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Abstract: Liver cancer ranks among the most prevalent malignancies globally and stands as a leading
cause of cancer-related mortality. Numerous isothiazolone derivatives and analogues have been
synthesized and investigated for their potential as anticancer agents; however, limited data exist
regarding their efficacy against liver cancer. In the present study, two nitrophenyl-isothiazolones, the
5-benzoyl-2-(4-nitrophenyl)isothiazol-3(2H)-one (IsoA) and the 2-(4-nitrophenyl)isothiazol-3(2H)-one
(IsoB), were preliminarily investigated for their cytotoxicity against hepatoma human (Huh7) cells as
a liver cancer model and Immortalized Human Hepatocytes (IHHs) as a model of non-cancerous
hepatocytes. IsoB, derived from IsoA after removal of the benzoyl moiety, demonstrated the highest
cytotoxic effect against Huh7 cells with CC50 values of 19.3 µM at 24 h, 16.4 µM at 48 h, and 16.2 µM at
72 h of incubation, respectively. IsoB also exhibited selective toxicity against the liver cancerous Huh7
cells compared to IHH cells, reinforcing its role as a potent and selective anticancer agent. Remarkably,
the cytotoxicity of IsoB was higher when compared with the standard chemotherapeutical agent
5-fluorouracil (5-FU), which also failed to exhibit higher toxicity against the liver cancerous cell lines.
Moreover, IsoB-treated Huh7 cells presented a noteworthy reduction in mitochondrial membrane
potential (∆Ψm) after 48 and 72 h, while mitochondrial superoxide levels showed an increase after
24 h of incubation. The molecular mechanism of the IsoB cytotoxic effect was also investigated
using RT-qPCR, revealing an apoptosis-mediated cell death along with tumor suppressor TP53
overexpression and key-oncogene MYCN downregulation.

Keywords: anticancer; cytotoxic; hepatocellular carcinoma; Huh7; isothiazolone; 2-(4-nitrophenyl)
isothiazol-3(2H)-one; 5-benzoyl-2-(4-nitrophenyl)isothiazol-3(2H)-one

1. Introduction

Isothiazole and analogues like isothiazolones have found applications in different
fields since they have useful biological properties, such as antimicrobial, antibacterial,
antifungal, antiviral, and anti-inflammatory activities [1,2]. Isothiazolones are organic
compounds containing five-membered sulfur–nitrogen heterocyclic rings with various
substitution patterns and functional groups attached to the core isothiazolone structure.
They are known for their extensive useful biological activity as bactericides [3,4] in different
industrial sectors and as active agents in many pharmaceuticals and agrochemicals [2].
Except from potent biocides, isothiazolones have been investigated as anticancer agents
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due to their demonstrated ability to disrupt key cellular processes involved in cancer
progression [5–9]. Through targeted mechanisms, isothiazolones exhibit the potential to
induce apoptosis and inhibit tumor growth, making them subjects of considerable interest
in cancer research [10–12]. Various isothiazolone derivatives were tested on different
cancer cell lines, including promyeoloblast cells (HL 60), Hodgkin’s Lymphoma cells
(L428), human lung adenocarcinoma (A549), hepatocellular carcinoma (HepG-2), colorectal
carcinoma (HCT-116), and breast cancer (MCF-7) cells, and their results revealed that these
compounds exhibited significant cytotoxicity, antitumor efficacy, induction of necrosis, as
well as antibacterial and anti-inflammatory properties [10,13–15].

Liver cancer stands among the leading causes of global cancer deaths, ranking as the
sixth most frequently diagnosed cancer globally and the fourth primary contributor to
cancer-related mortality [16]. The frequency of liver carcinomas is on the rise in developed
countries, although the majority of liver cancer cases occur in developing countries [17,18].
In 2020, an estimated 905,700 people were diagnosed, and 830,200 people died from liver
cancer globally, rendering the disease among the top three causes of cancer death in 46 coun-
tries and among the top five causes of cancer death in 90 countries [19]. Hepatocellular
carcinoma (HCC) is the most common form of liver cancer, accounting for over 80% of all
cases and occurring in >90% of cases in patients with liver damage. It has an estimated
18% 5-year survival rate [16]. The treatment option for HCC is surgical resection, which,
however, is only limited to patients with good liver function at the early stage of the disease
but has a high relapse rate (>60%) after surgery [17]. The number of new cases of liver
cancer per year is predicted to increase by 55.0% by 2040, leading to 1.3 million deaths [19].

Liver cancer is linked to dysregulated signaling pathways and various genetic changes,
encompassing the inactivation of tumor suppressors, activation of oncogenes, and dysregu-
lation of genes related to apoptosis, cell proliferation, survival, inflammation, angiogenesis,
telomerase reactivation, and cell metabolism [20,21]. The existing molecular targeted thera-
peutic strategies for treating hepatocellular carcinoma involve the utilization of various
agents, such as tyrosine kinase inhibitors (TKIs) like sorafenib and lenvatinib [22,23], an-
timetabolites such as 5-fluorouracil (5-FU) [24,25], and immune checkpoint inhibitors (ICIs),
including monoclonal antibodies like Atezolizumab and Bevacizumab [26]. Despite ongo-
ing progress, the current efficacy of HCC treatment is insufficient, prompting the need for
an extensive exploration of novel agents or strategies. Although isothiazoles have shown
promise as potential anticancer drugs in various cancer types, there is limited literature
available regarding their efficacy, specifically in liver cancer.

In the present study, the in vitro cytotoxic activity of two previously described and
synthesized isothiazolones, 5-benzoyl-2-(4-nitrophenyl)isothiazol-3(2H)-one (IsoA) and 2-
(4-nitrophenyl)isothiazol-3(2H)-one (IsoB) [27], was investigated. IsoA is a benzisothiazole
compound and was chosen for the potent and extensively employed biocidal and anticancer
activity of that type of isothiazolone [28–30], while IsoB derived from IsoA has a more
simplified structure lacking the benzoyl moiety. The effects of these isothiazolones and
of the standard chemotherapeutical agent 5-FU were tested concerning their cytotoxicity
on epithelial-like, human hepatoma liver cancer cells (Huh7) and on IHH cells used as
a model of non-cancerous hepatocytes. IsoB was found to exhibit considerable in vitro
cytotoxicity compared to 5-FU against Huh7 cells, whereas the opposite was observed in
the case of IHH cells. The underlined mechanism of the IsoB cytotoxic effects on Huh7 cells
was investigated by analyzing effects on gene expression, as well as on the redox status of
the cell and the mitochondrial membrane potential.

2. Results
2.1. Dose- and Time-Dependent Cytotoxic Effects of IsoA, IsoB, and 5-FU on Huh7 Cells

The previously synthesized nitrophenyl-isothiazolones, IsoA and IsoB, were tested
on the Huh7 hepatocellular carcinoma cell line to assess their cytotoxic effects. The 3-
(4,5-dimethyldiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay was used to
detect the cytotoxic effects of different doses of IsoA, IsoB, and 5-FU on Huh7 cells, and the
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results are depicted in Figure 1, Figure 2, and Figure 3, respectively. As shown, all tested
concentrations (0.1–20 µg/mL) of IsoA were generally well tolerated by the Huh7 cells
as slightly lower viability was observed only at the highest dose (20 µg/mL) after 72 h of
treatment (Figure 1).
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Figure 1. Dose- and time-dependent effects of IsoA on Huh7 cell viability after 24 h (A), 48 h (B),
and 72 h (C) of treatment. Cell viability, assessed by the MTT assay, is expressed relative to control
(non-treated) cells. The viability of control cells was set to 100%. Bars represent mean values, and
error bars represent standard errors (n = 5). Different letters above bars represent significant changes
in cell viability among different concentrations of IsoA used, as determined by Tukey’s test (p < 0.05).

IsoB treatment induced high rates of cell death in Huh7 cells at concentrations of 2.5
to 7.5 µg/mL compared to the control cells. Cytotoxic effects were IsoB dose-dependent
and observed even after 24 h of treatment (Figure 2).
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Figure 2. Dose-dependent effect of isothiazolone IsoB on Huh7 cell viability after 24 h (A), 48 h (B),
and 72 h (C) of treatment. Cell viability, assessed by the MTT assay, is expressed relative to control
cells. The viability of control cells was set to 100%. Bars represent mean values, and error bars
represent standard errors (n = 5). Different letters above bars represent significant changes in cell
viability among different concentrations of IsoB used, as determined by Tukey’s test (p < 0.05).

In addition, the dose- and time-dependent effects of the standard chemotherapeutical
agent 5-FU were evaluated on Huh7 cells after 24, 48, and 72 h of incubation compared
to control cells. Different concentrations of 5-FU (10–50 µg/mL) were tested according to
the literature [31–33], and the results of cell viability are shown in Figure 3. Significant
differences between the control and 5-FU-treated cells were observed at all time points (24,
48, and 72 h) and at all concentrations used, but 5-FU manifested strong effects only after
72 h of treatment and at concentrations of 20 to 50 µg/mL. A dose-dependent effect of 5-FU
was observed only after 72 h of incubation, and the 50% cytotoxic concentration (CC50)
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was calculated by linear regression. The calculated equation was y = −0.737x + 68.612
(R2 = 0.9274), which resulted in CC50 of 25.25 µg/mL 5-FU for Huh7 cells.
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Figure 3. Dose-dependent effects of 5-FU on Huh7 cell viability after 24 h (A), 48 h (B), and 72 h (C)
of treatment. Cell viability is expressed relative to control cells. The viability of control cells was
set to 100%. Bars represent mean values, and error bars represent standard errors (n = 5). Different
letters above bars represent significant changes in cell viability among different concentrations of
5-FU used, as determined by Tukey’s test (p < 0.05).

Thus, IsoB appears to be superior in its cytotoxic effects on Huh7 cancer cells compared
to 5-FU. The relationship between IsoB concentration and Huh7 cell viability was analyzed
by linear regression to determine its CC50 for the three different incubation times of treat-
ment (24 h, 48 h, 72 h). At 24 h of treatment, the CC50 value was 4.17 µg/mL (19.3 µM); at
48 h, the CC50 was 3.54 µg/mL (16.4 µM); and at 72 h, the CC50 was 3.51 µg/mL (16.3 µM)
(Figure 4A). Moreover, CC30 and CC70 were also calculated from the dose-response curve
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linear equations, resulting in 2.06 µg/mL and 6.28 µg/mL for 24 h, 1.69 µg/mL and
5.39 µg/mL for 48 h, and 1.85 µg/mL and 5.18 µg/mL for 72 h, respectively, for IsoB
treatment of Huh7 cells. IsoB was also tested on non-cancerous human hepatocytes (IHHs),
and the CC50 was calculated for three different incubation times of treatment (24 h, 48 h,
72 h) to investigate its potential selective anticancer activity (Figure 4B). The CC50 values of
IsoB on IHH cells were 15.75 µg/mL for 24 h, 10.63 µg/mL for 48 h, and 12.10 µg/mL for
72 h. These values were found to be three- to four-fold higher than those observed in the
case of Huh7 cells, highlighting IsoB’s selective cytotoxicity against liver cancerous cells.
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Figure 4. Dose-response curves of IsoB on Huh7 (A) and IHH (B) cell viability after incubation for
24 h (black), 48 h (red), and 72 h (green). Cell viability is expressed as a percentage relative to control
cells, the viability of which was set to 100%. Values are expressed as means ± SE (n = 5).

The effects of IsoB and 5-FU on Huh7 and IHH cells were also analyzed using
Fluorescence-Activated Cell Sorting (FACS) analysis. For this, cells were incubated for
48 h with the respective IsoB CC30, CC50 concentrations, 10 µg/mL 5-FU, or were not
treated (control cells). At 48 h of incubation, the cells were collected and double stained
with propidium iodide and Annexin V and then subjected to FACS analysis. The results
acquired from Huh7 cells are shown in Figure 5, and those obtained by IHH cells are
depicted in Figure 6.

As shown, the use of IsoB resulted in elevated rates of cell death in Huh7 cells, as
indicated by the presence of a high percentage of annexin-positive cells and dual annexin
and propidium iodide positive staining cells, especially in the case of IsoB CC50 concentra-
tion (Figure 5C). Interestingly, the same IsoB concentration, when applied for 48 h to IHH
cells, had only slight effects on cell viability (Figure 6C). On the opposite, 5-FU appeared to
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induce higher rates of apoptosis in non-cancerous IHH cells compared to cancerous Huh7
cells (Figures 5D and 6D). The above results suggested that IsoB may have a selectivity
against liver cancer cells as compared to normal hepatocytes.
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Figure 5. FACS analysis of Huh7 cells to determine the effects of IsoB and 5-FU on cell viability at
48 h of incubation. Dead cells are positive for propidium iodide staining detected by using FL3-H
filter (Q1, Q2); early apoptotic cells are positive only for allophycocyanin-conjugated annexin V
staining detected by using FL4-H (Q3); healthy cells are negative for both staining methods (Q4).
Huh7 control cells (A), cells treated for 48 h with the respective IsoB CC30 (B), cells treated for 48 h
with the respective IsoB CC50 (C), and cells treated with 10 µg/mL 5-FU (D). The dot plots shown
are non-gated, and the same central vertex has been used to determine the quadrants in all plots.
For all experiments, 10,000 events were collected and analyzed. A representative experiment from
three independent repetitions is shown.
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Figure 6. FACS analysis of IHH cells to determine the effects of IsoB and 5-FU on cell viability at 48 h
of incubation. Dead cells are positive for propidium iodide staining detected by using FL3-H filter
(Q1, Q2); early apoptotic cells are positive only for 488 annexin V staining detected by using FL1-H
(Q3); healthy cells are negative for both staining methods (Q4). IHH control cells (A), cells treated
for 48 h with the respective IsoB CC30 (B), cells treated for 48 h with the respective IsoB CC50 (C),
and cells treated with 10 µg/mL 5-FU (D). The dot plots shown are non-gated, and the same central
vertex has been used to determine the quadrants in all plots. For all experiments, 10,000 events were
collected and analyzed. A representative experiment from three independent repetitions is shown.

2.2. IsoB-Induced Effects on Membrane Potential and Mitochondrial Superoxide Production

Cell-permeable mitochondrial staining dyes were used to assess the mitochondrial
membrane potential of Huh7 cells treated with different concentrations of IsoB (CC30,
CC50, and CC70). The mitochondrial membrane potential (∆Ψm) was assessed in Huh7
cells treated with IsoB for 24 h, 48 h, and 72 h using the respective CC30, CC50, and CC70
concentrations (Figure 7). As shown, upon the 24-h treatment, no statistically significant
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differences were observed in the mitochondrial membrane potential among the different
concentrations of IsoB (CC30, CC50, CC70) used and the control cells. However, for the 48-h
treatment, the results revealed a gradual decrease in mitochondrial membrane potential for
the respective CC30, CC50, and CC70 values. Moreover, the 72-h treatment of Huh7 cells
with the respective CC30, CC50, and CC70 resulted in a slight decrease in mitochondrial
membrane potential compared to control cells.
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Figure 7. Assessment of mitochondrial membrane potential (∆Ψm) of Huh7 cells after 24 h (A),
48 h (B), and 72 h (C) of incubation with the respective CC30, CC50 and CC70 of IsoB. Staining of
the cells was performed with MitoTracker Red and Green fluorescent dyes. Control cells were not
treated with IsoB (control). Relative ∆Ψm was calculated by the fluorescence ratio of MitoTracker
Red, which stains mitochondria based on their membrane potential, to MitoTracker Green, which
stains mitochondria independent of their membrane potential, and normalized to the respective
ratio of control cells. Bars represent mean values, and error bars represent standard errors (n = 5).
The mitochondrial membrane potential (∆Ψm) of control cells was set at 1. Different letters above
bars represent significant changes in mitochondrial membrane potential (∆Ψm) among the different
concentrations of IsoB used, as determined by Tukey’s test (p < 0.05).
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In addition, the effects of the respective CC30, CC50, and CC70 of IsoB for 24-h, 48-h,
and 72-h treatment of Huh7 cells on mitochondrial superoxide production were determined
using the live-cell permeant superoxide indicator, MitoSOX (Figure 8). Notably, for the 24-h
treatment, a significant increase in Huh7 superoxide levels was observed at CC50 and CC70
concentrations of IsoB as compared to the control cells. However, no significant differences
were observed in superoxide levels of Huh7 cells treated with the respective CC30, CC50,
and CC70 concentrations of IsoB for 48 h and 72 h compared to the control cells.
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Figure 8. Measurements of mitochondrial superoxide levels in Huh7 cells after incubation with the
respective CC30, CC50, and CC70 of IsoB for 24 h (A), 48 h (B), and 72 h (C), respectively. Staining
of the cells was performed with MitoSOX Red and MitoTracker Green fluorescent dyes. Control
cells were not treated with IsoB (control). Relative mitochondrial superoxide levels were determined
based on the fluorescence ratio of MitoSOX Red to MitoTracker Green values and were normalized to
that of the control cells. Bars represent mean values, and error bars represent standard errors (n = 5).
The mitochondrial superoxide level of control cells was set at 1. Different letters above bars represent
significant changes in mitochondrial superoxide levels among different concentrations of IsoB used,
as determined by Tukey’s test (p < 0.05).
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2.3. Gene Expression of IsoB-Treated Huh7 Cells

To gain a deeper insight into the molecular mechanism of the effect of IsoB on Huh7
cells, the transcript accumulation of several target genes involved in cellular apoptosis and
cancer-related signaling was studied after extraction of total RNA, reverse transcription, and
quantitative PCR (RT-qPCR). In particular, Huh7 cells were treated with two concentrations
of IsoB corresponding to the respective CC30 and CC50 of 48-h treatment, and the relative
gene expression is depicted in Figure 9. The apoptotic gene BCL2-associated X protein
(BAX) was significantly upregulated up to three-fold in Huh7 cells treated with CC50
of IsoB compared to the control cells, whereas it was two-fold downregulated in cells
treated with CC30. On the other hand, the incubation of Huh7 cells with the IsoB CC30
concentration resulted in a significant upregulation of BH3 interacting domain death
agonist (BID) in comparison to control cells, while there was no significant difference in
IsoB CC50-treated cells. A similar transcript accumulation pattern was observed in the
case of Fas cell surface death receptor (FAS), where Fas transcripts were found to be six-
fold higher in CC30-treated cells, and no difference was revealed in CC50-treated cells. In
addition, transcripts of baculoviral IAP repeat containing (BIRC3) were found to be four-
fold higher in IsoB CC30-treated Huh7 cells and two-fold upregulated in IsoB CC50-treated
cells. Furthermore, the transcript accumulations of three genes encoding cysteine proteases
with pivotal roles in apoptosis, caspase 3 (CASP3), caspase 7 (CASP7), and caspase 9
(CASP9) were studied. The treatment with the two concentrations (CC30 and CC50) of IsoB
did not alter the expression of CASP3 compared to control cells. However, the transcripts
of both CASP7 and CASP9 were found to be significantly higher in IsoB CC50-treated Huh7
cells, whereas CASP7 expression was downregulated in CC30-treated cells. Interestingly,
the MYCN proto-oncogene, bHLH transcription factor (MYCN), was five-fold upregulated
in CC30-treated cells, while it was downregulated in CC50-treated cells. In contrast, tumor
protein p53 (TP53) transcripts were found to be more than seven-fold higher only in the
Huh7 cells incubated with the high concentration of IsoB (CC50). Finally, CD44 transcript
accumulation was significantly higher in IsoB CC30-treated cells, whereas there was no
difference observed in CC50-treated cells.
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(n = 3). Different letters above bars represent significant changes in gene expression among different
concentrations of IsoB used, as determined by Tukey’s test (p < 0.05).

3. Discussion

Even though isothiazolones are widely used as preservative additives in cosmet-
ics and industrial chemicals, their biocidal properties have attracted the attention of
cancer researchers, and their in vitro tumor cytotoxic effects have been documented in
several studies.

However, the literature on the utilization of isothiazolones as anticancer agents in
liver cancer is limited. In a study by Arning J. et al. [34], human hepatocarcinoma cells
were used as a model system to assess the structure–activity relationships of four distinct
isothiazol-3-one derivatives on cellular glutathione metabolism, which is highly elevated
in many tumor cases. The study revealed that the derivatives notably reduced total cel-
lular glutathione levels in a concentration- and time-dependent manner. Moreover, all
examined isothiazol-3-ones led to elevated cellular levels of GSSG in a concentration-
and time-dependent manner. Additionally, concentration–response curves indicated high
toxicity for the studied derivatives of isothiazol-3-one, with a half-lethal concentration
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of 130 µM observed in the HepG2 liver cancer cell line [35]. Dekker et al. synthesized
different isothiazolones and investigated their role in histone modifications and acetylation,
which are implicated in several cancer types, including HCC. The isothiazolone derivative
showed a significant effect on histone acetyltransferase (HAT) activity, with a half-maximal
inhibitory concentration of less than 10 µM in HepG2 cells, although cell growth was not
inhibited [36]. Gorsuch et al. [37] described two more isothiazoles as HAT inhibitors at con-
centrations ranging from 1.5 to 28 µM, depending on different substituents. Furthermore,
Hayakawa et al. [7] emphasized the potential of telomerase-targeted antitumor drugs and
introduced an isothiazolone derivative as a selective telomerase inhibitor in a rat model of
liver cancer.

Isothiazolones, therefore, represent a group of promising candidates as cancer chemother-
apeutical agents. In this context, the present study provides new data that concern the
bioactivity of two synthesized isothiazolones, IsoA and IsoB, produced by the same chemi-
cal synthesis pathway, with IsoA being the precursor of IsoB. In our study, we investigated
the effect of IsoA and IsoB on the Huh7 cell line used as a model of human hepatocellular
carcinoma, and our results revealed intriguing findings with significant implications for
potential therapeutic applications. It was observed that the synthesized IsoA compound
containing the benzoyl moiety demonstrated a cytotoxic effect on Huh7 cells only when
used at high concentrations (20 µg/mL) and only after prolonged exposure (72 h) of cells
to this concentration. In contrast, IsoB, derived from IsoA by removing the benzoyl moiety,
exhibited a pronounced dose-dependent cytotoxic effect on Huh7 cells across all time
points even at low concentrations (0.5–7.5 µg/mL). The effectiveness of IsoB was further
underscored when compared to the standard chemotherapeutic agent 5-FU, which dis-
played significantly lower cytotoxicity when used at similar concentrations (10 µg/mL) to
that of IsoB. This suggests a potential advantage of IsoB in achieving cytotoxic effects at
substantially lower concentrations and within a shorter timeframe. In addition, the CC50
value for IsoB falls well within the lower part of the range of respective concentrations
of other isothiazolones determined for their in vitro cancer cytotoxicity [15,38,39]. In par-
ticular, the observed effect on cell viability of IsoB with 3.54 µg/mL CC50 (16.3 µM) is
comparable to those reported by Lu et al. [40] and Zaharia et al. [14] against various cancer
lines. Indeed, as far as Huh7 is concerned, the previously determined CC50 values range
between 0.41 and 50 µM, depending on the specific substitution in the central thiazole
ring. Additionally, when IsoB was tested on Immortalized Human Hepatocytes (IHH), the
compound exhibited significantly lower cytotoxicity with CC50 values that were 3–4 times
higher for all tested incubation times. These findings underscore the substantial potential
of IsoB in HCC treatment. The above results of cell viability assays were in accordance with
that of FACS analysis, which additionally revealed the property of IsoB to induce high rates
of apoptosis to the cancerous Huh7 cell line as opposed to non-cancerous hepatocytes. In
contrast, 5-FU induced higher rates of apoptosis in IHH cells compared to cancerous Huh7
cells. Thus, IsoB appears to be superior to 5-FU in selectively killing liver cancer cells.

Of particular interest is the observation that the loss of the benzoyl moiety at the
5-position of IsoB resulted in a considerable reduction of the in vitro cytotoxic effect of its
derivative IsoA, although benzoyl derivatives such as benzoyl peroxide are known for
their antibacterial and cross-species cytotoxic properties [41]. There is scarce information
on similar effects in the literature. For example, Perinelli et al. [42] reported a considerably
higher antimicrobial activity and toxicity of the synthesized quats surfactants upon removal
of their benzoyl group.

Mitochondria play a crucial role in hepatocyte physiology, actively participating in
cell energy production, metabolism, regulation, and survival. Mitochondrial transforma-
tions are integral to cancer development and progression [43]. Cancer cells reprogram
mitochondrial energy metabolism and signaling to meet their heightened biosynthetic
demands, thereby promoting cancer cell growth and survival, even in the face of envi-
ronmental limitations, including therapeutic strategies [44]. Thus, many studies highlight
mitochondria as a susceptible target for cancer therapy [45]. In this study, IsoB exhibited
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a potent effect against mitochondrial integrity, notably causing a significant decrease in
membrane potential (∆Ψm) after 48 h of incubation and an increase in superoxide levels
after 24 h of incubation in Huh7 cells. In other studies, isothiazolone derivatives have
similarly demonstrated effects of inducing mitochondrial dysfunction in the brain [46,47],
bronchial cells [48], and primary vascular muscle cells [49], underscoring their potential
role in cancer therapy.

Chemoresistance is a common and quite serious problem in the successful treatment
of HCC [50]. Resistance to 5-FU has been associated with various factors, including
the overexpression of the TRL4 Toll-like receptors (TLRs) [51] and the Kelch-like ECH-
associated protein 1 (Keap1)–nuclear factor erythroid 2-related factor 2 (Nrf2) signaling
pathway [52]. Hence, there is an apparent necessity to develop new drugs that could
overcome HCC chemoresistance through a novel mode of action. While 5-FU, acting as an
antimetabolite, can inhibit rRNA and tRNA processing and modification [53], little is yet
known about the molecular cytotoxic mechanism of the isothiazolones.

Based on the results of FACS and gene expression analyses in the present study,
depending on the dose and time of treatment, cell apoptosis is induced, and many apoptosis-
related genes are triggered in Huh7 cells. In particular, the incubation with IsoB CC50
concentration triggered apoptosis in Huh7, as shown by FACS analysis in accordance with
the induction of several apoptosis-related genes, such as the pro-apoptotic BAX, BID, the
receptor FAS, CD44, as well as CASP7 and CASP9, which are associated with the execution
of apoptosis [54]. Furthermore, liver cancer therapy often centers on targeting TP53, as
this gene encodes a cell cycle regulator (p53) that is widely dysfunctional in cancer cases.
The tumor suppressor protein p53 acts by regulating genes associated with key cellular
processes, including cell cycle arrest, DNA repair, apoptosis, and autophagy. Consequently,
the pharmacological modulation of p53 activity presents a promising strategy, supported
by numerous ongoing clinical trials aimed at targeting negative regulators of TP53 or
reactivating mutant p53 [55–57]. Interestingly, while mutation-related inactivation of
p53 is common in HCC, the Huh7 cell line exhibits a mutated codon leading to p53
overexpression [58]. Treatment with IsoB significantly increases the accumulation of TP53
transcripts, underscoring the potential of IsoB in HCC therapy [59,60]. Moreover, targeting
oncogenes or oncoproteins presents further therapeutic opportunities for the treatment of
cancer. Oncogenes play a pivotal role in regulating fundamental cellular processes, such
as growth, proliferation, and division. Current studies highlight MYCN, one of the most
extensively studied cancer-related genes with a crucial role in the initiation, sustenance,
and advancement of liver cancer, as a potential novel therapeutic and diagnostic target
for hepatocellular carcinoma treatment [61–63]. The observed significant decrease in the
oncogene MYCN expression in IsoB CC50-treated Huh7 highlights the potential use of
IsoB in liver cancer treatment. The aforementioned effects of IsoB in the expression of
cancer-relative genes emphasize its effect on crucial molecular pathways and biomarker
genes in cancer pathology.

4. Materials and Methods
4.1. Chemicals and Reagents

Dullbecco’s modified Eagle’s medium (DMEM) was purchased from Gibco (Invitro-
gen, Carlsbad, CA, USA) and fetal bovine serum (FBS) from PAN Biotech (Aidenbach,
Germany). The 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) and
the 5-fluorouracil (5-FU) reagents were purchased from Sigma (St. Louis, MO, USA). Mito-
Tracker™ Red, MitoTracker™ Green, dimethyl sulfoxide (DMSO), and phosphate-buffered
saline (PBS) were purchased from Thermo Fisher Scientific (Waltham, MA, USA). Mi-
toSOX Red, SYBR Select Master Mix, and Super-Script II were purchased from Invitrogen
(Carlsbad, CA, USA).
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4.1.1. Isothiazolones

The two isothiazolones, 5-benzoyl-2-(4-nitrophenyl)isothiazol-3(2H)-one, IsoA (Scheme 1A),
and 2-(4-nitrophenyl)isothiazol-3(2H)-one, IsoB (Scheme 1B), are shown. Both isothia-
zolones were synthesized from the same reaction sequence, and IsoB results from IsoA by
removing the benzoyl moiety [27].

Pharmaceuticals 2024, 17, x FOR PEER REVIEW 16 of 22 
 

 

ment of cancer. Oncogenes play a pivotal role in regulating fundamental cellular pro-
cesses, such as growth, proliferation, and division. Current studies highlight MYCN, one 
of the most extensively studied cancer-related genes with a crucial role in the initiation, 
sustenance, and advancement of liver cancer, as a potential novel therapeutic and diag-
nostic target for hepatocellular carcinoma treatment [61–63]. The observed significant de-
crease in the oncogene MYCN expression in IsoB CC50-treated Huh7 highlights the poten-
tial use of IsoB in liver cancer treatment. The aforementioned effects of IsoB in the expres-
sion of cancer-relative genes emphasize its effect on crucial molecular pathways and bi-
omarker genes in cancer pathology. 

4. Materials and Methods 
4.1. Chemicals and Reagents 

Dullbecco’s modified Eagle’s medium (DMEM) was purchased from Gibco (Invitro-
gen, Carlsbad, CA, USA) and fetal bovine serum (FBS) from PAN Biotech (Aidenbach, 
Germany). The 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) and 
the 5-fluorouracil (5-FU) reagents were purchased from Sigma (St. Louis, MO, USA). Mi-
toTracker™ Red, MitoTracker™ Green, dimethyl sulfoxide (DMSO), and phosphate-buff-
ered saline (PBS) were purchased from Thermo Fisher Scientific (Waltham, MA, USA). 
MitoSOX Red, SYBR Select Master Mix, and Super-Script II were purchased from Invitro-
gen (Carlsbad, CA, USA). 

4.1.1. Isothiazolones 
The two isothiazolones, 5-benzoyl-2-(4-nitrophenyl)isothiazol-3(2H)-one, IsoA 

(Scheme 1A), and 2-(4-nitrophenyl)isothiazol-3(2H)-one, IsoB (Scheme 1B), are shown. 
Both isothiazolones were synthesized from the same reaction sequence, and IsoB results 
from IsoA by removing the benzoyl moiety [27]. 

 
(A) (B) 

Scheme 1. 2D and 3D chemical structures of IsoA (A) and IsoB (B). 

4.1.2. Cell Culture 
Human hepatocellular carcinoma cell line (Huh7) was purchased from Sigma–Al-

drich, and Immortalized Human Hepatocytes (IHHs) were obtained from ATCC. Both 
cells were maintained in DMEM supplemented with 10% FBS and 1% penicillin/strepto-
mycin in a humidified incubator with 5% CO2 at 37 °C. The cells were subcultured three 
times weekly. The 0.25% trypsin/0.2% EDTA solution was routinely used to detach the 
cells prior to seeding. 

Scheme 1. 2D and 3D chemical structures of IsoA (A) and IsoB (B).

4.1.2. Cell Culture

Human hepatocellular carcinoma cell line (Huh7) was purchased from Sigma–Aldrich,
and Immortalized Human Hepatocytes (IHHs) were obtained from ATCC. Both cells were
maintained in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin in
a humidified incubator with 5% CO2 at 37 ◦C. The cells were subcultured three times
weekly. The 0.25% trypsin/0.2% EDTA solution was routinely used to detach the cells prior
to seeding.

4.1.3. Cell Viability Assessment

In vitro cytotoxicity of isothiazolone compounds (IsoA, IsoB) and 5-FU in Huh7 and
IHH cells was evaluated by the MTT assay. In brief, cells (104 cells/well) were seeded in
96-well culture plates and incubated overnight. After the removal of the medium, cells
were treated with various concentrations of IsoA, IsoB, and 5-FU compounds dissolved in
DMEM medium supplemented with 1% FBS and 1% penicillin/streptomycin incubated
for 24 h, 48 h, and 72 h at 37 ◦C and 5% CO2. Cells were washed with PBS, and MTT
solution (5 mg/mL) was added for 3 h incubation. The resulting purple formazan crystals
of MTT were dissolved in pure DMSO, and absorbance was measured at 560 nm using a
microplate reader (Infinite M200 PRO, Tecan, Männedorf, Switzerland). Relative viability
was calculated after subtracting the background signal and normalizing it to the control
cell. The concentrations of IsoB corresponding to CC30, CC50, and CC70 were calculated
from the dose–response curves.

4.1.4. Fluorescence-Activated Cell Sorting (FACS) Analysis

In the case of Huh7 cells, the APC Annexin V Kit (Biotium, Fremont, CA, USA, San
Francisco Bay Area) was used to stain the apoptotic cells far red by the allophycocyanin-
conjugated Annexin V. Propidium Iodide (PI) was used to stain necrotic cells red. In the
case of IHH cells, the CF®488A Annexin V and PI Apoptosis Kit (Biotium, San Francisco
Bay Area) were used to stain the apoptotic cells green and the necrotic cells red.

Huh7 and IHH cells were incubated for 48 h with the respective IsoB CC30 or CC50
concentrations, with 10 µg/mL 5-FU, or were not treated (control cells). At 48 h of incuba-
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tion, the cells were detached by trypsinization. For each treatment, the cell supernatant
(growth medium), cell washes (PBS), cell suspension resulting from trypsin treatment, and
well washes (PBS) were collected into a 15 mL tube. Then, each tube was centrifuged to
precipitate cells, which after washing (PBS) and new centrifugation, were resuspended in
100 µL 1X Binding Buffer of the above Annexin V Kits. Then, the cells were stained using
the kits mentioned above according to the manufacturer’s instructions, and after incuba-
tion for 15 min on ice, the cells were analyzed on FACS Calibur (Becton Dickinson, Hong
Kong, China) using the appropriate channels. For each experiment, 10,000 events were
collected and analyzed using Flow Jo (Miltenyi, Westphalia, Germany) and CELLQuest™
(Becton-Dickinson) software version 3.1. Three independent experiments were performed,
and the results presented are from one representative experiment.

4.1.5. Mitochondrial Membrane Potential (∆Ψm)

Huh7 cells (at a density of 104 cells per well) were cultured in 96-well plates and
treated for 24, 48, and 72 h with the corresponding concentration of IsoB (CC30, CC50,
and CC70) in DMEM medium supplemented with 1% FBS and 1% antibiotics. Then, the
cells were washed with PBS and stained with 100 nM MitoTracker™ Red (Thermo Fisher
Scientific, Waltham, MA, USA) and 100 nM MitoTracker™ Green (Thermo Fisher Scientific,
USA) for 30 min at 37 ◦C. Subsequently, after washing cells with PBS, fresh medium was
added to each well, and fluorescence intensity was recorded at 490/516 nm (ex/em) and
581/644 nm (ex/em) using a fluorescence microplate reader (Infinite M200 PRO, Tecan).
Mitochondrial membrane potential (∆Ψm) was evaluated by calculating the red/green
fluorescence ratio [64].

4.1.6. Mitochondrial Superoxide Levels

Detection of mitochondrial superoxide levels in Huh7 cells treated with IsoB was
measured using MitoSOX Red (Invitrogen). Briefly, Huh7 cells (104 cells/well) were treated
for 24, 48, and 72 h with the corresponding concentration of IsoB (CC30, CC50, and CC70)
in 96-well plates in DMEM medium supplemented with 1% FBS and 1% antibiotics. Cells
were stained with MitoSOX Red (1 µM) and 100 nM MitoTracker™ Green (Thermo Fisher
Scientific, USA) at 37 ◦C for 30 min. Cells were washed twice with PBS, and fluorescence
intensity was measured using a fluorescence microplate reader (Infinite M200 PRO, Tecan)
at 396/610 nm (ex/em) and 490/516 nm (ex/em). The fluorescence intensity of MitoSOX
Red was normalized using the Mitotracker Green intensity [65].

4.1.7. RNA Extraction and cDNA Synthesis

Huh7 cells were treated for 48 h with the respective IsoB CC30 and CC50 concentrations.
Control cells were also used. Total RNA was isolated from cells using Monarch® Total RNA
Miniprep Kit according to the manufacturer’s instructions. RNA integrity was determined
by agarose gel electrophoresis, and concentration was measured spectrophotometrically
by ND-1000 UV-VIS Spectrophotometer (Thermo Fisher Scientific, USA). For cDNA syn-
thesis, 1 µg of total RNA was used for reverse transcription according to Super-Script II
protocol instructions.

4.1.8. Real-Time Polymerase Chain Reaction (qPCR)

To study the transcript accumulation of human cancer-related genes, RT-qPCR was
performed. The qPCR reactions were carried out using SYBR Select Master Mix, target gene
primers (Table 1), and cDNA samples on StepOnePlus Real-Time PCR System (Applied
Biosystems, Foster City, CA, USA). The PCR parameters were 95 ◦C for 10 minutes, 40 cycles
of 95 ◦C for 15 s, and 60 ◦C for 1 min. The forward and reverse sequences of the target
and housekeeping genes (GAPDH and ACTB) were designed using the PrimerExpress 2.0
software (Thermo Fisher Scientific, Waltham, MA, USA), and the relative transcript levels
of the target genes were calculated by the delta-delta Ct(∆∆Ct) method [66]. Amplification
efficiency (E) was determined using the LinReg PCR program [67]. Statistical differences
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were identified using one-way analysis of variance (ANOVA), followed by Tukey’s multiple
comparisons test. All qPCRs were performed on 3 independent samples, and values were
expressed as means ± SE.

Table 1. Gene names and forward (F) and reverse (R) primer sequences.

Gene Symbol Gene Name Primer F (5′-3′) Primer R (5′-3′)

ACTB actin, beta CTGTCCACCTTCCAGCAGATGT AGCATTTGCGGTGGACGAT
BAX BCL2-associated X protein CGCCCTTTTCTACTTTGCCAG GCCCATGATGGTTCTGATCAG

BID BH3 interacting domain death
agonist TCCTTGCTCCGTGATGTCTTTC AAGCTCCTCACGTAGGTGCGTA

BIRC3 baculoviral IAP repeat
containing 3 TGCTTTTGCTGTGATGGTGG CACTTGGCATGTTGAACCCA

CASP3 caspase 3 TGGAATTGATGCGTGATGTT TGGCTCAGAAGCACACAAAC
CASP7 caspase 7 CTCTTCGCCTATTCCACGGTTC TTGCACAAACCAGGAGCCTCT
CASP9 caspase 9 TGGACGACATCTTTGAGCAG GCATTAGCGACCCTAAGCAG
CD44 CD44 molecule TCATCTTGGCATCCCTCTTG CCATTGCCACTGTTGATCACTA
FAS Fas cell surface death receptor GTGAACACTGTGACCCTTGCAC TTGGTGTTGCTGGTGAGTGTG

GAPDH glyceraldehyde-3-phosphate
dehydrogenase TTGCCCTCAACGACCACTTT CACCCTGTTGCTGTAGCCAAA

MYCN MYCN proto-oncogene,
bHLH transcription factor CCCCTGGGTCTGCCCCGTTT GCCGAAGTAGAAGTCATCTT

TP53 tumor protein p53 CCAGCCAAAGAAGAAACCACTG TCAGCTCTCGGAACATCTCGA

4.1.9. Data Analysis and Statistics

The graphical representations were crafted using SigmaPlot 12.0 software by Systat
Software. Statistical analyses were performed utilizing the STATISTICA 12.0 software
package (StatSoft Inc., Tulsa, OK, USA). To assess statistical significance, one-way ANOVA
was employed at a confidence level of 95% (p < 0.05).

5. Conclusions

Based on the findings of this study, the compound IsoB emerges as a promising agent
for liver cancer treatment, exhibiting both time- and dose-dependent cytotoxic effects. The
effectiveness of IsoB is reinforced by its selective cytotoxic effect against cancerous liver cells.
Furthermore, investigation into its cytotoxic mechanism revealed a significant negative
impact on mitochondrial integrity and redox balance. Transcriptome analysis provided
further insights into the molecular mechanism underlying IsoB cytotoxic activity in Huh7
cells, highlighting apoptosis-induced cytotoxicity combined with the regulation of genes
related to liver cancer. However, it is important to note that further research is necessary
to definitively establish IsoB’s suitability for cancer treatment. Further investigation into
the specific molecular pathways and biomarker gene expression of liver cancer cells in
response to 4-nitrophenyl-isothiazolones will shed light on their function and fortify their
potential role in liver cancer treatment. Additionally, exploring the potential co-application
of IsoB with existing anticancer agents like 5-FU could offer a strategy to overcome drug
chemoresistance, paving the way for the development of novel and effective treatments for
hepatocellular carcinoma.
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Benzisothiazolones as Inhibitors of Histone Acetyltransferases (HATs). MedChemComm 2014, 5, 1856–1862. [CrossRef]

6. Furdas, S.D.; Kannan, S.; Sippl, W.; Jung, M. Small Molecule Inhibitors of Histone Acetyltransferases as Epigenetic Tools and
Drug Candidates. Arch. Pharm. 2012, 345, 7–21. [CrossRef]

7. Hayakawa, N.; Nozawa, K.; Ogawa, A.; Kato, N.; Yoshida, K.; Akamatsu, K.; Tsuchiya, M.; Nagasaka, A.; Yoshida, S. Isothiazolone
Derivatives Selectively Inhibit Telomerase from Human and Rat Cancer Cells in Vitro. Biochemistry 1999, 38, 11501–11507.
[CrossRef]

8. Mori, T.; Hidaka, M.; Lin, Y.-C.; Yoshizawa, I.; Okabe, T.; Egashira, S.; Kojima, H.; Nagano, T.; Koketsu, M.; Takamiya, M.; et al. A
Dual Inhibitor against Prolyl Isomerase Pin1 and Cyclophilin Discovered by a Novel Real-Time Fluorescence Detection Method.
Biochem. Biophys. Res. Commun. 2011, 406, 439–443. [CrossRef]

9. Stimson, L.; Rowlands, M.G.; Newbatt, Y.M.; Smith, N.F.; Raynaud, F.I.; Rogers, P.; Bavetsias, V.; Gorsuch, S.; Jarman, M.;
Bannister, A.; et al. Isothiazolones as Inhibitors of PCAF and P300 Histone Acetyltransferase Activity. Mol. Cancer Ther. 2005, 4,
1521–1532. [CrossRef]

10. Nandakumar, N.; Gopinath, P.; Gopas, J.; Muraleedharan, K.M. Benzisothiazolone Derivatives Exhibit Cytotoxicity in Hodgkin’s
Lymphoma Cells through NF-KB Inhibition and Are Synergistic with Doxorubicin and Etoposide. Anti-Cancer Agents Med.
Chem.—Anti-Cancer Agents 2020, 20, 715–723. [CrossRef] [PubMed]

11. Gajer, J.M.; Furdas, S.D.; Gründer, A.; Gothwal, M.; Heinicke, U.; Keller, K.; Colland, F.; Fulda, S.; Pahl, H.L.; Fichtner, I.; et al.
Histone Acetyltransferase Inhibitors Block Neuroblastoma Cell Growth in Vivo. Oncogenesis 2015, 4, e137. [CrossRef] [PubMed]

12. Frosali, S.; Leonini, A.; Ettorre, A.; Di Maio, G.; Nuti, S.; Tavarini, S.; Di Simplicio, P.; Di Stefano, A. Role of Intracellular Calcium
and S-Glutathionylation in Cell Death Induced by a Mixture of Isothiazolinones in HL60 Cells. Biochim. Biophys. Acta (BBA)—Mol.
Cell Res. 2009, 1793, 572–583. [CrossRef]

13. Andreassi, M.; Ettorre, A.; Anselmi, C.; Stanghellini, E.; Tavarini, S.; Mariotti, G.; Andreassi, M.; Neri, P.; Stefano, A. A2. Cytotoxic
Effects of a Mixture of Isothiazolinones on Normal Human Keratinocytes: In Vitro Induction of Apoptosis vs. Necrosis. J. Cosmet.
Dermatol. 2002, 1, 105–110. [CrossRef]

14. Zaharia, V.; Ignat, A.; Palibroda, N.; Ngameni, B.; Kuete, V.; Fokunang, C.N.; Moungang, M.L.; Ngadjui, B.T. Synthesis of Some
p-Toluenesulfonyl-Hydrazinothiazoles and Hydrazino-Bis-Thiazoles and Their Anticancer Activity. Eur. J. Med. Chem. 2010, 45,
5080–5085. [CrossRef]

15. Al-Salmi, F.A.; Alrohaimi, A.H.; Behery, M.E.; Megahed, W.; Abu Ali, O.A.; Elsaid, F.G.; Fayad, E.; Mohammed, F.Z.; Keshta, A.T.
Anticancer Studies of Newly Synthesized Thiazole Derivatives: Synthesis, Characterization, Biological Activity, and Molecular
Docking. Crystals 2023, 13, 1546. [CrossRef]

16. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global Cancer Statistics 2018: GLOBOCAN Estimates of
Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA A Cancer J. Clin. 2018, 68, 394–424. [CrossRef]

17. Hopkins, B.D.; Goncalves, M.D.; Cantley, L.C. Obesity and Cancer Mechanisms: Cancer Metabolism. J. Clin. Oncol. 2016, 34,
4277–4283. [CrossRef]

18. Viale, P.H. The American Cancer Society’s Facts & Figures: 2020 Edition. J. Adv. Pract. Oncol. 2020, 11, 135–136. [CrossRef]
19. Rumgay, H.; Arnold, M.; Ferlay, J.; Lesi, O.; Cabasag, C.J.; Vignat, J.; Laversanne, M.; McGlynn, K.A.; Soerjomataram, I. Global

Burden of Primary Liver Cancer in 2020 and Predictions to 2040. J. Hepatol. 2022, 77, 1598–1606. [CrossRef]
20. Man, S.; Luo, C.; Yan, M.; Zhao, G.; Ma, L.; Gao, W. Treatment for Liver Cancer: From Sorafenib to Natural Products. Eur. J. Med.

Chem. 2021, 224, 113690. [CrossRef]

https://doi.org/10.1016/j.ejps.2020.105382
https://doi.org/10.1016/j.ejmech.2004.04.004
https://doi.org/10.1039/B509529H
https://doi.org/10.1039/C4MD00245H
https://doi.org/10.1002/ardp.201100209
https://doi.org/10.1021/bi982829k
https://doi.org/10.1016/j.bbrc.2011.02.066
https://doi.org/10.1158/1535-7163.MCT-05-0135
https://doi.org/10.2174/1871520620666200213103513
https://www.ncbi.nlm.nih.gov/pubmed/32053083
https://doi.org/10.1038/oncsis.2014.51
https://www.ncbi.nlm.nih.gov/pubmed/25664930
https://doi.org/10.1016/j.bbamcr.2008.11.018
https://doi.org/10.1046/j.1473-2165.2002.00040_3.x
https://doi.org/10.1016/j.ejmech.2010.08.017
https://doi.org/10.3390/cryst13111546
https://doi.org/10.3322/caac.21492
https://doi.org/10.1200/JCO.2016.67.9712
https://doi.org/10.6004/jadpro.2020.11.2.1
https://doi.org/10.1016/j.jhep.2022.08.021
https://doi.org/10.1016/j.ejmech.2021.113690


Pharmaceuticals 2024, 17, 673 19 of 20

21. Niu, Z.-S.; Niu, X.-J.; Wang, W.-H. Genetic Alterations in Hepatocellular Carcinoma: An Update. World J. Gastroenterol. 2016, 22,
9069–9095. [CrossRef]

22. Niu, M.; Yi, M.; Li, N.; Wu, K.; Wu, K. Advances of Targeted Therapy for Hepatocellular Carcinoma. Front. Oncol. 2021, 11, 719896.
[CrossRef] [PubMed]

23. Huang, A.; Yang, X.-R.; Chung, W.-Y.; Dennison, A.R.; Zhou, J. Targeted Therapy for Hepatocellular Carcinoma. Signal Transduct.
Target. Ther. 2020, 5, 146. [CrossRef] [PubMed]

24. Ikeda, M.; Morizane, C.; Ueno, M.; Okusaka, T.; Ishii, H.; Furuse, J. Chemotherapy for Hepatocellular Carcinoma: Current Status
and Future Perspectives. Jpn. J. Clin. Oncol. 2018, 48, 103–114. [CrossRef] [PubMed]

25. Iqbal, S.Z.; Jubeen, F.; Sher, F. Future of 5-Fluorouracil in Cancer Therapeutics, Current Pharmacokinetics Issues and a Way
Forward. J. Cancer Res. Pract. 2019, 6, 155. [CrossRef]

26. Feng, M.Y.; Chan, L.L.; Chan, S.L. Drug Treatment for Advanced Hepatocellular Carcinoma: First-Line and Beyond. Curr. Oncol.
2022, 29, 5489–5507. [CrossRef] [PubMed]

27. Hamilakis, S.; Kontonassios, D.; Tsolomitis, A. The Synthesis of N-Substituted Isothiazol-3(2H)-Ones from Nsubstituted 3-
Benzoylpropionamides. J. Heterocycl. Chem. 2002, 39, 149–155. [CrossRef]

28. Silva, V.; Silva, C.; Soares, P.; Garrido, E.M.; Borges, F.; Garrido, J. Isothiazolinone Biocides: Chemistry, Biological, and Toxicity
Profiles. Molecules 2020, 25, 991. [CrossRef]

29. Zhou, J.; Zhao, R.; Zhou, H.; Yang, S.; Tao, F.; Xie, Y.; Wang, H.; Yun, J. A Novel Benzothiazole Derivative Induces Apoptosis via
the Mitochondrial Intrinsic Pathway Producing Antitumor Activity in Colorectal Cancer. Front. Pharmacol. 2023, 14, 1196158.
[CrossRef] [PubMed]

30. Kungyal, T.; Mutahar, A.Z.; Salimath, B.P. Computational, In Vitro and In Vivo Studies to Evaluate Anti-Cancer Activity of
Benzisothiazole Derivative. Pharma Innov. 2019, 8, 272–278.

31. Cao, L.; Wang, X.; Wang, Q.; Xue, P.; Jiao, X.; Peng, H.; Lu, H.; Zheng, Q.; Chen, X.; Huang, X.; et al. Rosiglitazone Sensitizes
Hepatocellular Carcinoma Cell Lines to 5-Fluorouracil Antitumor Activity through Activation of the PPARγ Signaling Pathway.
Acta Pharmacol. Sin. 2009, 30, 1316–1322. [CrossRef]

32. Duan, X.; Xu, W.; Li, H.; Wang, M.; Wang, W.; Lu, H.; Zhang, Y.; Han, X. Nrf2-siRNA Enhanced the Anti-Tumor Effects of As2O3
in 5-Fluorouracil-Resistant Hepatocellular Carcinoma by Inhibiting HIF-1α/HSP70 Signaling. J. Hepatocell. Carcinoma 2022, 9,
1341–1352. [CrossRef]

33. Kim, J.B.; Park, S.-Y.; Kim, H.R.; Ahn, Y.H.; Jee, H.-G.; Lee, J.-H.; Yu, S.J.; Lee, H.-S.; Lee, M.; Yoon, J.-H.; et al. JNK Signaling in
Hepatocarcinoma Cells Is Associated with the Side Population upon Treatment with Anticancer Drugs. Mol. Med. Rep. 2015, 11,
263–268. [CrossRef] [PubMed]

34. Arning, J.; Dringen, R.; Schmidt, M.; Thiessen, A.; Stolte, S.; Matzke, M.; Bottin-Weber, U.; Caesar-Geertz, B.; Jastorff, B.; Ranke, J.
Structure-Activity Relationships for the Impact of Selected Isothiazol-3-One Biocides on Glutathione Metabolism and Glutathione
Reductase of the Human Liver Cell Line Hep G2. Toxicology 2008, 246, 203–212. [CrossRef] [PubMed]

35. Arning, J.; Matzke, M.; Stolte, S.; Nehen, F.; Bottin-Weber, U.; Böschen, A.; Abdulkarim, S.; Jastorff, B.; Ranke, J. Analyzing
Cytotoxic Effects of Selected Isothiazol-3-One Biocides Using the Toxic Ratio Concept and Structure-Activity Relationship
Considerations. Chem. Res. Toxicol. 2009, 22, 1954–1961. [CrossRef] [PubMed]

36. Dekker, F.J.; Ghizzoni, M.; van der Meer, N.; Wisastra, R.; Haisma, H.J. Inhibition of the PCAF Histone Acetyl Transferase and
Cell Proliferation by Isothiazolones. Bioorg. Med. Chem. 2009, 17, 460–466. [CrossRef]

37. Gorsuch, S.; Bavetsias, V.; Rowlands, M.G.; Aherne, G.W.; Workman, P.; Jarman, M.; McDonald, E. Synthesis of Isothiazol-3-One
Derivatives as Inhibitors of Histone Acetyltransferases (HATs). Bioorg. Med. Chem. 2009, 17, 467–474. [CrossRef]

38. Sharma, S. Thiazoles: A Retrospective Study on Synthesis, Structure-Activity Relationship and Therapeutic Significance. Indian J.
Pharm. Educ. Res. 2022, 56, 646–666. [CrossRef]

39. Dawood, K.M.; Raslan, M.A.; Abbas, A.A.; Mohamed, B.E.; Abdellattif, M.H.; Nafie, M.S.; Hassan, M.K. Novel Bis-Thiazole
Derivatives: Synthesis and Potential Cytotoxic Activity through Apoptosis with Molecular Docking Approaches. Front. Chem.
2021, 9, 694870. [CrossRef]

40. Lu, H.; Rogowskyj, J.; Yu, W.; Venkatesh, A.; Khan, N.; Nakagawa, S.; Goossens, N.; Koh, A.P.; Higashi, T.; Gunasekaran, G.; et al.
Novel Substituted Aminothiazoles as Potent and Selective Anti-Hepatocellular Carcinoma Agents. Bioorg. Med. Chem. Lett. 2016,
26, 5819–5824. [CrossRef]

41. Babich, H.; Zuckerbraun, H.L.; Wurzburger, B.J.; Rubin, Y.L.; Borenfreund, E.; Blau, L. Benzoyl Peroxide Cytotoxicity Evaluated
in Vitro with the Human Keratinocyte Cell Line, RHEK-1. Toxicology 1996, 106, 187–196. [CrossRef]

42. Perinelli, D.R.; Petrelli, D.; Vitali, L.A.; Bonacucina, G.; Cespi, M.; Vllasaliu, D.; Giorgioni, G.; Palmieri, G.F. Quaternary
Ammonium Leucine-Based Surfactants: The Effect of a Benzyl Group on Physicochemical Properties and Antimicrobial Activity.
Pharmaceutics 2019, 11, 287. [CrossRef]

43. Morio, B.; Panthu, B.; Bassot, A.; Rieusset, J. Role of Mitochondria in Liver Metabolic Health and Diseases. Cell Calcium 2021, 94,
102336. [CrossRef]

44. Grasso, D.; Zampieri, L.X.; Capelôa, T.; Van de Velde, J.A.; Sonveaux, P. Mitochondria in Cancer. Cell Stress 2020, 4, 114–146.
[CrossRef]

45. Ghosh, P.; Vidal, C.; Dey, S.; Zhang, L. Mitochondria Targeting as an Effective Strategy for Cancer Therapy. Int. J. Mol. Sci. 2020,
21, 3363. [CrossRef]

https://doi.org/10.3748/wjg.v22.i41.9069
https://doi.org/10.3389/fonc.2021.719896
https://www.ncbi.nlm.nih.gov/pubmed/34381735
https://doi.org/10.1038/s41392-020-00264-x
https://www.ncbi.nlm.nih.gov/pubmed/32782275
https://doi.org/10.1093/jjco/hyx180
https://www.ncbi.nlm.nih.gov/pubmed/29253194
https://doi.org/10.4103/JCRP.JCRP_10_19
https://doi.org/10.3390/curroncol29080434
https://www.ncbi.nlm.nih.gov/pubmed/36005172
https://doi.org/10.1002/jhet.5570390122
https://doi.org/10.3390/molecules25040991
https://doi.org/10.3389/fphar.2023.1196158
https://www.ncbi.nlm.nih.gov/pubmed/37288115
https://doi.org/10.1038/aps.2009.119
https://doi.org/10.2147/JHC.S388077
https://doi.org/10.3892/mmr.2014.2761
https://www.ncbi.nlm.nih.gov/pubmed/25351906
https://doi.org/10.1016/j.tox.2008.01.011
https://www.ncbi.nlm.nih.gov/pubmed/18313196
https://doi.org/10.1021/tx900263m
https://www.ncbi.nlm.nih.gov/pubmed/19928874
https://doi.org/10.1016/j.bmc.2008.12.008
https://doi.org/10.1016/j.bmc.2008.11.079
https://doi.org/10.5530/ijper.56.3.113
https://doi.org/10.3389/fchem.2021.694870
https://doi.org/10.1016/j.bmcl.2016.10.015
https://doi.org/10.1016/0300-483X(95)03189-M
https://doi.org/10.3390/pharmaceutics11060287
https://doi.org/10.1016/j.ceca.2020.102336
https://doi.org/10.15698/cst2020.06.221
https://doi.org/10.3390/ijms21093363


Pharmaceuticals 2024, 17, 673 20 of 20

46. Kim, D.; Kim, E.-H.; Choi, S.; Lim, K.-M.; Tie, L.; Majid, A.; Bae, O.-N. A Commonly Used Biocide 2-N-Octyl-4-Isothiazolin-3-
oneInduces Blood–Brain Barrier Dysfunction via Cellular Thiol Modification and Mitochondrial Damage. Int. J. Mol. Sci. 2021, 22,
2563. [CrossRef]

47. Kim, D.; Shin, Y.; Kim, E.-H.; Lee, Y.; Kim, S.; Kim, H.S.; Kim, H.-C.; Leem, J.-H.; Kim, H.R.; Bae, O.-N. Functional and Dynamic
Mitochondrial Damage by Chloromethylisothiazolinone/Methylisothiazolinone (CMIT/MIT) Mixture in Brain Endothelial Cell
Lines and Rat Cerebrovascular Endothelium. Toxicol. Lett. 2022, 366, 45–57. [CrossRef]

48. Park, E.-J.; Seong, E. Methylisothiazolinone Induces Apoptotic Cell Death via Matrix Metalloproteinase Activation in Human
Bronchial Epithelial Cells. Toxicol. In Vitro 2020, 62, 104661. [CrossRef]

49. Do, V.Q.; Seo, Y.-S.; Park, J.-M.; Yu, J.; Duong, M.T.H.; Nakai, J.; Kim, S.-K.; Ahn, H.-C.; Lee, M.-Y. A Mixture of Chloromethylisoth-
iazolinone and Methylisothiazolinone Impairs Rat Vascular Smooth Muscle by Depleting Thiols and Thereby Elevating Cytosolic
Zn2+ and Generating Reactive Oxygen Species. Arch. Toxicol. 2021, 95, 541–556. [CrossRef]

50. Clarke, M.F. Clinical and Therapeutic Implications of Cancer Stem Cells. N. Engl. J. Med. 2019, 380, 2237–2245. [CrossRef]
[PubMed]

51. Davoodi, H.; Hashemi, S.R.; Seow, H.F. 5-Fluorouracil Induce the Expression of TLR4 on HCT116 Colorectal Cancer Cell Line
Expressing Different Variants of TLR4. Iran J. Pharm. Res. 2013, 12, 453–460. [PubMed]

52. Wu, L.; Pan, C.; Wei, X.; Shi, Y.; Zheng, J.; Lin, X.; Shi, L. lncRNA KRAL Reverses 5-Fluorouracil Resistance in Hepatocellular
Carcinoma Cells by Acting as a ceRNA against miR-141. Cell Commun. Signal. 2018, 16, 47. [CrossRef]

53. Zhang, N.; Yin, Y.; Xu, S.-J.; Chen, W.-S. 5-Fluorouracil: Mechanisms of Resistance and Reversal Strategies. Molecules 2008, 13,
1551–1569. [CrossRef]

54. Kiraz, Y.; Adan, A.; Kartal Yandim, M.; Baran, Y. Major Apoptotic Mechanisms and Genes Involved in Apoptosis. Tumor Biol.
2016, 37, 8471–8486. [CrossRef]

55. Duffy, M.J.; Synnott, N.C.; O’Grady, S.; Crown, J. Targeting P53 for the Treatment of Cancer. Semin. Cancer Biol. 2022, 79, 58–67.
[CrossRef]

56. Jehan, S.; Zhong, C.; Li, G.; Zulqarnain Bakhtiar, S.; Li, D.; Sui, G. Thymoquinone Selectively Induces Hepatocellular Carcinoma
Cell Apoptosis in Synergism with Clinical Therapeutics and Dependence of P53 Status. Front. Pharmacol. 2020, 11, 555283.
[CrossRef]

57. Kim, S.M.; Ha, S.E.; Lee, H.J.; Rampogu, S.; Vetrivel, P.; Kim, H.H.; Venkatarame Gowda Saralamma, V.; Lee, K.W.; Kim, G.S.
Sinensetin Induces Autophagic Cell Death through P53-Related AMPK/mTOR Signaling in Hepatocellular Carcinoma HepG2
Cells. Nutrients 2020, 12, 2462. [CrossRef]

58. Bressac, B.; Galvin, K.M.; Liang, T.J.; Isselbacher, K.J.; Wands, J.R.; Ozturk, M. Abnormal Structure and Expression of P53 Gene in
Human Hepatocellular Carcinoma. Proc. Natl. Acad. Sci. USA 1990, 87, 1973–1977. [CrossRef]

59. Muller, P.A.J.; Vousden, K.H. P53 Mutations in Cancer. Nat. Cell Biol. 2013, 15, 2–8. [CrossRef]
60. Shen, Y.; White, E. P53-Dependent Apoptosis Pathways. Adv. Cancer Res. 2001, 82, 55–84. [CrossRef]
61. Liu, F.; Liao, Z.; Zhang, Z. MYC in Liver Cancer: Mechanisms and Targeted Therapy Opportunities. Oncogene 2023, 42, 3303–3318.

[CrossRef]
62. Qin, X.-Y.; Gailhouste, L. Non-Genomic Control of Dynamic MYCN Gene Expression in Liver Cancer. Front. Oncol. 2021, 10,

618515. [CrossRef]
63. Duffy, M.J.; O’Grady, S.; Tang, M.; Crown, J. MYC as a Target for Cancer Treatment. Cancer Treat. Rev. 2021, 94, 102154. [CrossRef]
64. Li, H.; Ham, A.; Ma, T.C.; Kuo, S.-H.; Kanter, E.; Kim, D.; Ko, H.S.; Quan, Y.; Sardi, S.P.; Li, A.; et al. Mitochondrial Dysfunction

and Mitophagy Defect Triggered by Heterozygous GBA Mutations. Autophagy 2019, 15, 113–130. [CrossRef]
65. Polster, B.M.; Nicholls, D.G.; Ge, S.X.; Roelofs, B.A. Use of Potentiometric Fluorophores in the Measurement of Mitochondrial

Reactive Oxygen Species. Methods Enzymol. 2014, 547, 225–250. [CrossRef]
66. Livak, K.J.; Schmittgen, T.D. Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2(-Delta Delta

C(T)) Method. Methods 2001, 25, 402–408. [CrossRef]
67. Ramakers, C.; Ruijter, J.M.; Deprez, R.H.L.; Moorman, A.F.M. Assumption-Free Analysis of Quantitative Real-Time Polymerase

Chain Reaction (PCR) Data. Neurosci. Lett. 2003, 339, 62–66. [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.

https://doi.org/10.3390/ijms22052563
https://doi.org/10.1016/j.toxlet.2022.06.010
https://doi.org/10.1016/j.tiv.2019.104661
https://doi.org/10.1007/s00204-020-02930-z
https://doi.org/10.1056/NEJMra1804280
https://www.ncbi.nlm.nih.gov/pubmed/31167052
https://www.ncbi.nlm.nih.gov/pubmed/24250621
https://doi.org/10.1186/s12964-018-0260-z
https://doi.org/10.3390/molecules13081551
https://doi.org/10.1007/s13277-016-5035-9
https://doi.org/10.1016/j.semcancer.2020.07.005
https://doi.org/10.3389/fphar.2020.555283
https://doi.org/10.3390/nu12082462
https://doi.org/10.1073/pnas.87.5.1973
https://doi.org/10.1038/ncb2641
https://doi.org/10.1016/s0065-230x(01)82002-9
https://doi.org/10.1038/s41388-023-02861-w
https://doi.org/10.3389/fonc.2020.618515
https://doi.org/10.1016/j.ctrv.2021.102154
https://doi.org/10.1080/15548627.2018.1509818
https://doi.org/10.1016/B978-0-12-801415-8.00013-8
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1016/s0304-3940(02)01423-4

	Introduction 
	Results 
	Dose- and Time-Dependent Cytotoxic Effects of IsoA, IsoB, and 5-FU on Huh7 Cells 
	IsoB-Induced Effects on Membrane Potential and Mitochondrial Superoxide Production 
	Gene Expression of IsoB-Treated Huh7 Cells 

	Discussion 
	Materials and Methods 
	Chemicals and Reagents 
	Isothiazolones 
	Cell Culture 
	Cell Viability Assessment 
	Fluorescence-Activated Cell Sorting (FACS) Analysis 
	Mitochondrial Membrane Potential (m) 
	Mitochondrial Superoxide Levels 
	RNA Extraction and cDNA Synthesis 
	Real-Time Polymerase Chain Reaction (qPCR) 
	Data Analysis and Statistics 


	Conclusions 
	References

