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Abstract: Imidazolium salts (IMSs) are the subject of many studies showing their anticancer activities.
In this research, a series of novel imidazolium salts substituted with lithocholic acid (LCA) and
alkyl chains of various lengths (S1-S10) were evaluated against colon cancer cells. A significant
reduction in the viability and metabolic activity was obtained in vitro for DLD-1 and HT-29 cell
lines when treated with tested salts. The results showed that the activities of tested agents are
directly related to the alkyl chain length, where S6-S8 compounds were the most cytotoxic against
the DLD-1 line and $4-S10 against HT-29. The research performed on the xenograft model of mice
demonstrated a lower tendency of tumor growth in the group receiving compound S6, compared
with the group receiving 5-fluorouracil (5-FU). Obtained results indicate the activity of S6 in the
induction of apoptosis and necrosis in induced colorectal cancer. LCA-based imidazolium salts may
be candidates for chemotherapeutic agents against colorectal cancer.
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1. Introduction

Colorectal cancer (CRC) is one of the most common malignant tumors in the world
since 1950. About one million people are diagnosed with CRC each year, resulting in
deaths in about half of the cases [1]. It is the cause of 8% of cancer deaths worldwide. The
reasons for the increased morbidity are an aging population and the prevalence of bad
eating habits, smoking, low physical activity, and obesity [2,3]. New treatments for primary
and metastatic colorectal cancer have been developed so far that include laparoscopic
surgery for primary disease, resection of metastatic disease affecting, radiotherapy for
rectal cancer, and some forms of metastatic disease, as well as neoadjuvant and palliative
chemotherapy [4,5].

Recently, the treatment of patients with colorectal cancer has developed owing to a
significant improvement in adjuvant therapy. A typical chemotherapy backbone for first-
line treatment of colorectal cancer is a combination of 5-fluorouracil (5-FU), leucovorin, and
either oxaliplatin or irinotecan. It should be noted that strategies that aimed to improve by
intensifying the chemoradiotherapy regimen (by combining 5-fluorouracil and oxaliplatin)
have increased toxicity and have not exhibited clear survival benefits. Moreover, the
available anticancer drugs cause numerous side effects and complications [6,7]. There is a
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need to further search for compounds with actions that would both inhibit the growth of
cancer as well as prevent further relapses.

In the present research, new lithocholic acid (LCA)-based imidazolium salts were
tested. Imidazolium salts (IMSs) are the derivatives of imidazole that consist of discrete
cation and anion pairs. The imidazole ring commonly occurs in nature and plays a crucial
role in many structures of the human body via its ability to bond to metal ions as a ligand
and also to form hydrogen bonds with proteins [8,9]. One of the most important properties
of IMSs is the flexibility in the design of the physical, chemical, and biological property sets
via the independent modification of the structure of cation and anion; therefore, they ex-
hibit fungicidal and antibacterial activities [10,11]. Hydrophobic fragments of IMSs destroy
the cell membrane, leading to the leakage of intracellular substances and, eventually, cell
death. Recently, major consideration has focused on IMSs declared significant antitumor
properties against human cancer cell lines through the induction of G1 phase cell cycle
arrest and apoptosis [12,13]. Imidazolium salts are also used in bioengineering as drug
carriers and biosensors. The biological properties of IMSs depend on their ionic structure
as well as on various types of substituents attached to the nitrogen atoms of the imidazole
ring [14,15]. The main objective of medicinal chemistry is to improve the biological prop-
erties of compounds, among other things, by combining bioactive molecules. It has been
demonstrated that the connection of IMSs with other bioactive molecules improved the
biological activities, including anticancer activities, of the resulting compounds, compared
with those of the initial compounds [16-18].

LCA is an interesting pharmacological compound due to its antibacterial, antifungal
activities, and inhibition of «-2,3-sialyltransferase [19-23]. The pharmacological interest
in lithocholic acid is associated with the effective induction of vitamin D receptor (VDR)
expression [24] and the demonstration of anticancer activity [25,26]. Epidemiological
studies have suggested a protective role of vitamin D in the development of colorectal
cancer [27]. Moreover, in vivo studies have shown that LCA effectively reduced the levels
of proinflammatory cytokines such as TNF-«, IL-6, and IL-1 in the colonic mucosa. In
addition, the administration of lithocholic acid to mice improved the protective functions
of the colonic epithelium [28].

Our previous study revealed that steroid-derived imidazolium salts substituted with
an alkyl chain of various lengths showed high activities against bacterial strains—namely,
Staphylococcus aureus, Bacillus cereus, and Escherichia coli as well as pathogenic fungi of the
genus Candida albicans, Aspergillus niger, Aspergillus fumigatus, Trichophyton mentagrophytes,
and Cryptococcus neoformans—and phytopathogenic fungi, such as Microsporum canis,
Alternaria alternata, Botrytis cinerea, Cercospora beticola, and Fusarium culmorum [29-31].
Moreover, the cytotoxicity assay showed that steroid-derived imidazolium salts only
slightly inhibited the growth of healthy fibroblast (CRL-1475) and monocytic (THP-1)
cells, which suggests their good compatibility with the host cells [31].

Due to the excellent activity of these new salts against bacteria and pathogenic fungi,
as well as their lack of toxicity, we decided to subject them to anticancer tests. Therefore,
LCA-based IMSs were examined for activity against colon cancer. The present paper, shows,
for the first time, the anticancer potential of steroidal imidazolium salts depending on their
chemical structure.

2. Results and Discussion
2.1. Imidazolium Salts Decrease Colon Cancer Viability and Metabolic Activity

Several reports have shown that imidazolium salts possess promising anticancer
activities [13,16,32-41]. We evaluated the anticancer activities of lithocholic acid-based
imidazolium salts (S1-S10) against three different colorectal cancer cell lines (DLD-1, HT-
29, and Caco-2). DLD-1 and HT-29 are epithelial, colorectal adenocarcinoma cell lines
characterized by positive expression of oncogenes such as myc, myb, ras, fos, sis, and
p53 [42]. The results showed that there were differences in the cytotoxic effect depending
on the structure of tested salts as well as applied concentrations (Table 1). The strongest
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reduction in DLD-1 cell viability was obtained for S6 and S8. In the case of the HT-29
line, the cytotoxic effect of salts S$3-S10 was stronger than that of the DLD-1 line. The
lowest IC50 value for HT-29 we obtained for compounds S4 and S8-S10. In summary, the
DLD-1 and HT-29 cell lines are sensitive to the tested imidazolium salts, depending on
their chemical structure.

Table 1. Cytotoxic activity of imidazolium salts (S1-§10) in vitro (IC50).

C d Colon Cancer Cell Line Fibroblast Cells
Uy N-Substituent DLD-1 HT-29 Caco-2 CRL-1475 [31]
ug/mL uM/mL pug/mL uM/mL pug/mL uM/mL pug/mL uM/mL
S1 methyl 113.4 +0.10 0.20 £+ 0.05 130.3 £ 0.12 0.23 £ 0.02 348.5+0.21 0.63 £ 0.04 1074 +2.34 0.19 £ 0.01
S2 ethyl 1164 +0.17 0.20+ 0.01 146.1 + 0.34 0.26 + 0.04 380.3+ 1.03 0.67 £+ 0.02 1139+ 1.78 0.20 £ 0.02
S3 propyl 109.5 +0.19 0.19 £+ 0.03 88.4 +0.59 0.15 +0.03 401.6+ 1.34 0.69 + 0.01 36.5 + 0.76 0.06 + 0.01
S4 butyl 154.3 + 043 0.26 £+ 0.03 66.6 £0.75 0.11 £ 0.02 661.4+ 1.95 1.11 +0.03 99.2 £1.12 0.17 £ 0.02
S5 pentyl 142.6 +0.24 0.23 £ 0.01 103.6 +1.34 0.17 £ 0.01 959.0+ 1.56 1.57 + 0.04 100.8 +2.76 0.17 £ 0.01
S6 hexyl 789 £ 0.21 0.13 £+ 0.04 101.3 £ 0.95 0.16 £ 0.02 250.14+ 0.31 0.40 £ 0.06 149.6 + 3.01 0.24 £0.03
S7 heptyl 98.3 +0.22 0.15 £+ 0.01 92.5 +1.13 0.14 £ 0.01 84.5+ 0.89 0.13 £ 0.01 1344 +4.17 0.21 £ 0.02
S8 octyl 79.8 £0.24 0.12 £+ 0.03 739 + 047 0.11 £ 0.02 131.2+ 1.54 0.20 + 0.01 53.6 + 0.57 0.08 + 0.01
S9 dodecyl 1322 +0.64 0.19 £+ 0.02 76.5 £ 0.67 0.11 £0.01 723.6 £0.76 1.02 +0.02 631.0 £4.78 0.89 £ 0.06
S10 hexadecyl 151.9 +0.98 0.20 £+ 0.02 80.6 £0.34 0.11+ 0.01 188.0+ 0.72 0.25 £ 0.01 841.1 £4.76 1.10 £ 0.03

The Biopharmaceutical Classification System has passed Caco-2 for standard methods
for determining the bioavailability of drugs [43]. For this CRC line, we obtained the lowest
reduction after the application of imidazolium salts (S1-S10), where the IC50 values were
over threefold higher than those obtained for the DLD-1 and HT-29 lines. The strongest
cytotoxic effect for Caco-2 cells was observed for S7. Interestingly, no correlation was found
between the structure of the tested salts and their cytotoxic effect. Artursson et al. [44]
showed that the transport of the particles through the Caco-2 layer is 20 times smaller than
through the large intestine and about 100 times smaller than the human small intestine.
Caco-2 cells have lesser gene expression of transport proteins [45]. This may explain the
weaker influence of the tested imidazolium salts on the metabolic activity of these cells,
compared with HT-29 and DLD-1 colon cancer cell lines.

Moreover, in previous studies, the cytotoxicity of tested imidazolium salts on normal
fibroblasts cells CRL-1475 was assessed [31]. Besides the salt compounds S3 and S8,
inhibition on tested cell growth was lower than that of DLD-1 and HT-29 cells, which
suggests good compatibility of the tested agent. The highest cytotoxic effect on fibroblasts
viability was observed for compounds S3 and S8 (Table 1).

To evaluate the mode of action of imidazolium salts, the metabolic activity was
determined in the tested cell lines. The impact of tested imidazolium salts on the metabolic
activity of cells showed that the tested agents decreased cell metabolism in all colon cancer
cells (Figure 1A-C). A significant decrease in the metabolic activity of the DLD-1 line was
noted after the application of all tested agents (Figure 1A). In the case of the HT-29 cell line
(Figure 1B), a significant decrease in metabolic activity (p < 0.001) was observed only at the
highest concentration (100 pug/mL) after exposure to S1. For compound S2, we did not
observe significant depletion of metabolic activity in the HT-29 cell line. Imidazolium salts
$3-510 at all concentrations, except for S5 (10 pg/mL), significantly inhibited the metabolic
activity of the HT-29 cell line. Importantly, the highest reduction in metabolic activity was
observed in cells after administration of S3 and S6 at a concentration of 100 ng/mL.
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Figure 1. Effects of imidazolium salts (§1-S10) on the metabolic activity of DLD-1 (A), HT-29 (B), and
Caco-2 (C) cells after 24 h of incubation. Concentrations (ug/mL) are given in parentheses. The

results are presented as the mean values £SD. ap < 0.05, b p < 0.01, and ¢ p < 0.001, compared with

the control.
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The studies indicated that Caco-2 was the least sensitive colon cancer cell line to the
inhibition of metabolic activity after exposure to tested imidazolium salts (Figure 1C). We
observed a maximum (to 60%) decrease in metabolic activity of Caco-2 after administering
compound S3, which caused the strongest depletion of metabolic cells, compared with the
control (p < 0.001).

Imidazolium salts, with a combination of satisfactory solubility and high antiprolif-
erative activity, are still actively investigated. Existing research highlights the antitumor
properties of some imidazolium salts (IMSs) and their derivatives. Naturally occurring
imidazolium salts isolated from a root extract of Lepidium meyenii showed cytotoxic ac-
tivity against various types of human cancer cell lines such as lung carcinoma (A495),
colon adenocarcinoma (HT-29), prostate adenocarcinoma (PC3), and kidney carcinoma
(A4982LM) [46]. Yang et al. [32] reported a series of imidazolium salts with phenacyl group
and their antitumor activities against myeloid leukemia (HL-60 and K562), epidermoid
carcinoma (A431), ovarian carcinoma (SKOV-3), gastric carcinoma (MKN-28), liver car-
cinoma (SMMC-7721), laryngeal carcinoma (Hep-2), and lung carcinoma (GLC-15). A
structure—activity relationship study of tested IMSs indicated higher cytotoxic activities for
substituted compounds.

Thus far, it has been shown that elongation of the alkyl chain until C-12 increases their
cytotoxicity [47-50]. In their studies with commercially available alkyl imidazolium salts
tested on human cancer cell lines, Malthotra et al. showed that IMS with an alkyl chain
of C-12 was more effective than compounds with shorter chain lengths [51]. Subsequent
studies with the 1-mesityl-3-(2-naphthoylmethano)-1H-imidazolium bromide (MNIB) in-
dicated that new imidazolium agents inhibited the growth of different types of tumor
cells. Among the tested cell lines, myeloid leukemia (K562), human Burkitt’s lymphoma
(Raji), and hepatocellular liver carcinoma (HepG2) exhibited the highest sensitivity to
MNIB [16]. Further research with dibenzo [b,d]furane-imidazole hybrid compounds ex-
hibited cytotoxic activity selectively against lung carcinoma (A549) and myeloid liver
carcinoma (SMMC-7721) with the G1 phase cell cycle arrest and apoptosis [13]. A series
of novel 4-substituted 2,3,6,7-tetrahydrobenzo [1,2-b;4,5-b']difuran-1H-imidazolium salts
also exhibited cytotoxic effect against A549 and SW480 cell lines [38]. De Bord et al. [37]
showed high anticancer activity of alkyl- and N,N’-bisnaphthyl-substituted imidazolium
salts against lung cancer cell lines (NCI-H460, NCI-H1975, HCC827, A549). Further
research with a novel steroid imidazolium salt demonstrated the cytotoxic activities of
diosgenin-imidazolium derivatives against HL-60, SMMC-7721, A549 MCF-7, and SW480
cell lines [39]. Another imidazolium salt (TPP1), with a triphenylphosphonium substituent,
caused apoptotic cell death in bladder cancer cells [52]. A recent study with novel bis-
imidazolium salts demonstrated the anticancer properties against several non-small-cell
lung cancer (NSCLC) lines, where increasing the length of the alkyl chain has been shown
to correlate with an increase in antiproliferative activity [41]. As shown in these studies,
steroidal imidazolium salt derivatives have a great influence on anticancer potential. The
above-mentioned studies indicate the general trend of increased antiproliferative effects of
synthesized agents depending on their structure, as well as the presence of substituents
and the alkyl chain length.

The cytotoxic effect of IMSs substituted with lithocholic acid on colorectal cancer has
not been studied so far. Our in vitro research clearly showed that LCA-based imidazolium
salts significantly reduced the viability and metabolic activity of colorectal cancer cells,
especially DLD-1 and HT-29 lines, and the anticancer activity of this series of imidazolium
salts was directly related to the alkyl chain length, achieving the best results for compounds
$6-S8 in DLD-1 and S3-S10 in HT-29.

2.2. Effect of IMSs in In Vivo Model

The comparison of IC50 values (for DLD-1 and CRL1475 cell lines), as well as the
results of metabolic activity for DLD-1 S6 salt, was chosen for further in vivo studies. First,
we decided to study the effects of S6 on healthy animals by administering the highest dose
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of S6 (500 mg/kg), to verify that the administered dose will not cause any toxic effects. All
mice survived throughout the experiment, and S6 was well-tolerated in the treated dose
regimen. The studies showed that administration of the tested salt S6 (500 mg/kg), for
healthy mice, did not cause significant differences in morphological parameters (Table 2),
compared with the control group. Moreover, the administration of S6 in 100-500 mg/kg
doses in animals with DLD-1 tumors did not result in significant morphological changes,
compared with the control group. It is worth noting that administration of salt S6 in the
range of tested doses improved RBC, WBC, HGB, and HCT parameters in comparison with
the untreated DLD-1 group. In addition, the administration of the tested salt to healthy
animals did not impair their condition, measured as a change in body mass during the
study. The results (Figure 2C) showed that a decrease in body mass (about 2 g) was noticed
only in DLD-1 + 500 mg/kg group after 28 days of S6 administration.

Table 2. Morphological blood parameters of control and experimental mice.

DLD-1 + 5-FU DLD-1 + 5-FU +

Parameters Control S6 500 mg/kg DLD-1 DLD-1 + S6 30 mg/kg S6 300 mg/kg
100 mg/kg 300 mg/kg 500 mg/kg
WBC (103/mm?) 2.53 £ 045 233 +031 1.83 +0.55 2.60 £ 0.57 215 + 059 1.93 + 031 128 +0.76 b 176 £0.34°¢
RBC (10%/mm?) 10.01 + 0.03 9.91 + 045 8.0 +2.40 9.95 + 0.20 1038 + 0.38 10.07 4 0.69 10.67 % 0.66 1048 £ 038 ¢
HGB (g/dl) 1453 + 0.12 15.05 + 0.65 13.63 +2.16 14.60 + 0.42 15.36 + 057 1453 + 1.08 1543 + 1.07 15.36 + 0.69
HCT (%) 53.43 + 0.67 53.72 + 2.38 5043 + 9.24 5455+ 1.77 5229 +9.42 53.98 + 4.97 57.18 + 3.97 57.04 +2.71
MCV (pm?) 53.33 + 0.58 54.17 + 0.75 5425 + 0.50 5450 + 0.71 53.82 + 1.74 53.75 + 1.50 53.25+ 0.5 54.40 + 0.89
MCH (pg) 1450 + 0.17 1520 £ 025 14.80 + 043 14.65 % 0.07 18.81 +2.71 1440 £ 0.14 14.48 £ 0.10 14.68 + 023
MCHC (g/D1) 2737 + 012 28.02 + 0.25 27.18 +0.92 26.75 +0.21 26.35 £ 4.12 26.88 =+ 0.55 26.98 + 0.29 26.92 £ 0.20
PLT (10%mm3) 73133 +9843  598.83+20132 66850 +34691 49750 +89.80 67467 12357 OB ET7762 01501141069 681.00 + 231.92°¢

The results are presented as the mean values + SD. ? p < 0.05 vs. the control; ® p < 0.05 vs. DLD-1 + 100 mg/kg;
¢ p <0,05vs. DLD-1 + 300 mg/kg; 4 p < 0,05 vs. DLD-1 + 500 mg/kg; ¢ p < 0,05 vs. DLD-1 + 5-FU. Abbreviations:
WBC, white blood cells; RBC, red blood cells; HGB, hemoglobin; HCT, hematocrit; MCV, mean corpuscular volume;
MCH, mean corpuscular hemoglobin; MCHC, corpuscular/cellular hemoglobin concentration; PLT, platelets.

The strongest reduction in WBC count was found in the group that received 5-
fluorouracil (5-FU) at a dose of 30 mg/kg. Notably, 5-FU is an anticancer chemotherapeutic
that also causes a decrease in white and red blood cells, as well as platelet counts [52].
Simultaneous application of S6 at a dose of 300 mg/kg and 5-FU gave better results in
WBC values in comparison to the group that received 5-FU alone. The obtained results
unequivocally showed that the use of S6 was not toxic for the tested animals and even
slightly enhanced the blood morphological results of mice treated with 5-FU.

The tumor growth analysis (Figure 2A and Supplementary Data Table S1) showed that
the highest tumor volume was observed in the control group (DLD-1). On day 15 of the
study, a significantly (p < 0.05) slower tumor growth was observed in the groups receiving
S6 (500 mg/kg), 5-FU, and 5-FU with S6 (300 mg/kg), compared with the control animals.
After 24 days, the tumor growth, measured as a percentage increase in tumor volume, was
significantly slower in all tested groups than in DLD-1. In the final phase of the experiment,
the tumor volume in animals increased to 558%. In the group that received salt S6, the
tumor volume was significantly lower than that of the control group; specifically, in the
final phase of the experiment, it increased to 282.40%, 205.90%, and 196.23% for 100, 300,
and 500 mg/kg doses, respectively (Figure 2A). The most significant reduction in tumor
mass was noticed in groups with DLD-1 that received S6 at dosages of 300 and 500 mg/kg
(Figure 2B). We found a reduction in tumor growth (the tumor volume decreased to 93.27%)
in the group with 5-FU. The strongest inhibition of tumor growth (a decrease in tumor
volume of 61.47%) and tumor mass of about 31% was observed after the simultaneous
administration of test salt S6 at a dose of 300 mg/kg with 5-FU. This clearly indicated
that tested imidazolium salt S6 slowed tumor growth in a dose-dependent manner. These
results revealed the beneficial interaction of imidazolium salt S6 and 5-FU in inhibiting
CRC tumor growth.
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Moreover, intravital imaging of mice was performed using the Pearl system on the
7th, 14th, and 28th day of the experiment (Figure 3). The presented images show that the
fastest tumor growth was observed in the DLD-1 group, while administration of S6 or
5-FU indeed resulted in slower tumor growth. The strongest decrease in tumor volume
was noticed in the group that received S6 at a dose of 300 mg/kg and 5-FU.

Our results have shown that tested imidazolium salt S6 reduces the growth of induced
colorectal tumor, whereas in combination with a chemotherapeutic agent, it provides the
most beneficial effect in inhibiting CRC tumor growth. Haque et al. [52] tested Ag(I)-N-
heterocyclic carbene complexes of N-allyl substituted imidazol-2-ylidenes against HCT 116
cell line and showed high cytotoxic activity which was significantly higher compared to the
standard drug 5-FU. Moreover, the HCT116 cell line xenograft mouse model demonstrated
that infliximab (anti-tumor necrosis factor « monoclonal antibody) and 5-FU combination
significantly inhibited tumor growth compared to the alone 5-FU treatment [53]. Our
results also confirm a better therapeutical effect of 5-FU combined with imidazolium salts
in CRC treatment.
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Figure 3. Imaging of the tumor sizes during administration of S6 for 28 days in the study groups on the 1st (A), 14th (B), and 28th (C) day using the Pearl system.
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The first animal model of antitumor properties of IMSs was tested on human non-small
lung tumor (A549) xenografts [16]. The tumor volumes were significantly inhibited after
19 days of 1-mesityl-3-(2-naphthoylmethano)-1H-imidazolium bromide (MNIB) intraperi-
toneally administration in doses 4 and 8 mg/kg (p < 0.05-0.001) compared to the control
group. Moreover, after application of MNIB in the range of 10-80 mg/kg no evidence of
acute toxicity was found. In another study, a Huh7 hepatocellular carcinoma xenograft
mouse model that received water containing IBN-1 (1,3-bisbenzylimidazolium bromide,
2 g/L) or IBN-9 (1-mesityl-3-(4-acetate-benzyl bromide, 0.6 and 1.5 g/L) [33]. After three
weeks in a group with IBN-1, a reduction of tumor volume by 31% was observed, but it was
accompanied by a 9% decrease in body mass. By comparison, IBN-9 significantly reduced
the tumor volume by 45% and 60% at a dose of 0.6 and 1.5 g/L, respectively, without loss
of body weight. In another study N,N’-bis(arylmethyl)imidazolium salt, with anticancer
activities, was tested in vivo in toxicity study [36]. All animals survived but there was a
decrease in weight after the first injection of a tested agent. However, this was followed
by complete recovery and 66% of the animals had gained weight by day six. Further five
injectionsadministered during 30 days resulted in a similar model of body weight loss and
gain. Stromyer et al. [40] applied intravesically to a bladder in a cancer mouse model an
imidazolium salt with triphenylphosphonium substituent (TPP1). The study showed that
TPP1 caused necrosis and apoptosis by the cleavage of caspase-3 in cancer cells without
damaging normal cells in the bladder. The recent research with IMSs also showed well
tolerance of bis-imidazolium salts in vivo [41]. Injection in C57BL/6 mice of tested salt in
dose 20 mg/kg by 30 days caused an average weight loss of 4% and all animals survived
for the entire duration of the experiment.

The presented studies showed anticancer activities and low toxicity of imidazolium
salts in in vivo model. Our research demonstrated that imidazolium salt substituted
with lithocholic acid and hexyl chain (S6) in doses 100-500 mg/kg contributed to the
slower growth of colorectal cancer tumors in an animal model without toxic health ef-
fects. In addition, we have shown that the tested salt in combination with 5-FU has
better results in inhibiting colorectal tumor growth compared with 5-FU alone. Taken
together, LCA-based imidazolium salts treatment can enhance the therapeutic effects of
colon cancer chemotherapy.

2.3. Effect of IMSs on Biochemical Parameters

Experimental and clinical studies demonstrated that tumor necrosis TNF-« plays a
key role in the progression of colon cancer [54-57]. TNF-o is a pro-inflammatory cytokine
released by monocytes as well as tumor cells that intensifies oncogenic activation, cancer
cell invasion, and angiogenesis [57]. Proneovascular activity of TNF-« may be associated
with the activation by this pro-inflammatory cytokine of enzymes that promote the spread
of cancer cells, or increased adhesion of cancer cells to the vascular endothelium. TNF-«
levels in serum patients with prostate or colon cancer were reduced after the application of
chemotherapy, which would suggest the usefulness of TNF-« determination as a marker of
response to the applied anticancer treatment [54,57]. We decided to examine the concentra-
tion of TNF-oc in the serum of tested mice. The results showed the differences in its level
in tested groups (Figure 4A). The highest concentration was noticed in the DLD-1 group
(99.6 pg/mL), while in the DLD-1+500 mg/kg S6 the lowest (30.9 pg/mL) level of TNF-o
was found. A significant reduction of TNF-« level compared to the DLD-1 group was also
observed in mice receiving S6 of 300 mg/kg (p < 0.001). As presented, 5-FU treatment did
not cause a significant decrease of TNF-« level, compared to the DLD-1 group. The combi-
nation of 5-FU and S6 (300 mg/kg) showed a reduction of TNF-o concentration compared
to the S6 (100 mg/kg) (statistically insignificant) which was not found in comparison with
S6 (300-500 mg/kg). A 5-FU with S6 (300 mg/kg) showed a reduction of TNF-ox compared
with DLD-1 + 5-FU (statistically insignificant) and a significant decrease compared to the
DLD-1 group (p < 0.01). The combination of imidazolium salt S6 with 5-FU showed a better
response in vivo than 5-FU alone.
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High TNF-« level induces a range of downstream pathways such as the NF-«B path-
way. NF-kB activation induces negative regulators of apoptosis such as Bcl-2 [58]. The
expression of TNF-« in tumors is responsible for the activation of NF-«B and thus pro-
motes apoptosis resistance. Bcl-2 concentrations were also determined in our tests. The
proteins of Bcl-2 and caspase-3 are associated with cell apoptosis. Bcl-2 is a member of
important antiapoptotic proteins that inhibits cell apoptosis, while caspase-3 belongs to
a cysteine protease family, which plays a crucial role in apoptotic pathways. Taking the
essential role of caspase-3 in apoptosis into account, we examined the level of caspase-3 in
the serum of mice with DLD-1 cells that received S6. The results showed the differences
in the concentration of Bcl-2 and caspase-3 in the tested groups (Figure 4B). The highest
level of Bcl-2 was noticed in the DLD-1 group (146.9 pg/mL). The findings revealed that
the application of tested imidazolium salt S6 (100-500 mg/kg) caused a dose-dependent
decrease in Bcl-2 concentration in the tested groups: DLD-1 + 100 mg/kg (144.6 pg/mL);
DLD-1 + 300 mg/kg (127.5 pg/mL); and DLD-1 + 500 mg/kg (96.0 pg/mL). There were
no significant differences in Bcl-2 concentrations between mice with 5-FU (139.5 pg/mL)
and the control group. However, it is worth noting that the level of Bcl-2 in the group with
5-FU and imidazolium salt S6 (300 mg/kg) significantly decreased, compared with the
control (p < 0.05) and mice treated with 5-FU. These results indicated that the tested salt S6
decreased Bcl-2 concentration in the serum of mice with DLD-1 cells.

Based on our results, there were no statistically significant differences in the case of
caspase-3 concentration between the tested group (Figure 4C). In the control group (with
DLD-1), we noted the lowest concentration of caspase-3 (0.218 ng/mL). The results showed
an increasing trend in caspase-3 levels in groups with imidazolium salt (100-500 mg/kg),
compared with the control. It should be pointed out that the concentration of caspase-3
in the group with 5-FU and imidazolium salt S6 (300 mg/kg) was accordingly higher
(0.468 ng/mL) than those receiving 5-FU alone (0.388 ng/mL). Moreover, the level of
caspase-3 in the group with imidazolium salt and 5-FU was comparable to the result in
a group with S6 at a dose of 300 mg/kg (0.461 ng/mL). These results suggest that tested
imidazolium salt increases the concentration of caspase-3 and induces apoptosis in animals
with DLD-1 cells.

The recent in vivo studies with the bladder cancer mouse model showed that mice
treated with an imidazolium salt including a triphenylphosphonium substituent (TPP1)
had a higher level of cleaved caspase-3 in the tissues that had a significant amount of
necrosis [38].

2.4. Effect of IMSs on Histopathological Analysis

The histopathological analysis showed a significant increase in tumor necrosis in
the tested groups, compared with the control (Figures 5 and 6). The degree of tumor
necrosis increased in a concentration-dependent manner in groups that received the tested
salt S6, reaching 80.2% of tumor necrosis in animals administered the tested agent at a
concentration of 500 mg/kg. In the group that received 5-FU, we found 69.6% tumor
necrosis, whereas the use of 5-FU and imidazolium salt at a concentration of 300 mg/kg
noticeably resulted in the highest effect (84.23%).
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Figure 6. H&E staining, CD68, and Ki67 immunohistochemical expressions for DLD-1 tumor
(200X magnification).

In our studies, we assessed the presence of macrophages with CD68 expression in
tumors of tested groups. The immunohistochemical analysis revealed differences in CD68
levels—namely, the number of macrophages increased with the concentration of tested
imidazolium salt S6 (Table 3 and Figure 6). The highest number of macrophages was
observed in tumors collected from animals in the following groups: DLD-1 + 500 mg/kg,
DLD-1 + 5FU, and DLD-1 + 5FU + 100 mg/kg. We also observed that macrophage numbers
increased the level of necrosis in induced CRC tumors. Growing evidence suggests that
the tumor microenvironment (TME) plays an important role in cancer progression and
development. TME is a unique environment that develops alongside tumor progression.
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The immune microenvironment significantly affects tumor development. Among the
immune cells recruited to the tumor site, tumor-associated macrophages (TAMs) are the
most abundant at all stages of tumor progression. They play important roles by secreting
cytokines and chemokines and coordinating with inflammatory mechanisms to promote
tumor progression and drug tolerance. Some studies have shown that CD68 TAM in CRC
tissues was significantly associated with better overall survival (OS) rates [59]. Moreover,
studies presented by Edin et al. showed that high macrophage infiltration is associated
with a better prognostic in CRC patients in a stage-dependent manner [60].

Table 3. Expression of CD68 and Ki67 in the DLD-1 tumor.

Expression

CD68 Ki67

DLD-1 + +++
DLD-1 + 100 mg/kg ++ ++
DLD-1 + 300 mg/kg ++ ++
DLD-1 + 500 mg/kg +++ ++
DLD-1 + 5FU +++ ++
DLD-1+ 5FU + 500 mg/kg +++ ++

(+) when observed in <20% of cells; (++) 21-60% of cells; (+++) >61% of cells.

In the studied tumors, we also determined the expression of Ki67, which is strictly
associated with cell proliferation. Ki67 protein is present in all active phases of the cell
cycle (G1, S, G2, and mitosis); therefore, it is the best marker to determine the growth of
cell population, and likewise, it can indicate growing tumor cells. The results showed
that the expression of Ki67 in the DLD-1 group was about 80%, whereas, in all groups
treated with chemotherapeutic agents (S6 or 5-FU), it was similar and was estimated to be
about 60% (Table 3 and Figure 6). DLD-1 is a colorectal adenocarcinoma cell line, Dukes’
type C, which is characterized by a high degree of proliferation, thus indicating a high
degree of malignancy of this tumor. A study presented by Melling et al. [59], in which
Ki67 expression was analyzed on 1800 CRC samples, showed that a low Ki67 index is
associated with low tumor stage and is an independent prognostic factor of favorable
survival. Forones et al. [61] hypothesized that Ki67 is not correlated with clinical and
pathologic parameters. Through a series of in vivo studies, derivatives of imidazolium salt
(IBN-9) in a hepatocellular carcinoma mouse model were tested. The results showed that
IBN-9 (2 g/L) decreased the protein expression of Ki67 to 66% and also caused necrosis in
tumor tissues [33]. Recent in vivo studies with a bladder cancer mouse model showed that
mice treated with a triphenylphosphonium-containing imidazolium salt (TPP1) had higher
levels of cleaved caspase-3 in the tissues that had significant amounts of necrosis [38].

Our results showed that tested imidazolium salt S6 caused an increase in the number
of macrophages that induce tumor breakdown and necrosis, resulting in better therapeutic
effects of CRC growth inhibition.

3. Materials and Methods
3.1. Synthesis of Imidazolium Salts

We recently described the synthesis of imidazolium salts based on lithocholic acid with
substituents of different alkyl chain lengths [29,31]. New salts are almost universal and
are broad-spectrum, antibacterial, and antifungal agents. Two salts with the shortest chain
length (methyl and ethyl) were prepared from N-LCA-substituted imidazole according
to the first reported procedure [31]. The remaining salts with longer side chains were
prepared via the modified synthesis, which allowed to shorten the reaction time and
obtain compounds with higher yields [31] (Figure 7). As a result, ten salts (S1-5S10) of
different chain lengths, depending on the alkyl iodide used, were obtained to be subjected
to anticancer tests.



Int. J. Mol. Sci. 2022, 23,7019 14 of 19

alkyl iodide (RI)
rt, overnight

81 R=CH; S6 R=CgHis
S2 R=C,Hs S7 R=C/Hys
S3 R=03H7 S8 R=CSH17
S4 R=C,Hg S9 R=CjHys
S5 R=C5H11 S10 R=C16H33

Figure 7. Synthesis of imidazolium salts based on lithocholic acid from N-LCA-substituted imidazole.

3.2. Cell Culture

The anticancer activities of imidazolium salts (S1-S10) were evaluated against colon
cancer cell lines (DLD-1, HT-29, Caco-2) originating from American Type Culture Collection
(Manassas, VA, USA). Cells were grown in 96-well plates at 5-7 X 103 cells per well to
full confluence in RPMI-1640 (ATCC) (for DLD-1 line), in McCoy’s 5A (ATCC) (for HT-29
line), and in Eagle’s minimum essential medium (EMEM) (for Caco-2 line) supplemented
with 10% fetal bovine serum (FBS) (Eurx, Gdarsk, Poland), 50 U/mL penicillin, and
50 mg/mL streptomycin (Gibco, Thermo Fisher Scientific, Inc., Waltham, MA, USA) under
physiological conditions, at 37 °C with 5% CO,, and passed every 2-3 days. Cells used in
assays originated from 6-14 passages.

3.3. Cytotoxicity Assay (IC50 Values)

To evaluate the cytotoxicity of tested salts (§51-S10), a neutral red cell cytotoxicity
assay was used. The principle of this assay is based on the detection of viable cells via
the uptake of the dye-neutral red. Neutral red is a eurhodin dye that stains lysosomes
in viable cells. Viable cells can take up neutral red via active transport and incorporate
the dye into their lysosomes, but nonviable cells cannot take up this chromophore. After
24 h incubation of cells with tested salts (1, 5, 10, 30, 50, and 100 pg/mL), a neutral red
solution (7 uL/well) was added and incubated for 2 h. Afterward, the culturing medium
was removed, and the cells were fixed for 5 min. A fixative solution was discarded, and
then the acidic solution was added to dissolve the dye. The absorbance was measured at a
wavelength of 540 nm on a BioTek Epoch plate reader [62]. The IC50 values were calculated
using nonlinear regression (three parameters) in GraphPad Prism.

3.4. Metabolic Activity of Cells

The metabolic activity of colon cancer cells after the addition of tested salts (S1-S10)
was determined via the MTT assay method [63]. All salts were dissolved in PBS and diluted
in fresh media to the desired concentrations (1, 5, 10, 30, 50, and 100 nug/mL). After 24 h
of cells incubation with tested salts, the MTT assay protocol was followed. The culturing
medium was discarded, and the cells were rinsed with PBS three times. Then, MTT reagent
(5 mg/mL) was added to each well and incubated for 0.5-1 h depending on the cell line. The
medium was removed from the wells and 100 pL of DMSO (Alchem, Poland) with 10 puL of
Sorren’s buffer (0.1 mol/L glycine with 0.1 mol/L NaCl equilibrated to pH 10.5) was added.
The optical density was recorded with a BioTek Epoch plate reader spectrophotometer at a
wavelength of 570 nm. Values are described as a percent of control.

3.5. In Vivo Evaluation of Salt S6

All procedures were carried out in accordance with the European Directive (2010/63/EU).
Handling of animals was performed with the consent of protocols approved by the Local
Ethical Committee in Olsztyn no 74/2019.
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3.6. DLD-1 Xenograft Model

Nude male mice (Cby.Cg.Foxnl<nu>/cmdb), 5-6 weeks old, were housed under
controlled conditions (21 £ 2 °C, 12 h light/12 h dark cycle) with unlimited access to
water. DLD-1 cells (2 x 107) in 0.1 mL volume of Matrigel /PBS (Alchem, Poland) mix were
implanted subcutaneously into the flanks of nude mice. After 7 days, mice were randomly
divided into six groups (n = 6), which were given intragastrically once a day for 28 days
PBS (control group), salt S6 (100, 300, and 500 mg/kg b.w.), salt S6 (300 mg/kg b.w.) with
an intraperitoneal injection of 5-fluorouracil (30 mg/kg), and group with 5-fluorouracil.
The 5-fluorouracil injection was given on the 14th, 21st, and 28th day of the experiment.
The tumor volume was measured twice a week (every 3—4 days) via a digital caliper and
calculated using the following formula: (0.52 x width? x length). Tumor growth was
shown as a percentage increase in volume to baseline, which was treated as 100%. In
addition, in order to illustrate the growth rate of the tumor, mice were given intravenously
IRDye 800CW 2-deoxyglucose (100 pL) and after 24 h using the Pearl system on the 7th,
14th, and 28th day of the experiment. After 35 days, mice were sacrificed, and blood and
organs were taken for further analysis. The morphological examination of blood collected
from the animals was performed using the ABCvet system.

For the initial assessment of the impact of potential adverse reactions of salt S6, an
additional group of mice (n = 6) received the dose intragastrically once a day for 28 days
(500 mg/kg b.w.). After 28 days, mice were sacrificed, and blood and organs were taken for
further analysis.

3.7. Biochemical Analysis

The biochemical assays (enzyme-linked immunosorbent assays) were made in the
serum collected from all mice with DLD-1 cells. TNF-«, Bcl-2, and caspase-3 concentrations
were determined using the commercial Enzyme-linked Immunosorbent Assay Kit for mice
(Cloud-Clone Corp. Unit, Katy, TX, USA). The absorbance was measured in a microtiter
plate reader the Epoch (BioTek). All results were performed in duplicate samples.

3.8. Histopathological and Immunohistochemical Analysis

Tumor tissue sections were taken during the surgery, fixed in buffered formalin so-
lution, and embedded in paraffin. The paraffin blocks were sliced with a microtome into
4 um thick sections, placed on silanized slides, and stained with hematoxylin and eosin.
The histopathological examination evaluated the percentage of necrotic area in relation
to tumor area that was calculated using an Olympus EP50 camera. For immunohisto-
chemical analysis, the slides were incubated overnight at 60 °C and then deparaffinized
in xylene solutions and rehydrated in a series of alcohols in concentrations of 99.9%, 96%,
and 70%. Next, the sections were placed in citrate buffer (pH = 6.0) and incubated in a
water bath for 20 min at 98.5 °C, to reveal the antigen, and then incubated for 20 min at
room temperature. Endogenous peroxidase was blocked by using 3% hydrogen peroxide
for 10 min, followed by 2.5% goat serum, to block nonspecific antibody binding (Vector
Laboratories, Eching, Germany) for 10 min. Then, the slides were incubated with specific
antibodies—Ki67 (Biorbyt, dilution 1:100) and CD68 (Biorbyt, dilution 1:100)—for 30 min at
room temperature. Then, antibody-binding sites were visualized using the ImmPress Goat
Anti-Rabbit IgG Polymer Reagent kit (Vector Laboratories, Eching, Germany) for 30 min
and ImmPACT DAB chromogen (Vector Laboratories, Eching, Germany) for 5 min. Cell
nuclei were stained with hematoxylin, and then the preparations were dehydrated in a
series of alcohols with increasing concentrations of 70%, 96%, and 99.9%, and washed in
xylene solutions. The evaluation of immunohistochemical staining was performed with a
light microscope using 200 x magnification. For each immunohistochemical staining were
performed measurements of immunohistochemical reaction intensity per group of mice.
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3.9. Statistical Analysis

All results are expressed as mean £ SD. Statistical analysis was performed using Sta-
tistica 13.3 version (StatSoft, Tulsa, OK, USA). Intergroup statistical comparisons were ana-
lyzed using standard statistical analyses, including one-way analysis of variance (ANOVA),
followed by post hoc Duncan’s or Tukey’s comparison test. Differences were considered
significant when p < 0.05.

4. Conclusions

In the presented research, for the first time, the cytotoxic effect against CRC of the
series of novel imidazolium salts substituted with lithocholic acid was demonstrated.

Our in vitro research clearly showed that LCA-based imidazolium salts significantly
reduced the viability and metabolic activity of colorectal cancer cells, especially in DLD-1
and HT-29 lines, and that the anticancer activity of these series of imidazolium salts was
directly related to the alkyl chain length, which achieved the best results for compounds
S6-S8 for DLD-1 and S4, S8-S10 for HT-29. In vivo studies showed low toxicity of S6 to
healthy animals and inhibition of tumor growth in the xenograft model of colon cancer, with
better results than those obtained with 5-FU. Furthermore, the obtained results showed that
administration of LCA-IMSs decreased TNF-oc and Bcl-2 concentrations, with a significant
amount of necrosis in DLD-1 tumors.

The next step will be to extend the studies on different cell lines and develop further
schemes in in vivo models to confirm the demonstration of antitumor effects of lithocholic
acid-based imidazolium salts, highlighting their application in adjuvant anticancer therapy.
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