.; Masdeu, C.; Alonso, C.; Palacios, F.; Lavilla, R. Recent Advances of the Povarov Reaction in Medicinal Chemistry.
Drug Discov. Today Technol. 2018, 29, 71–79. [CrossRef]

58. Trejo, A.; Masdeu, C.; Serrano-Pérez, I.; Pendrola, M.; Juanola, N.; Ghashghaei, O.; Jiménez-Galisteo, G.; Lavilla, R.; Palacios, F.;
Alonso, C.; et al. Efficient AntiMycolata Agents by Increasing the Lipophilicity of Known Antibiotics through Multicomponent
Reactions. Antibiotics 2023, 12, 83. [CrossRef] [PubMed]

59. Petersen, K.V.; Selas, A.; Hymøller, K.M.; Mizielinski, K.; Thorsager, M.; Stougaard, M.; Alonso, C.; Palacios, F.; Pérez-Pertejo,
Y.; Reguera, R.M.; et al. Simple and Fast Dna Based Sensor System for Screening of Small-Molecule Compounds Targeting
Eukaryotic Topoisomerase 1. Pharmaceutics 2021, 13, 1255. [CrossRef]

173



Pharmaceuticals 2023, 16, 657

60. World Health Organization. WHO Consolidated Guidelines on Tuberculosis: Module 4: Treatment: Drug-Resistant Tuberculosis
Treatment. Available online: https://www.who.int/publications/i/item/9789240007048 (accessed on 23 January 2023).

61. Koch, A.; Cox, H.; Mizrahi, V. Drug-Resistant Tuberculosis: Challenges and Opportunities for Diagnosis and Treatment. Curr.
Opin. Pharmacol. 2018, 42, 7–15. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

174



Article

Hepatoprotection by Methylene Blue Against Doxorubicin
Toxicity Through Coordinated Modulation of Oxidative Stress,
ER Stress, and Apoptotic Pathways

Enas S. Gad 1,2, Ahmed M. Ashour 3,*, Amany M. Gad 1,4, Ali Khames 5, Shaimaa G. Ibrahim 6,

Mohamed H. A. Gadelmawla 7,* and Mona Mansour 8

1 Department of Pharmacology and Toxicology, Faculty of Pharmacy, Sinai University, Kantara Branch,
Ismailia 41636, Egypt; enasgad1988@gmail.com (E.S.G.); amany.gad@su.edu.eg (A.M.G.)

2 Department of Pharmaceutical Sciences, College of Clinical Pharmacy, King Faisal University,
Al-Ahsa 13889, Saudi Arabia

3 Department of Pharmacology and Toxicology, College of Pharmacy, Umm Al-Qura University, P.O. Box 13578,
Makkah 21955, Saudi Arabia

4 Department of Pharmacology, Egyptian Drug Authority (EDA)-Formerly NODCAR, Giza 12654, Egypt
5 Department of Pharmacology and Toxicology, Faculty of Pharmacy, Sohag University, Sohag 82511, Egypt;

ali.khames@pharm.sohag.edu.eg
6 Department of Pharmacology and Toxicology, Faculty of Pharmacy, October 6 University, Giza 12585, Egypt;

drshaimaa.gomaa@yahoo.com
7 Department of Life Sciences, Faculty of Biotechnology, Sinai University, Kantara Branch, Ismailia 41636, Egypt
8 Department of Pharmacology and Toxicology, Faculty of Pharmacy (Girls), Al-Azhar University,

Cairo 11884, Egypt; mona.mansour@azhar.edu.eg
* Correspondence: amashour@uqu.edu.sa (A.M.A.); mohamed.hassany@su.edu.eg or

mhassany_dna@yahoo.com (M.H.A.G.)

Abstract: Background and Objectives: Doxorubicin (DOX) is a potential chemotherapeu-
tic whose clinical application is limited by hepatotoxicity mediated through apoptosis,
endoplasmic reticulum (ER) stress, and oxidative stress (OS). This study aimed to assess
the hepatoprotective impact of methylene blue (MB) against DOX-induced liver injury.
Methods: Forty rats were arbitrarily divided equally into four groups: control, DOX (15
mg/kg, i.p., single dose), MB (4 mg/kg, i.p., daily for 7 days), and DOX + MB (same
regimen, MB initiated 1 h post DOX). Serum ALT, AST, and γ-GT were measured, along
with hepatic TAC and HO-1. ELISA quantified PERK, GRP78, and CHOP. Immunohisto-
chemistry assessed Caspase-3, p53, NF-κB, and Nrf2. Histopathological evaluation was
performed using H&E staining. Results: DOX administration significantly elevated ALT,
AST, γ-GT, HO-1, PERK, GRP78, and CHOP while reducing TAC and Nrf2 expression.
Strong Caspase-3, p53, and NF-κB immunoreactivity and severe histopathological damage
were observed. MB treatment markedly reversed these changes, restoring antioxidant sta-
tus, downregulating ER stress markers, preserving Nrf2 expression, and improving hepatic
architecture. Conclusions: MB exerts significant hepatoprotection against DOX-induced
injury, likely via attenuation of OS, ER stress, apoptosis, and inflammation.

Keywords: methylene blue; hepatotoxicity; doxorubicin; inflammation; endoplasmic retic-
ulum stress; apoptosis

1. Introduction

Doxorubicin (DOX) is a key chemotherapeutic agent with strong effectiveness towards
hematological and various solid tumors [1]. Nevertheless, DOX utilization clinically is
limited due to adverse impacts on multiple organs, including the bone marrow, intestinal
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epithelium, heart, liver, and kidneys, as well as the potential for inducing cancer cell re-
sistance [2]. Both powdered and liquid versions of DOX are accessible, and it is usually
given intravenously [3]. The administration routes of both doxorubicin (intraperitoneal)
and methylene blue (intraperitoneal) were selected based on their established efficacy in
preclinical rodent models. While intravenous administration is the standard in human
clinical practice, the intraperitoneal route provides a reliable and practical alternative for
achieving systemic exposure in rats, ensuring translational relevance for early-stage mech-
anistic studies. Despite its potent chemotherapeutic activity, doxorubicin’s conventional
application has been reduced due to serious adverse impacts on different organs, leading
to fertility issues, nephro-, cardio-, and hepatotoxicity, and the initiation of diabetic cardiac
injury [4–6]. Its biphasic toxicity results in both acute and sub-acute hepatic damage [7].
The generation of reactive oxygen species (ROS) during DOX metabolism in the liver,
causing an imbalance in redox potential, is the main molecular mechanism behind DOX-
induced hepatotoxicity (DIHT). Oxidative stress (OS), reduced antioxidant enzyme values,
apoptosis, inflammation, and mitochondrial malfunction are caused by this imbalance.
Metabolism of doxorubicin in the liver generates superoxide radicals and peroxynitrite
radicals, initiating lipid peroxidation and causing hepatic damage, evidenced by the pro-
duction serum AST and ALT (hepatic enzymes). These enzyme levels serve as biomarkers
for hepatotoxicity [8,9]. The drug also depletes antioxidant molecules like glutathione
peroxidase (GPx), catalase (CAT), superoxide dismutase (SOD), and glutathione (GSH),
thereby halting the activity of defensive mechanism [10,11]. Genes that produce apoptotic
enzymes like Caspase-3 and antioxidant enzymes like Nrf2 and HO-1 are elevated within
DOX therapy. ROS are produced when malondialdehyde values are elevated, leading to
a cascade of apoptotic events [8,12]. The lipophilic nature of DOX and its DNA-binding
capacity contribute to its capacity to accumulate in hepatocytic nuclei, leading to DNA
damage [13]. The hepatotoxicity caused by DOX has been lessened by several drugs, ac-
cording to a number of studies. It has been demonstrated that a number of natural products
and medications have hepatoprotective properties that lessen the negative effects of DOX.

Methylene blue (MB), a thiazine dye, is utilized in tissue staining, histological studies,
and medical interventions [14]. It is effective in treating conditions such as encephalopa-
thy [15], methemoglobinemia, and poisonings caused by carbon monoxide, cyanide, and
nitrates [16]. Additionally, MB helps prevent septic shock hypotension [17], and protects
against renal and hepatic injury [18]. It also acts as a bacteriostatic disinfectant for the
genitourinary tract [19]. Among its notable therapeutic properties is its impact on cen-
tral nervous system (CNS) conditions. Furthermore, its effects on liver diseases, kidney
disorders, lung damage, and cardiovascular conditions have been explored [20]. MB is
FDA-approved for treating methemoglobinemia of various origins [21]. One of its most
intriguing characteristics is its influence on mitochondrial function and regulation and ROS
generation [15]. This study aims to assess the mechanisms by which methylene blue can
mitigate liver damage induced by DOX, with a focus on the roles of OS and apoptosis.

2. Results

2.1. Effect of MB on DOX-Induced Hepatic Dysfunction

The serum levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST),
and gamma-glutamyl transferase (γ-GT) were ultimately upregulated in the DOX group
(15 mg/kg, IP, once) by 3.9-, 3.1-, and 4.8-fold, respectively, compared to the control group
(Figure 1). MB-treated rats (4 mg/kg/IP/daily for 7 days) exhibited a remarkable decline
in liver enzyme values by 53.4%, 50.2%, and 64.4%, respectively, in comparison to the DOX
group (p < 0.05).
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Figure 1. MB effects on serum ALT (A), AST (B), and γ-GT (C) levels. Data are expressed as
mean ± S.E.M (n = 10). a: significance towards control, b: significance towards DOX group at p < 0.05.
Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; γ-GT, gamma-
glutamyl transferase; DOX, doxorubicin; S.E.M., standard error of the mean.

2.2. MB Effects on Hepatic OS Markers Against DIHT

The oxidative stress (OS) impact of MB against DOX-induced ROS production was
evaluated by measuring the contents of total antioxidant capacity (TAC) and heme
oxygenase-1 (HO-1). Induction of DOX hepatotoxicity provided a significant decrease in
hepatic TAC by about 73%, as well as a significant increase in hepatic HO-1 by 4.8-fold
compared to the control group (Figure 2). MB-treated rats revealed a remarkable elevation
in the hepatic content of TAC by 154.9% and prevented the elevation in HO-1 content by
about 61.1% compared to the DOX group (p < 0.05).

Figure 2. Effects of MB on total antioxidant capacity (TAC) (A) and HO-1 (B) contents. Data are
expressed as mean ± S.E.M (n = 10). a: significance towards control, b: significance towards
DOX group at p < 0.05. Abbreviations: TAC, total antioxidant capacity; HO-1, heme oxygenase-1;
DOX, doxorubicin; S.E.M., standard error of the mean.

2.3. Effects of MB on PERK/GRP78/CHOP Pathway Markers

Doxorubicin (DOX) substantially elevated the hepatic contents of PERK, GRP78, and
CHOP by about 5-, 4.8- and 4.4-fold, respectively, compared to the control group, as
presented in Figure 3. Treatment with MB revealed a remarkable reduction in the hepatic
contents of PERK, GRP78, and CHOP by 56.06%, 58.5%, and 61.23%, respectively, in
comparison to the DOX group (p < 0.05).

Figure 3. MB effects on PERK (A), GRP78 (B), and CHOP (C) contents. Data are expressed as
mean ± S.E.M (n = 10). a: significance towards control, b: significance towards DOX group at p < 0.05.
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Abbreviations: DOX, doxorubicin; PERK, protein kinase RNA-like endoplasmic reticulum kinase;
GRP78, glucose-regulated protein 78; CHOP, C/EBP homologous protein; S.E.M., standard error of
the mean.

2.4. Evaluation of Histological Changes

Histopathological examinations from the normal control group (Figure 4) revealed
normal histologic structure of hepatic parenchyma in both centrilobular and portal areas.
Likewise, apparently normal liver sections were detected in the MB-alone group. The
DOX group exhibited marked histopathological alterations, and excessive hepatocellular
vacuolation was noticed. Focal areas of necrosis with inflammatory cell infiltration were
detected. The portal areas were heavily infiltrated with mononuclear inflammatory cells.
Concerning the DOX + MB group marked improvement was detected, as hepatocytes in
the centrilobular areas were apparently normal with mild mononuclear inflammatory cell
infiltration in the portal areas.

Figure 4. The photomicrographs show the liver tissue of all groups. The control group displayed
normal hepatic architecture with well-arranged hepatocyte cords radiating from the central vein,
intact cytoplasm, and clearly defined nuclei. The MB group revealed apparently normal hepatocytes
in the centrilobular and periportal areas, indicating no morphological alterations. In contrast, the
DOX group exhibited marked hepatic injury characterized by diffuse hepatocellular vacuolation,
cytoplasmic degeneration, and focal necrosis accompanied by mononuclear inflammatory cell in-
filtration (arrows). The DOX + MB group demonstrated a remarkable improvement in hepatic
architecture, showing nearly normal hepatocytes around the central and portal areas, with restoration
of cellular integrity and minimal vacuolar degeneration (100 and 400×, H&E). Abbreviations: DOX,
doxorubicin; H&E, hematoxylin and eosin.

2.5. Evaluation of Immunohistochemistry Changes

The IHC analysis demonstrated weak expression of Caspase-3, P53, and NF-κB in
hepatic tissues of the control and MB groups. The DOX group showed severe expressions
of Caspase-3, P53, and NF-κB. The DOX + MB group revealed a weak Caspase-3, P53,
and NF-κB immunoreactivity approximately like the control tissues. However, for NRF-2,
severe immunoreactivity was shown in the control and MB groups, moderate expression in
the DOX + MB group, and weak expression in the DOX group (Figures 5 and 6).
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Figure 5. Protective effect of MB on hepatic immunoreactivity of p53 and NRF-2 in DOX-evoked
hepatic damage in rats. Photomicrographs of liver tissues from all groups. The immunoreactiv-
ity of P53 and NRF-2 were visible in the tissues as a brown color generated by DAB chromogen
(DAB, ×400). The control group exhibited normal hepatic histoarchitecture with faint p53 and mod-
erate NRF-2 staining. The MB-alone group showed mild NRF-2 nuclear localization and negligible
p53 expression. The DOX-treated group revealed intense p53 immunostaining in hepatocyte nu-
clei and cytoplasm, accompanied by a marked reduction in NRF-2 expression. In contrast, the
DOX + MB group displayed attenuated p53 staining and enhanced NRF-2 immunoreactivity. Quan-
titative analysis of immunostaining intensity for p53 and NRF-2 is expressed as mean ± S.E.M.
(n = 10). a: significant difference compared with the control group; b: significant difference compared
with the DOX group at p < 0.05. Abbreviations: NRF-2, nuclear factor erythroid 2-related factor 2;
DAB, 3,3′-diaminobenzidine; S.E.M., standard error of the mean.
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Figure 6. Protective effect of MB on hepatic immunoreactivity of Caspase-3 and NF-κB in DOX-
treated rats evoked hepatic damage in rats. Photomicrographs of hepatic tissues of all groups.
Caspase-3 and
NF-κB reactivity were detected in tissues using DAB chromogen, resulting in a brown color
(DAB, ×400). The control group exhibited weak cytoplasmic Caspase-3 and NF-κB staining. The
MB-alone group displayed minimal immunoreactivity similar to the control. In contrast, the DOX
group showed strong Caspase-3 and NF-κB staining. The DOX+MB group demonstrated markedly
reduced immunostaining intensity for both markers. Quantitative analysis of Caspase-3 and NF-κB
immunoreactivity is expressed as mean ± S.E.M. (n = 10). a: significant difference compared with
the control group; b: significant difference compared with the DOX-treated group at p < 0.05. Ab-
breviations: NF-κB, nuclear factor kappa B; DAB, 3,3′-diaminobenzidine; S.E.M., standard error of
the mean.

3. Discussion

This study has certain limitations. First, the use of the intraperitoneal route for drug
administration may limit the translational relevance of the findings, and future studies
employing intravenous delivery are recommended. Second, the analysis was restricted
to a specific set of biomarkers, while inclusion of additional antioxidant markers such as
SOD and catalase could provide a more comprehensive understanding. Finally, reliance on
ELISA and immunohistochemistry without complementary molecular techniques, such
as Western blotting or qPCR, limits mechanistic validation; thus, future work will aim to
incorporate these methods to strengthen the molecular evidence.

Doxorubicin (DOX) is a widely prescribed anticancer agent with proven efficacy
against numerous solid as well as hematological malignancies [22]. Its therapeutic usage
is markedly limited by its dose-dependent and cumulative hepatotoxicity [23]. In cer-
tain cases, the hepatic damage provoked by DOX can become a serious clinical concern,
potentially compromising the patient’s tolerance to further chemotherapy. DIHT is well
documented in preclinical models. Among the principal mechanisms implicated, ER stress
has a pivotal role. The substantial amount of unfolded/misfolded proteins inside the ER
lumen during DOX exposure disrupts cellular homeostasis, initiating a cascade of signaling
events that culminate in hepatocyte dysfunction and cell death [24,25].

The timing of methylene blue (MB) administration is crucial for optimizing its car-
dioprotective effects. In this study, MB was co-administered with doxorubicin (DOX), but
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whether pre- or post-treatment would yield similar benefits remains to be explored. Pre-
treatment may enhance cellular defenses before DOX injury, while post-treatment better
simulates clinical scenarios. Further studies comparing these strategies could improve the
translational relevance of MB.

In the present study, DOX administration produced a clear biochemical signature of
hepatocellular damage, elucidated by marked elevations in serum ALT, GGT, and AST,
and this agreed with Gotama et al. [26] and Wu et al. [27]. These changes indicate loss of
hepatocyte membrane integrity, mitochondrial perturbation, and oxidative stress-related
impairment of hepatic function. Mechanistically, such elevations are consistent with DOX-
induced ROS generation via redox cycling, which triggers lipid peroxidation and disrupts
phospholipid bilayers. In addition, ER stress and disturbances in protein folding and
calcium homeostasis further compromise cellular stability, facilitating enzyme leakage into
the circulation. The observed pattern of increased ALT, AST, and GGT therefore reflects the
combined effects of oxidative damage, ER and mitochondrial dysfunction, and subsequent
hepatocyte necrosis/apoptosis, findings supported by the histopathological alterations
detected in the DOX group [28].

In this study, DOX administration induced a marked oxidative imbalance, as evi-
denced by a pronounced reduction in hepatic TAC together with a substantial increase in
HO-1 content, and this aligned with Barakat et al. [8] and Saleh et al. [29,30]. The decline in
TAC reflects depletion of the endogenous antioxidant reserve, indicating that the hepatic
defense system was overwhelmed by excessive ROS production. The elevation in HO-1 rep-
resents an adaptive cellular stress response, as this inducible enzyme is upregulated under
oxidative challenge to degrade pro-oxidant heme and generate cytoprotective molecules.
However, persistent or exaggerated HO-1 induction may also signify ongoing oxidative
injury rather than successful adaptation. Together, the decrease in TAC and the rise in
HO-1 demonstrate that DOX triggers severe oxidative stress in hepatic tissue, disrupting
redox [30,31].

In the present study, HO-1 was selected as a representative antioxidant marker due
to its dual role as both an inducible antioxidant enzyme and a cytoprotective mediator
under oxidative stress conditions. HO-1 is particularly responsive to redox imbalance and
has been shown to be upregulated in cardiac tissue following doxorubicin-induced injury,
making it a sensitive indicator of oxidative stress modulation. While we acknowledge
the established roles of other classical antioxidant enzymes such as superoxide dismutase
(SOD), catalase (CAT), glutathione peroxidase (GPx), and peroxiredoxins (Prx), the scope of
the current study was limited to evaluating early signaling responses, with HO-1 serving as
a key target. Future studies are warranted to provide a more comprehensive profile of the
antioxidant defense system by including a panel of enzymatic markers to fully delineate
the redox-modulating effects of methylene blue.

In the present work, DOX administration markedly activated ER stress signaling, as
demonstrated by significant increases in hepatic PERK, GRP78, and CHOP, and this is in
accord with Yarmohammadi et al. [32] and Kopsida et al. [33]. PERK is a key transducer of
the unfolded protein response, and its activation reflects ER matrix accumulated misfolded
proteins. GRP78, an ER chaperone, is upregulated to stabilize protein folding and mitigate
stress, while CHOP is a downstream transcription factor that shifts the ER stress response
towards apoptosis when stress is severe or prolonged [34,35]. The concurrent elevation of
these markers in DOX-treated animals indicates sustained ER stress that has transitioned
from adaptive to pro-apoptotic signaling. Such activation is known to exacerbate hepa-
tocellular injury by promoting inflammatory responses, amplifying oxidative stress, and
triggering apoptotic pathways, thereby contributing to the overall hepatotoxic profile of
DOX, as shown in Figure 7.
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Figure 7. Proposed mechanism of DIHT.

In the present study, immunohistochemical assessment provided further insight into
the mechanistic pathway underlying DIHT. Hepatic tissues from DOX-intoxicated animals
exhibited strong immunoreactivity for Caspase-3 and p53, indicating activation of the apop-
totic pathway, and this is in agreement with Lin et al. [36] and Khafaga and El-Sayed [37].
p53 acts as a central tumor suppressor protein that responds to DNA damage by initiating
pro-apoptotic signaling, while Caspase-3 serves as a key executioner enzyme that orches-
trates the final stages of programmed cell death [38–40]. The concurrent overexpression of
NF-κB in the DOX group reflects an associated inflammatory response, as it regulates the
generation of numerous pro-inflammatory mediators and can further amplify tissue injury.
In contrast, Nrf2 immunoreactivity was markedly reduced in the DOX group, consistent
with impaired stimulation of the intracellular antioxidant defense [41]. The suppression of
Nrf2 compromises transcriptional induction of cytoprotective genes, thereby exacerbating
oxidative and inflammatory damage. Together, these findings confirm that DOX-induced
hepatic injury is mediated by a combination of apoptosis, inflammation, and diminished
antioxidant defense capacity [42,43].

The observed pattern of Nrf2 expression—high in the control and MB-treated groups,
suppressed in the DOX group, and partially restored with DOX + MB co-treatment—is
consistent with the redox-sensitive regulation of this transcription factor. Under basal
conditions, Nrf2 contributes to cellular homeostasis by regulating antioxidant gene ex-
pression. DOX-induced oxidative stress is known to impair the Nrf2 pathway, leading to
reduced nuclear translocation and degradation of the protein. Co-administration of MB
likely alleviates this oxidative burden, stabilizing Nrf2 and enabling its partial activation,
which contributes to the restoration of downstream antioxidant responses, including TAC.
This biphasic response of Nrf2 under oxidative stress is well documented.

Histopathological analysis revealed normal hepatic architecture in both the control
and MB groups. DOX-treated livers showed diffuse hepatocellular vacuolation, focal
necrosis, and dense mononuclear inflammatory infiltration in portal areas, consistent with
severe oxidative and ER stress-mediated injury. These changes reflect combined cytotoxic,
metabolic, and inflammatory mechanisms underlying DIHT.

In the present study, MB co-administration markedly reduced the DOX-induced
elevations in ALT, AST, and GGT, indicating effective preservation of hepatocyte integrity
and function. This improvement suggests that MB was able to limit the extent of cellular
membrane disruption and enzyme leakage into the circulation. The normalization of these
hepatic enzyme levels reflects attenuation of DOX-mediated hepatocellular damage and
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supports the hepatoprotective role of MB in maintaining biochemical markers of liver
function within near-normal ranges.

MB counteracts DOX-induced hepatic injury by restoring the antioxidant defense
system, replenishing TAC, and reducing the oxidative burden signaled by HO-1 over-
expression. With a strengthened redox balance, the excessive ROS generation that fuels
cellular damage is curtailed, preserving intracellular homeostasis, and this is endorsed by
Poteet et al. [44]. This reduction in oxidative stress dampens ER stress signaling, leading to
lower activation of PERK, reduced expression of the chaperone GRP78, and suppression of
the pro-apoptotic factor CHOP [45].

The absence of a significant antioxidant response following MB treatment alone sug-
gests that its redox-modulating effects are conditionally activated under oxidative stress
states. MB likely functions as a redox sensor or stress-responsive modulator, exerting its
antioxidant potential primarily in environments of elevated ROS, such as those induced by
DOX. In the absence of oxidative insult, endogenous antioxidant systems remain balanced,
and MB does not significantly alter basal redox homeostasis. This context-dependent activ-
ity highlights MB’s potential selectivity in targeting pathological oxidative stress without
disrupting normal cellular function, which is a favorable characteristic for therapeutic use.

As the ER stress cascade is restrained, the downstream triggers of hepatocellular
apoptosis and inflammation are weakened. The apoptotic signals driven by p53 and
Caspase-3 diminish, while inflammatory amplification via NF-κB is blunted. At the same
time, Nrf2 activity is partially restored, allowing sustained transcription of antioxidant
and cytoprotective genes. Through this sequence of interlinked events beginning with
oxidative stress suppression, progressing through ER stress modulation, and culminating in
reduced apoptosis and inflammation [46], MB preserves hepatocyte structure and function,
protecting the liver from progressive injury, as shown in Figure 8.

Figure 8. The proposed mechanism of MB’s hepatoprotective effect.

4. Materials and Methods

4.1. Experimental Animals and Design

Forty adult male albino rats (160–180 g) were purchased from the laboratory animal
unit (NODCAR, Egypt). The rats received a standard control water and diet ad libitum
for 7 days to become used to their new environment. This study was performed after the
Ethics Committee for Animal Experimentation at Sinai University [SU.REC.2024 (33 A)]
approval was granted (13 January 2025). The animals were arbitrarily allocated equally
to 4 groups (n = 10); the control group received intraperitoneal (i.p.) saline injection once
(15 mL/kg; i.p.). Diseased group: treated with a single i.p. injection of DOX at a dose
of 15 mg/kg [47]. MB control group: received a daily dose of MB for 7 consecutive days
(4 mg/kg; i.p.) [48]. Treatment group: rats received 4 mg/kg of MB daily for 7 consecutive
days; the first dose of MB started after injection with DOX by one hour.
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Doxorubicin (DOX) and methylene blue (MB) were administered intraperitoneally,
a route commonly used in rodent studies to mimic systemic exposure comparable to
intravenous administration in humans. This approach is widely accepted for evaluating
cardiotoxicity and therapeutic modulation in preclinical models.

4.2. Sample Collection

Blood samples were drawn from the retro-orbital venous sinus of each animal into
plain test tubes. After allowing 10 min for clotting, to separate the serum, the samples
were centrifuged at 3000 rpm (4 ◦C) and then frozen at −80 ◦C for later examination of
biochemical indicators. After the end of the treatment, rats received an intraperitoneal
injection (1 mL) of anesthesia (0.3 mL of xylazine and 0.7 mL of ketamine) and were sacri-
ficed using a sterile surgical blade. Prior to homogenization, one gram of hepatic tissue
underwent triple washing with cold NaCl solution (0.9%) and was then homogenized
in cold phosphate-buffered saline (PBS) (9 mL; pH 7.5) [49]. The hepatic homogenates
were subjected to cold centrifugation for approximately 15 min at 3000 rpm, after which
the supernatants were extracted to assess antioxidant, oxidative stress, and inflamma-
tory levels. A small piece of liver was preserved in formalin for further histological and
immunohistochemical examination.

4.3. Biochemical Analysis
4.3.1. Serum Hepatic Markers

The serum aspartate aminotransferase (AST) and alanine aminotransferase (ALT)
values were analyzed calorimetrically utilizing examining kits obtained from (Teco Diag-
nostics, Anaheim, CA, USA). Serum gamma glutamyl transferase (GGT) was evaluated
utilizing a specific rat ELISA kit (My BioSource, San Diego, CA, USA, Cat #: MBS9343646).
All techniques were performed according to the manufacturers’ protocols.

4.3.2. Oxidative and Antioxidant Stress Markers

The homogenized liver samples were employed to elucidate the OS degree through
measurement of the tissue concentrations of OH- radical using the specific ELISA kit (Enzo
life science, Inc., 10 Executive Blvd, Farmingdale, NY, USA, Cat #: ADI-EKS-810A). The
Rat Total Antioxidant Status (TAC) of the hepatic tissue samples was assessed using a
quantification method with the specific ELISA kits (My BioSource, San Diego, CA, USA,
Cat #: MBS1600693). The procedure was carried out according to the manufacturer’s
protocols in the attached brochures.

TAC assay was performed to provide an integrated parameter reflecting the cumu-
lative antioxidant defense status in cardiac tissue. This assay was selected because it
evaluates the overall capacity of both enzymatic and non-enzymatic antioxidants, offering
a broader picture of oxidative stress than measuring individual antioxidants alone. Given
that oxidative damage plays a central role in doxorubicin-induced cardiotoxicity, TAC
assessment directly supports this study’s aim of evaluating methylene blue’s potential
cardioprotective and antioxidant effects.

4.3.3. Estimation of Hepatic Tissue Concentrations of Apoptotic Biomarkers

The rat hepatic tissue levels of the apoptotic pathway markers PERK/GRP/CHOP
were analyzed using specific rat ELISA kits purchased from My BioSource (San Diego,
CA, USA, Cat #: MBS2511166) for PERK and from BT LAB (Shanghai, China) for GRP
(Cat #:LS-F8683) and CHOP (Cat #: LS-F11285). The quantification method followed the
manufacturers’ protocols.
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4.4. Histopathological Examination

The hepatic tissues underwent preservation in 10% formalin solution before being
subjected to conventional histological procedures. These procedures involved successive
immersion in elevating ethanol concentration for dehydration, followed by paraffin wax
embedding. Subsequently, the paraffin-embedded tissue blocks were sliced into 4 μm
sections and stained using routine work stain, hematoxylin and eosin (H&E) [50].

4.5. Immunohistochemistry (IHC)

We used IHC to examine the presence and location of Caspase-3, NRF-2, P53, and NF-
κB proteins in liver tissues. Sections were processed, and antigens were retrieved by boiling
in citrate buffer (pH 6.0). Hydrogen peroxide (3%) was administered for 20 min to inhibit
tissue endogenous peroxidase activity. Then, to avoid non-specific antibody interaction
with tissue, 5% bovine serum albumin was employed as a blocking agent. Next, 4 μm
liver sections were immunostained with anti-Caspase-3, NRF-2, P53, and NF-κB primary
antibodies for 90 min [51]. Following that, the samples were incubated for 30 min with
HRP-labeled 2ry antibodies. The targeted proteins were stained with a diaminobenzidine
(DAB) kit (ScyTek Laboratories, Inc., Logan, UT, USA), and hematoxylin was utilized as
a counterstain. Tissue segment images were acquired with digital imaging equipment
coupled to a light microscope (Leica Flexacam i5, Leica, Wetzlar, Germany). Signal intensity
for Caspase-3, NRF-2, P53, and NF-κB immunoreactivity was determined in all groups at
400× magnification [52].

4.6. Assessment of IHC Staining

The quantitative IHC was performed by employing ImageJ Fiji software version
1.2. The intensity for positive Caspase-3, NRF-2, P53, and NF-κB immunoreactions was
determined at magnification 400× for all groups [53].

4.7. Statistical Analysis

All data were gathered and analyzed with SPSS, version 22.0 (IBM Corporation,
Armonk, NY, USA). Data were expressed as mean ± S.E.M. The distinction between groups
was statistically examined using GraphPad Prism 5 (La Jolla, CA, USA) utilizing one-way
ANOVA followed by the Tukey–Kramer Multiple Comparison Test. p values < 0.05 were
considered significant.

5. Conclusions

MB exhibits remarkable hepatoprotective potency against DIHT. This protection is
mediated via restoration of TAC; reduction of HO-1; suppression of ER stress signaling via
downregulation of PERK, GRP78, and CHOP; and inhibition of apoptosis and inflammation
through decreased p53, Caspase-3, and NF-κB expression. Additionally, partial restoration
of Nrf2 activity reinforces antioxidant defenses, collectively preserving hepatocellular
structure and function.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ph18111625/s1, Table S1. The animal body weight values
throughout the experiment.
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