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Abstract A series of twelve novel hybrids of cinnamic acid and thiocarbohydrazones were

designed, synthesized in high yield using a simple coupling strategy via acid chlorides, and evaluated

for their impact against Mycobacterium tuberculosis (Mtb) and cancer cells survival. Among them,

compound 3 demonstrated strong anti-Mtb activity by reducing bacilli survival for>90 % in all

three treated Mtb isolates, whereas isoniazid and rifampicin did not. Moreover, compound 3 didn’t

affect vitality of HepG-2 cells, implying on advantageous hepatotoxicity profile compared to cur-

rent therapeutic options for tuberculosis. Compounds 2a and 3b displayed as strong inducers of

apoptosis in A549 cells, both activating intrinsic caspase pathway and cell cycle arrest at the G0/

G1 phase. Subsequent analyses disclosed differences in their activities, where 3b has ability to

induce production of mitochondrial superoxide anions, while 2a significantly inhibited cellular

mobility. More importantly, 3b considerably affected viability of HepG-2 and HaCaT cells, whereas

2a had moderate impact only on the later. Molecular modeling studies indicated high permeability

and good absorption through the human intestine, and moderate aqueous solubility with poor

blood–brain barrier permeability. In summary, our results reveal that novel compounds 3 and 2a
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represent promising agents for tuberculosis and cancer treatment, respectively, indicating that fur-

ther investigation needs to be performed to clarify the mechanisms of their anti-Mtb and anticancer

activity.

� 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1 Structural similarity between cinnamic acid hydrazides
1. Introduction

Mycobacterium tuberculosis (Mtb) is a pathogen responsible
for development of tuberculosis (TB), which has long been
the deadliest infectious disease worldwide. Globally, 10 million
people developed TB in 2019, with the annual number of TB

deaths estimated at 1.4 million (World Health Organization,
2021). While SARS-CoV-2 overtook Mtb as the infectious
agent killing the most people per day in 2020, the COVID-19

pandemic is expected to further increase TB death rates
(Glaziou, 2020). Isoniazid (INH) and rifampicin (RIF) are
two most important drugs in the first-line treatment of TB.

However, continual emergence of Mtb strains resistant to
INH and/or RIF presents a great threat to the global TB con-
trol, as currently available drugs for INH- and RIF-resistant
strains are less effective, more expensive and more toxic.

Malignancies, on the other hand, as non-communicable dis-
eases are responsible for twice as many deaths as cardiovascu-
lar diseases in high-income countries (Dagenais et al., 2020).

Despite notable advances in clinical and molecular diagnosis,
innovative approaches in chemotherapy and targeted therapy,
there were 24.5 million newly diagnosed cancer patients and

9.6 million cancer deaths worldwide in 2017 (Global Burden
of Disease Cancer Collaboration, 2019). Therefore, at the
beginning of the third millennium, cancer and TB research

are still aimed at the discovery of new drugs and therapeutic
strategies that would provide more efficient treatments with
less adverse effects compared to the currently available
regimens.

The rational of the current investigation was to create a set
of new small molecules by hybridization of two pharma-
cophores that were previously tested for anticancer and/or

anti-Mtb activities. A thorough screening of the compound
libraries available and published data led to selection of cin-
namic acid and thiocarbohydrazones (TCHs) as preferable

scaffolds according to reactive groups in each pharmacophore,
and the bond type their hybridization would create in the final
structure. Cinnamic acid is an aromatic fatty acid composed of

a phenyl ring substituted with an acrylic acid group that is usu-
ally found as trans-isomer. It is greatly abundant in nature,
occurring in plants usually in form of esters with other acids,
lipids or sugars, or in form of amides with aromatic and ali-

phatic amines (Shuab et al., 2016). In medicinal chemistry, cin-
namoyl scaffold is a privileged and important pharmacophore
considering its derivatives are known for antioxidant (Sova,

2012), anticancer (De, Prithwiraj et al., 2011a; Luo et al.,
2015; Pontiki et al., 2014; Sankara Rao et al., 2019; Zhu
et al., 2016), antimalarial (Teixeira et al., 2014), antimicrobial

(Guzman, 2014), and antitubercular (De, Prithwiraj et al.,
2011b; De et al., 2012; Kakwani et al., 2011; Teixeira et al.,
2020) properties. Additionally, its a,b-unsaturated carbonyl
moiety can be considered as a Michael acceptor that is fre-

quently employed in design of anticancer drugs.
Thiosemicarbazones (TSCs) have been the focus of interest
of anticancer and antimicrobial drug research groups since the

middle of the previous century (Heffeter et al., 2018). The first
drug of this chemical class used in human medicine is p-
acetamidobenzaldehyde TSC (Thiacetazone, Fig. 1), that up

to recently had been employed for the treatment of INH-
resistant TB, but was withdrawn due to serious side effects
(Alahari et al., 2007; Miller et al., 1966; Nunn et al., 1993).

Anticancer clinical studies on 5-hydroxyl-2-formylpyridine
TSC (5-HP, Fig. 1) and 3-aminopyridine-2-carboxaldehyde
TSC (3-AP, Fig. 1) have been canceled, because 5-HP was
revealed as highly toxic (DeConti et al., 1972), while 3-AP dis-

played poor pharmacokinetic properties with therapeutic abil-
ities limited to hematologic malignancies (Chao et al., 2012;
Feun et al., 2002; Ma et al., 2008; Yen et al., 2004). Therefore,

in recent years attention from TSCs has been shifted toward
their higher homologues - TCHs (Bonaccorso et al., 2019).
Our previous experience with TCHs showed them as potent

pro-apoptotic agents in human malignant cell models (Bozic
et al., 2016), while the others reported on moderate activity
of symmetric TCH derivatives against Mycobacterium bovis
associated with low toxicity profile (Tehrani et al., 2013). An

additional stimulus to select TCHs as favorable pharma-
cophore for hybridization with cinnamoyl scaffold was the fact
that INH is pyridine-4-carbohydrazide (Fernandes et al.,

2017). Therefore, we hypothesized that carbohydrazides result-
ing from reaction between carboxylic group of cinnamic acid
and free amino group in TCHs may have promising anti-

Mtb activity due to structural similarity with INH (Fig. 1).
Since the previous research of antimicrobial activity of TCHs
having 2-, 3- and 4-pyridine rings (Bozic et al., 2018) demon-

strated that only 2-pyridine derivatives showed antimicrobial
and several anti-Mtb and anticancer agents.
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potential, 3- and 4-pyridine structures were not considered fur-
ther. On the other hand, heterocyclic amides of cinnamic acid
are well known for the broad spectrum of biological activities,

including anticancer and anti-Mtb effects (Gaikwad et al.,
2019).

In the current manuscript we represent design, synthesis,

structural and biological characterization of twelve new cin-
namic hydrazides whose anticancer and anti-Mtb activity have
been tested, as well as their toxicity profiles in two in vitro

models. Molecular modeling study was combined with the
experimental data to suggest possible molecular targets and
relevant biological pathways.

2. Experimental

2.1. Chemicals

Cinnamic acid, 3-chlorocinnamic acid, 4-chlorocinnamic acid,
and thionyl chloride were obtained from Fluka AG - Chemis-

che. 2-Formylpyridine, salicylaldehyde, and 2-acetylpyridine
were purchased from Sigma-Aldrich. Methanol, ethanol,
dimethylformamide (DMF), ethyl acetate, and hexane were

obtained from Fisher Chemical, while 8-hydroxy-2-quinoline
carboxaldehyde was supplied by Acros. All chemicals and
reagents were of commercial quality and used without further

purification.

2.2. Instruments

Melting points (mp) were determined on an SMP30 - Digital
melting point apparatus. Elemental analyses (C, H, N) were
performed by the standard micromethods using the ELE-
MENTAR Vario ELIII C.H.N.S = O analyzer.

Attenuated total reflectance (ATR) infrared (IR) spectra
were obtained by Nicolet iS10 FTIR (Thermo Scientific
USA) spectrometer with Smart iTXTM accessory. Infrared

(IR) spectra were recorded on a Thermo ScientificTM NicoletTM

iS1010 spectrometer.
NMR spectroscopy was performed on a Bruker Avance III

500 spectrometer equipped with a broad-band direct probe.
The spectra were recorded at room temperature in DMSO d6.
Chemical shifts are given on d scale relative to tetramethylsi-
lane (TMS) as internal standard for 1H and 13C. Coupling con-

stants (J) were expressed in Hz. Abbreviations used for NMR
spectra: s (singlet), d (doublet), dd (doublet of doublets), t (tri-
plet), m (multiplet) and br. m. ovlp. (broad multiplet overlap-

ping). 1D (1H and 13C) and 2D (COSY, NOESY, 1H–13C
HSQC and 1H–13C HMBC) spectra of all compounds are
shown in Electronic Supplementary Information (ESI), Fig-

ures S1–S35.

2.3. General procedure for the synthesis of cinnamic acid
hydrazides 1-4b

The synthesis of twelve new compounds is shown in Fig. 2. The
first step was synthesis of chlorides of cinnamic acid or its ana-
logues according to the procedure described previously (Dias

et al., 2017; Kumari et al., 2016; Shi et al., 2014). Briefly, cin-
namic acid or its analogue (0.9 mmol) was added into a huge
excess of thionyl chloride (30 eq., 27 mmol). The mixture
was allowed to stir under reflux for 5 h, and then distilled
under vacuum to remove excess thionyl chloride. The rest

was washed with DMF and used without further purification.
In the next step, to a previously obtained cinnamoyl chlorides,
a solution of synthesized monothiocarbohydrazones (MTCHs,

M1-M4, 0.82 mmol, Fig. 2) in DMF (2 mL) was added drop-
wise. MTCHs M1-M4 were prepared according to the previ-
ously published procedure (Bozic et al., 2016). The mixture

was heated at 40�C and stirred for 24 h. After that the solution
was filtrated and 20 mL of water was added to the filtrate and
left for an hour to precipitate. Next, the solution was filtrated
again and the obtained products were purified by recrystalliza-

tion from methanol or ethyl acetate.
The composition and purity of all compounds were verified

by elemental analysis, and the structure was assigned using IR

and NMR spectroscopy.

2.4. Characterization

N’-((E)-2-(pyridin-2-ylmethylene)hydrazinecarbonothioyl)cin
namohydrazide (1)

The compound was obtained as a white powder (69%

yield), mp 205–206�C. Anal: C16H15N5OS (Mw = 325.10 g m
ol�1): Calculated: C, 59.06; H, 4.65; N, 21.52; S, 9.85%;
Found: C, 59.01; H, 4.59; N, 21.46; S, 9.78 %. IR-ATR
(cm�1): C = S (1283.80), C = N (1628.54), C = O

(1673.25), NH (3180.70), NH amide (3250.17). 1H NMR
(400 MHz, DMSO d6, d (ppm)): 12.04 (s, H-N2, 1H), 10.47
(s, H-N3, 1H), 10.30 (s, H-N4, 1H), 8.60 (d, H–C6,
3J6,5 = 4.3 Hz 1H), 8.40 (d, H-C3,

3J3,4 = 8.0 Hz, 1H), 8.15
(s, H-C7, 1H), 7.87 (td, H-C4,

3J4,3 = 7.8 Hz,
3J4,5 = 1.2 Hz, 1H), 7.64 (d, H-C13 = H-C17,

3J13,14 =
3J17,16 = 6.7 Hz, 2H), 7.59 (d, H-C11,

3J11,10 = 15.9 Hz,
1H), 7.48 – 7.37 (m, H-C14 = H-C16, H-C15, H-C5, 4H), 6.78
(d, H-C10,

3J10,11 = 15.9 Hz, 1H). 13C NMR (101 MHz,

DMSO d6, d (ppm)): 179.26 (C8), 164.60 (C9), 153.65 (C2),
149.84 (C6), 143.99 (C7), 140.69 (C11), 136.98 (C4), 135.08
(C12), 130.30 (C14 = C16), 129.49 (C15), 128.18 (C13 = C17),
124.73 (C5), 120.93 (C3), 120.11 (C10).

N’-((E)-2-(2-hydroxybenzylidene)hydrazinecarbonothioyl)cin

namohydrazide (2)

The compound was obtained as a white powder (86%

yield), mp 197–200�C. Anal: C17H16N4O2S (Mw = 340.10 g m
ol�1): Calculated: C, 59.98; H, 4.74; N, 16.46; S, 9.42 %;
Found: C, 53.33; H, 3.80; N, 19.35; S, 8.79 %. IR-ATR

(cm�1): C = S (1276.27), C = N (1628.56), C = O
(1667.33), NH (3257.87), NH amide (3333.85). 1H NMR
(400 MHz, DMSO d6, d (ppm)): 11.77 (s, H-N2, 1H), 10.25
(s, H-N3, C-OH, 2H), 9.93 (s, H-N4, 1H), 8.44(s, H-C7, 1H),

8.05 (d, H–C6,
3J6,5 = 5.6 Hz, 1H), 7.63 (d, H-C17 = H-C13,

3J13,14 = 3J17,16 = 7.1 Hz, 2H), 7.58 (d, 1H, H-C11,
3J11,10 = 15.9 Hz), 7.49 – 7.38 (m, H-C15, H-C14 = H-C16,

3H), 7,25 (t, H–C4, J = 7.6 Hz, 1H,), 6,90 (d, H–C3,
3J3,4 = 8.2 Hz, 1H), 6,85 (t, H–C5, J = 7.5 Hz, 1H), 6.78
(d, H-C10,

3J10,11 = 15.8 Hz, 1H,). 13C NMR (101 MHz,

DMSO d6, d (ppm)): 178.66 (C8), 164.55 (C9), 157.06 (C1),
140.55 (C7), 135.09 (C11), 131.78 (C12), 130.28 (C5), 129.50
(C15), 128.24 (C14 = C16), 128.16 (C13 = C17), 127.47 (C3),

120.67 (C10), 120.19 (C6), 119.69 (C4), 116.60 (C2).



Fig. 2 General procedure for the synthesis of cinnamic acid hydrazides 1-4b, along with the atom numbering scheme.
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N’-((E)-2-((8-hydroxyquinolin-2-yl)methylene)hydrazinecar

bonothioyl)cinnamohydrazide (3)

The compound was obtained as a very slight yellow powder
(88% yield), mp 204–206�C. Anal C20H17N5O2S (Mw = 391.
11 g mol�1): Calculated: C, 61.37; H, 4.38; N, 17.89; S,

8.19%; Found: C, 61.30; H, 4.29; N, 17.79; S, 8.11%. IR-
ATR (cm�1): C = S (1270.12), C = N (1629.74), C = O
(1668.25), NH (3166.72), NH amide (3298.26). 1H NMR

(400 MHz, DMSO d6, d (ppm)): 12.30 (s, H-N2, 1H), 10.63
(s, H-N3, 1H), 10.38 (s, H-N4, 1H), 9.94 (s, OH, 1H), 8.56
(d, H–C3,

3J3,4 = 8,7 Hz, 1H), 8.33 (d, H–C4, H–C7,

J = 7.7 Hz, 2H), 7.66 (d, H-C13 = H-C17,
3J13,14 =

3J17,16 = 7.2 Hz, 2H), 7.61 (d, H-C11,
3J11,10 = 15.9 Hz,

1H), 7.49 – 7.38 (m, H-C14 = H-C16, H-C15, H-C50, H-C60,

5H), 7.12 (d, H–C70,
3J70,60 = 7,4 Hz, 1H), 6.80 (d, H-C10,

3J10,11 = 15.9 Hz, 1H). 13C NMR (101 MHz, DMSO d6, d
(ppm)): 179.32 (C8), 164.67 (C9), 153.97 (C80), 152.12 (C2),
143.85 (C7), 140.76 (C11), 138.68 (C6), 136.64 (C4), 135.03

(C12), 130.35 (C14 = C16), 129.52 (C15), 129.34 (C60), 128.70
(C5), 128.21 (C13 = C17), 120.03 (C10), 119.08 (C3), 118.23
(C50), 112.64 (C70).

N’-((E)-2-(1-(pyridin-2-yl)ethylidene)hydrazinecarbono

thioyl)cinnamohydrazide (4)

The compound was obtained as a white powder (79 %
yield), mp 170–173�C. Anal: C17H17N5OS (Mw = 339.12 g m

ol�1): Calculated: C, 60.16; H, 5.05; N, 20.63; S, 9.45%;
Found: C, 60.06; H, 4.98; N, 20.53; S, 9.35%. IR-ATR
(cm�1): C = S (1205.48), C = N (1615.58), C = O

(1668.84), NH(3174.88), NH amide (3300.70). 1H NMR
(400 MHz, DMSO d6, d (ppm)): 10.80 (s, H-N2, 1H), 10.30–
10.42 (br.m.ovlp., H-N3, H-N4, 2H), 8.61 (dd, H–C6,
3J6,5

= 4.8 Hz, 3J6,4 = 0.7 Hz, 1H), 8.56 (d, H-C3,
3J3,4 = 8.1 Hz, 1H), 7.83 (td, H-C4,

3J4,3 = 8.1 Hz,
J4,5 = 1.7 Hz, 1H), 7.64 (d, H-C13 = H-C17,

3J13,14 =
3J17,16 = 6.7 Hz, 2H), 7.59 (d, H-C11,

3J11,10 = 15.9 Hz,

1H), 7.47 – 7.39 (m, H-C14 = H-C16, H-C15, H-C5, 4H), 6.80
(d, H-C10,

3J10,11 = 15.9 Hz, 1H), 2.44 (s, H-Cmethyl, 3H).
13C NMR (101 MHz, DMSO d6, d (ppm)): 179.70 (C8),

164.44 (C9), 154.96 (C2), 148.96 (C6), 144.39 (C7), 140.66
(C11), 136.79 (C4), 130.31 (C15), 129.51 (C14 = C16), 128.66
(C12), 128.18 (C13 = C17), 124.59 (C5), 121.65 (C3), 120.22

(C10), 12.531(Cmethyl).
(E)-3-(3-chlorophenyl)-N’-((E)-2-(pyridin-2-ylmethylene)hyd

razinecarbonothioyl)acrylohydrazide (1a)

The compound was obtained as a beige powder (72%

yield), mp 212–215�C. Anal: C16H14ClN5OS (Mw = 359.06 g
mol�1): Calculated: C, 53.41; H, 3.92; N, 19.46; S, 8.91%;
Found: C, 53.39; H, 3.88; N, 19.40; S, 8.85%. IR-ATR

(cm�1): C = S (1289.58), C = N (1631.97), C = O
(1677.01), NH (3177.54), NH amide (3253.67). 1H NMR
(400 MHz, DMSO d6, d (ppm)): 12.10 (s, H-N2, 1H), 10.52

(s, H-N3, 1H), 10.35 (s, H-N4, 1H), 8.59 (d, H–C6,
3J6,5 = 4.6 Hz, 1H), 8.41 (d, H-C3, J3,4 = 7.8 Hz, 1H), 8.14
(s, H-C7, 1H), 7.86 (t, H-C4,

3J4,3 = 7.8 Hz, 1H), 7.73 (s, H-
C17, 1H), 7.65 – 7.61 (m, H-C14, 1H), 7.58 (d, H-C11,
3J11,10 = 15.9 Hz, 1H), 7.49 (d, H-C13, H-C15,

3J13,14 =
3J15,14 = 4.5 Hz, 2H), 7,41 (m, H–C5, 1H), 6.83 (d, H-C10,
3J10,11 = 15.9 Hz, 1H). 13C NMR (101 MHz, DMSO d6, d
(ppm)): 179.20 (C8), 164.29 (C9), 153.61 (C2), 149.86 (C6),
144.02 (C7), 139.21 (C11), 137.33 (C12), 137.01 (C4), 134.22
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(C16), 131.33 (C15), 129.95 (C13), 127.99 (C17), 126.58 (C14),
124.77 (C5), 121.72 (C10), 120.93 (C3).

(E)-3-(3-chlorophenyl)-N’-((E)-2-(2-hydroxybenzylidene)hyd

razinecarbonothioyl)acrylohydrazide (2a)

The compound was obtained as a beige powder (79%
yield), mp 191–194�C. Anal: C17H15ClN4O2S (Mw = 374.06

g mol�1): Calculated: C, 54.47; H, 4.03; N, 14.95; S, 8.55%;
Found: C, 54.38; H, 3.98; N, 14.87; S, 8.50%. IR-ATR
(cm�1): C = S (1267.48), C = N (1632.39), C = O

(1670.34), NH(3182.42), NH amide (3345.63). 1H NMR
(400 MHz, DMSO d6, d (ppm)): 11.80 (s, H-N2, 1H), 10.27
(s, H-N3, C1-OH, 2H), 9.95 (s, H-N4, 1H), 8.44 (s, H-C7,
1H), 8.06 (d, H–C6,

3J6,5 = 6.1 Hz, 1H), 7.71 (s, H-C17, 1H),

7.61 (dd, H-C14, J = 4.9 Hz, 1H), 7.57 (d, H-C11,
3J11,10 = 15.9 Hz, 1H), 7.55–7.48 (m, H-C13, H-C15, 2H),
7,25 (t, H–C4,

3J4,3=
3J4,5 = 7.7 Hz, 1H), 6.90 (d, H-C3,

J = 8.2 Hz, 1H), 6,85 (t, H–C5,
3J5,4=

3J5,6 = 6.0 Hz, 1H),
6.82 (d, H–C10,

3J10,11 = 15.9 Hz, 1H,). 13C NMR
(101 MHz, DMSO d6, d (ppm)): 178.54 (C8), 164.19 (C9),

157.10 (C1), 141.07 (C7), 139.03 (C11), 137.41 (C12), 134.23
(C16), 131.79 (C4), 131.31 (C13), 129.89 (C15), 127.91 (C17),
127.51 (C6), 126.56 (C14), 121.90 (C10), 120.65 (C2), 119.70

(C5), 116,64 (C3)
(E)-3-(3-chlorophenyl)-N’-((E)-2-((8-hydroxyquinolin-2-yl)m

ethylene)hydrazinecarbonothioyl)acrylohydrazide (3a)

The compound was obtained as a beige powder (72%

yield), mp 183.5–186�C. Anal C20H16ClN5O2S (Mw = 425.0
7 g mol�1): Calculated: C, 56.40; H, 3.79; N, 16.44; S,
7.53%; Found: C, 56.31; H, 3.69; N, 16.36; S, 7.45%. IR-

ATR (cm�1): C = S (1219.42), C = N (1633.96), C = O
(1669.11), NH (3207.77), NH amide (3353.15). 1H NMR
(400 MHz, DMSO d6, d (ppm)): 12.27 (s, H-N2, 1H), 10.60

(s, H-N3, 1H), 10.37 (s, H-N4, 1H), 9.86 (s, C80-OH, 1H),
8.55 (d, H–C3,

3J3,4 = 8.7 Hz, 1H), 8.35–8.30 (m, H–C4,
H–C7, 2H), 7.73 (s, H-C17, 1H), 7.64 (d, H-C14
3J13,14 = 2.9 Hz, 1H), 7.60 (d, H-C11,

3J11,10 = 16.0 Hz,
1H), 7.51 – 7.38 (m, H-C13, H-C15, H-C50, H-C60, 4H), 7.12
(dd, H–C70,

3J70,60 = 7.4, 3J70,50 = 1.1 Hz, 1H), 6.86 (d, H-
C10,

3J10,11 = 16.0 Hz, 1H). 13C NMR (101 MHz, DMSO d6,

d (ppm)): 179.30 (C8), 164.32 (C9), 153.95 (C80), 152.11 (C2),
143.89 (C7), 139.20 (C11), 138.69 (C6), 137.38 (C12), 136.62
(C4), 134.23 (C16), 131.32 (C15), 129.93 (C13), 129.33 (C60),

128.69(C5), 127.95(C17), 126.61 (C14), 121.81 (C10), 119.09
(C3), 118.23 (C50), 112.61(C70).

(E)-3-(3-chlorophenyl)-N’-((E)-2-(1-(pyridin-2-yl)ethylidene)

hydrazinecarbonothioyl)acrylohydrazide (4a)

The compound was obtained as a beige powder (63%
yield), mp 179–181.5�C. Anal: C17H16ClN5OS (Mw = 373.08
g mol�1): Calculated: C, 54.62; H, 4.31; N, 18.73; S, 8.58%;

Found: C, 54.52; H, 4.21; N, 18.63; S, 8.48%. IR-ATR
(cm�1): C = S (1205.48), C = N (1629.31), C = O
(1674.29), NH (3124.03), NH amide (3382.11). 1H NMR

(400 MHz, DMSO d6, d (ppm)): 10.81 (s, H-N2, 1H), 10.37–
10.41 (br.m.ovlp., H-N3, H-N4, 2H), 8.61 (d, H–C6,
3J6,5 = 4.3 Hz, 1H), 8.55 (d, H-C3,

3J3,4 = 8.1 Hz, 1H), 7.83

(t, H-C4,
3J4,3 =3J4,5 = 7.1 Hz, 1H), 7.72 (s, H-C17,1H),

7.64–7.61 (m, H-C14, 1H), 7.58 (d, H-C11,
3J11,10 = 16.0 Hz,

1H), 7.48 (d, H-C13 = H-C15,
3J13,14=

3J15,14 = 4.4vHz,

2H), 7,41 (n, H–C5, 1H), 6.86 (d, H-C11,
3J11,10 = 16.0 Hz,

1H), 2.44 (s, H-Cmethyl, 3H). 13C NMR (101 MHz, DMSO d6,
d (ppm)): 179.68 (C8), 164.08 (C9), 154.96 (C2), 150.05 (C6),
148.95 (C7), 139.12 (C11), 137.39 (C12), 136.79 (C4), 134.23
(C16), 131.32 (C15), 129.91 (C13), 127.92 (C17), 126.58 (C14),
124.59 (C5), 121.82 (C10), 121.64 (C3), 12.72 (Cmethyl).

(E)-3-(4-chlorophenyl)-N’-((E)-2-(pyridin-2-ylmethylene)hyd

razinecarbonothioyl)acrylohydrazide (1b)

The compound was obtained as a beige powder (79%
yield), mp 217–219�C. Anal: C16H14ClN5OS (Mw = 359.06 g

mol�1): Calculated: C, 53.41; H, 3.92; N, 19.46; S, 8.91%;
Found: C, 53.34; H, 3.87; N, 19.41; S, 8.86%. IR-ATR
(cm�1): C = S (1282.53), C = N (1628.00), C = O

(1667.33), NH (3173.63), NH amide (3368.47). 1H NMR
(400 MHz, DMSO d6, d (ppm)): 12.06 (s, H-N2, 1H), 10.49
(s, H-N3, 1H), 10.34 (s, H-N4, 1H), 8.59 (d, H–C6,
3J6,5 = 4.8 Hz, 1H), 8.40 (d, H-C3,

3J3,4 = 8 Hz, 1H) 8.14

(s, H-C7, 1H), 7.87 (t, H-C4,
3J4,3=

3J4,5 = 7.9 Hz, 1H),
7.67 (d, H-C13, H-C17,

3J13,14=
3J17,16 = 8.2 Hz, 2H), 7.59

(d, H-C11,
3J11,10 = 15.8 Hz, 1H), 7.51 (d, H-C14, H-C16,

3J14,13=
3J16,17 = 8.1 Hz, 2H,), 7,40 (t, H–C4,

3J4,3=
3J4,5 = 6.3 Hz, 1H,), 6.78 (d, H-C10,

3J10,11 = 15.8 Hz, 1H). 13C NMR (101 MHz, DMSO d6, d
(ppm)): 179.26 (C8), 164.42 (C9), 153.61 (C2), 149.82 (C6),
144.00 (C7), 139.37 (C11), 137.02 (C4), 134.75 (C12), 134.03
(C15), 129.90 (C13, C17), 129.53 (C14, C16), 124.74 (C5),

120.96 (C3), 120.89 (C10).
(E)-3-(4-chlorophenyl)-N’-((E)-2-(2-hydroxybenzylidene)hyd

razinecarbonothioyl)acrylohydrazide (2b)

The compound was obtained as a white powder (77%

yield), mp 197–199�C. Anal: C17H15ClN4O2S (Mw = 374.06
g mol�1): Calculated: C, 54.47; H, 4.03; N, 14.95; S, 8.55%;
Found: C, 54.39; H, 3.96; N, 14.85; S, 8.47%. IR-ATR

(cm�1): C = S (1226.23), C = N (1631.60), C = O
(1669.99), NH (3178.32), NH amide (3301.54). 1H NMR
(400 MHz, DMSO d6, d (ppm)): 11.77 (s, H-N2, 1H), 10.26

(s, H-N3, C1-OH, 2H), 9.94 (s, H-N4, 1H), 8.44(s, H-C7,
1H), 8.04 (d, H–C6,

3J6,5 = 5.7 Hz, 1H), 7.66 (d,
H-C13 = H-C17,

3J13,14=
3J17,16 = 8.5 Hz, 2H), 7.57 (d,

H-C11,
3J11,10 = 15.9 Hz, 1H), 7.51 (d, H-C14=H-C16,

3J14,13=
3J16,17 = 8.4 Hz 2H), 7,25 (t, H–C4,

3J4,3=
3J4,5 = 7.7 Hz, 1H), 6.90 (d, H–C3,

3J3,4 = 8.2 Hz,
1H), 6,85 (t, H–C5,

3J5,6=
3J5,4 = 7.5 Hz, 1H), 6.78 (d, H-

C10,
3J10,11 = 15.9 Hz, 1H). 13C NMR (101 MHz, DMSO d6,

d (ppm)): 178.59 (C8), 164.35 (C9), 157.13 (C1), 141.09 (C7),
139.23 (C11), 134.72 (C12), 134.07 (C15), 131.79 (C4), 130.38

(C14 = C16),129.87 (C13 = C17), 129.53 (C6), 121.00 (C10),
120.54 (C2), 119.70 (C5), 116.70 (C3).

(E)-3-(4-chlorophenyl)-N’-((Z)-2-((8-hydroxyquinolin-2-yl)m

ethylene)hydrazinecarbonothioyl)acrylohydrazide (3b)

The compound was obtained as a beige powder (80%
yield), mp 207–209�C. Anal: C20H16ClN5O2S (Mw = 425.07
g mol-1): Calculated: C, 56.40; H, 3.79; N, 16.44; S, 7.53%;

Found: C, 56.30; H, 3.70; N, 16.34; S, 7.42%. IR-ATR
(cm�1): C = S (1236.93), C = N (1633.02), C = O
(1670.86), NH (3166.49), NH amide (3309.46). 1H NMR

(400 MHz, DMSO d6, d (ppm)): 12.28 (s, H-N2, 1H), 10.62
(s, H-N3, 1H), 10.39 (s, H-N4, 1H), 9.89 (s, C80-OH, 1H),
8.56 (d, H–C3,

3J3,4 = 8.8 Hz, 1H), 8.37–8.30 (m, H–C4, H–

C9, 2H), 7.68 (d, H-C13 = H-C17,
3J13,14 = 3J17,16 = 8.5 Hz,

2H), 7.60 (d, H-C11,
3J11,10 = 15.9 Hz, 1H), 7.52 (d, H-

C14 = H-C16,
3J14,13 = 3J16,17 = 8.5 Hz, 2H), 7.40 (d, H-

C50, H-C60, 2H), 7.12 (d, H–C70,
3J70,60 = 7.5 Hz, 1H), 6.81

(d, H-C10,
3J10,11 = 15.9 Hz, 1H). 13C NMR (101 MHz,

DMSO d6, d (ppm)): 179.33 (C8), 164.49 (C9), 153.95 (C80),
152.11 (C2), 143.89 (C7), 139.42 (C11), 138.68 (C6), 136.63
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(C4), 134.76 (C12), 134.01 (C15), 129.93 (C13 = C17), 129.54
(C14 = C16), 129.34 (C5), 128.70 (C60), 120.85 (C10), 119.08
(C3), 118.24(C50), 112.63 (C70).

(E)-3-(4-chlorophenyl)-N’-((Z)-2-(1-(pyridin-2-yl)ethylidene)

hydrazinecarbonothioyl)acrylohydrazide (4b)

The compound was obtained as a beige powder (69%

yield), mp 185.5–187.5�C. Anal C17H16ClN5OS (Mw = 373.0
8 g mol�1): Calculated: C, 54.62; H, 4.31; N, 18.73; S,
8.58%; Found: C, 54.52; H, 4.21; N, 18.63; S, 8.49%. IR-

ATR (cm�1): C = S (1233.48), C = N (1614.81), C = O
(1667.26), NH (3178.47), NH amide (3303.21). 1H NMR
(400 MHz, DMSO d6, d (ppm)): 10.79 (s, H-N2, 1H), 10.38
(s, H-N4, H-N5, 2H), 8.60 (s, H–C6, 1H), 8.55 (d, H-C3,
3J3,4 = 7.8 Hz, 1H), 7.83 (t, H-C4,

3J4,3=
3J4,5 = 7.8 Hz,

1H), 7.67 (d, H-C13 = H-C17,
3J13,14 = 3J17,16 = 7.9 Hz,

2H), 7.59 (d, H-C11,
3J11,10 = 15.8 Hz, 1H), 7.52 (d, H-

C14 = H-C16,
3J14,13 = 3J16,17 = 7.9 Hz, 2H),7.45–7.39 (m,

H-C5, 1H) 6.81 (d, H-C10,
3J10,11 = 15.8 Hz, 1H,), 2.45 (s,

H-Cmethyl, 3H). 13C NMR (101 MHz, DMSO d6, d (ppm)):

179.72 (C8), 164.23 (C9), 154.98 (C2), 150.03 (C6), 148.96
(C7), 139.31 (C11), 136.78 (C4), 134.73 (C12), 134.01 (C15),
129.88 (C13 = C17), 129.53 (C14 = C16), 124.57 (C5), 121.63

(C10), 120.93 (C3), 12.70 (Cmethyl).

2.5. Biological assays

2.5.1. Preparation of compounds

All compounds used in biological studies, including positive
control drugs, were initially dissolved in dimethyl sulfoxide

(DMSO, Sigma-Aldrich, Cat. No. D2650) to the stock concen-
tration of 20 mM, and stored at + 4 �C. Further dilutions
have been performed on the day of the experiment, using suit-

able medium, which is specified further in the text. The final
concentration of DMSO on treated biological samples did
not exceed 0.5% (v/v).

2.5.2. Cell cultures

Human colorectal adenocarcinoma (LoVo, ATCC� CCL-
229TM), human ovary adenocarcinoma (SkOV-3, ATCC�
HTB-77TM), human lung non-small cell carcinoma (A549,
ATCC� CCL-185TM), human mammary adenocarcinoma
(MCF-7, ATCC� HTB-22TM), human pancreatic adenocarci-
noma (AsPC-1, ATCC� CRL-1682TM) and human hepatocel-

lular carcinoma (HepG-2, ATCC� HB-8065TM) cell lines were
generously gifted by Transgene SA (Illkirch, Strasbourg,
France). HaCaT keratinocytes were purchased from CLS Cell

Lines Service GmbH (Eppelheim, Germany, Cat. No. 300493).
All cell lines were maintained in Dulbecco’s Modified Eagle’-
s Medium (DMEM) high glucose medium (Dominique

Dutscher, Cat No L0102-500), supplemented with 10% (v/v)
heat inactivated fetal bovine serum (FBS, Life Technologies,
Cat No 10270–106) and 1% (v/v) penicillin–streptomycin (10

000 units/mL, Gibco, Cat No 15140–122). Cells were kept at
37 �C in humidified atmosphere containing 5 % (v/v) CO2 dur-
ing their exponential growing phase and in the course of incu-
bation with investigated compounds.

2.5.3. Calcein AM (CAM) and propidium iodide (PI) staining

Cells were seeded in 96 flat bottom well plates (Corning�
Costar�, Cat. No. CLS3596) in 0.1 mL volume per well (100
000 cells/mL), and left overnight to settle. On the next day,
stocks of investigated compounds were diluted using complete
DMEM medium to prepare working solutions which concen-
trations were threefold higher than the final. Those working

solutions were added to cells in volume of 0.05 mL, thus the
final concentrations in wells were 30, 50, 75, and 100 mM. In
wells with non-treated cells, 0.05 mL of medium with 0.5 %

(v/v) DMSO was added. After 24 h of incubation, staining
solution was added (CAM and PI in final concentrations of
0.5 � 10-3 gr/mL and 1 � 10-6 gr/mL, respectively), and plate

was left at room temperature for 30 min in dark. Results were
red on Celigo� imaging cytometer (Cyntellect, Brooks Life
Science Systems, Poway, CA, USA) using green and red fluo-
rescent channels. Number of live cells has been determined by

dedicated Celigo software. Cell survival was calculated using
the following formula:

%survival ¼ ½numberoflivecellsintreatedsample=

numberoflivecellsinnontreatedsample� � 100

The same experimental protocol has been implied to assess

acute skin and acute liver toxicity of investigated compounds
on HaCaT and HepG-2 cells.

2.5.4. Annexin v and PI staining

Cells were seeded in 96 flat bottom well plates (Corning�
Costar�, Cat. No. CLS3596) in 0.1 mL volume per well (100
000 cells/mL), and left overnight to settle. On the next day,

stocks of investigated compounds were diluted using complete
DMEM medium to prepare working solutions which concen-
trations were threefold higher than the final. Those working
solutions were added to cells in volume of 0.05 mL, thus the

final concentrations in wells were 1, 10, 30, 50, 75, and
100 mM. In wells with non-treated cells, 0.05 mL of medium
with 0.5 % (v/v) DMSO was added.

After 24 h of incubation, supernatant medium with non-
adherent cells was removed from each well and placed into
another 96 well plate. Ethylenediaminetetraacetic acid (EDTA,

2mM in saline w/v) was added to wells with remaining adherent
cells and plate was left at 37 ⁰C. After 15 min, plate was cen-
trifuged (450 g for 10 min), supernatant discarded, and 200 mL
of trypsin-EDTA (BioWest, Nuaille, Cat No L0930-100) added
to each well. Cells were detached in about 15 min of incubation
at 37 �C. Trypsin-EDTA was discarded after additional spin-
ning cycle, when previously removed supernatants with non-

adherent cells were turned back to trypsinized cells. Such pre-
pared samples were stained with Annexin V-FITC (Immuno
Tools, Cat No 31490013) and PI (Miltenyl Biotec IncCat No

130–093-233) each in a volume of 3 mL. Here described
trypsinization protocol was applied every time cells were pre-
pared for flow cytometry analyses, unless is stated otherwise.

Plates were analyzed on Guava� easyCyte 12HT Benchtop
flow microcapillary cytometer (Millipore, Merck, Darmstadt,
Germany) using the dedicated InCyte� software package.

Cells were classified according to Annexin V-FITC (green flu-
orescence) and PI (red fluorescence) labeling on viable (double
negative), pre-apoptotic cells (Annexin V-FITC single-stained
cells), necrotic cells (PI single-stained cells), and cells in

advanced phases of cell death (double-stained cells).

2.5.5. Concentration-response curve plotting

Results from Annexin V/PI readouts were used to generate

concentration–response curves. Percentages of all cells stained
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with either Annexin V and/or PI were summarized for each
treated sample and plotted against corresponding concentra-
tion. Curves were defined in GraphPad Prism 8 software

(GraphPad Software, San Diego, CA, USA) using a sigmoidal
asymmetric five-parameter logistic equation, or by biphasic
sigmoid least squares fit equation, as is specified further in

the text. Cell death concentration (CdC50) is the one that
induces death in 50% of treated cells.

2.5.6. Assessment of cells in sub-G1 area

After Annexin V/PI reading was over, plates with remaining
cells were centrifuged (450 � g for 10 min), the supernatant
discarded, and 200 mL of 70% ethanol was added to cells.

The plates were left overnight at 4 �C. On the next day, the
plates were centrifuged on 450 � g for 10 min, ethanol was dis-
carded, and ribonuclease A (RNase A, Sigma-Aldrich, Cat.

No. R4875) in PBS was added to wells (0.5 � 10-6 g/mL, final
concentration). After plates were incubated at 37 �C for 1 h,
cells were stained with PI (1 � 10-6 g/mL final concentration)
and kept in the dark at room temperature for 30 min before

analysis. Cells were acquired on Guava� easyCyte 12HT
Benchtop flow microcapillary cytometer, and the population
was analyzed with the dedicated InCyte� software package.

2.5.7. Cell cycle analysis

The distribution of cells within mitotic division phases has
been evaluated after 12 h of treatment with investigated com-

pounds added in a range of six concentrations. At the end of
incubation time, 96 well plates with investigated samples were
centrifuged (450 � g for 10 min), and the media was discarded.

Cells were detached by trypsin treatment and fixed with 70 %
ethanol overnight, followed with RNase A treatment and PI
staining as described above. Cells were acquired on Guava�
easyCyte 12HT Benchtop flow microcapillary cytometer, and
populations analyzed with the dedicated InCyte� software
package.

2.5.8. Determination of cellular activated caspase-8 or/and
caspase-9

Investigated compounds were added to wells with attached

cells in concentration of 50 mM. After 6 h of treatment, cells
were detached by trypsin treatment, and stained with
caspase-8 (CaspGLOWTM fluorescein active caspase-8 staining
kit, BioVision, Cat. no. K188-25) and caspase-9

(CaspGLOWTM red active caspase-9 staining kit, BioVision,
Cat. no. K199-25), according to the manufacturer’s instruc-
tions. Cells were analyzed on Guava� easyCyte 12HT Bench-

top flow microcapillary cytometer using the dedicated InCyte�
software package. The statistical evaluation has been per-
formed using an unpaired t-test with Welch’s correction com-

paring treated to the non-treated population of cells.

2.5.9. Assessment of mitochondrial superoxide radical (dO2
–)

generation

Investigated compounds were added to wells with attached
cells in concentration of 50 mM. After 6 h of treatment, cells
were detached by trypsin treatment, and stained with MitoSox

Red (ThermoFisher Scientific, Cat. No. M36008), according to
the manufacturer’s recommendations. Analysis was performed
on Guava� easyCyte 12HT Benchtop flow microcapillary
cytometer. Pro-oxidant activity is analyzed over the percentage
of cells positive for dO2

– and over the mean fluorescent inten-
sity (MFI) expressed in arbitrary units (AU). MFI parameter

is computed for dO2
–-positive subpopulation and corresponds

to average flow of dO2
– per cell. Statistical comparison of

MFI values was performed using the Kruskal-Wallis test with

an unpaired t-test with Welch’s correction as a post-test.

2.5.10. Assessment of anti-migratory activity

Cells were seeded in 96 flat bottom well plates (Corning�
Costar�, Cat. No. CLS3596) in 0.1 mL volume (100 000
cells/mL) using complete DMEM medium. Cells were kept
for additional few days to form confluent layer with medium

exchanged daily. When confluency has been reached, complete
medium was exchanged with FBS-free DMEM and left on
cells for 18 h. Thereafter, a scratch in a cell layer was made

using 0.2 mL pipette tips, cells were gently washed twice with
serum-free medium, stained with CAM and imaged on
Celigo� cytometer. Then, medium was discarded and replaced
with solution of investigated compounds (1 and 10 mM, final

concentrations) prepared in DMEM supplemented with 1%
FBS. After 24 h incubation, cells were stained with CAM
and images were taken on Celigo�. Changes in size of

scratched area between 0 and 24 h of treatment were analyzed
using TScratch software. Results are expressed as % of open
wound area at 24 h, while statistical significance was deter-

mined by means of Kruskal-Wallis test and unpaired t-test
with Welch’s correction.

2.5.11. Mtb strain selection

Anti-Mtb activity was evaluated against three Mtb clinical iso-
lates selected from the culture collection owned by the Institute
of Microbiology and Immunology, Faculty of Medicine Bel-

grade. The initial selection included 25 randomly chosen Mtb
isolates, whose identification was verified by the GenoType
MTBC assay (Hain Lifescience, Nehren, Germany). Suscepti-
bility to INH and RIF was evaluated by the proportion

method on Löwenstein-Jensen (LJ) medium, and by using
the GenoType MTBDRplus (Hain Lifescience) for detection
of mutations conferring resistance to the drugs (Almeida Da

Silva and Palomino, 2011; Seifert et al., 2015). The selected
panel of three Mtb strains included a drug sensitive strain des-
ignated as Mtb-InhRif-S, a strain resistant to INH and suscep-

tible to RIF designated as Mtb-Inh-R, and a strain susceptible
to INH and resistant to RIF designated as Mtb-Rif-R.

The isolates were stored in glycerol stocks at �70 �C, and
re-cultured on LJ medium for four-six weeks at 37 �C prior
to further testing.

2.5.12. Assessment of anti-Mtb activity

Colonies of Mtb strains were peeled off in a thin layer from LJ
medium and transferred into Middlebrook 7H9 broth (Liofil-
chem, Cat. No. 620214) supplemented with 10 % (v/v) ADC

Enrichment (Difco, Cat. No. 212352), 0.2 % glycerol
(Sigma-Aldrich, Cat. No. G5516), and 0.05 % (v/v) Tween
80 (Sigma-Aldrich, Cat. No. P6474). Large bacterial clumps
were broken by passage through a 27 Gauge needle, after

which single cell suspensions were established using a 5 mm
sterile filter (Millex-SV 5.0 mm, Millipore, Cat. No.
SLSV025LS). Suspensions were incubated at 37 �C in humid-

ified atmosphere containing 5 % (v/v) CO2) over one week. On
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the day of the experiment, the densities of the strains were
adjusted to 0.1 McFarland standard and further diluted 1:25,
as recommended previously (Trotsko et al., 2020). Each micro-

titer plate (Thermo Scientific, Cat. No. 130188) was organized
as the following: 0.25 mL of sterile water was added in outer
perimeter wells (rows A and H, columns 1 and 12), to minimize

evaporation of the medium in tested wells; 0.12 mL of supple-
mented 7H9 medium was added per well to 6 wells (blank);
0.1 mL of bacilli suspension, at arranged density as described

above, was seeded per well in the rest of the plate. Investigated
compounds, INH (Supelco, Cat. No. I3377) and RIF (Sigma-
Aldrich, Cat. No. 557303), all previously dissolved in DMSO
at 20 mM, were diluted to working concentrations using the

same supplemented 7H9 broth medium immediately prior
addition to microtiter plates. In 6 out of 54 wells with seeded
bacilli, 0.02 mL of supplemented 7H9 medium was poured

per well (non-treated control), while in the rest of 48 wells
drugs were added in 0.02 mL volume thus their final concen-
trations in wells were 0.03–100 mM. The highest concentration

of DMSO in the samples subjected to concentrations of
100 mM was 0.5 % (v/v).

After 6 days of incubation, 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT, Sigma, Cat. No. M2128)
was added to blank, treated and non-treated wells (0.05 mL,
5 mg/mL in Phosphate buffered saline). Following 24 h of
incubation, 0.01 mL of 10 % (w/v) sodium dodecyl sulfate

(SDS, Sigma-Aldrich, Cat. No. 436143) in water was used to
dissolve formazan crystals over additional 24 h at 37 �C. The
optical densities were measured at 570 nm (ThermoFisher

MultiscanTM Microplate Reader). The experiment was per-
formed two times. Percentage of viable bacilli for each of
two replicates was computed according to the following equa-

tion (Danchuk et al., 2019):

%survival ¼ ½ODtreatedsamples�ODblank=ODnon

� treatedsamples�ODblank� � 100

The percentage of Mbt growth inhibition was calculated as:

%dead ¼ 100�%viability

Computed % viability data were plotted against corre-
sponding concentrations, and dose–response curves were
drawn using the sigmoidal asymmetric five-parameter logistic

equation. A 10 % bacilli survival was computed as the
unknown from the sigmoidal curve (Prism 8, GraphPad Soft-
ware, San Diego, USA).

For those compounds that reduced viability for 90 %,
experimental procedure was repeated in the range of 10 con-
centrations with 2 mM of concentration interval (4 concentra-
tions above and 5 below the one estimated by the software).

Minimal inhibitory concentration (MIC) was defined as the
lowest one that reduced viability of treated bacilli by 90 %
or more computed by the equation described above. Values

were determined using the average of three replicate wells at
each concentration of the tested drug.

2.6. Molecular modelling

To assess pharmacokinetics and drug-likeness of compounds,
absorption, distribution, metabolism and excretion (ADME)

properties were predicted using SwissADME web-server

(http://www.swissadme.ch/) (Daina et al., 2017) and pkCSM
(http://biosig.unimelb.edu.au/pkcsm/) (Pires et al., 2015). We

used PharmMapper online database (http://www.lilab-ecust.

cn/pharmmapper/) to identify potential molecular targets.
All protein targets from v2010 database (7302 targets) were
matched against the pharmacophore models for 300 conform-
ers of compounds 2a and 3b. The potential targets were filtered

based on following criteria: normalized Fitscore > 0.7 and z’
score > 1.

2.7. Spectrophotometric determination of stability constants of
compounds complexes with Fe2+ and Fe3+ ion

At the beginning stock solutions were prepared. First,

1.0 � 10-2 M solutions of iron salts (FeSO4x7H2O and Fe
(NO3)3x9H2O) in deionized water, and then the 2.0 � 10-4 M
solutions of synthesized compounds in DMSO. Working solu-

tions of compounds were prepared by appropriate dilution of
stock solutions with DMSO to the kmax absorbance value in
the range 0.5–0.6. The UV spectra were recorded, and the
appropriate initial concentration of compounds was

calculated.
The procedure for mole-ratio method described by Momidi

et al. with minor modifications was followed (Momidi et al.,

2017). Briefly, into a 3 mL of compound working solution
an aliquot of 2 lL of stock metal solution was added. The
reaction mixture was then stirred on the magnetic stirrer at

200 rpm for 10 min and the UV spectra were recorded. The
previous step was repeated until equilibrium was reached
and no significant changes in the spectrum were detected.
3. Results and discussion

3.1. Chemistry, design

The compounds 1-4b were designed as a molecular hybrids of a
potent natural product – cinnamic acid, and MTCHs as syn-

thetic small organic molecules with plethora of biological
activities. Cinnamic acid and its chloro derivatives were con-
densed with four MTCHs to get twelve novel cinnamic acid

hydrazides (1–4b, Fig. 2). It is known that MTCHs exhibit
keto/enol tautomerism, and they could adopt E- or Z- config-
uration around the C = N bond (Abu El-Reash et al., 2014).

E/Z isomerism is also possible for cinnamoyl moiety, but pre-
vious studies showed that cinnamic acid derivatives are over
99% in E- form as this is energetically more favorable isomer
(Li et al., 2015; Matsuhira et al., 2008). NMR spectra also con-

firmed that all compounds exist solely as E-isomers around a,
b-unsaturated moiety in the cinnamic acid part of the mole-
cule. This is evidenced by the appearance of olefinic proton

doublets at � 6.80 ppm and � 7.60 ppm with the 3JHH cou-
pling constant of 15.9 Hz.

The solution structure of compounds 1-4b is elucidated

with the aid of 2D NMR spectroscopy techniques (COSY,
NOESY, 1H–13C HSQC, and 1H–13C HMBC). 1H and 13C
NMR spectra for all compounds and representative 2D

NMR spectra for compounds 1, 2a, 3 and 4 are given in ESI
(Fig. S1-S35). According to NOESY spectra given in Fig-
ure S35, all compounds exist in E-form around azomethine
bond. This is suggested by cross-peaks between N2-H with

proton or protons of methyl group attached to carbon C7.

http://www.swissadme.ch/
http://biosig.unimelb.edu.au/pkcsm/
http://www.lilab-ecust.cn/pharmmapper/
http://www.lilab-ecust.cn/pharmmapper/


Antimycobacterial and anticancer activity of newly designed cinnamic acid hydrazides with favorable toxicity profile 9
The same trend is observed for 3-chloro and 4-chloro cinnamic
acid derivatives. Therefore, it can be concluded that all com-
pounds are in the form of stable (E,E)-isomers.

3.2. ADME properties

The pharmacokinetics and drug-likeness data predicted for

compounds 1-4b are shown in Table 1. Compounds with poor
aqueous solubility, low permeability and high lipophilicity
have low bioavailability and usually are filtered-off in early

stages of drug development projects. According to Biopharma-
ceutics Classification System (BCS), compound is considered
as highly permeable when the percentage of absorption is over

90%. According to Table 1, 9 out of 12 derivatives can be con-
sidered as highly permeable compounds with appropriate
absorption through human intestinal membrane.

Lipinski rule of 5 (RO5) predicts the oral bioavailability of

a drug molecule (Lipinski et al., 2001). All compounds obey
RO5 and are likely to be well absorbed upon oral administra-
tion. Moreover, estimated solubility (ESOL) predictions classi-

fied all compounds as moderately soluble, and have poor
blood–brain barrier (BBB) permeability which suggests low
toxicity on central nervous system.

3.3. Investigation of anti-Mtb activity

Capacity of the compounds tested to deplete outstanding sur-
vival abilities of Mtb has been estimated against the panel of

three clinical Mtb isolates. The isolates were selected as suit-
able for investigation of new drugs’ activity, according to their
phenotypic sensitivity or resistance to INH and RIF in con-

junction with specific mutation patterns. The resistance geno-
types of the three strains were as follows (Figure S36): (1)
Mtb-InhRif-S harbored no mutations associated with resis-

tance to INH and R; (2) Mtb-Inh-R harbored katG mutation
S315T mediating resistance to INH; (3) Mtb-Rif-R harbored
rpoB mutation S531L conferring resistance to RIF.

MTT results for the Mtb-Inh-R (Figure S37, Table 2)
showed that MIC value for RIF corresponds to that reported
in wild type H37Rv reference strain, while MIC for INH was 4–
6 fold higher than in H37Rv (Castelo-Branco et al., 2018; De

et al., 2011), which is consistent with the katG mutation
detected. However, results of the MTT assay for the Mtb-
Rif-R andMtb-InhRif-S strains revealed discrepancies between

the actual phenotypic response to treatments and the response
anticipated according to the genetic typing. The maximal
achieved reduction of Mtb-Rif-R growth at 100 mM was

43.63 ± 2.53 % for RIF and 82.39 ± 0.62 % for INH, com-
pared to non-treated control (Figure S38). Although the Mtb-
Rif-R showed better response to INH than to RIF, the overall

outcome demonstrates a highly resistant phenotype of the
strain, discordant the genotyping results. The phenotypic-
genotypic discrepancy for response to INH treatment was even
more profound in Mtb-InhRif-S. Namely, the maximal growth

inhibition accomplished by INH was as low as 14.87 ± 3.62 %
at 100 mM (Figure S39). The genotypic–phenotypic inconsis-
tencies in INH or RIF susceptibility we noted, have already

been described in Mtb strains, with various explanations sug-
gested (Hofmann-Thiel et al., 2017; Jo et al., 2017; Kang
et al., 2019). Considering the results of GenoType

MTBDRplus test, the most plausible explanation is the pres-
ence of mutations at other regions in rpoB, katG or inhA genes,
not covered by the assay.

Results acquired after Mtb treatment with four primary

structural moieties (1–4) reveal significant differences in their
abilities to induce death in the treated strains (Figures S37-
S39). The activities of compounds 1 and 2 were negligible in

all the strains, with exception of reduced survival for
86.67 ± 3.12 % exhibited by 1 at 100 mM on Mtb-Inh-R.
The dose–response curves that describe activity of 4 in Mtb-

Inh-R and Mtb-Rif-R strains are similar in that they have
two plateau phases. It is noteworthy that second plateau in
Mtb-Inh-R was defined between 30 and 100 mM with the
MIC value achieved (Table 2), while in the strain Mtb-Rif-R

the plateau was positioned between 10 and 100 mM without
reaching the MIC value. Although compound 4 did not reach
MIC value in Mtb-InhRif-S, it eliminated high proportion of

the bacilli treated at 100 mM. According to the MIC values
established, the only compound employed in the current study
which showed ability to deplete survival for>90 % in all three

Mtb strains was compound 3. In contrast to INH and RIF,
compound 3 attained MIC in Mtb-Rif-R strain. While in
Mtb-Inh-R strain, 3 appears less efficient compared to INH

and RIF (Table 2), it should be noted that its dose–response
curve is overlapping with those of the two positive control
treatments within a range 30–100 mM (Figure S37). The
MIC for 3 in Mtb-InhRif-S strain is higher than that estab-

lished for RIF, whereas the dose–response curves show that
the compound 3 was more efficient than RIF at concentrations
1 and 10 mM (Figure S39).

In respect of structure–activity relationship, compound 2

that is carrying 2-hydroxyphenyl group had the least impact
on survival of treated Mtb strains. Replacement of 2-

hydroxyphenyl with 2-pyridyl ring, as is in compound 1, did
not lead to noteworthy improvement of anti- Mtb abilities.
However, addition of methyl group at C7 position in 1 yielded

to compound 4 and notable augmentation of activity. Finally,
compound 3, which has 8-hydroxy-2-quinolyl instead of 2-
hydroxyphenyl or 2-pyridyl rings, was the only one with capac-
ity to deplete Mtb survival in all three treated strains. Addi-

tional introduction of chlorine in meta- or para- position of
phenyl ring to core 1–4 structures had different influence on
activities of gained derivatives compared to activity of corre-

sponding parental compound. While this structural manipula-
tion with compound 2 did not make notable improvements,
the same led to drastic loss in anti-Mtb activities of 3a and

3b (Figures S37-S39). On the other hand, 1b and 4a revealed
greater activity in Mtb-Rif-R than 1 and 4, respectively (Fig-
ure S38), and achieved MICs in Mtb-Inh-R strain (Table 2).

3.3.1. Plausible mechanism of anti-Mtb action

Cell wall of Mtb bacillus is of very unique structure and com-
position. It contains peptidoglycan layer that is essential for

maintaining cellular integrity, virulence, and resistance to
drugs which are highly efficient against other microbial patho-
gens (Maitra et al., 2019). A number of ligands that are ration-
ally created, and later on been proven as potent inhibitors of

targeted Mtb enzyme in in vitro conditions, were unable to
affect bacillus survival due to high polarity and inability to
permeateMtb cell wall (Dalberto et al., 2020). As it can be seen

in Table 1, all of our compounds have higher partition coeffi-
cient than INH, while no evident correlation can be found
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Table 2 Minimal inhibitory concentrations (MIC) for isoni-

azid (INH), rifampicin (RIF), and investigated compounds

after 6 days treatment of specified strains.

Treatment Mtb-Rif-R Mtb-Inh-R Mtb-InhRif-S

[mM] [mM] [mM]

INH n.d.* 4 n.d.

RIF n.d. 2 26

3 30 10 92

4 n.d. 42 n.d.

4a n.d. 90 n.d.

1b n.d. 88 n.d.

* n.d. - not determined in the range of tested concentrations.
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comparing lipophilicity of 3, 4, 1b, and 4a to those with low

activity (Table 2 and Figures S37-S39). It can be concluded
that penetration through the Mtb cell wall is not the reason
for diverse impact of here investigated compounds on survival
of treated strains.

As iron uptake is essential for the survival of Mtb, the par-
asite synthesizes mycobactin syderophores to facilitate iron
transport inside the cell. It was previously shown that intracel-

lular iron chelators prevent mycobacterial growth (Dragset
et al., 2015). Structurally similar aroylhydrazones are proven
as excellent iron chelators (Hruskova et al., 2016), while even

better iron-chelating ability may be expected for compounds
1-4b due to presence of thione group and two additional N
atoms. For that reason, we went further and performed addi-
tional studies. We have tested chelating capacity of synthesized

compounds towards Fe2+ and Fe3+ ions, and the values of
corresponding stability constants are given in Table 3. An
example of UV–Vis spectra and the corresponding molar ratio

plot for the most potent compound 3 and Fe2+ are given in the
Fig S40. The Ks values vary slightly from 107 – 109, and it is
obvious that all compounds have strong chelating capacity

and form stable complexes. Therefore, chelating ability cannot
be the explanation for high activity of only one compound,
and it can be concluded that an iron uptake is not the mecha-

nism of anti-Mtb action.
It can be concluded that the interactions of compounds 1-

4b with particular molecular target are responsible for the
observed anti-Mtb action. Additional experimental and in sil-

ico studies are required to gain deeper insights into the under-
lying mechanism of activity.

3.3.2. Hepatotoxicity

One of the most common side effects of anti-TB treatment by
INH is hepatotoxicity (Wang et al., 2016). The mechanism
responsible for liver injury relies in products of INH metabolic

transformation in hepatocytes through two major pathways.
Both of these pathways are enzyme-dependent reactions and
include acetylation and hydrolysis of INH by N-

acetyltransferase 2 and acyl amidase, respectively. The
HepG-2 cell line is previously confirmed as reliable for evalu-
ation of hepatotoxicity (Van Summeren et al., 2010), and

Castelo-Branco et al (Castelo-Branco et al., 2018) published
hepatotoxic potential of INH on this in vitromodel. Therefore,
we treated HepG-2 cells for 24 h to initially assess whether it
can be expected for our compounds to induce liver damage

as a serious side effect. According to the results of CAM/PI



Table 3 Stability constants of synthesized compounds com-

plexes formed with Fe2+ and Fe3+ ions.

Compound Ks (Fe
2+) Ks (Fe

3+)

1 1.1�109 3.0�108
2 4.3�108 1.7�107
3 4.9�109 5.5�108
4 6.9�109 1.9�109
1a 1.3�109 4.8 109

2a 4.0�108 1.2�109
3a 4.9�108 3.5 109

4a 1.7�109 5.4�109
1b 3.4�109 3.8�109
2b 1.5�109 1.2�109
3b 1.8�109 5.1�109
4b 2.8�109 2.5�109

Antimycobacterial and anticancer activity of newly designed cinnamic acid hydrazides with favorable toxicity profile 11
dual staining, none of the molecules that achieve MIC in one
or all Mtb strains (Table 2) does concurrently reveal the ability

to induce death in HepG-2 cells within a range of tested con-
centrations from 30 to 100 mM (Figures S41-S44).

3.4. Investigation of anticancer activity

The ability of our compounds to induce death of malignant
cells was initially tested on a panel of human cell lines of dif-
ferent phenotypes. Evaluation was performed by means of

CAM/PI dual staining method (En et al., 2017) after 24 h incu-
bation of compounds with malignant cells.

Results gained for 1–4 (Table S1) show that 2-

hydroxyphenyl derivative 2 stimulates response in three out
of five malignant models, 8-hydroxy-2-quinolyl derivative 3

induces death in two cell lines, while 2-pyridyl derivative 1

achieves effect only in one cell type. The highest sensitivity
to treatment with 1, 2, and 3 is found in lung adenocarcinoma
cells, where all three compounds reduce viable population
for>50 % at concentration of 100 mM. Introduction of methyl

group in position C7 of 2-pyridil derivative (compound 4) sig-
nificantly reduces anticancer activity in all studied cell lines
compared to compound 1.

Addition of chlorine substituent at meta- or para-position
of cinnamoyl ring resulted in several analogs with significantly
altered anticancer activity. The best examples in the activity

shifts were observed in analogues of 2 and 3 (Table S1). While
activity of para-chloro derivative (compound 2b) is not consid-
erably changed compared to 2, meta-chloro derivative 2a is the
most potent anticancer agent in this series. Opposite trend is

observed for compound 3, where meta-substitution diminishes
anticancer capacity while para-derivative 3b devastates popula-
tion in four out of five treated cell lines.

Regarding sensitivity of cell lines, none of investigated com-
pounds impair vitality of pancreatic adenocarcinoma AsPC-1
cells, whereas only 2a and 3b reduce viable population of

breast adenocarcinoma MCF-7 cells (Table S1). Ovarian ade-
nocarcinoma SkOV-3 cells reveal low sensitivity to treatment
with 2, 3, and 2b, while 2a and 3b cause notable incidence of

cell death only at 100 mM. Aside 2, 3a and 2b, compound 3b

is the only that produces substantial effect on survival of col-
orectal adenocarcinoma LoVo cells. Finally, lung adenocarci-
noma A549 cells display the greatest susceptibility to
synthesized cinnamic acid hydrazides, though only 2a and 3b

cut down their survival for>50 % in concentrations below
100 mM.

The advantages of CAM/PI staining method, as well as
other cytotoxicity assays, are affordability and fast screening
of numerous samples, whereas CAM/PI in addition provides

visual information on whether the tested compound inhibits
cell proliferation or induces cell death. However, none of cyto-
toxicity tests can provide truly reliable evidence of cell death

incidence for two major reasons: 1) outcome is always com-
puted in respect to exponentially growing non-treated control,
where doubling time of treated cell line can interferes the out-
come; 2) those assays cannot recognize cells in early apoptosis.

For those reasons, we deliberately did not compute IC50 con-
centrations, but data presented in Table S1 should be consid-
ered as informational value that served to estimate which cell

phenotype shows the highest sensitivity towards tested com-
pounds, and which compounds should be evaluated for anti-
cancer activity. Based on these results, our investigation was

continued on compounds 2a and 3b in A549 cells.
In order to determine the exact frequency of cell death, as

well as whether 2a and 3b stimulate apoptosis or necrosis in

A549 cells, Annexin V/PI dual staining was carried out after
24 h incubation. As it can be seen in Fig. 3A, percentages of
Annexin V-single and -double stained events are increasing fol-
lowing the rise of applied concentrations of either 2a or 3b.

These results clearly show that early necrosis was not the dom-
inant type of death in A549 cells subjected to either 2a or 3b.
The same samples analyzed on Annexin V/PI labeling were a

day later examined to see was DNA fragmentation in progress
or not. Cleavage of chromosomal DNA into nucleosomal and
oligonucleosomal size fragments is a hallmark of advanced

apoptotic death and can be seen as Sub-G0/G1 accumulation,
serving as an indicator whether double-stained cells in Annexin
V/PI dot-plots represent advanced apoptosis or advanced

necrosis (Murad et al., 2016; Zhang and Xu, 2000). Acquired
results demonstrated that percentages of events at the Sub-
G0/G1 (Fig. 3B) were in strong correlation with percentages
of double stained cells (Fig. 3A), which serves as conformation

that both 2a and 3b trigger apoptotic death in A549 cells.
The activity of 2a is described by nicely contoured sig-

moidal curve whose exponential phase is plotted within con-

centration range from 10 to 100 mM (Fig. 3C). Impact of 3b
on death of A549 cells defines a straight line when five-
parameter sigmoidal equation is used (Fig. 3C), but biphasic

model perfectly fits experimental results of this compound
(Fig. 3D). Such form of concentration–response curve implies
that 3b may has a concentration-dependent shift in the mech-
anism of its pro-apoptotic activity.

Changes in distribution of cells throughout the phases of
mitotic division in regard to non-treated samples can serve
as an initial indicator which cellular process has been inter-

fered by the investigated compound. Although accumulation
of cells at any particular phase of cell cycle cannot precisely
addresses targeted intracellular transduction pathway, it was

expected that this result may provide information about possi-
ble alteration in mechanism of pro-apoptotic activity of 3b,
altogether with potential differences in a way that 3b and 2a

induced apoptotic response. However, there is no particular
diversity comparing cell cycle distribution of cells subjected
to either of two compounds (Fig. 4A). Both 2a and 3b promote
slight accumulation of cells at the S phase already at 1 mM, and



Fig. 3 Anticancer activity of compounds 2a and 3b in A549 cells after 24 h of treatment. (A) Representative figures of Annexin V/

propidium iodide (PI) dual staining. Numbers show the mean ± SD percentages of two replicates from independent experiments. (B)

Representative images and percentages of events at the Sub-G0/G1 population (green), and percentages of live cells distributed in phases

of mitotic division (black). Each data point represents the mean ± SD of two replicates from independent experiments. (C)

Concentration-response curves plotted by the asymmetric five-parameter sigmoidal equation in GraphPad Prism 8 software, according to

data acquired by means of Annexin V/PI staining from two independent experiments (circles and crosses). (D) Concentration-response

curve plotted by the biphasic sigmoidal least squares fit equation in GraphPad Prism 8 software, according to data acquired by means of

Annexin V/PI staining from two independent experiments (circles and crosses). CdC50 values (C and D) express the mean ± SD

concentration that induces cell death in 50% of treated cells. Instead of Log10 values on X axes (C and D), the exact concentrations are

specified to assure compliance with concentrations indicated in corresponding text.
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such distribution remains in samples treated with 2a at 10 mM.
At 30 mM, 2a halts the cells at the G1-to-S check point, which
proceeds toward arrest at the G1 phase started from 50 mM.

Compound 3b also induced accumulation at the G1-to-S tran-
sition but at 10 mM, while arrest at the G1 phase is assembled
at 30 mM. Described changes signify that both compounds at

lower concentrations caused obstacles during DNA replication
process, prolonged its duration and led to accumulation of
cells at the S phase. Starting from 10 mM for 3b and 30 mM
for 2a, cells were prevented to proceed with mitotic division
and those concentrations correlate with CdC50 values com-

puted by means of five-parameter sigmoidal equation
(Fig. 3C).

At this point of investigation, it seemed that mechanism

that underlies pro-apoptotic activity of 2a and 3b may be quite
similar or even the same, while the latter compound tends to be
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more efficient than former. Additional confirmation of this
assumption was found in results of caspase-8/-9 activation that
was acquired after A549 cells were treated for 6 h with 2a or 3b

at 50 mM. As it is presented in Fig. 4B, both compounds arouse
strong activation of intrinsic apoptotic pathway, whereas sig-
nificant cross-talk recruitment of caspase-8 is evident only in

cells subjected to compound 3b. However, assessment of dO2
–

reveals substantial difference between activities of 2a and 3b.
While 2a has trivial impact on generation of dO2

–, 3b induces

meaningful increase of dO2
–-producing subpopulation of

A549 cells (Fig. 4C). Additionally, MFI computed for dO2
–-

positive cells shows that 3b also causes statistically significant
accumulation of dO2

– in mitochondria (Fig. 4D). Current result

reports on the ability of 3b to induce such overwhelming flow
of dO2

– production that mitochondrial (manganese) superoxide
dismutase (SOD2) cannot effectively convert to hydrogen per-

oxide. Here discovered feature of 3b to extensively promote
formation of reactive oxygen species (ROS) can explain more
vigorous activity of this compound compared to 2a, while fur-

ther discussion regarding possible intracellular interactions of
3b that underlie its pro-oxidative activity is beyond the scope
of the current investigation. However, it remains unclear

why the treatment with 3b did not achieve the same impact
on other cell lines (Table S1), especially knowing that LoVo
and MCF-7 are phenotypes with low SOD2 expression and/
or activity and can be expected of them to be at least equally

or even more vulnerable than A549 (Piotrowska et al., 2013).
Further studies are required to demonstrate which mitochon-
drial electron carrier interacts with 3b, as well as whether this

compound undergoes intracellular transformation that yields
product with more powerful pro-oxidant features in A549 cells
than in other here tested malignant models.

Apart from pro-apoptotic activity, anticancer drugs can
also target other processes important for tumor growth and
survival. Here we investigated the impact of compounds 2a

and 3b on cell migration as an important mechanism in the for-
mation of distant metastasis (Paul et al., 2017). Both com-
pounds have been tested at low concentrations that cause
minor induction of apoptosis (Fig. 3A), which allows observa-

tion whether our molecules can produce beneficial effect
beyond arousing cell death. Basal migration of A549 cells is
inhibited by both compounds, while 2a scored statistically sig-

nificant suppression of cellular motility in both tested concen-
trations (Fig. 4E and 4F). In the current investigation was not
examined which particular step in complex metastatic cascade
Fig. 4 Profiles of 2a and 3b anticancer activity on A549 cells. (A) Rep

Data included are the mean ± SD percentages of cells at the G0/G1, S,

experiments. (B) Percentages of cells positive for activated caspase-8,

treatment with investigated compounds at 50 mM (open bars). The st

Welch’s correction comparing treated to non-treated populations. (C)

performed after 6 h treatment with investigated compounds at 50 mM
(dO2

–) production calculated from data of three independent replicates.

[AU], computed for dO2
–-positive subpopulation from data of three ind

Kruskal-Wallis test with unpaired t-test with Welch’s correction as p

Celigo imaging cytometer after cells were stained with Calcein AM. Im

24 h later (Day 1). (F) Mean ± SD plot of open wound area after

software analysis of images acquired at 0 and 24 h. Statistical significan

Welch’s correction.
is regulated by 2a, and further study is needed to appoint the
course of its antimigratory activity.

The main goal in anticancer drug discovery and develop-

ment is to introduce therapy that would specifically target
malignant cells while sparing healthy tissues. Anticancer drugs
that are in clinical use, including modern targeted therapies,

can induce various side effects (Kroschinsky et al., 2017). Tox-
icological profile of a new drug can be specified through a
panel of in vivo tests and clinical trials, while a full spectrum

of probable adverse reactions is impossible to predict in early
phases of laboratory investigation. Therefore, selection of an
appropriate experimental model to study potential side effects
of a newly synthesized drug is hard to make. However, cuta-

neous lesions are frequently described in malignant patients
treated with either conventional or targeted therapeutics, while
underlying mechanisms are assumed to be variable and still

poorly understood (Ng et al., 2018). Those data served as a
rational to use human keratinocytes (HaCaT cells) as the
model for assessment of 2a and 3b toxicity. As is presented

in Figures S45-S47 and Table S1, cell survival in HaCaT sam-
ples subjected to 2a exceeds that in A549 samples. Thus, per-
centages of HaCaT live cells treated with 2a at 100, 75, 50,

and 30 mM are 61 ± 5 %, 66 ± 1 %, 78 ± 9 %, and
82 ± 5 %, respectively, which clearly indicate that ker-
atinocytes are less sensitive to activity of 2a compared to
A549 cells (Figures S45 and S47). On the contrary, compound

3b demonstrates vigorous activity on HaCaT cells, with 14 ± 2
%, 13 ± 2 %, 25 ± 1 % and 78 ± 14 % cell survival in sam-
ples treated at 100, 75, 50 and 30 mM, respectively (Figures S46

and S47). These data demonstrate that 2a was revealed a cer-
tain degree of selectivity toward malignant cells, while it can be
expected of 3b to induce notable cutaneous side effects after its

application to men. Moreover, we also evaluated hepatotoxic
potentials of 2a and 3b, and 3b is the only that induced
HepG-2 cell death in 10 ± 2 %, 12 ± 6 %, 22 ± 6 %, and

29 ± 1 % at 30, 50, 75 and 100 mM, respectively (Figures
S48 and S49).

3.4.1. Plausible anticancer targets suggested by pharmacophoric

similarity search

Pharmacophoric similarity proved to be a valuable tool for
target identification of small molecules, especially when inte-
grated into network pharmacology protocols (Bahuguna

et al., 2019; Jiang et al., 2020; Shi et al., 2020). In this study,
target fishing was performed using PharmMapper web server.
resentative images of cell cycle distribution after 12 h of treatment.

and G2/M phases, as the result of two replicates from independent

�9, or both in non-treated samples (closed bars) and after 6 h of

atistical evaluation has been performed using unpaired t-test with

Representative histograms of cells stained with MitoSOX Red dye

, with the mean ± SD percentages of cells positive for superoxide

(D) Mean fluorescence intensity (MFI) expressed in arbitrary units

ependent replicates. Statistical significance was computed using the

ost-test. (E) Representative images of scratch assay acquired by

ages were taken just before the addition of compounds (Day 0) and

treatment with investigated compounds, determined by TScratch

ce was tested using the Kruskal-Wallis test and unpaired t-test with



Table 4 Protein targets identified through pharmacophore matching between PharmMapper database and compounds 2a and 3b.

Cp. Target PDB

code

Fit

Score

Norm.

Fit score

Z’

score

Relation to cancer

2a Collagenase-2 1JAP 3.466 0.693 2.734 Upregulated in many different tumors (Van Lint and Libert,

2006)

Abl-1 kinase 2HZI 3.860 0.482 2.574 Chronic myelogenous leukaemia (Shah et al., 2007)

Proto-oncogene serine/threonine-

protein kinase Pim-1

2OBJ 2.955 0.985 1.159 Associated with lung adenocarcinoma through potentiation of

c-MET pathway (Cao et al., 2018)

Caspase-3 3DEJ 2.922 0.974 1.053 Activation related to DNA damage and apoptosis in A549 cells

(Lin et al., 2008)

Complement C1r subcomponent 1GPZ 2.904 0.726 1.036 Overexpressed in ovary adenocarcinoma (Lin et al., 2004)

3b Dipeptidyl peptidase 4 (DPPH4) 1ORW 3.822 0.637 3.339 Tumor suppressor or activator (Bishnoi et al., 2019)

Baculoviral IAP repeat-

containing protein 4

3HL5 3.662 0.6104 2.922 Supresses apoptosis through inhibition of caspases (Qin et al.,

2012)

Collagenase-2 1JAP 3.528 0.706 2.755 Upregulated in many different tumors (Van Lint and Libert,

2006)

Tyrosine-protein phosphatase

non-receptor type 1 (PTP1B)

1NWE 3.361 0.726 2.524 Dephosphorylation of specific substrates leading to tumor

suppression or tumor promotion(Lessard et al., 2010)
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Several molecular targets relevant for anticancer activity are
identified and their relevance was confirmed in literature

(Table 4). The pharmacophore matching between 2a, 3b, and
several cancer-related protein targets is shown in ESI, Figures
S50 and S51.

Targets with high values of normalized FitScore and partic-
ularly with high positive z’ values are rational guesses for fur-
ther structure-based computational studies and experimental

validation. Matrix metalloproteinase-8, proto-oncogene
serine/threonine-protein kinase Pim-1 and tyrosine-protein
phosphatase non-receptor type 1 (PTP1B) are plausible molec-
ular targets for this class of anticancer agents.

The suggested anticancer targets are a good starting point
for further target deconvolution studies that would include
enzymatic, genomics, and cell-based assays.

4. Conclusion

A series of twelve novel cinnamic acid hydrazides structurally

related to isoniazid and anticancer agents 5-HP and 3-AP was
synthesized from four MTCHs and three cinnamic acid deriva-
tives using a simple coupling strategy via acid chlorides. 1H

NMR and 2D NOESY spectra indicate that the (E,E)-isomer
is a dominant form of cinnamic acid hydrazides in a solution.
All twelve compounds obey RO5, show moderate aqueous sol-

ubility and poor BBB permeability. Evaluation of ADME
properties indicated high permeability and good absorption
through the human intestine for the majority of the
compounds.

Over the course of this study, we examined our compounds
on two distinctive biological models. Each of those models is
related with different type of disease, regarding etiology and

treatment options. Here presented results of preliminary inves-
tigation on biological activity provide evidences that poten-
tially effective and safe drugs against TB and lung cancer

can be found within this relatively small series of new chemi-
cals. Structurally, treated Mtb strains were more sensitive to
compounds with no chlorine added to phenyl ring, while
A549 cells showed better response to treatment with chlorine

analogues of core structures. Compound 3 is the only one with
ability to reduce survival of Mtb bacilli for 90 % in all three
strains, had been achieved neither by INH nor RIF. More

importantly, none of four compounds that gained MIC on
any of Mtb strains did induce death in HepG-2 cells, which
is highly promising considering hepatotoxicity is a serious

problem of the current anti-TB therapies. On the contrary,
compounds 2a and 3b, both strong inducers of apoptotic death
in A549 cells, revealed not to have equivalent toxicological

profiles. While 2a induced mild acute skin toxicity in HaCaT
cells and had no effect on survival of HepG-2 cells, 3b signifi-
cantly impacted vitality of cells in each tested model. Although
both compounds demonstrated to interfere with DNA replica-

tion process according to changes in distribution of A549 cells
during mitotic division, and both of them initiated apoptosis
over the activation of caspase-9, 3b was showed as a potent

inducer of mitochondrial dO2
– production, whereas 2a did

not. Thus, capacity of 3b to cause ROS generation within trea-
ted cells may be the reason for its non-selective activity toward

cancer cells. Additionally, compound 2a significantly inhibited
migratory activity of A549 cells while 3b was ineffective. Tar-
get fishing study based on pharmacophoric similarity indicates
that Collagenase-2, Pim-1 kinase, and protein-tyrosine phos-

phatase 1B (PTP1B) are plausible anticancer targets of these
two compounds. Advantageous penetration ability through
Mtb cell wall and interruption of the iron pool of treated

bacilli are excluded as mechanisms responsible for superior
anti-Mtb activity of 3 over other compounds. The overall con-
clusion of this study is that compounds 3 and 2a deserve fur-

ther experimental and in silico investigations regarding
mechanisms of their anti-Mtb and anti-cancer activity,
respectively.
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