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Three thienylpicolinamidine derivatives 4a—c were prepared from their corresponding picolinonitriles 3a—c
on treatment with lithium trimethylsilylamide, LiIN(TMS),, followed by a de-protection step using ethanol/
HCl (gas). DFT calculations were used to optimize the geometric structure of the newly synthesized
picolinamidines. The comparison of DFT calculated spectral data with the experimental data (*H-NMR
and ®C-NMR) showed a good agreement. The in vitro antiproliferative activity of the cationic
compounds 4a—c was determined against 60 cancer cell lines representing nine types of cancer. The
tested picolinamidines were highly active with compounds 4a and 4b eliciting mainly cytotoxic activity
with Gl values ranging from —7.17 to —86.03. Leukemia (SR and K-562), colon (SW-620 and HT29), and
non-small cell lung cancer (NCI-H460) cell lines were the most responsive to the investigated
picolinamidines. In particular, 4-methoxyphenyl derivative 4a showed a profound growth deterring
power with Glsg of 0.34 pM against SR, 0.43 puM against SW-620, and 0.52 pM against NCI-H460. The
three tested picolinamidines elicited potent Glsg values against all tested cell lines at low micromolar to
sub-micromolar level. The new picolinamidines were selective and did not affect normal human
fibroblasts. The selectivity index ranged from 13-21 puM. The novel picolinamidines downregulated the

expression of key genes in the cell cycle, cdkl and topoll, but did not affect p53 or txnrdl. Compounds
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Accepted 4th November 2020 4b and 4c caused a significant reduction in the concentrations of Topoll and MAPK proteins but were

devoid of any effect on the activity of caspase 3. Taken together, these promising anticancer candidates
are effective at very low concentrations and safe to normal cells, and most probably work through
arresting the cell cycle, and therefore, they deserve further investigations.
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1. Introduction

Cancer is a fast growing global threat. According to the WHO
health observatory report in 2018, about 9.6 million people have
died from cancer worldwide. This number is projected to
double by 2030. With about 26 million new cancer cases
worldwide expected by 2030, cancer may precede cardiovascular
diseases in affecting the humans. Although progress has been
achieved regarding the 5-year survival, the increase of incidence
is still ongoing at a rate exceeding this progress.' At present,
surgical treatment, combined with radiotherapy and chemo-
therapy are the main treatments for colorectal cancer.>® Over
the recent years, technical advances have led to better response
to cancer therapies and survival rates, but still substantial
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number of patients cannot be cured, develop metastasis, and/or
suffer from severe early and late side effects. Therefore, the
discovery of new anticancer agents is of great importance.

Pyridine derivatives possess a diverse chemotherapeutic
profile as anticancer, antimicrobial, or antiprotozoal agents.
The pyridine ring mostly contributes an effective role in the
pharmacokinetic properties of these biologically active
compounds.*® Furanylnicotinamidine derivatives have been
reported for their potent antiproliferative activity.* Symmetrical
furanylnicotinamidine compound DB829 has successfully
passed the preclinical studies as antitrypanosomal agent.>”
Cationic arylchalcophenes have been reported for their wide
range of biological activities.”** Cationic arylthiophene deriva-
tives have been reported for their anticancer activity.'**
Recently, a bithiophene-fluorobenzamidine compound showed
a very promising antitumor activity against colorectal cancer in
rats reducing the incidence and multiplicity of polyps without
causing hepato- or nephro-toxicity.*®

Based on the biological importance of the reported pyridines
and cationic arylthiophenes, three picolinamidine derivatives
including methoxy and chloro-substituted phenyl moiety were
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synthesized and evaluated for in vitro antiproliferative activity
against 60 cancer cell lines at the National Cancer Institute
(NCI). The most responsive two types were leukemia and colon
cancer cell lines (six cell lines for leukemia & seven for colon
cancer). The selectivity of these compounds was assessed using
WI-38 normal human fibroblasts. To understand the molecular
pathways through which these compounds could exert their
anticancer activity, the effect of these compounds on the
expression of some of the key genes and proteins in the cell
cycle and apoptosis was studied in HepG2 cells. These genes
and proteins include p53, cyclin-dependent kinase 1 (cdkl),
caspase 3, topoisomerase II (topo II), thioredoxin reductase 1
(txnrd1), and p38 mitogen-activated protein kinase (MAPK).
Also, the quantum chemical calculation at DFT/B3LYP level was
studied to investigate the structural, electronic, and spectral
properties of the new picolinamidine derivatives.

2. Experimental

2.1. Chemistry

Melting points were measured in degree centigrade on Gallen-
kamp apparatus and are uncorrected. The infrared spectra (KBr)
were recorded on Thermo Scientific Nicolet iS10 FT-IR spec-
trometer. Reaction monitoring was made using thin layer
chromatography on silica gel pre-coated aluminum sheets (60
F,s4), and visualized under ultraviolet light. '"H-NMR and “*C-
NMR spectra were measured in dimethyl sulfoxide (DMSO-dg)
as a solvent and self-internal reference (2.49 parts per million
(ppm) for proton and 39.50 ppm for carbon using 500 MHz
JEOL's spectrometer). A GC-MS (Shimadzu Qp-2010 Plus) spec-
trometer was used for recording mass spectra. The elemental
analyses were measured using PerkinElmer 2400 CHN analyzer
and were within 0.4 of the theoretical values.

2.1.1. General methodology for preparation of thienylpi-
colinonitrile derivatives (3a-c). A mixture of 6-(5-bromothio-
phen-2-yl)picolinonitrile'” (663 mg, 2.5 mmol), Pd(PPh;), (100
mg), appropriate phenylboronic acid (3.0 mmol), and anhy-
drous K,CO; (3 g) in 1,4-dioxane (20 mL) was refluxed with
stirring for 12 hours. Where after the reaction mixture was
extracted with ethyl acetate (200 mL, 3x) from aqueous
ammonia (20 mL). The organic layer was evaporated to dryness
under reduced pressure. The resultant solid was recrystallized
from ethanol/EtOAc to furnish the desired thienylpicolinoni-
trile derivative of 3a-c.

2.1.1.1. 5-[5-(4-Methoxyphenyl)thiophen-2-ylJpicolinonitrile
(3a). Compound 3a was obtained in 66% yield as a golden-
yellow solid, mp 153-154 °C. Ry = 0.40, petroleum ether (60-
80 °C)-EtOAc (7 : 3). IR (KBr) »/cm™*; 3080, 2957 (CH, stretch),
2228 (CN, stretch), 1602, 1573, 1507 (C=N, C=C, stretch) cm .
'H-NMR (DMSO-de); 6/ppm = 3.80 (s, 3H, OCHj3), 7.02 (d, ] =
8.5 Hz, 2H), 7.56 (d, J = 4.0 Hz, 1H of thiophene ring), 7.66 (d, J
= 8.5 Hz, 2H), 7.86 (d, ] = 4.0 Hz, 1H of thiophene ring), 8.05 (d,
J = 8.5 Hz, 1H of pyridyl ring), 8.26 (dd, J = 8.5, 2.0 Hz, 1H of
pyridyl ring), 9.09 (d, J = 2.0 Hz, 1H of pyridyl ring). "*C-NMR;
6 55.32, 114.70 (2C), 117.70, 124.36, 125.57, 126.98 (2C),
128.96, 129.33, 130.04, 132.76, 133.08, 135.56, 146.36, 147.19,
159.57. MS (EI) m/z (rel. int.); 292 (M*, 100), 277 (M"-CHj, 63).
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Anal. caled for: C;,H;,N,08S (292.35): C, 69.84; H, 4.14; N, 9.58
found: C, 69.73; H, 4.20; N, 9.37%.

2.1.1.2. 5-[5-(3-Chloro-4-methoxyphenyl)thiophen-2-yl]
picolinonitrile (3b). Compound 3b was obtained in 71% yield as
a yellow solid, mp 195-196.5 °C. R = 0.41, petroleum ether (60-
80 °C)-EtOAc (7 : 3). IR (KBr) »'/em™*; 3050, 2945 (CH, stretch),
2225 (CN, stretch), 1603, 1573, 1544 (C=C, stretch) cm'. 'H-
NMR (DMSO-de); é/ppm = 3.89 (s, 3H, OCH3), 7.23 (d, J =
8.5 Hz, 1H), 7.64-7.67 (m, 2H), 7.83 (d, J = 2.5 Hz, 1H), 7.88 (d, J
= 4.0 Hz, 1H of thiophene ring), 8.06 (d, J = 8.5 Hz, 1H), 8.28
(dd,J = 8.5, 2.0 Hz, 1H), 9.10 (d, J = 2.0 Hz, 1H of pyridyl ring).
MS (EI) m/z (rel. int.); 326, 328 (M", 100, 38; chlorine isotopes),
311, 313 (M'-CHj;, 82, 31; chlorine isotopes). Anal. calcd for:
Cy17H,;CIN,OS (326.80): C, 62.48; H, 3.39; N, 8.57 found: C,
62.31; H, 3.52; N, 8.35%.

2.1.1.3.  5-(5-(3,4,5-Trimethoxyphenyl)thiophen-2-yl)
picolinonitrile (3c). Compound 3¢ was obtained in 84% yield as
ayellow solid, mp 170-171 °C. Ry = 0.22, petroleum ether (60-80
°C)-EtOAc (7 : 3). IR (KBr) v'/em™'; 3060, 2934 (CH, stretch),
2226 (CN, stretch), 1579, 1509 (C=C, stretch) cm~". "H-NMR
(DMSO-dg); o6/ppm = 3.69 (s, 3H, OCHj3), 3.86 (s, 6H, 2 X
OCH3y), 6.98 (s, 2H), 7.67 (d, J = 4.0 Hz, 1H of thiophene ring),
7.91 (d,J = 4.0 Hz, 1H of thiophene ring), 8.06 (d, J = 8.5 Hz, 1H
of pyridyl ring), 8.30 (dd, J = 8.5, 2.0 Hz, 1H of pyridyl ring), 9.11
(d, 2.0 Hz, 1H of pyridyl ring). >*C-NMR; é 56.07 (2C), 60.15,
103.17 (2C), 117.63, 125.71, 128.62, 128.82, 129.33, 130.21,
132.88, 132.96, 136.40, 137.89, 146.36, 147.22, 153.36 (2C). MS
(ED) m/z (rel. int.); 352 (M", 100), 337 (M'-CHj, 83). Anal. caled
for: C;oH;6N,0;S (352.40): C, 64.76; H, 4.58; N, 7.95 found: C,
64.52; H, 4.65; N, 7.72%.

2.1.2. General methodology for preparation of thienylpi-
colinamidine derivatives (4a-c). Each thienylpicolinonitrile
derivative of 3a-c (1.5 mmol) was treated with LiN(TMS), (1 M
solution in THF, 8 mL, 8 mmol) and the reaction was allowed to
stir overnight. Then, ethanolic-HCI (gas) solution (12 mL, 1.25
M) was added dropwise with cooling, until a precipitate was
formed. The mixture was left to stir at ambient temperature for
6 hours and the resultant solid was collected through filtration
after it was diluted with ether. The crude solid of thienylpico-
linamidine derivative was neutralized with 1 N NaOH followed
by filtration. The monoamidine free bases were converted to
their corresponding hydrochloride salts of the target thie-
nylpicolinamidines 4a—c using ethanolic-HCI (gas) solution.

2.1.2.1. 5-[5-(4-Methoxyphenyl)thiophen-2-ylJpicolinamidine
hydrochloride salt (4a). Compound 4a was obtained in 82% yield
as a yellowish-brown solid, mp 257-259 °C. IR (KBr) '/cm™%;
3430, 3383, 3274 (NH, stretch), 3071, 2963 (CH, stretch), 1679,
1605, 1577 (C=N & C=C, stretch) cm . "H-NMR (DMSO-d,); 6/
ppm = 3.79 (s, 3H, OCH3), 7.02 (d, J = 8.5 Hz, 2H Ar of 4-
methoxyphenyl-), 7.56 (d, ] = 4.0 Hz, 1H of thiophene ring), 7.67
(d, J = 8.5 Hz, 2H Ar of 4-methoxyphenyl-), 7.92 (d, J = 4.0 Hz,
1H of thiophene ring), 8.37 (d, J = 8.5 Hz, 1H of pyridyl ring),
8.40 (dd, J = 8.5, 2.0 Hz, 1H of pyridyl ring), 9.11 (d, ] = 2.0 Hz,
1H of pyridyl ring), 9.39 (s, 2H, NH,), 9.59 (s, 2H, 'NH,). *C-
NMR; 6 55.32, 114.68 (2C), 123.77, 124.33, 125.58, 126.95 (2C),
128.96, 133.14, 133.77, 135.66, 141.60, 145.62, 146.23, 159.54,
161.43. MS (EI) m/z (rel. int.); 309 (M*, 100), 294 (M'-CHj, 15),
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292 (M'-NHj, 62). Anal. calcd for: C;,H;5N;0S-1.0HCI (345.84):
C, 59.04; H, 4.66; N, 12.15 found: C, 58.84; H, 4.70; N, 11.91%.
2.1.2.2. 5-[5-(3-Chloro-4-methoxyphenyl)thiophen-2-yl]
picolinamidine hydrochloride salt (4b). Compound 4b was ob-
tained in 76% yield as a golden-yellow solid, mp 266-267.5 °C.
IR (KBr) #/em™*; 3361 (NH, stretch), 3059, 2950 (CH, stretch),
1683, 1579, 1531 (C=N & C=C, stretch) cm . "H-NMR (DMSO-
de); 6/ppm = 3.89 (s, 3H, OCHj,), 7.24 (d, J = 8.5 Hz, 1H), 7.65-
7.67 (m, 2H), 7.83 (d, J = 2.0 Hz, 1H), 7.94 (d, J = 4.0 Hz, 1H of
thiophene ring), 8.36 (d,J = 8.5 Hz, 1H), 8.41 (dd, J = 8.5, 2.0 Hz,
1H), 9.12 (d, J = 2.0 Hz, 1H), 9.38 (s, 2H, NH,), 9.59 (s, 2H,
*NH,). **C-NMR; 6 56.35, 113.44, 121.88, 123.73, 125.37, 125.62,
126.53, 126.68, 129.00, 133.33, 133.60, 136.45, 141.85, 144.44,
145.71, 154.58, 161.31. MS (EI) m/z (rel. int.); 343, 345 (M, 100,
43: chlorine isotopes), 328, 330 (M'-CHj, 43, 9: chlorine
isotopes), 326, 328 (M'-NHj3, 72, 43: chlorine isotopes). Anal.
caled for: C,,H,,CIN;0S-1.0HCI (380.29): C, 53.69; H, 3.98; N,
11.05 found: C, 53.43; H, 4.10; N, 10.79%.
2.1.2.3. 5-[5-(3,4,5-Trimethoxyphenyl)thiophen-2-yl]

picolinamidine hydrochloride salt (4c). Compound 4c was ob-
tained in 75% yield as a golden-yellow solid, mp 280-281.5 °C.
IR (KBr) //em™; 3426, 3250 (NH, stretch), 3054, 2990, 2954 (CH,
stretch), 1684, 1632, 1582 (C=N & C=C, stretch) cm . "H-NMR
(DMSO-dg); 6/ppm = 3.69 (s, 3H, para OCH3), 3.86 (s, 6H, meta 2
OCH3), 6.99 (s, 2H), 7.70 (d, J = 4.0 Hz, 1H of thiophene ring),
7.97 (d,J = 4.0 Hz, 1H of thiophene ring), 8.38 (d,J = 8.5 Hz, 1H
of pyridyl ring), 8.44 (dd, J = 8.5, 2.0 Hz, 1H of pyridyl ring), 9.14
(d, 2.0 Hz, 1H of pyridyl ring), 9.41 (s, 2H, NH,), 9.60 (s, 2H,
"NH,). **C-NMR; 6 56.09 (2C), 60.16, 103.17 (2C), 123.76, 125.73,
128.67, 128.82, 133.33, 133.69, 136.54, 137.89, 141.82, 145.69,
146.26, 153.37 (2C), 161.37. MS (EI) m/z (rel. int.); 369 (M, 100),
354 (M'-CHs, 65), 352 (M'-NHj, 37), 337 (35). Anal. caled for
C10H;9N;055-1.0HCI (405.89): C, 56.22; H, 4.97; N, 10.35 found:
C, 55.98; H, 4.99; N, 10.12%.

2.2. Computational studies

Quantum chemical calculations were achieved using Gaussian
09W program® to optimize the geometry at DFT/B3LYP level*->*
with standard 6-311++G(d,p) basis set. In DMSO, 'H and “*C-
NMR chemical shifts were calculated by the gauge-invariant
atomic orbital (GIAO) method** by polarizable continuum
model using the integral equation formalism variant (IEF-
PCM).?*?* The NMR spectral data were assigned by GaussView
6.0 program,* using corresponding TMS shielding calculated at
the same theoretical levels as the reference. Fukui indices have
been calculated using DMol3 module of Materials Studio
package from Accelrys Inc.”® The B3LYP functions have been
used with a double numeric plus polarization (DNP version 3.5)
basis set which has comparable accuracy to 6-31G** Gaussian
basis set.””

2.3. Biology

2.3.1. In vitro antiproliferative screening. The anti-
proliferative activity of the three thienylpicolinamidine deriva-
tives 4a-c was tested by the NCI (USA). The studied
picolinamidines were initially evaluated in a single dose (10 uM)
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assay and because they were promising, the picolinamidines
were examined in a five-dose screen study against the standard
NCI panel of 60 cancer cell lines. The cell viability or growth was
estimated adopting the previously published standard
methods.**

2.3.2. Cytotoxicity in normal cells: (MTT assay). The cyto-
toxic activity of picolinamidines 4a, 4b, and 4c¢ (0.5-100 pM)
against the growth of human normal fibroblasts (WI-38) was
investigated using the MTT assay as described elsewhere.”® The
cells, bovine serum, trypsin, and media were obtained from the
American Type Culture Collection (ATCC; Manassas, VA, USA).
The cells were incubated with the compounds for 48 h, then
MTT was added and further incubation for 4 h was performed.
DMSO was added to dissolve the formazan formed and the
optical density was measured at 570 nm. The data are expressed
as mean + SEM for two independent experiments.

2.3.3. Assessment of the expression of p53, caspase-3, cdk1
topoisomerase II, and txnrd1 by real time PCR. The HepG2 cells
were incubated with 4a, 4b, and 4c at the GI;, concentrations in
DMSO for 8 h. TRIzol reagent (Sigma, St. Louis, MO, USA) was
used for the total RNA extraction. Specific primers (Table S17)
for p53, cyclin-dependent kinase 1 (cdk1), caspase-3, topoisomerase
1I (topoll), thioredoxin reducatse 1 (txnrd1), were used in reverse
transcription (RT) and g-PCR. RT and q-PCR were performed as
described previously.** Glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) was used as a house-keeping gene. The
Maxima SYBR Green qPCR Master Mix was obtained from
Bioline (London, UK). Every sample (n = 3) was analyzed in
triplicate. The **Ct (cycle threshold, Ct) method was employed
to estimate the differences in gene expression between groups
after normalization against GAPDH of the same sample.** The
data were expressed as fold change as compared to the
untreated cells.

2.3.3.1. Effect of the new picolinamidine derivatives on p38
mitogen-activated protein kinase (MAPK) and topoisomerase II
(Topo II). The concentration of MAPK and Topo II was deter-
mined in HepG2 cells after treatment with doxorubicin and the
novel compounds (4a, 4b, and 4c¢) based on the sandwich ELISA
methods using kits from Invitrogen (Carlsbad, CA, USA) and
MyBioSource (San Diego, CA, USA), respectively.

2.3.3.2. Measurement of the active cleaved caspase 3 activity.
The activity of the cleaved caspase-3 was determined in HepG2
cells after incubation with the GI5, concentration of compounds
4a, 4b, and 4c for 12 hours has described elsewhere*® using kit
obtained from Abcam (UK).

3. Results and discussion

3.1. Chemistry

The preparation of the new thienylpicolinamidines 4a-c (Fig. 1)
begins with Suzuki coupling reaction of bromothienyl derivative
1" with the appropriate phenylboronic acid 2a-c to afford
thienylpicolinonitriles 3a—c. The new picolinonitriles 3a-c were
converted to the target thienylpicolinamidines 4a-c¢ by the
action of LiN(TMS),, followed by de-protection with hydrogen
chloride and subsequent neutralization with NaOH. Picolina-
midines hydrochloride salts were prepared by treatment of the

RSC Adv, 2020, 10, 41165-41176 | 41167
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(i)

4a-c

Fig.1 Synthesis scheme for the new thienylpicolinamidine derivatives. Reagents and conditions: (i) Pd(PPhs),, anhydrous K,COs, 1,4-dioxane; (ii)

(a) LIN(TMS),, (b) ethanol/HCI (gas).

proper free base of monoamidines with hydrogen chloride in
ethanol.

The structures of the new thienylpicolinonitriles 3a-¢ and
thienylpicolinamidine derivatives 4a-c were assigned based on
their spectral and elemental analyses. The IR spectra of all
mononitriles 3a-c confirmed the appearance of nitrile group in
each case with stretching vibrations values of 2228, 2225, and
2226 cm™*, respectively. Whereas, the IR spectra of all mono-
amidines indicated the disappearance of the nitrile group in
each case and displayed new peaks corresponding for N-H
stretching vibrations (v’ 3430, 3383 & 3274 cm ™' for compound
4a). "H NMR spectra of all monoamidines showed the charac-
teristic signals corresponding to the cationic amidine group
and were deuterium exchangeable. Thus, '"H NMR spectrum of
monocationic compound 4a showed two singlet signals at 6 9.39
(2H) and 9.59 (2H) referring to the cationic amidine group, the
presence of ABX system splitting pattern for three protons of
2,5-disubstituted pyridyl moiety, two doublet signals of thio-
phene ring coupling at ¢ 7.56 (1H), 7.92 (1H), in addition to
three signals; one singlet signal at 6 3.79 (1 x OCHj;), two
aromatic doublets at ¢ 7.02 & 7.67 ppm of AA'BB’ system cor-
responding to 4-methoxyphenyl moiety. The carbon skeleton of
compound 4a was confirmed by the presence of 15 carbon-lines
in its "*C NMR spectrum with two characteristic carbon signals
at ¢ 55.32 (for methoxy carbon), and 161.43 (for amidinic
carbon). Moreover, picolinamidine derivative 4a mass spectrum
gave a m/z peak at 309 referring to its molecular ion peak (M"),
and m/z peak at 292 corresponding for a fragment produced
from the loss a molecule of ammonia. The structure determi-
nation of monocationic compound 4c was confirmed by its 'H
NMR spectrum which displayed two singlets at 6 9.40 (2H, NH,)
&9.60 (2H, "NH,) characteristic for the amidinic group, splitting
pattern of 2,5-disubstituted pyridyl moiety confirmed by the
presence of ABX system (one doublet of doublet at 6 8.44, one
large doublet signal at ¢ 8.38, and small doublet signal at

41168 | RSC Adv, 2020, 10, 41165-41176

6 9.14), along with two doublet signals of thiophene ring at
6 7.70 (1H), 7.97 (1H), in addition to three singlet signals at
6 3.69 (1 x OCHj3), 3.86 (2 x OCHj3), 6.99 (2H) referring to 3,4,5-
trimethoxyphenyl moiety. The carbon skeleton of 4c was
confirmed by its *C NMR spectrum with three characteristic
carbon signals at 6 56.09 (carbon of para methoxy), 6 60.16
(carbons of two equivalent meta methoxy groups), and 161.37
(amidinic carbon). Mass fragmentation of picolinamidine
derivative 4¢ was inconsistent with the mass fragmentation of
its nicotinamidine analogue.** Compound 4c gave a m/z peak at
369 of its molecular ion peak (M'), m/z peak at 354 corre-
sponding for a fragment produced from the loss of a methyl
group, and m/z peak at 352 corresponding for a fragment
produced from the loss of a molecule of ammonia, in addition
to a fragment with m/z peak at 337 due to the loss of a methyl
group and a molecule of ammonia.

3.2. Computational studies

The difficulty to obtain a single crystal of the newly synthesized
cationic picolinamidine derivatives promoted us to carry out
quantum chemical calculation at DFT/B3LYP level to investigate
their structural, electronic and spectral properties.

3.2.1. Geometrical parameters. The DFT optimized struc-
tures of the cationic picolinamidine derivatives 4a-c with
numbered atoms were shown in Fig. S1.1 The DFT bond length
data were found to be longer than the corresponding X-ray re-
ported values by only 0.01-0.1 A (ref. 35-38) (Table S21) which
may have been attributed to the DFT calculations, a single
molecule in gaseous state was considered and so no intermo-
lecular coulombic interactions, while the X-ray obtained for
molecules in solid state interacting in crystal lattice.*

The dihedral angle data of the cationic picolinamidines 4a-c
showed that the pyridyl ring was titled on the thienyl moiety
plane by 3.00-4.50°, i.e. in 3-chloro-4-methoxyphenyl derivative

This journal is © The Royal Society of Chemistry 2020
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4b, S(5)-C(4)-C(7)-C(13) = 4.37° (Table S31). Moreover, the
amidinic group and pyridyl ring of 4-methoxyphenyl derivative
4a exhibited ~1.30° for C(14)-C(15)-C(18)-N(20) and C(14)-
C(15)-C(18)-N(19) while in 3-chloro-4-methoxyphenyl derivative
4b and 3,4,5-trimethoxyphenyl derivative 4c, these angles were
in 0.14-0.32° range. Furthermore, the data indicated that the
phenyl ring is more titled on thienyl moiety than pyridyl one
where the S(5)-C(1)-C(6)-C(8) is ~20.25° for compounds 4a and
4b while it reaches ~24.5° in compound 4c.

Both thienyl and phenyl rings bond angle data of the
investigated cationic picolinamidines almost coincided with
those obtained from X-ray single crystal of analogue
compounds.**** For example, cationic compound 4c data
showed that C(4)-S(5)-C(1), C(4)-C(3)-C(2) and C(9)-C(8)-C(6)
angles were 92.40, 113.94 and 121.15°, where their X-ray values
were 92.8, 112.6-113.4 and 119.9-120.0°,**7* respectively.
Meanwhile, the pyridyl ring exhibited a little deviation from the
X-ray values ranged from 0.47° to 2.67°. For instance, in case of
cationic compound 4a, the angles C(17)-N(16)-C(15) and C(17)-
C(7)-C(13) were 119.34 and 115.63° while the corresponding
reported values were 118.5 and 118.3-122.1°,*7°% respectively.
The cationic amidine bond angle H-N'-H and H-N-H were
~116.88 and 120.40°, respectively. Comparison with the corre-
sponding X-ray reported values indicated a difference by +3.81°
for both angles®® (Table S47).

3.2.2. Frontier molecular orbitals. Understanding the
chemical reactivity toward nucleophilic or electrophilic attack
depends mainly on HOMO and LUMO. Within a molecule, the
HOMO and LUMO demonstrate the capability to donate and
accept an electron,* respectively, and their energy explain the
ultimate charge transfer.***> Moreover, the HOMO-LUMO
energy gap decrease shows the ease of charge transfer interac-
tions, which may be responsible for the bioactivity of the

»

Fig. 2 The frontier molecular orbital of cationic picolinamidines 4a—c.

This journal is © The Royal Society of Chemistry 2020
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molecules.*® The 3D plots of frontier orbitals in the optimized
geometry denote the red color for positive phase and the green
one for the negative phase of wave function as shown in Fig. 2.*

As shown in Fig. 2, the thienyl ring is involved in HOMO and
LUMO orbitals formation in all derivatives. For example, thie-
nylpicolinamidine derivative 4a, its HOMO spread mainly over
the 4-methoxyphenyl moiety while LUMO orbital is on the pyr-
idyl ring and cationic amidine group. This behaviour was
observed in all other derivatives (4b and 4c). The methoxy group
and chloro substituents participate strongly in HOMO and
slightly in LUMO formation in all derivatives. Thus, it could be
concluded that the methoxy or chlorophenyl moieties serve as
electron donor sites while the amidinic group at pyridyl moiety
acts as electron acceptor. Accordingly, the HOMO-LUMO
charge transfer within the 4a-c derivatives may be expressed as
electrons migration from donor site, methoxy or chlorophenyl,
to acceptor site, positively charged amidinic group on pyridyl
moiety.

As shown in Table 1, the trisubstituted derivative 4c exhibi-
ted the lowest Eyomo —7.94 €V while the chloro derivative 4b
was the highest with —8.17 eV. Moreover, the Erymo data
showed that 4a and 4c have the same value, —5.89 eV; while 4b
was a bit higher —5.91 eV. Furthermore, the energy gap data,

Table 1 The HOMO-LUMO energies and chemical reactivity
descriptors (eV) of the investigated picolinamidines 4a—c

Compound HOMO LUMO AEy; X n 0 13}

4a —8.08 —5.89 2.19 6.99 1.09 0.91 22.30
4b —-8.17 —-5.91 2.27 7.04 113 0.88 21.87
4c —7.94 —5.89 2.05 6.92 1.03 098 23.33

RSC Adv, 2020, 10, 41165-41176 | 41169
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AEyomo-rumo, indicated that the trisubstituted derivative 4c,
2.05 eV, was the lowest while the disubstituted derivative 4b,
was the highest, 2.27 eV where the three investigated picolina-
midines ordered as 4c < 4a < 4b.

The Exomo and Epymo have been utilized for determining
electronegativity (x) to evaluate the Lewis acid character, global
hardness (1) and softness (6) as a measure of the charge transfer
resistance and the capacity of a molecule to receive electrons,
respectively (Table 1). In addition to electrophilicity (w) which is
a measure of energy lowering due to electron flow between
HOMO and LUMO*" where:

1
X = ) (Exomo + Erumo)

n=-3 (Enomo — Erumo)

1

6=

n
w=X
2n

The data showed that the hardest derivative was 4b while the
softest one was 4c¢, where according to softness, the three
investigated picolinamidines were ordered as 4b > 4a > 4c. The
Mulliken's charges (Table S5t) and Fukui's and relative nucle-
ophilicity indices (Table S61) were estimated and discussed in
details in the ESI section.

3.2.3. NMR spectra. The DFT/B3LYP calculated 'H and "*C-
NMR spectral data of the optimized structure for the investi-
gated compounds 4a-c were shown in Tables S7 and S8t in
comparison with their experimental data. The "H-NMR DFT
calculated thienyl protons at positions 3 and 4 were at ~8.24
and ~7.63 ppm, respectively, exhibiting very good agreement
with the experimental data with average differences 0.30 and
0.15 ppm where their experimental signals observed at ~7.94
and 7.64 ppm. In addition, the predicted pyridyl and phenyl
signals were observed in the ranges of 7.93-9.46 and
7.10-8.30 ppm, respectively, with average differences 0.21 and
0.38 ppm, respectively. The amidinic NH protons in the calcu-
lated spectra showed less agreement with the measured spectra
by 0.85-3.67 ppm difference which may be attributed to the
positive charge and small size of hydrogen atom, therefore their
chemical shifts would be more susceptible to intermolecular
interactions between the molecules and/or the solvent (Table
S7t).#¢ Excluding the NH's protons, examining the relation-
ship between experimental and calculated chemical shifts
showed a linear relationship expressed as gy, = 1.098 0cajed —
0.988 (Fig. 3) with regression coefficient (R*) 0.962 and root
mean square error (RMSE) 0.409.

On the other hand, the ">*C-NMR DFT calculated signals for
the amidinic carbon atom were observed at ~164.02 ppm while
its experimental were at ~161.37 ppm. The methoxy carbon
atom in all the derivatives was estimated at ~58.30 ppm
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Fig. 3 The linear regression between experimental and DFT calcu-
lated *H NMR chemical shifts of the investigated cationic picolinami-
dines 4a—c.

exhibiting average difference 1.89 ppm with the experimental
values (Table S81). The DFT calculation for the pyridyl and
phenyl carbons showed signals in the ranges of 126.73-148.78
and 102.64-167.13 ppm, respectively, exhibiting average
differences 4.58 and 5.89 ppm, respectively, where the experi-
mental signals observed for the former at 123.73-146.26 ppm
and for the latter at 103.17-159.54 ppm. Moreover, the calcu-
lated chemical shifts of thienyl carbons, 125.94-164.77 ppm,
displayed less agreement with experimental data, 125.58-
141.85 ppm, with average difference 10.34 ppm (Table S8%).
Examining the relationship between the experimental and
calculated chemical shifts showed a linear relationship
expressed as opyp, = 7.157 + 0.909 0caicq With regression coeffi-
cient (R*) 0.934 and root mean square error (RMSE) 6.791

(Fig. 4).
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Fig. 4 The linear regression between experimental and DFT calcu-
lated *C NMR chemical shifts of the investigated cationic picolina-
midines 4a-c.
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Table 2 In vitro percent growth inhibition of the new picolinamidines 4a—c at a single dose of 10 uM
Leukemia 4a 4b 4c Colon cancer 4a 4b 4c
CCRF-CEM —43.35 —48.98 89.10 COLO 205 —52.23 —56.05 NT
HL-60 (TB) —47.33 —48.71 —40.59 HCC-2998 —44.90 —43.85 87.93
K-562 —26.99 —29.78 94.42 HCT-116 —60.38 —65.49 99.05
MOLT-4 —53.72 —49.30 76.19 HCT-15 —-76.97 —77.39 78.61
RPMI-8226 —41.90 —45.37 NT HT29 —43.08 97.48 85.79
SR 99.71 —7.17 93.69 KM12 —73.71 —86.03 50.93
SW-620 —65.69 —79.80 70.82
3.3. Biology tested picolinamidines 4a-c against a panel of cancer cell lines

Three thienylpicolinamidine derivatives 4a-c were evaluated for
their in vitro antiproliferative activity against nine types of
cancer cell lines viz leukemia, prostate, non-small cell lung,
melanoma, colon, ovarian, CNS, renal, and breast cancer at the
NCI, USA. First, the chosen compounds were evaluated at an
initial high dose of 10 uM. Mean percent growth inhibition
(MPGI) of 4-methoxyphenyl derivative 4a (—28.84) and 3-chloro-
4-methoxyphenyl derivative 4b (—19.95) showed cytotoxic
activities. Whereas, 3,4,5-trimethoxyphenyl derivative 4c (52.58)
was cytostatic in action. The individual percent growth inhibi-
tion results for the initial screening of the three tested picoli-
namidines 4a-c against the most responsive two types of cancer
(13 cancer cell lines; six subtypes for leukemia and seven for
colon cancer) are presented in Table 2. The tested picolinami-
dines were highly active with compounds 4a and 4b eliciting
cytotoxic activity with GI% values ranging from —7.17 to
—86.03, and cytostatic activity with 99.71 inhibition for
compound 4a against SR leukemia cancer cell line and 97.48
inhibition for compound 4b against HT29 colon cancer cell line.
Whereas, compound 4c¢ showed mainly cytostatic activity
against all tested cell lines with inhibition activity ranging from
50.93 to 99.05, except for HL-60 (TB) for which 4c was cytotoxic
with GI% of —40.59.

According to the NCI protocol, the compounds showing high
antiproliferative activity in the initial screen, all test picolina-
midines herein, are to be subjected to a five dose screen for
determining their GIs, values. The individual GIs, values of the

Table 3 In vitro anti-proliferative activity of the new picolinamidines
4a—c against a panel of 60 cell lines at five dose level®?

Leukemia 4a 4b 4c Colon cancer 4a 4b 4c
CCRF-CEM 1.43 1.18 2.49 COLO 205 1.89 1.94 1.60
HL-60 (TB) 1.78 1.66 1.87 HCC-2998 1.82 1.86 2.00
K-562 1.09 0.90 1.39 HCT-116 1.62 1.82 1.47
MOLT-4 1.90 1.72 2.53 HCT-15 1.27 1.57 2.18
RPMI-8226 2.13 2.25 1.67 HT29 0.88 1.35 1.37
SR 0.34 0.58 2.48 KM12 1.81 1.81 2.78
SW-620 0.43 1.79 2.09

“ Data represent Gls, in UM against the tested cell lines. b This table
includes the data for the most two responsive types of cancer (for the
full data of the nine types of cancer, see Table S9 ESI).

This journal is © The Royal Society of Chemistry 2020

are presented in Table 3. Among the leukemia and colon cancer
cell lines, the most responsive two types tested in the five-dose
screen, SR and K-562 leukemia cancer cell lines, and SW-620
and HT29 colon cancer cell lines were the most responsive
cell lines. In specific, the most active compound was 4-
methoxyphenyl derivative 4a that showed a profound growth
deterring power with an GI5, of 0.34 pM against SR and 0.43 uM
against SW-620, with an LCs, of >100 pM and 4.98 pM,
respectively. Furthermore, picolinamidine 4a exhibited GIs, of
0.52 pM against NCI-H460 (non-small cell lung cancer). The 3-
chloro-4-methoxyphenyl derivative 4b comes second with GI5,
of 0.58 against SR and 0.90 uM against K-562 cell lines, with an
LC;, of >100 uM for both tested cancer cells. 3,4,5-Trimethox-
yphenyl derivative 4c exhibited GIs, ranging from 1.37 to 2.78
puM (for Leukemia and colon) and was the least active in the
initial screen among the three tested picolinamidines. Accord-
ing to the cut off set by the NCI at 10 puM, all the three picoli-
namidines are considered active antiproliferative agents against
the 60 cell lines (except compound 4c¢ against ovarian SK-OV-3
cell line).

These in vitro results reflect that while all three compounds
elicit potent GlIs, values against all tested cell lines at the low
micromolar to sub-micromolar level, the parent compound 4a
stands out for possessing LCs, at low micromolar concentration
against five of the seven examined colon cancer cell lines (COLO
205, HCC-2998, HCT-15, KM12, SW-620 with LCs, values of 8.13,
6.38, 5.71, 6.03, and 4.98 uM, respectively). On the other hand,
picolinamidine derivative 4c (possessing three methoxy groups
on the phenyl ring) demonstrated somewhat better LCs, values

Table 4 Median Glsg, TGl and LCsq (uM) of the new picolinamidines
4a—c against a panel of 60 cell lines at five dose level

MG-MID? 4a ab ac

GIL;," 1.62 1.73 2.39
TGI 3.31 3.54 6.16
LCso? 8.12 8.31 19.49

“ MG-MID = mean graph midpoint representing mean sensitivity of all
examined cell lines to the test compound. ? GI;, = compound
concentration causing 50% growth inhibition of tested cells. * TGI =
compound concentration causing 100% growth inhibition of tested
cells. LCs, = compound concentration causing 50% lethality of
tested cells.
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Table 5 In vitro cytotoxicity (ICsg in uM) of the new picolinamidines
4a—c against WI-38 and their selectivity index (SI)*

Compounds WI38 SI°
Dox 2.9 + 0.8° NA
4a 21.1 + 3.1° 13.0
ab 23.7 + 2.5° 13.7
4c 51.3 + 9.0 21.5

“ The viability of the cells was measured after 48 h of incubation with
different concentrations of the investigated compounds by MTT assay.
The dose-response curves from as the mean of two parallel
experiments were used to determine the ICsy; three wells were
assigned for every concentration. Doxorubicin (Dox) was used as
a positive control. The data are presented as mean + SEM.
b significant toxicity as compared to the untreated cells. °©SI:
selectivity index = WI-38 ICso/median GlI;.

in both leukemia and colon cancer (HL-60, RPMI-8226, COLO
205, HCC-2998 and HCT-116 with LCs, values of 9.44, 9.40, 6.66,
7.61, and 5.60 uM, respectively). Finally, the m-chloro substi-
tution at the phenyl ring exemplified by analogue 4b led to
relatively similar growth inhibition profile to that displayed by
the parent derivative 4a, yet it led the compound to have much
higher LC;, values against all the tested cell lines with the
exception of KM12 and SW-620 colon cancer cell lines.

Table 4 presents the median values of GI5,, TGI and LCs, for
the investigated picolinamidine compounds 4a-c. Compound
4a was the most active compound giving median GI5, values at
1.62 pM. Trimethoxyphenyl derivative 4¢ was the least potent
growth inhibitor (GIs, and TGI values of 2.39 and 6.16 puM,
respectively), moreover, it was the least cytotoxic (LCs, of 19.49
uM). The HOMO and LUMO, highest occupied and the lowest
unoccupied molecular orbitals, have significant role in under-
standing the chemical reactivity of the molecule to electronic
transport and the establishment of biological activity with
intramolecular charge transfer. Moreover, the decrease in the
HOMO-LUMO energy gap indicates the ease of charge transfer
interactions within the molecule, which may be responsible for
the bioactivity of the molecules.***** Linking biology data with
AEyomo-rumo Vvalues herein this manuscript, AEyomo-rumo
indicated that the trimethoxy derivative 4c, 2.05 eV, is the lowest
while the chloro-methoxy derivative 4b, is the highest, 2.27 eV
where the three investigated picolinamidines were ordered as
4c < 4a < 4b. Whereas, the median GI;,'s were ordered as 4¢ < 4b
< 4a, therefore, the previous model is valid for compounds 4a
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and 4b, but not for 4c¢. This finding suggests that the biological
activity could not be correlated to a single factor but it is the
interplay between different factors e.g. lipophilicity, interaction
with nuclear factors and DNA, fitting to different key growth
factors and modulators, ability to induce apoptosis, and others.

The ability of the investigated cationic picolinamidines 4a-c
to discriminate between cancer cell and normal cells is one of
the essential goals in the anticancer drug development. There-
fore, selectivity index (SI) was determined for the three picoli-
namidines and ranged from 13.0 to 21.5 fold (Table 5). The
most selective compound was 4c¢ (SI = 21.5). These results
support the safety of these picolinamidine derivatives and their
selectivity against cancer cells.

3.3.1. The effect of new thienylpicolinamidine derivatives
on the expression of key cell cycle and apoptosis genes. The
main pathways through which the potential anticancer agents
exert their antiproliferative activity include the cell cycle arrest
and induction of apoptosis. These molecular mechanisms were
investigated in the current study by studying the effect of the
thienylpicolinamidines on some essential genes (p53, caspase 3,
cdki, topoll and txnrd1) in the cell cycle and apoptosis in HepG2
cells. HepGz2 cells are highly differentiated and display many of
the genotypic features of normal liver cells. They also express all
the previous genes in good amounts. The HepG2 cells were
treated with the picolinamidine compounds (4a, 4b, and 4c), as
well as doxorubicin, and the expression of the five genes was
assessed. Doxorubicin caused significant elevations in p53 and
effector caspase 3. Similar effects were reported for doxorubicin
in previous studies.*”** It also caused a significant down-
regulation in the expression of cdki, topoll and txnrdl in
agreement with previous publications.** No picolinamidine
derivative significantly affected the expression of p53 or txnrd1.
Compounds 4b and 4c downregulated the expression of cdk1
and topoll but compound 4c was superior in the magnitude of
downregulation (~70%) compared to the ~50% inhibition
caused by 4b. In addition, 4c elevated the expression of the
effector or executioner caspase 3. With the exception of its
downregulation of cdki, compound 4a was devoid of any
significant effect on the other genes investigated (Table 6).

p53 (the guardian of the genome) is mutated in more than
50% of human cancer types.® It is the main regulator of cell
cycle progression and apoptosis. When DNA is damaged, p53
expression increases arresting the cell cycle at the G1/S check-
point, induces the DNA repair mechanisms, or initiates
apoptosis if the damage is severe® but apparently, none of the

Table 6 Effect of picolinamidine derivatives 4a—c (100 nM) on the expression of p53, cdkl, caspase 3 and topoll in HepG2 after 8 h incubation

Treatment p53 cdk1 caspase 3 topoll txnrd1

Fold induction from untreated cells

DOX 3.14 £+ 0.81¢ 0.31 £ 0.09“ 4.17 £+ 0.91¢ 0.47 £ 0.08¢ 0.47 £ 0.10%
4a 1.19 £ 0.43 0.37 & 0.04° 1.57 £ 0.76 1.23 £ 0.05 1.32 £ 0.14

1b 1.03 £ 0.08 0.51 + 0.15% 1.85 £ 0.11 0.57 4+ 0.08% 1.29 £ 0.13

4c 1.18 £ 0.10 0.30 & 0.04° 3.37 &+ 0.25¢ 0.27 & 0.02¢ 1.07 £ 0.12

“ Significant difference (p < 0.05) as compared to untreated cells. The data are expressed as mean + SEM for two independent experiments.
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Fig. 5 The effect of the picolinamidine derivatives 4a—c on (A) topoisomerase Il (Topo Il) concentration, (B) cleaved caspase 3 activity, and (C)
MAPK concentration in HepG2 cells. Each compound has been assigned three wells and the experiment was performed twice. Data are
expressed as mean + SEM. *Significant change compared to untreated cells.

tested picolinamidines acts through this gene. Apoptosis
usually occurs through intrinsic or extrinsic pathways. In both
pathways caspase 3 is the main execution enzyme.*

Cdk1 controls the cell cycle progression to S phase.>* The
downregulation of cdkl by test compounds 4a, 4b, and 4c

This journal is © The Royal Society of Chemistry 2020

suggests the cell cycle arrest. Therefore, we believe that these
picolinamidines directly acted on the cdkl gene without
affecting p53, but this assumption needs further investigation.
Thioredoxin reductase (Txnrd1) is the only known enzyme that
reduces thioredoxin.*® The role of thioredoxin is very essential
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for the structure and activity of proteins, cell growth, and
survival. Thioredoxin is responsible for the reduction of
proteins and formation of the disulfide bridges. Therefore, this
enzyme is upregulated in many types of cancer.*® Inhibition of
txnrd1 leads to cell death.”” Unfortunately, none of the tested
picolinamidines significantly inhibited the expression of this
gene.

3.3.2. Inhibitory activity of the new thienylpicolinamidines
on p38 mitogen-activated protein kinase (MAPK), topoisomer-
ase II (Topo II), and cleaved caspase 3 activity. The HepG2 cells
were treated with the investigated picolinamidines 4a-c at the
ICs, concentrations for 8 hours. A four parameter logistic curve-
fit was used for constructing the standard curve. The complexity
of post-transcription processing of the mRNA and translation of
proteins is responsible for the lack of a linear correlation
between gene expression and protein expression. Many proteins
are secreted as non-functional proteins that need further pro-
cessing or activation; caspase 3 exists as inactive procaspase 3.
Therefore, measuring the activity of the cleaved caspase 3 is the
best indication of occurrence of apoptosis. None of the tested
picolinamidines affected the activity of the cleaved active cas-
pase 3 although 4c elevated the expression of the gene but the
~60% increase in the enzyme activity caused by 4c¢ did not
achieve statistical significance (Fig. 5). Compounds 4b and 4c in
addition to doxorubicin were able to significantly downregulate
the concentration of Topo II protein in consistence with their
effects on the gene and again 4c¢ was superior to 4b in this effect.
In a similar scenario, all compounds investigated caused
a significant reduction in the concentration of MAPK protein
(Fig. 5). Many kinases including MAP kinases are involved in
cell proliferation, gene expression, and apoptosis. Therefore,
these enzymes become the targets for many anticancer agents.
Sorafenib, an approved FDA anticancer agent, is a MAPK
inhibitor.”® Topo II induces the double stranded breaks of DNA
and therefore prevents the DNA tangling. This enzyme is
essential for the DNA replication and cell division.** Nowadays,
many potential anticancer agents are investigated as inhibitors
of Topo I1.*° The selected reference drug in the current study,
doxorubicin is known to arrest the cell cycle and block Topo I,
which is the proposed mechanism of action of the new thie-
nylpicolinamidines described in this study.

4. Conclusions

The frontier molecular orbitals of the new thienylpicolinami-
dines 4a-c, the energy gap data, AFyomo-Lumo, indicated that
the trimethoxy derivative 4c, is the lowest while the chloro-
methoxy derivative 4b, is the highest, where the three investi-
gated picolinamidines were ordered as 4c < 4a < 4b. The
comparison of DFT calculated NMR spectral data with the
experimental data showed a good agreement. The in vitro anti-
proliferative data of compounds 4a-c revealed that the
leukemia and colon cancer were the most responsive types of
the nine types tested. Picolinamidines 4a and 4b exhibited
mainly cytotoxic activity, whereas compound 4c displayed
mainly cytostatic activity against leukemia and colon cancer
cells. The most active compound was 4-methoxyphenyl

4174 | RSC Adv, 2020, 10, 41165-41176

View Article Online

Paper

derivative 4a that showed potent antiproliferative activity with
GI5, values of 0.34 pM, 0.43 uM and 0.88 pM against SR, SW-620
and HT29, respectively. 3,4,5-Trimethoxyphenyl derivative 4c
was less toxic than the other two derivatives. The three
compounds were more selective towards the cancer cells while
safer to the normal fibroblasts. The tested picolinamidines
downregulated the expression of key genes in the cell cycle, cdk1
and topoll, but did not affect the expression of p53 or txnrd1.
Compounds 4b and 4c caused a significant reduction in the
concentrations of Topo II and MAPK proteins. Taken together,
these promising anticancer candidates are effective at very low
concentrations, safe to normal cells and most probably work
through arresting the cell cycle and therefore, they deserve
further investigations as potential targeted small anticancer
molecules.
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