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A total of 24 hybrid compounds containing pyridyl and 1,3-thiazole moieties were screened against HL-60 (leu-
kemia),MCF-7 (breast adenocarcinoma), HepG2 (hepatocellular carcinoma), NCI-H292 (lung carcinoma) human
tumor cell lines and non-tumor cells (PBMC, human peripheral blood mononuclear cells). Most of them were
highly potent in at least one cell line tested (IC50 ≤ 3 μM), being HL-60 the most sensitive and HepG2 the most
resistant cell line. Among them, TAP-07 and TP-07 presented cytotoxic activity in all tumor cell lines, including
HepG2 (IC50 2.2 and 5.6 μM, respectively) without antiproliferative effects to normal cells (PBMC) (IC50 N 30
μM), making TAP-07 and TP-07, the compounds with the most favorable selectivity index. TAP-07 and TP-07 in-
duced apoptosis in HepG2 cells and presented in vivo antitumor activity in hepatocellular xenograft cancer
model in C.B-17 severe combined immunodeficient mice. Systemic toxicological verified by biochemical and his-
topathological techniques reveled nomajor signs of toxicity after treatmentwith TAP-07 and TP-07. Together the
results indicated the anti-liver cancer activity of 2-pyridyl 2,3-thiazole derivatives.

© 2017 Elsevier Inc. All rights reserved.
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1. Introduction

Cancer is themajor public health problemworldwide. In the last two
decades, improvements in diagnostics and therapeutics have been
done, leading to 23% drop in the cancer death rate; however, cancer
still is a leading cause of death worldwide. Therefore, basic and clinical
research is necessary to reduce the mortality related to cancer (Siegel
et al., 2016).

Thiosemicarbazones present many biological activities, such as an-
tibacterial, antifungal (Beraldo and Gambinob, 2004), trypanocidal
(da S Maia et al., 2009), larvicidal (da Silva et al., 2015), immuno-
modulatory and antitumor (dos Santos et al., 2016). Since the development
of triapine (3-aminopyridine-2-carboxaldehyde thiosemicarbazone, a
y and Pharmacology, Federal
Universitária, CEP 50.670-901

ilitao@ufpe.br
ribonucleotide reductase inhibitor), much attention has been given to pyr-
idine thiosemicarbazones (Niu et al., 1995). Pyridine, a basic heterocyclic
compound with molecular formula C5H5N, and its derivatives are com-
pounds with various applications in medicinal area (Altaf et al., 2015). As
anticancer drugs, di-2-pyridylketone thiosemicarbazone, 2-benzoylpyridine
thiosemicarbazone and 2-acetylpyridine thiosemicarbazone were devel-
opedas cytotoxic compounds targetingmetal ions,whichareessential nutri-
ents for many cellular processes (Jansson et al., 2015).

The derivatization of 2-pyridyl thiosemicarbazone group into thia-
zole moiety generated novel templates with increased trypanocidal ac-
tivity, (Cardoso et al., 2014). The thiazole ring acts as pharmacophore
with versatile scaffold for the synthesis of new derivatives. In the cancer
research, thiazole derivatives can act though the inhibition of kinases,
inhibition of matrix metalloproteinases (MMPs) and inhibition of anti-
apoptotic BCL2 family proteins (Morigi et al., 2015). In addition, novel
thiazole analogues presented antimetastatic properties (Morigi et al.,
2015). The strategy to connect pyridyl and thiazole ring into a new se-
ries of tricyclic compounds was used to develop molecules targeting
the pro domain of the inactivemetalloproteinases zymogens, proMMPs.
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Table 1
Structures of 2-pyridyl 2,3-thiazole derivatives.

Cpd Structure Cpd Structure

TP-01 TAP-01

TP-02 TAP-02

TP-03 TAP-03

TP-04 TAP-04

TP-05 TAP-05

TP-06 TAP-06

TP-07 TAP-07

TP-08 TAP-08

(continued on next page)
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Table 1 (continued)

Cpd Structure Cpd Structure

TP-09 TAP-09

TP-10 TAP-10

TP-11 TAP-11

TP-12 TAP-12
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For malignant cells, MMPS can regulate the tumor microenvironment,
cleavage substrate at the connective tissue and help cancer cells to in-
vade surrounding barriers and metastasize (Egeblad and Werb, 2002).
Thus, pyridyl-thiazolyl compounds were developed to inhibiting the
proteolytic activation of pro-matrix MMP9 and pro-MMP1 (Zhang et
al., 2011). Hybrid compounds containing pyridyl and 1,3-thiazolemoie-
tieswere described as cytotoxic to cancer cells, immunomodulatory and
anti-inflammatory compounds (dos Santos et al., 2016;Miwatashi et al.,
2005). Based on the pyridyl-thiazolyl compounds potential as antican-
cer agents, we investigated the anticancer activity of 2-pyridyl 2,3-thia-
zole derivatives, both in vitro and in vivo.

2. Material and methods

2.1. Compounds

Compounds 2-(2-(pyridin-2-ylmethylene)hydrazinyl)-4-phenyl-
1,3-thiazole (TP-01), 2-(2-(pyridin-2-ylmethylene)hydrazinyl)-4-(4-
tolyl)-1,3-thiazole (TP-02), 2-(2-(pyridin-2-ylmethylene)hydrazinyl)-
4-(4-bromophenyl)-1,3-thiazole (TP-03), 5-methyl-2-(2-(pyridin-2-
ylmethylene)hydrazinyl)-4-(4-bromophenyl)-1,3-thiazole (TP-04), 2-
(2-(pyridin-2-ylmethylene)hydrazinyl)-4-(4-fluorophenyl)-1,3-thia-
zole (TP-05), 2-(2-(pyridin-2-ylmethylene)hydrazinyl)-4-(4-
methoxyphenyl)-1,3-thiazole (TP-06), 2-(2-(pyridin-2-
ylmethylene)hydrazinyl)-4-(4-chlorophenyl)-1,3-thiazole (TP-07), 2-
(2-(pyridin-2-ylmethylene)hydrazinyl)-4-(2,4-dichlorophenyl)-1,3-
thiazole (TP-08), 2-(2-(pyridin-2-ylmethylene)hydrazinyl)-4-(3,4-
dichlorophenyl)-1,3-thiazole (TP-09), 2-(2-(pyridin-2-
ylmethylene)hydrazinyl)-4-(3-nitrophenyl)-1,3-thiazole (TP-10), 2-
(2-(pyridin-2-ylmethylene)hydrazinyl)-4-(4-nitrophenyl)-1,3-thia-
zole (TP-11), 2-(2-(pyridin-2-ylmethylene)hydrazinyl)-4-
(naphthalen-1-yl)-1,3-thiazole (TP-12), (2-(1-(pyridin-2-
yl)ethylene)hydrazinyl)-4-phenyl-1,3-thiazole (TAP-01), (2-(1-
(pyridin-2-yl)ethylene)hydrazinyl)-4-(4-tolyl)-1,3-thiazole (TAP-02),
(2-(1-(pyridin-2-yl)ethylene)hydrazinyl)-4-(4-bromophenyl)-1,3-thi-
azole (TAP-03), 5-methyl-(2-(1-(pyridin-2-yl)ethylene)hydrazinyl)-4-
(4-bromophenyl)-1,3-thiazole (TAP-04), (2-(1-(pyridin-2-
yl)ethylene)hydrazinyl)-4-(4-fluorophenyl)-1,3-thiazole (TAP-05), (2-
(1-(pyridin-2-yl)ethylene)hydrazinyl)-4-(4-methoxyphenyl)-1,3-thia-
zole (TAP-06), (2-(1-(pyridin-2-yl)ethylene)hydrazinyl)-4-(4-
chlorophenyl)-1,3-thiazole (TAP-07), (2-(1-(pyridin-2-
yl)ethylene)hydrazinyl)-4-(2,4-dichlorophenyl)-1,3-thiazole (TAP-
08), (2-(1-(pyridin-2-yl)ethylene)hydrazinyl)-4-(3,4-
dichlorophenyl)-1,3-thiazole (TAP-09), (2-(1-(pyridin-2-
yl)ethylene)hydrazinyl)-4-(3-nitrophenyl)-1,3-thiazole (TAP-10), (2-
(1-(pyridin-2-yl)ethylene)hydrazinyl)-4-(4-nitrophenyl)-1,3-thiazole
(TAP-11) and (2-(1-(pyridin-2-yl)ethylene)hydrazinyl)-4-
(naphthalen-1-yl)-1,3-thiazole (TAP-12) were prepared by the
methods previously reported by Cardoso et al. (2014) (Table 1). All
compounds were chemically characterized by nuclear magnetic reso-
nance (NMR), infrared, and mass spectra and by elemental analysis
and presented purity of 95%.

2.2. In vitro assays

2.2.1. Cytotoxic assay. Human tumor cell lines HL-60 (promyelocytic
leukemia), MCF-7 (breast adenocarcinoma), NCI-H292 (lung carcino-
ma) and HepG2 (hepatocellular carcinoma), obtained from Rio de
Janeiro Cell Bank (Rio de Janeiro, Brazil), were used. In addition,
human peripheral blood mononuclear cells (PBMCs) obtained from
healthy volunteers were also used. The PBMCs were isolated according
to the standard method of density-gradient centrifugation over Ficoll-
Histopaque. The protocol (number 1020660) was approved by the
Ethics Committee of the Federal University of Pernambuco. The cells
were maintained in RPMI 1640 medium or DMEN supplemented
with 10% fetal bovine serum, 2 mM glutamine, 100 U/mL penicillin,
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100 μg/mL streptomycin (Gigco™ Life Technologies, USA) at 37 °C with
5% CO2. To assess the cytotoxicity of the compounds, the 3-(4,5-dimeth-
yl-2-thiazolyl)-2,5-diphenyl-2H tetrazolium bromide (MTT, Sigma-Al-
drich-USA) reduction assay was used after 72 h incubation. For all
experiments, cellswere plated in 96-well plates (105 cells/mL for adher-
ent cells or 3 × 105 cells/mL for the leukemia) (Mosmann, 1983). After
24 h, the compounds, diluted in complete medium with 0.5%
dimethylsulfoxide (DMSO, Vetec, Brazil), in concentrations ranging
from0.3 to 25 μg/mLwere added to eachwell. Negative control received
the same amount of DMSO. Doxorubicin (Sigma-Aldrich, USA) (0.01–
5 μg/mL) was used as the positive control. After 69 h of treatment, 20 μL
of MTT (5 mg/mL, Sigma Aldrich Co., St. Louis, MO, USA) was added.
In the end of the incubation, the MTT formazan product was
dissolved in 100 μL of DMSO and the absorbance was measured at
595 nm in a plate spectrophotometer (Varioskan Flash; Thermo
Scientific, Finland).

2.2.2. Hemolytic assay. The hemolytic assay was performed with
human erythrocytes obtained from peripheral blood of healthy volun-
teers (Fortes et al., 2016). The protocol (Number 1020660) was ap-
proved by the Ethics Committee of the Federal University of
Pernambuco. For the experiment, 100 μL of a 2% erythrocytes suspen-
sion in 0.85% NaCl (Alphatec- Brazil) containing 10 mM CaCl2 (Vetec-
Brazil) was added to eachwell. A solution of triton X-100 (Vetec, Brazil)
(1% w/v) was used as the positive control. Saline solution (0.85% NaCl
containing 10mMCaCl2) was used as the negative control and the sam-
ples were tested in a concentration of 500 μM. After incubation at room
temperature for 1 h, the supernatantwas removed and the liberated he-
moglobin was measured at 540 nm in a plate spectrophotometer
(Varioskan Flash; Thermo Scientific, Finland).

2.2.3. Cell viability by trypan blue exclusion assay. Trypan blue exclu-
sion assay was used to determinate the direct effect of the drugs in
the cell viability. The number of viable cells and non-viable (take up
trypanblue)were counted. Briefly, 90 μLwas removed from the cell sus-
pension and 10 μL of trypan blue (0.4%) was added. Cell counting was
performed using a Leica DM500microscope (Leica Microsystems, Swit-
zerland) with a hemocytometer filled with an aliquot of the homoge-
nized cell suspension.

2.2.4. Cell morphology. To evaluate alterations in cell morphology,
slides were prepared using cytospin. The cells were fixed with 96%
ethanol for 5 min and stained with May-Grunwald-Giemsa. Cellular
changes were analyzed by light microscope and photographed with
NIS-Elements imaging software (Nikon, model Eclipse NI-U, Japan).

2.2.5. Internucleosomal DNA fragmentation and cell cycle
distribution. Cells were harvested in a permeabilization solution
containing 0.1% triton X-100 (Sigma Chemical Co. St Louis, MO, USA),
2 μg/mL propidium iodide (Sigma Chemical Co. St Louis, MO, USA),
0.1% sodium citrate and 100 μg/mL RNAse (Sigma Chemical Co. St
Louis, MO, USA). Cell fluorescence was determined by flow cytometry
in a BD LSRFortessa cytometer (BD Biosciences, San Jose, CA, USA)
using the BD FACSDiva Software (BD Biosciences, San Jose, CA, USA)
and Flowjo Software 10 (Flowjo LCC, Ashland, OR, EUA). Ten thousand
events were evaluated per experiment and cellular debris were omitted
from the analysis.

2.2.6. Annexin V assay. Phosphatidylserine externalization was ana-
lyzed by flow cytometry. A FITC annexin V apoptosis detection kit (BD
Biosciences, San Jose, CA, USA) was used to determine cell viability (vi-
able, early apoptotic, late apoptotic and necrotic cells). Cells were
washed twice with saline and then resuspended in 100 μL of binding
buffer with 5 μL of propidum iodide and 5 μL of FITC annexin V. The
cells were gently mixed on a vortex and incubated for 15 min at room
temperature in the dark. Afterwards, 400 μL of binding buffer was
added to each tube and the cells were analyzed by flow cytometry on
a BD LSRFortessa cytometer using the BD FACSDiva Software and Flowjo
Software 10. Ten thousand events were evaluated per experiment and
cellular debris was omitted from the analysis.
2.3. In vivo assays

2.3.1. Animals. A total of 66 C·B-17 severe combined immunodefi-
cient (SCID) mice (females, 25–30 g) was obtained and maintained
at the animal facilities from Gonçalo Moniz Institute-FIOCRUZ (Sal-
vador, Bahia, Brazil). Animals were housed in cages with free access
to food and water. All animals were kept under a 12:12 h light-dark
cycle (lights on at 6:00 a.m.). Animals were treated according to
the ethical principles for animal experimentation of SBCAL (Brazilian
association of laboratory animal science), Brazil. The local Animal
Ethics Committee approved the experimental protocol (number 06/
2015).
2.3.2. Human tumor xenograft model. HepG2 cells (107 cells per 500 μL
in 0.9% NaCl) were implanted subcutaneously into the left front hand of
themice.Micewere randomly divided into four groups at the beginning
of the experiment: group 1: animals that received injection of the vehi-
cle, 5% DMSO solution (negative control, n= 15); group 2: animals that
received injection of 5-fluorouracil (10 mg/Kg/day, positive control,
n = 9, purity N 99%, Sigma Chemical Co. St Louis, MO, USA); group 3:
animals that received injection of TAP-07 (40 mg/kg/day, n = 15);
group 4: animals that received injection of TP-07 (40 mg/kg/day, n =
15); The treatments were initiated one day after tumor injection. Ani-
mals were treated intraperitoneally (200 μL per animal) once daily for
21 consecutive days. On the 22th day, animals were anesthetized,
with ketamine/xylazine, and peripheral blood samples were collected
from brachial artery. Animal were euthanized by anesthetic overdose
and tumorswere excised andweighed. The drug effectswere expressed
as the percent inhibition of control.
2.3.3. Systematic toxicological evolution. To perform the systematic
toxicological effects, mice were weighed at the beginning and end
of the experiment. Animals were observed for signs of abnormalities
throughout the study. Hematological analyses were performed using
light microscopy. Biochemical analyses of serum samples were per-
formed using a Vet-16 rotor and quantified using an Analyst bench-
top clinical chemistry system (Hemagen Diagnostics, Inc., Columbia,
MD, EUA). Livers, kidneys, lungs and hearts were removed, weighed
and examined for any signs of gross lesions, colour changes and/or
hemorrhage. After gross macroscopic examination, tumors, livers,
kidneys, lungs and hearts were fixed in 4% formalin buffer and em-
bedded in paraffin. Tissue sections were stained with hematoxylin
and eosin chromogens, and a pathologist performed analyses under
light microscopy.
2.4. Statistical analysis

Data are presented as mean ± S.E.M., inhibitory concentration of
50% (IC50) or effective concentration of 50% (EC50) values and their
95% confidence intervals obtained by nonlinear regression from at
the least two independent experiments performed in duplicate or
triplicate. Differences among experimental groups were compared
by one-way analysis of variance (ANOVA) followed by Dunnett's
Multiple Comparison Test (p b 0.05). All analyses were carried out
using the GRAPHPAD PRISM program (Intuitive Software for
Science).
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3. Results

3.1. In vitro assays

3.1.1. 2-pyridyl 2,3-thiazole compounds displayed potent cytotoxicity to
different tumor cell lines. Twenty-four compounds were evaluated
for cytotoxicity toward four cancer cell lines (HL-60, MCF-7, NCI-H292
andHepG2). The compoundswere classified into two groups, according
to the chemical structure what they are derived: TP compounds are 2-
pyridyl 2,3-thiazole compounds and TAP group are 2-pyridyl 2,3-thia-
zoleswith amethyl at C6.Most of TAP and TP compounds presented po-
tent cytotoxicity in at least one cell line tested (Table 2). The most
sensitive cell linewasHL-60 (promyelocytic leukemia) and themost re-
sistant cell line was HepG2 (hepatocellular carcinoma). Compounds
Table 2
Cytotoxic activity of TAP and TP compounds.

Compound IC50 in μM (Confidence interval)

HL-60 MCF-7

TAP-01 0.91
(0.71–1.2)

1.01
(0.7–2.2)

TAP-02 0.64
(0.42–1.0)

2.1
(0.77–5.1)

TAP-03 0.75
(0.56–0.95)

1.1
(0.7–1.7)

TAP-04 0.51
(0.43–0.64)

1.61
(0.75–3.22)

TAP-05 0.70
(0.57–0.89)

1.5
(1.1–1.8)

TAP-06 0.8
(0.58–1.07)

1.3
(1.1–1.6)

TAP-07 0.98
(0.82–1.15)

3.5
(1.4–9.1)

TAP-08 1.62
(1.40–1.90)

1.5
(0.44–5.2)

TAP-09 0.66
(0.44–0.93)

3.9
(1.8–8.5)

TAP-10 0.58
(0.41–0.85)

1.2
(0.91–1.5)

TAP-11 0.85
(0.67–0.94)

1.01
(0.85–1.15)

TAP-12 1.4
(1.10–1.80)

2.7
(1.4–5.4)

TP-01 1.7
(1.4–2.4)

11.0
(5.7–21.5)

TP-02 1.3
(1.1–1.5)

3.8
(3.0–4.9)

TP-03 27.3
(20.9–35.5)

4.4
(1.6–11.2)

TP-04 1.3
(1.0–1.7)

2.5
(2.2–3.2)

TP-05 1.9
(1.6–2.2)

4.6
(3.7–5.7)

TP-06 8.7
(5.0–14.8)

5.7
(2.6–12.4)

TP-07 1.0
(0.85–1.2)

4.7
(3.2–6.8)

TP-08 0.57
(0.22–0.97)

2.5
(1.9–3.3)

TP-09 1.2
(0.17–9.1)

2.9
(1.4–5.7)

TP-10 0.98
(0.67–1.4)

4.3
(2.2–7.9)

TP-11 2.7
(2.2–3.4)

N50

TP-12 3.1
(2.4–4.0)

7.2
(5.7–9.0)

DOX 0.02
(0.02–0.04)

0.37
(0.18–0.92)

Data are presented as IC50 values in μM and their respective 95% confidence interval obtained
plicate or triplicate, measured by MTT reduction assay after 72 h incubation. Tumor cells: HL-6
(human lung carcinoma); and HepG2 (human hepatocellular carcinoma). Non-tumor cells: PBM
itive control.
with IC50 ≤ 3 μM were judged as highly potent, whereas compounds
bearing IC50 values in the range of 3–6 μMwere regarded as potent com-
pounds. On the other hand, compounds with IC50 between 6 μM and 12
μM were considered as moderately potent, while molecules displaying
IC50 values in the range of 12–24 μMwere regarded as bearing low po-
tency. Finally, the compounds exhibiting IC50 N 24 μMwere deemed not
cytotoxic (Fortes et al., 2016). In TAP group, TAP-07 presented cytotoxic
activity at all cell lines testedwith IC50 ranging from0.98 to 3.5 μM. Even
at HepG2 cell line, which was in general more resistant, TAP-07 was
highly potent with IC50 of 2.2 μM. In regard to the toxicity in non-
tumor PBMC cells, most of the TAP compounds were cytotoxic to
PBMC, with exception to TAP-07 that was not cytotoxic at concentra-
tions tested (IC50 N 30 μM), making TAP-07 the compound with the
most favorable selectivity index (SI). Among compounds belonging to
NCI-H292 HepG2 PBMC

1.8
(1.3–2.4)

N50 b3.5

2.4
(1.9–3.1)

N50 6.9
(5.5–13.6)

1.9
(1.5–2.3)

N50 13.8
(7.4–26.0)

1.4
(1.0–1.8)

N50 3.7
(2.3–6.6)

2.6 (1.5–4.7) N50 13.1
(7.3–22.9)

3.0
(1.5–5.8)

N50 b3.5

3.1
(2.7–4.9)

2.2
(1.5–3.3)

N30

3.6
(1.8–4.3)

N50 b3.5

2.7
(2.4–3.1)

N50 b3.5

3.0
(1.9–4.7)

N50 b3.5

1.7
(1.4–2.5)

N50 4.0
(2.3–6.7)

2.7
(2.2–3.4)

N50 6.6
(4.6–9.3)

10.7
(6.4–17.8)

N50 6.6
(13.9–33.3)

7.5
(5.1–11.0)

6.1
(4.3–8.6)

b3.5

2.2
(1.1–3.1)

N50 9.0
(7.5–8.6)

6.4
(4.1–10.0)

N50 b3.5

14.6
(8.3–25.4)

N50 7.9
(3.2–18.8)

2.8
(1.5–5.0)

N50 b3.5

3.2
(2.7–3.8)

5.8
(4.2–7.9)

N30

0.94
(0.45–2.0)

N50 12.3
(7.7–19.0)

2.4
(1.8–2.8)

N50 13.0
(6.6–25.5)

3.3
(3.0–3.6)

N50 N30

N50 N50 N30

N50 N50 19.3
(12.7–29.0)

0.55
(0.37–0.92)

0.6
(0.51–0.81)

1.4
(0.9–2.6)

by nonlinear regression from at the least two independent experiments performed in du-
0 (human promyelocytic leukemia); MCF-7 (human breast adenocarcinoma); NCI-H292
C (human peripheral bloodmononuclear cells). Doxorubicin (DOX) was used as the pos-
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TP group, only TP-02 and TP-07 were cytotoxic to all cell lines tested.
Conversely, only compound TP-02 was cytotoxic to PBMC (IC50 of 5.8
μM) when compared to TP-07, which was not cytotoxic at concentra-
tions tested (IC50 N 30 μM). Compounds that cause non-specific cell
death targeting the cell plasmatic membrane are very toxic. A positive
hemolytic assay excludes the compound from being used as therapeutic
drug. None of the compounds tested were toxic to human erythrocytes
(EC50 N 250 μM). The cytotoxicity of TAP-07 and TP-07 stood out in re-
lation to the other series of compounds synthetized, in particular due
to their cytotoxic potential to HL-60 andHepG2 cells and the lack of tox-
icity to PBMC (Table 2). Thus, TAP-07 and TP-07 were selected for fur-
ther experiments.
3.1.2. 2-Pyridyl 2,3-thiazole compounds induce apoptotic cell death in
HepG2 cell line. HepG2 is an adherent liver tumor cell line which
forms solid tumor when implanted to the animal. In order to check if
the compounds are capable to act on suspension cancer cells, a leukemic
cell line (HL60) was also treated with TAP-07 and TP-07. HL-60 and
HepG2 cells were treated with TAP-07 and TP-07 for 24 and 48 h and
the cell viability was evaluated using trypan blue dye exclusionmethod.
Both compounds reduced the cell viability (Fig. 1). In HepG2 cells, TAP-
07 caused significant (p b 0.05) cell growth inhibition at 7.5 (69%) and
15 μM (82%) after 24 h, while viable cell number reduced by 42 and
55% after treatment with TP-07 at 16 and 32 μM, respectively. After
48 h, TAP-07 caused significant (p b 0.05) cell growth inhibition at 8
(85%) and 16 μM (93%) and TP-07, at 16 and 32 μM, reduced by 68
and 80%, respectively. In HL-60 cells, viable cells number treated for
24 h with TAP-07 0.8 and 1.6 μM were reduced by 79 and 89%, respec-
tively. The HL60 cell number was also reduced after treatment with
TP-07 6 (46% of inhibition) and 12 μM (53.7% of inhibition). After 48 h
incubation, TAP-07 caused significant (p b 0.05) cell growth inhibition
at 0.8 (87%) and 1.6 μM (91%) and TP-07, at 6 and 12 μM, reduced by
57 and 63%, respectively. Doxorubicin, at 2 μM, reduced HepG2 cell
number by 59 and 67% and HL-60 cells number by 72.2 and 79% after
24 and 48 h, respectively.
Fig. 1. Cell viability determined by trypan blue staining of HepG2 (A and B) andHL-60 (C andD)
negative control (NC)was treatedwith the vehicle (0.1%DMSO) used for diluting the substance
mean± S.E.M. of at the least three independent experiments performed in duplicate. *p b 0.05 c
Test.
Morphological analysis performed after May-Grunwald-Giemsa
staining showed that both HepG2 and HL-60 cell lines treated with
TAP-07 and TP-07 for 24 and 48 h presented fragmentation of the nuclei
that became more evident at higher concentrations. A reduction on cell
volume was frequently verified in cells with altered nuclei (Fig. 2). In
the negative controls, mitotic cells were found indicating the prolifera-
tive status of the cell lines, as well as round shaped interphase cell
nucleus.

Analyses of the DNA distribution by flow cytometry were also in-
cluded in the study. Significant (p b 0.05) internucleosomal DNA frag-
mentation of 17.2 ± 2.4%, 25.5 ± 4.0% and 17.8 ± 4.4% was found in
HepG2 cells after 24 h of treatment with TAP-07 at 8 and 16 μM and
TP-07 at 32 μM, respectively, compared to the control (5.9 ± 2.0%)
(Fig. 3). The treatment of HepG2 cells with TAP-07 (7.5 and 15 μM)
and TP-07 (32 μM) reduced the number of cells at G0/G1 (p b 0.05).
The S phase and G2/M phases of the cell cycle were not affected by
TAP-07 nor TP-07 treatment. After 48 h of treatment an increase (p b

0.05) of the internucleosomal DNA fragmentation in HepG2 cells was
also observed after treatment with TAP-07 at 8 and 16 μM (22 and
29% of sub-G1 population, respectively, compared to 3.8% of the nega-
tive control). TAP-07 significantly (p b 0.05) reduced the number of
HepG2 cells at G2/M after 48 h of treatment. The G2/M population of
the negative control was 18.2 ± 2.4%, while for the cells treated with
TAP-07 at 8 and 16 μM, the percentage of cells at G2/M was 6.0 ± 0.6
and 4.9 ± 1.1, respectively. Quantitative analyses by flow cytometry
reveled an increase on fragmented DNA content of HL-60 cells treated
with TAP-07 0.8 and 1.6 μM and TP-07 12 μM (sub-G1 population was
6.9 ± 2.0% at negative control and increased to 17.5 ± 7.0%, 20.8 ±
6.0% and 12.4 ± 2.0 after 24 h of treatment with TAP-07 0.8, 1.6 μM
and TP-07 12 μM respectively. When HL60 cells were treated with
TAP-07 and TP-07 for 48 h, the effect of TAP-07 and TP-07 on
fragmented DNA induction was more potent.

The externalization of phosphatidylserinewas evaluated by annexin
V/propidium iodite staining. The percentage of HepG2 annexin V posi-
tive cells (apoptosis) was significantly higher after 24 h of treatment
with TAP-07 and TP-07 at 16 μM (7.9 ± 0.6%) and 32 μM (9.0 ± 3.3%)
cells treatedwith TAP-07 and TP-07 after 24 (A and C) and 48 (B and D) h incubation. The
tested. Doxorubicin (DOX, 2 μM)wasused as the positive control. Data are presented as the
omparedwith the negative control by ANOVA followed byDunnett'sMultiple Comparison

Image of Fig. 1


Fig. 2. Microscopic analysis of HepG2 and HL-60 cells stained with May-Grunwald-Giemsa after 24 and 48 h incubation. The negative control (NC) was treated with the vehicle (0.1%
DMSO) used for diluting the substance tested. Doxorubicin (DOX, 2 μM) was used as the positive control. Arrows indicated cells with fragmented DNA.
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respectively, compared to the control (4.3 ± 0.8%). An increase on
HepG2 necrotic cells was observed for TP-07 32 μM (4.7 ± 0.4) and
doxorubicin (88.7 ± 5.3) treatment compared to the control (0.9%)
(Fig. 4.) Annexin V positive cells was not observed for HL60 cells, after
24 h of treatment with TAP-07 (1.6 μM) and TP-07 (12 μM) (data not
shown).
Fig. 3. DNA content analyzed by flow cytometry of HepG2 (A and B) and HL-60 (C and D) ce
negative control (NC) was treated with the vehicle (0.1% DMSO) used for diluting the substan
as the mean ± S.E.M. of at the least three independent experiments performed in duplicate
from the analysis. *p b 0.05 compared with the negative control by ANOVA followed by Dunne
3.2. In vivo assays

3.2.1. 2-Pyridyl 2,3-thiazole compounds reduceHepG2 cells development in
xenograft model. To investigate whether the 2-pyridyl 2,3-thiazole
compounds have in vivo antitumor activity, C·B-17 SCID mice were
engrafted with HepG2 cells and treated with TAP-07 and TP-07 by
lls treated with TAP-07 and TP-07 after 24 (A and C) and 48 h (B and D) incubation. The
ce tested. Doxorubicin (DOX, 2 μM) was used as the positive control. Data are presented
. Ten thousand events were evaluated per experiment and cellular debris was omitted
tt's Multiple Comparison Test.

Image of Fig. 3
Image of Fig. 2


Fig. 4. Effect of TAP-07 and TP-07 compounds in the induction of apoptosis inHepG2 cell line after 24 h incubation. A – Representativeflow cytometric dot plots showing the percentage of
cells in viable, apoptotic and necrotic stages. B - Quantification of the cell viability determined byflow cytometry using annexinV/PI. Thenegative control (NC)was treatedwith the vehicle
(0.1% DMSO) used for diluting the substance tested. Doxorubicin (DOX, 2 μM)was used as the positive control. Data are presented as themean± S.E.M. of at the least three independent
experiments performed in duplicate. Ten thousand eventswere evaluated per experiment and cellular debriswas omitted from the analysis. *p b 0.05 comparedwith the negative control
by ANOVA followed by Dunnett's Multiple Comparison Test.
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intraperitoneal route once a day for 21 consecutive days. Both TAP-07 and
TP-07 were able to inhibit HepG2 cells growth inmice. Fig. 5A shows the
inhibition obtained. On 22th day, the average tumorweight of the control
micewas 0.60± 0.08 g. In the presence of TAP-07 and TP-07 (40mg/kg),
the average tumor weights were 0.19 ± 0.03 and 0.32 ± 0.04 g, respec-
tively. Tumor mass was significantly reduced in TAP-07-treated animals
by 73.0%, while treatment with TP-07 inhibited the tumor growth by
47.0%. The positive control (5-FU, 10 mg/kg) reduced the tumor weight
by 41.4%. In histology analyses, we observed in all groups a
hypervascularized solid pattern tumor showing polygonal tumor cells,
displaying a pleomorphism, eosinophilic granular cytoplasm, rounded
nuclei and prominent nucleoli. Mitotic figures, few pseudoglandular
structures and steatotic areas were present. Tumoral cells were
surrounded by fibrous stroma. Although necrosis was a frequent finding
in all groups, this aspect was much more evident in TAP-07 group,
when compared to the others, especially to the negative control (Fig. 5B)

Systemic toxicological parameters were examined in 2-pyridyl 2,3-
thiazole compounds-treated mice. There was no difference on body
weight of C·B-17 SCID mice bearing HepG2 cells tumor after 21 days
of treatment with TAP-07 (40 mg/kg) or TP-07 (40 mg/kg), neither on
liver, kidney, lung and heart wet weight, when compared to the nega-
tive control (p N 0.05) (Table 3). The liver weight of animals treated
with the positive control (5-FU, 10 mg/kg) was reduced, when com-
pared to the negative control (p b 0.05).

The animals were also analyzed regarding to the white and erythro-
cytes blood cells' counting (Table 4). It was found a decrease in the total

Image of Fig. 4


Fig. 5. In vivo antitumor activity of TAP-07 (40 mg/kg) and TP-07 (40 mg/kg) in C·B-17 SCID mice bearing HepG2 cells. A - Quantification of tumor weight. B - Representative histology
analyses of the tumors. The negative control (NC)was treatedwith the vehicle (5% DMSO) used for diluting the substance tested. 5-Fluorouracil (5-FU, 10mg/kg) was used as the positive
control. Beginning 1 day after tumor implantation, the animals were treated through the intraperitoneal route for 21 consecutive days. Data are presented as the mean ± S.E.M. of 9–15
animals. *p b 0.05 compared with the negative control by ANOVA followed by Dunnett's Multiple Comparison Test.

Table 3
Effect of TAP-07 and TP-07 on body and relative organ weight from C.B-17 SCID mice bearing HepG2 cells.

Parameters NC 5-FU TAP-07 TP-07

Dose (mg/kg) – 10 40 40
Final body weight (g) 27.1 ± 1.3 26.1 ± 1.7 26.6 ± 1.6 26.9 ± 1.7
Initial body weight (g) 26.2 ± 1.9 26.2 ± 1.0 25.47 ± 1.9 26.9 ± 1.9
Liver (g/100 g body weight) 4.16 ± 0.8 3.37 ± 0.74⁎ 3.65 ± 0.66 4.38 ± 1.0
Kidney (g/100 g body weight) 1.47 ± 0.37 1.15 ± 0.4 1.13 ± 0.38 1.59 ± 0.37
Heart (g/100 g body weight) 0.51 ± 0.19 0.50 ± 0.19 0.48 ± 0.10 0.46 ± 0.16
Lung (g/100 g body weight) 0.71 ± 0.29 0.62 ± 0.19 0.69 ± 0.20 0.61 ± 0.19

The negative control (NC)was treatedwith the vehicle (5%DMSO) used for diluting the substance tested. 5-Fluorouracil (5-FU, 10mg/kg)was used as the positive control. Beginning 1 day
after tumor implantation, the animals were treated through the intraperitoneal route for 21 consecutive days. Data are presented as the mean ± S.E.M. of 9–15 animals.
⁎ p b 0.05 compared with the negative control (NC) by ANOVA followed by Dunnett's Multiple Comparison Test.
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Image of Fig. 5


Table 4
Effect of TAP-07 and TP-07 on hematological parameters of peripheral blood from C.B-17 SCID mice bearing HepG2 cells.

Parameters Non-tumor NC 5-FU TAP-07 TP-07

Dose (mg/kg) – – 10 40 40
Erythrocytes (106 cells/μL) 2.87 ± 0.6 3.32 ± 1.6⁎ 2.2 ± 1.91⁎ 2.17 ± 1.35⁎ 2.15 ± 1.8⁎

Total leukocytes (103 cells/μL) 1.0 ± 0.2 5.3 ± 0.9 1.9 ± 0.4⁎ 1.9 ± 0.8⁎ 4.9 ± 1.1
Differential leukocytes (%)
Neutrophil 41.0 ± 4.9 74.0 ± 6.9 65.0 ± 9.7 91.1 ± 2.2⁎ 86.3 ± 3.8⁎

Lymphocyte 53.8 ± 5.3 22.0 ± 4.7 32.8 ± 9.3⁎ 6.6 ± 2.3⁎ 11.3 ± 3.0⁎

Monocyte 3.2 ± 0.7 1.0 ± 0 1.3 ± 0.5 1.0 ± 0 1.3 ± 0.8
Eosinophil 1.2 ± 0.4 1.3 ± 0.4 1.0 ± 0 1.1 ± 0.4 1.0 ± 0

Non-tumor group represents C.B-17 SCIDmice without tumor inoculation or any treatment. The negative control (NC) was treatedwith the vehicle (5% DMSO) used for diluting the sub-
stance tested. 5-Fluorouracil (5-FU, 10mg/kg)wasused as thepositive control. Beginning 1 day after tumor implantation, the animalswere treated through the intraperitoneal route for 21
consecutive days. Data are presented as the mean ± S.E.M. of 6 animals.
⁎ p b 0.05 compared with the negative control (NC) by ANOVA followed by Dunnett's Multiple Comparison Test.
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number of leukocytes in TAP-07 and 5-FU groups compared to DMSO
treated group (p b 0.05). If we compare the total leukocytes of TAP-07
treated animals (1.9 ± 0.4 103/μL) with the animals without tumor
(1.0 ± 0.2 × 103/μL), no significant difference between groups is
found. The erythrocytes number was also reduced in TAP-07, TP-07
and 5-FU groups.

The clinical biochemical parameters (Table 5) thatweremeasured to
investigate liver function alterations were alanine aminotransferase
(ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP),
albumin (ALB), cholesterol and total bilirubin. ALT, AST and ALP were
significantly (p b 0.05) reduced after treatment with TAP-07 and TP-
07 40 mg/Kg when compared to the control; nonetheless, the enzymes
levels were at normal range. ALB, cholesterol and total bilirubin were
not affected by the treatment. 5-FU did not change any biochemical pa-
rameters described above. As an indicator of kidney function, creatinine
(CREA) and blood urea nitrogen (BUN) were measured. No alteration
was found on BUN of animals treated with TAP-07, TP-07 and 5-FU,
while for CREA levels, only animals treated with TP-07-40 mg/Kg pre-
sented a reduction on blood. Amylase, a pancreatic enzyme, was mea-
sured to verify pancreas damage. No alteration on blood amylase at
any groups of animal treated with TAP-09, TP-07 and 5-FU was ob-
served. Creatine Kinase with is correlated with cardiac and skeletal
muscle lesionwas reduced at all treated groups compared to the control
(p b 0.05). Glucose, calcium and phosphate levels were not changed
among the groups (Table 5).
Table 5
Effect of TAP-07 and TP-07 on clinical biochemical parameters of peripheral blood from
C.B-17 SCID mice bearing HepG2 cells.

Parameters NC 5-FU TAP-07 TP-07

Dose (mg/kg) – 10 40 40
ALT (U/L) 8.8 ± 2.1 10.2 ± 1.2 2.2 ± 0.5⁎ 5.5 ± 0.5⁎

AST (U/L) 57.0 ± 3.7 64.0 ± 32.6 11.2 ± 3.2⁎ 19.0 ± 2.1⁎

ALP (U/L) 49.6 ± 10.0 44.5 ± 6.7 12.0 ± 3.1⁎ 11.7 ± 2.1⁎

ALB (mg/dl) 3.1 ± 0.4 3.0 ± 0.9 3.2 ± 0.6 1.8 ± 0.4
GLU (mg/dl) 203.0 ± 83.9 244.3 ± 45.2 281.0 ± 29.9 205.8 ± 4.4
CREA (mg/L) 0.6 ± 0.1 0.7 ± 0.1 0.6 ± 0.08 0.3 ± 0.1⁎

CK (U/L) 77.6 ± 7.5 53.5 ± 2.3⁎ 22.2 ± 3.3⁎ 47.7 ± 1.7⁎

AML (U/ml) 1.243 ± 208 1.140 ± 444 1.078 ± 144 1.364 ± 261
Choleterol (mg/dl) 123.0 ± 33.1 195.5 ± 28.0 182.0 ± 12.8 72.0 ± 18.9
BUN (mg/dl) 45.6 ± 21.1 36.2 ± 7.2 33.9 ± 2.8 39.0 ± 8.9
BIL Total (mg/dl) 0.1 ± 0.05 0.1 ± 0.05 0.1 ± 0.05 0.2 ± 0.2
CALCIUM (mg/dl) 8.3 ± 1.3 8.6 ± 2.9 6.1 ± 0.7 6.9 ± 1.1
PHOSFATE (mg/dl) 16.7 ± 2.9 19.0 ± 1.0 17.3 ± 1.5 16.3 ± 0.7

The negative control (NC) was treated with the vehicle (5% DMSO) used for diluting the
substance tested. 5-Fluorouracil (5-FU, 10 mg/kg) was used as the positive control. Begin-
ning 1 day after tumor implantation, the animals were treated through the intraperitoneal
route for 21 consecutive days. ALT: alanine aminotransferase. AST: aspartate aminotrans-
ferase; ALP: alkaline phosphatase; ALB: albumin; CREA: creatinine; CK: creatine kinase;
AML: amylase; BUN: Blood urea nitrogen. BIL Total: Total bilirubin. Data are presented
as the mean ± S.E.M. of 4–5 animals.
⁎ p b 0.05 compared with the negative control by ANOVA followed by Dunnett's Mul-

tiple Comparison Test.
Morphological analysis was performed in the liver, kidneys, lungs
and hearts of all groups (Fig. 6). Histopathological analysis of the livers
revealed hydropic degeneration, dispersed areas of coagulation necrosis
and inflammation in all experimental groups. It should be noted that
these histopathological characteristics were more pronounced in the
group TP-07, when compared to the other groups (negative control, 5-
FU and TAP-07). In the kidneys, congestion, hemorrhage, glomerular
sclerosis, tubular dilation and inflammation, as well as focal tubular ne-
crosis at all groups were observed. In lungs, atelectasis, emphysema,
focal hemorrhage, acute inflammation and vascular congestion were
observed in all animals. Bronchiolar necrosiswas observed in the groups
TP-07 and TAP-07. Histopathological analysis of hearts did not present
alterations in any group. Some histopathological features of this study
(hydropic degeneration, vascular congestion and focal areas of inflam-
mation) are acute cellular responses to the stimulus unrelated to the
treatment and the injured cells can return to a homoeostatic state
when the aggression ends.

4. Discussion

The in vitro cytotoxic activity and in vivo antitumor evaluation of
TAP and TP compoundswere studied for the first time at this communi-
cation. Most of the compounds were cytotoxic to at the least three cell
lines, with exception to TP-11, which was cytotoxic to only one cell
line (HL-60). The cytotoxicity of TAP and TP compounds at HL-60,
MCF-7 and NCI-H292 did not changed significantly, being both groups
of compounds highly potent. However, for HepG2 cell line, a few com-
pounds presented cytotoxicity, being TAP-07 and TP-07 themost potent
compounds.

Pyrydil 1,3-thiazole derivatives were described for presenting
cytoxicity to HT29 colon cancer and Jurkat leukemia cells with IC50

values of 25.22 and 16.2 μM, respectively (dos Santos et al., 2016). In ad-
dition, pyridyl 1,3-thiazole derivatives induced TNF production onmac-
rophages (dos Santos et al., 2016). Although being potent cytotoxic to
tumor cells, some of TAP and TP compounds were also cytotoxic to
non-tumor cells (PBMC) with resulting low selective index. Conversely,
TAP-07 andTP-07were not cytotoxic to non-tumor cells (PBMC) at con-
centrations tested and presented potent cytotoxicity to tumor cells
growth. Due to selective cytotoxicity toward cancer cells, TAP-07 and
TP-07 were selected for more experiments in two cell lines, HepG2
and HL-60.

Treatment with TAP-07 and TP-07 indicated reduction of the cell
number, changes in morphological characteristics of the cells and in-
crease in internucleosomal DNA fragmentation. These effects were ob-
served for both HL-60 and HepG2 cells, being HL-60 more sensitive to
both compounds than HepG2 cells. Apoptosis is characterized by exter-
nalization of phosphatidilserine, cytochrome c leakage from mitochon-
dria and activation of caspases which initially leads to nuclear and
cytoplasmatic condensation and ultimately the breaking up of the cell
into a number of well-preserved fragments (Kerr et al., 1972); (Leist
and Jäättelä, 2001). An increase in apoptotic HepG2 cells characterized



Fig. 6. Histopathological analysis of organs of C·B-17 SCID mice bearing HepG2 cells treated with TAP-07 (40 mg/kg) and TP-07 (40 mg/kg) stained with hematoxylin and eosin and
analyzed by light microscopy. The negative control (NC) was treated with the vehicle (5% DMSO) used for diluting the substance tested. 5-Fluorouracil (5-FU, 10 mg/kg) was used as
the positive control. Beginning 1 day after tumor implantation, the animals were treated through the intraperitoneal route for 21 consecutive days. Symbols: → congestion; ▲
inflammation; * necrosis; † emphysema; †† atalectasis; • hyalinization.
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by externalization of phosphatidilserine was observed. However, the
number of HL60 apoptotic cells was not increased after 24 h. Pyridyl-
thiazoles compounds induced cell death by apoptosis in HT-29 cells
after 72 h of treatment, while for Jurkat cell line a high level of
propidium iodite labeled (necrosis) cells were observed (dos Santos et
al., 2016). So far, TAP-07 was more potent than TP-07 in vitro cytotoxic
evaluation. TAP-07 differs from TP-07 only by the methyl at C6. For
trypanocidal activity, some features of the structure, such as the present
of amethyl group at C6, thepyridine ring and the thiazole ring,were im-
portant (Cardoso et al., 2014).

Both TAP-07 and TP-07 were also tested in a hepatocellular carcino-
ma xenograft model. The tumors of animals treated with TAP-07 and
TP-07were reduced. In addition, necrosis area in the tumors was higher
when animals were treated with TAP-07 compared to the others
groups. In vivo tumor evaluation confirms the in vitro activity of pyri-
dyl-thiazole compounds. It is worthwhile to emphasize that liver cancer
is the second most common cause of death from cancer worldwide
(Siegel et al., 2016; Theise, 2014).

Weight loss is a significant sign of toxicity on animals under treat-
ment with cancer chemotherapy. Body weight gain and organ weigh
of animals treated with TAP-07 and TP-07 was not different from the
negative control suggesting the lack of severe toxicity. Liver enzymes
were reduced after treatment with TAP-07 and TP-07. However, an in-
crease on enzymes would suggest injure to the liver, rather than the re-
duction found (Giannini et al., 2005). Moreover, bilirrubin, albumin and
cholesterolwere at normal levels. The reduction of enzyme liver activity
may be related to the presence of pharmacophores with known enzy-
matic inhibitory function. Molecules presenting a pyridine-
thiosemicarbazones or its ciclization into thialoles as pharmacophores
are described as enzymatic inhibitors. Triapine, a pyridine-
thiosemicarbazone compound with anticancer properties, presents ri-
bonucleotide reductase inhibitor activity (Niu et al., 1995). Some

Image of Fig. 6
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hydrazine-thiazole derivatives displayed Human dihydroorotate dehy-
drogenase inhibition with in vivo anti-arthritic activity and rat liver mi-
tochondrial monoamine oxidase inhibition (Li et al., 2015; Raciti et al.,
1995) Kidney, lung and heart biochemical parameters were at normal
range. The histopathological analysis of organs did not show anyperma-
nent lesion after treatment with pyrydil 1,3-thiazole derivatives. Total
leukocytes were not reduced after treatment with TAP-07 when com-
pared to animals without tumor. Leukocytosis is frequently found in pa-
tients with solid tumor and in some cases is associated to worse
prognosis (Schernberg et al., 2017;Mabuchi et al., 2011). The treatment
with TAP-07 brought back to the normal range the number of leuko-
cytes, which were increased by presence of the tumor (DMSO-treated
group). In fact, no symptoms of toxicity was perceive in animal treated
with TAP-07 for 21 consecutive days. The development of new drugs
with no or less side effect is a great challenge. Herein, we presented
two novel compounds with anti-liver cancer activity and weak toxicity.
In conclusion, TAP-07 and TP-07 presented anti-liver tumor effects both
in vitro and in vivo with nomajor signs of toxicity, being TAP-07 which
differs from TP-07 only by the methyl at C6, more potent as anti-tumor
compound.
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