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Abstract

Many studies have been carried out to find synthetic pathways to nicotinonitriles (3-cyanopyridines) and their analogs, which has
resulted in a substantial amount of knowledge on their biological, therapeutic, and medical characteristics. Some of nicotinonitrile
derivatives have emerged as marketed drugs such as bosutinib, milrinone, neratinib, and olprinone. In this review, we discuss the
recently synthesized nicotinonitrile-based hybrids that possess important biological activity and will be useful for drug discovery and
development.
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1.Introduction

A diversified and highly functionalized nitrogen-
containing heterocyclic compounds are core structural units in
several natural products and synthetic drugs. These natural
products and synthetic molecules possess tremendous
applications in drug discovery and are valuable functional
materials [1-3]. The pyridine ring system is one of the most
common N-heteroaromatics found in a variety of physiologically
active chemicals. It is also present in numerous natural
compounds such as nicotinic acid, nicotinamide, and vitamin B6,
all of which play important roles in metabolism. The 3-
cyanopyridine 1 (nicotinonitrile) nucleus (Fig. 1) has attracted
considerable attention recently due to its emergence as a
derivative with diverse pharmacological activity, particularly in
the medicinal field. Furthermore, 3-cyanopyridine can be fused
with several functional groups forming fused cyanopyridines that
was proved to have a broad spectrum of pharmacological activity
[1]. Several 3-cyano-2-substituted pyridine hybrids were
synthesized and shown to have various biological activities such
as antioxidant activity [2], anti-inflammatory activity [3],
antiproliferative activity [4], antibacterial activity [5],
acetylcholinesterase inhibitors [6], anti-tubulin activity [7], a
bronchodilator [8] and Al adenosine receptor antagonists [9].
Many drugs containing nicotinonitrile derivatives are available
on the market, such as milrinone and olprinone (Fig. 1). This
review article highlights the recently synthesized nicotinonitrile
hybrids that possess important biological, therapeutic, and
medicinal properties.

Milrinone (Cardiotonic) Olprinone (Cardiotonic)

Figure 1. Structure of nicotinonitrile (1) and marketed
nicotinonitrile-based drugs

2.Biological activity of Nicotinonitrile hybrids

Nicotinonitrile and their conjugates have been shown to play a
critical function in a variety of biological processes in addition to
their pharmacological and chemical significance. We summarize
some of their potential activity:

2.1. Nicotinonitrile hybrids as antioxidant agents

In the body, free radicals of different types are continuously made
for a specific metabolic need and then must get rid of them by an
effective antioxidant network. When the production of free
radicals exceeds the levels of antioxidant mechanisms this may
lead to damage of cells, proteins, and other genetic materials,
such as DNA. This can cause oxidative damage to tissues and
organs, leading to many health problems. In the end, their effects
cause severe long-term health issues, primarily degenerative
diseases.

Huda R. M. et al. synthesized a series of nicotinonitrile
derivatives, including compound 2 (Fig. 2) demonstrating
superior antioxidant activity than ascorbic acid measured by the
DPPH (2,2-diphenyl-1-picryl-hydrazyl-hydrate) radical
scavenging method. The cyano group linked to the pyridine ring
might have a unique capacity to scavenge reactive oxygen
species, protecting cells from DNA damage [2].

In another study, Moustafa A. Gouda et al. colleagues
synthesized compounds 3, 4, and 5 (Fig. 2) having a 3-cyano-
pyridine moiety and showed that nicotinonitrile moiety has
antioxidant activity and is more effective than ascorbic acid as
measured by an in vitro ABTS (2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) radical scavenging assay
[10].

Likewise, nicotinonitrile derivatives bearing a furan moiety were
synthesized and evaluated for their antioxidant activity and
protection of DNA damage. The data revealed that compounds 6,
7 and 8 (Fig. 2) showed promising in vitro antioxidant activities
using ABTS method. Compound 8 is the highest protective
activity against DNA damage induced by the bleomycin iron
complex [11].

The incorporation of substituted 3-cyanopyridine into
phenothiazine derivatives is another strategy to get optimum
antioxidant activity and showed that compounds 9 and 10 have
good ABTS radical scavenging activity [12] (Fig. 2).

Figure 2. Structure of nicotinonitrile hybrids (2-10) showing
antioxidant activities

2.2. Nicotinonitrile hybrids as anti-inflammatory agents

Nonsteroidal anti-inflammatory drugs act by inhibiting the
activity of cyclooxygenase enzymes involved in the synthesis of
prostaglandins, which play a role in inflammation. Medicinal
chemists have developed many nicotinonitrile conjugates with
potent anti-inflammatory activity.

J. Adv. Biomed. & Pharm. Sci.



Hisham et al. 3

The compounds 11a, 11b, and 12 were tested in vivo for their
anti-inflammatory activity. The findings revealed that the S-alkyl
derivative of 3-cyano-2-substituted pyridine 11a and N-alkyl
derivative 11b were more effective than the reference
indomethacin and relatively close to celecoxib in the degree of
edema inhibition after 1, 2, and 3 hours. The anti-inflammatory
effect of S-alkyl derivative 12 against edema was impressive
(Fig. 3) [3].

Compared to nimesulide's activity (47.31% inhibition of paw
edema), 3-cyano-2-pyridone derivative 13 exhibited comparable
selective anti-inflammatory efficacy (46.90% inhibition of paw
edema) against the cyclooxygenase-2 enzyme (Fig. 3) [13] .
Based on the structural features and binding sites of the COX-2
active site, Ved Prakash and colleagues designed a series of
pyridone/pyridine-based building blocks and a series of
polymethylene-containing heterocyclic compounds. Compound
14 inhibited up to 13.7 percent after 180 minutes, while the
reference drug (nimesulide) inhibited up to 9.1 percent after the
same time(Fig. 3) [14].

S.R. Shahinda et al. developed a series of 4,6-diaryl-3-
cyanopyridin-2-ones and tested their COX-2 inhibition and anti-
inflammatory  properties.  Compounds  combining  4-
methanesulfonylaminophenyl at C-6 of the pyridine ring and
either 4-chorophenyl 15 or thienyl 16 at C-4 of the pyridine ring
had better anti-inflammatory activity than celecoxib (edema
inhibition percent 60 after 3 hours) (Fig. 3) [15].
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Figure 3. Structure of nicotinonitrile hybrids (11-16) exhibiting
anti-inflammatory activities

2.3. Nicotinonitrile hybrids as antiproliferative agents

Cancer is still a rampant disease, and the malignant conditions
associated with it motivate researchers to develop various
targeted molecules. Various research efforts have been made to
investigate the anticancer effects of different modified lead
compounds. Nicotinonitrile hybrids have been shown to have
anticancer activity through several mechanisms.

2.3.1. Nicotinonitrile hybrids as aurora kinase inhibitors and
tubulin polymerization inhibitors

Aurora kinases are a group of highly conserved serine/threonine
protein kinases [16] that have been linked to a variety of mitotic
processes [17]. In humans, Aurora Kkinases have three
homologs: Aurora A (A2k) and Aurora B kinase (A1k) that are
found in all cells, whereas Aurora C kinase (A3k) is exclusively
found in testes [18]. Aurora A and Aurora B kinase are promising
cancer treatment targets. In clinical studies, certain Aurora kinase
inhibitors have shown to be effective against a variety of tumor
form [19].

The introduction of various substituted phenoxyethylamino or
pyridyloxyethylamino groups into the 2- position of 3-cyano-4-
methyl-6-(5-methyl-3-pyrazoloamino)-pyridine created a new
class of dual inhibitor of Aurora kinase and tubulin
polymerization. Compound 17 demonstrated remarkable protein
kinase selectivity for Aurora A and B kinases by blocking
phosphorylation of Serl0 of histone H3. Furthermore, it
inhibited tubulin polymerization in vitro, had good cell
membrane permeability, and had a favorable PK profile. It
reduced the growth of HCT116 cells with an ICs, value of
0.001 puM (Fig. 4) [20].
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Figure 4. Structure of nicotinonitrile hybrid (17) as aurora kinase
inhibitors and tubulin polymerization inhibitors

2.3.2. Nicotinonitrile hybrids as EGFR tyrosine Kinase
inhibitors

The epidermal growth factor receptor (EGFR/ErbB-1) and the
associated human epidermal growth factor receptor-2 (ErbB-
2/Her-2) are transmembrane growth factor receptor protein
tyrosine kinases (PTKSs) that regulate cell growth, differentiation,
mitosis, and apoptosis [21]. Overexpression of these receptors
has been observed in a number of malignancies, including breast,
ovarian, colon, and non-small cell lung cancer (NSCLC) and has
been associated with poor prognosis for patients [22].

Yongjun Mao and coworkers designed and synthesized 4-
anilino-3-cyano-5-vinyl/ethynyl/phenyl pyridine derivatives and
selectively tested them for EGFR and ErbB-2 kinases as well as
growth inhibition of A-549 and HL60 cells. The results showed
that compound 18 exhibited excellent EGFR inhibition with an
ICso value of 0.6 uM (Fig. 5) [23].
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Figure 5. Structure of nicotinonitrile hybrid (18) as EGFR
tyrosine kinase inhibitor

2.3.3. Nicotinonitrile hybrids as VEGFR-2 tyrosine kinase
inhibitors

Vascular endothelial growth factor receptors (VEGFR) have been
identified as an excellent target for curative agents in the
development of anticancer drugs [24]. VEGFR-2 is a class V
tyrosine kinase receptor (RTK) that is triggered by specific
binding of the extracellular regulatory domain of VEGFR-2 in
both endothelial and various tumor cells. When VEGFR-2 is
stimulated, autophosphorylation occurs activating signaling
pathways that lead to endothelial cell proliferation and tumor
angiogenesis that promote tumor development [25].

The synthesized 3-cyanopyridine-sulfonamide hybrids were
tested in vitro against 60 lines of human cancer cells and their
enzyme inhibitory activity toward vascular endothelial growth
factor receptor 2 was measured. Compound 19 showed potent
anticancer activity with Glso values of 1.06-8.92 uM against most
of the cancer cell lines tested. Moreover, VEGFR-2 was
effectively inhibited by compound 19 with a lower ICsq value of
3.6 uM compared to sorafenib (ICso= 4.8 uM) (Fig. 6) [26].
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Figure 6. Structure of nicotinonitrile hybrid (19) as VEGFR-2
tyrosine kinase inhibitor

2.3.4. Nicotinonitrile hybrids as PIM-1 kinase inhibitors

PIM Kinases (provirus integration in Maloney) are significantly
expressed in a variety of hematologic and solid malignancies.
PIM Kinases, also called protooncogenes, modulate a network of
signaling pathways important for cancer and growth, making
them promise therapeutic targets [27]. PIM -1 regulates the cell

cycle by phosphorylating Cdc25 phosphatases and cell cycle
inhibitors [28, 29]. It also enhances Cdc25A-mediated cell
transformation by phosphorylating and activating the
phosphatase Cdc25A [30], which enhances the transformation of
cells from G1 to S phase. PIM -1 is also associated with the
development of drug resistance. Its expression has been found to
be increased in cancer cell lines resistant to mitoxantrone and
docetaxel [31, 32].

Khaled M. Abouzid research group synthesized a series of 2-
amino-cyanopyridines and 2-oxo-cyanopyridines targeting PIM-
1 kinase. Among the synthesized compounds, compound 21
showed potent antiproliferative activity with high PIM-1 kinase
activity (ICsp value of 0.94 uM). Moreover, apoptosis studies
were performed for compound 20 to evaluate the proapoptotic
potential of synthetized compounds. The results showed that
compound 20 increased the level of active caspase 3 by 5.6-fold
compared to the control. It also increased the Bax/Bcl2 ratio by
22704-fold compared to the control (Fig. 7) [33].

Several 4,6-diaryl-3-cyano-2-pyridones were synthesized and
evaluated for their cytotoxic activities against HepG2 and THLE-
2 cell lines. Compound 21 was found to be more cytotoxic as it
had the lowest ICsq value of 7.26 compared to 5- FU (IC50 = 6.98
KM). It had a 76.76% effect on cell proliferation. Moreover, it
significantly stimulated apoptotic death of liver cancer cells by
49.78-fold (22.90% compared to 0.46% in control) by arresting
the cell cycle Pre G1 in 35.16% of a cell population, compared to
1.57% in control. Moreover, it confirmed the intrinsic apoptosis
of P53 overexpression with suppression of anti-apoptotic genes
by PIM-1 inhibition (Fig. 7) [34].

Magda M.F. Ismail et al. developed 2-amino-6-(4-
(benzyloxy)phenyl)-4-(4-(dimethylamino)phenyl)nicotinonitrile
22, which is considered the most potent inhibitor of proliferation
of PC-3 and HepG-2 cancer cell lines with I1Cs values of 2.04
MM (selectivity index; SI = 78.63) and 3.73 uM (selectivity
index; SI = 43.00), respectively among other compounds. In
addition, it is the most potent PIM-1 kinase inhibitor with an 1Cso
of 0.47 uM compared to the ICso of the reference compound 5-
fluorouracile of 3.98 uM, and it induces G2/M cell cycle arrest
(Fig. 7) [35].

In a recent study, two unique series of 6-(4-benzamido-/4-
phthalimido)-3-cyanopyridine derivatives were designed and
prepared as PIM-1 kinase inhibitors. These hits inhibited PIM -1
kinase 76.43 to 53.33 percent. Compounds 23 and 24 with rigid
side chains (4-phthalimidophenyl) were the most potent sub-
micromolar inhibitors of PIM-1 kinase activity (ICso= 0.76 and
0.63 UM, respectively) (Fig. 7) [36]

2.3.5. Nicotinonitrile hybrids as dual
kinase/HDAC inhibitors

acting PIM-1

Multitarget or smart hybrids with two or more pharmacophores
targeting cancer [37, 38] are one of the most promising
approaches in this field. Histone deacetylases Inhibitors
(HDACISs) launched in recent years are considered as a potential
therapeutic strategy against cancer.

Histone deacetylases (HDACs) are specialized enzymes that
control chromatin remodeling. Currently, 18 HDAC genes are
known to be involved in chromatin remodeling. HDACIs alter
both histone and non-histone proteins, decrease cancer cell
invasion, sensitize cancer cells to chemotherapy, promote
apoptosis and immunogenicity [39]. In this scenario, suppression
of HDAC activity (HDAC-1 and HDAC-2) altered chromatin
occupancy of chromatin remodeling proteins during the DNA
repair process [40].
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Abuo-Rahma research group took advantage of this strategy and
synthesized compounds that could be dual PIM-1/HDAC
inhibitor hybrids by using 3-cyanopyridines as a cap moiety
linked to an aliphatic linker bearing a hydroxamic acid moiety.
Hybrids 25, 26, 27, and 28 showed higher inhibitory activity
against HeLa cell nuclear extract, HDAC 1 and 6 isozymes and
exhibited strong PIM-1 inhibitory activity, especially compound
26 (ICso 343.87 = 16.6 nM), which was equipotent to the
reference drug quercetin (ICsp 353.76 + 17.1 nM). Hybrid 26 also
showed obvious apoptosis-inducing potential in MCF-7 cell
lines, causing apoptosis before G1 phase and cell cycle arrest in
G2/M phase (Fig. 8) [41].

2
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0" o S
20 21 22
1C5y=0.94 tM 1C5y=7.26 pM

1C5y=0.76 uM IC5y=0.63 uM

Figure 7. Structures of nicotinonitrile hybrids (20-24) as PIM-1
kinase inhibitors

25; n=1, 26; n=3, 27; n=4, 28; n=5

Figure 8. Structures of nicotinonitrile hybrids (25-28) as dual
acting PIM-1 kinase/HDAC inhibitors

2.3.6. Nicotinonitrile hybrids as dual
kinase/VEGFR-2 inhibitors

acting PIM-1

The combination of PIM kinase inhibitors with anti-VEGF
therapy results in a synergistic antitumor response and a decrease
in the frequency of hypoxia-mediated resistance, consistent with
vascular responses to both drugs. This technique was used by
Ola H. Rizk et al. to develop a series of 3-cyanopyridine
derivatives. The results showed that compound 29 had greater
anticancer potential than doxorubicin against all cell lines tested,
especially HepG-2 with promising SI value. Mechanistic
studies also showed that compound 29 induced caspase 3/7 and
disrupted DNA more than doxorubicin. As shown by VEGFR-2
inhibition assay, compound 29 has about the same effect as
quercetin (ICso = 5.22 pM). The PIM-1 kinase inhibition assay
showed that it was more effective than quercetin (ICs = 9.23
MM). Real-time PCR assays showed that compound 29 had
greater therapeutic potential than doxorubicin to alter VEGF,
p53, and cyclin D levels (Fig. 9) [42].

IC5¢=5.22 pM (VEGFR-2 Inhibition)
I1C59=9.23 uM (PIM -1 kinase inhibition )

Figure 9. Structure of nicotinonitrile hybrid (29) as dual
acting PIM-1 kinase/VEGFR-2 inhibitior

2.3.7. Nicotinonitrile hybrids as Mpsl (TTK) Kkinase
inhibitors

Monopolar spindle 1 (Mpsl), also known as TTK, is a dual-
specificity kinase with an essential role for the spindle assembly
checkpoint [43-47] that prevents cell cycle progression from
metaphase to anaphase when chromosomes are not properly
attached to the mitotic spindle. Increased mRNA and protein
levels of Mpsl are observed in human cancer cells [48-50], thus
selective inhibition of Mps1 should be a potential strategy for the
development of cancer therapeutics.

In a recent study, an aminopyridine-based lead compound 30 that
binds to a reverse peptide conformation in the Mps1 hinge region
was used. Further development of the aminopyridine scaffold at
the 2- and 6-positions led to the discovery of compound 31 that
showed no significant inhibition for 287 kinases, whereas it
enhanced cellular Mpsl and antiproliferative activity in A549
lung carcinoma cells (cellular Mpsl ICso = 5.3 nM, A549 ICso =
26 nM). A strong correlation between cellular Mpsl and
antiproliferative 1Cso values indicated that the antiproliferative
activity found in A549 cells could be responsible for Mpsl

inhibition (Fig. 10) [51].
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Figure 10. Structure of nicotinonitrile hybrids (30-31) as
Mps1 (TTK) kinase inhibitors

2.3.8. Nicotinonitrile hybrids as P38a MAPK inhibitors

Breast cancer is the second leading cause of death in women and
the most diagnosed disease [52]. Mitogen-activated protein
kinases (MAPKS) are phosphorylating serine/threonine kinases
that control signal transduction pathways and are involved in cell
growth, differentiation, apoptosis, and transcription [53, 54].
There are four subfamilies of the MAP -kinase family: c-jun N-
terminal or stress-activated protein kinases (JNK/SAPK),
extracellular signal-regulated kinases (ERKSs), ERK /big MAP
kinase 1 (BMK1), and p38 protein kinases. The family of p38
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protein kinases includes four isoforms (p38a, p38pB, p38y and
p383) [55-57].

The p38a subtype is the best and first characterized isoform that
plays an important role in cancer. High p38a levels have been
associated with poor prognosis and highly invasive breast cancer.
P38a is phosphorylated in approximately 20% of breast cancers
and its selective activation occurs in intraductal grade breast
tumors Il or Ill, also its downregulation elicits antitumor
responses [58, 59]. In addition, the development of p38a
inhibitors has been declared as a potential therapeutic option for
the treatment of ER negative breast cancer [60].
Nicotinonitrile-benzofuran hybrid 32 showed the best
antiproliferative activities with an I1Csq value of 1.18 uM against
MCF -7, better than lapatinib as a reference standard (ICso= 4.69
pM). When inhibitory potency against p38a MAPK was
examined, compound 32 was found to exhibit significant activity
as a p38a MAP kinase inhibitor (ICso = 0.040 pM). Therefore, it
can be concluded that the cytotoxic activity of compound 32 was
due to the suppression of the target enzyme. Compound 32
induced preG1 apoptosis and cell growth arrest in G2/M phase,
preventing the mitotic cycle. It also activated caspase 7, which
implements apoptosis (Fig. 11) [61].

32
IC5o= 0.040 uM

Figure 11. Structure of nicotinonitrile hybrid (32)
as P38a MAPK inhibitor

2.3.9. Nicotinonitrile hybrids as potent phosphoinositide 3-
kinase delta (PI3K9) inhibitors

Phosphoinositide 3-kinases (PI13Ks) are an important family of
lipid kinases that play important regulatory roles in numerous
cellular processes [62]. Based on structural differences and lipid
substrate specificity, the PI3K family is generally divided into
three distinct classes (including class I, 11, and 111), with class |
PI3Ks further subdivided into IA and IB subgroups. There are
three isoforms (PI3Ka, PI3Kp, and PI3K9) in the class IA, which
are heterodimers each containing a catalytic p110 subunit
(p110a, p110B, and p1109, respectively) and a regulatory p85
subunit, whereas only one isoform of PI3Ky is in the class IB that
consists of a catalytic p1 10y and a regulatory p101 subunit [63].
Of these four PI3K isoforms, PI3Kd has been shown to be
predominantly expressed in B cells, where it catalyzes the
phosphorylation of phosphatidylinositol-4,5-biphosphate to
phosphatidylinositol-3,4,5-triphosphate and transports B cell
receptor (BCR) signaling downstream, making PI3Kd an
essential signaling molecule for B cell proliferation,
development, and survival [64]. Therefore, inhibition of PI3K§ is
considered  therapeutically  beneficial for hematologic
malignancies such as chronic lymphocytic leukemia (CLL),

follicular lymphoma (FL), and indolent
lymphoma (iNHL) [65].

A series of 6-aryl-substituted 4-pyrrolidinaminoquinazoline
derivatives were developed and evaluated as potent PI3K3
inhibitors. Among the synthesized derivatives, compound 33
showed equipotent PI3K3 inhibition comparable to an ICsg value
of 2.7 nM of reference drug Idelalisib. In addition, compound 33
exhibited beneficial PI3K$ isoform selectivity against PI3Ka,
PI3KpB, and PI3Ky and displayed distinct antiproliferation
profiles against four human B cell lines of Ramos, Raji, RPMI-
8226, and SU-DHL-6 [66]. In another research report, Minhang
Xin and co-workers synthesized a series of 4-(piperid-3-
yl)amino-substituted 6-pyridylquinazoline derivatives and found
that compounds 34 and 35 exhibited significantly potent PI3K4
inhibitory activities with ICsp values of 1.3 and 0.7 nM,
respectively, which was equivalent or better than idelalisib (1Cso
= 1.2 nM) (Fig. 12) [67].
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Figure 12. Structure of nicotinonitrile hybrids (33-35)
as PI3K$ inhibitors

2.3.10. Nicotinonitrile hybrids as potential selective FGFR4
inhibitors

Fibroblast growth factors (FGFs) signaling through FGF
receptors (FGFRs) regulate basic developmental pathways and
control events such as mesoderm patterning in the early embryo
to the development of various organ systems [69]. FGF signaling
extends to many physiological functions in the adult organism,
including regulation of angiogenesis and wound healing. FGFRs
are expressed on many different cell types and regulate important
cell behaviors such as proliferation, differentiation, and survival,
making FGF signaling vulnerable to subversion by cancer cells.
There is compelling evidence for deregulated FGF signaling in
the pathogenesis of many cancers arising from different tissue
types. Impaired FGF signaling may promote tumor development
by directly driving proliferation and survival of cancer cells and
supporting tumor angiogenesis.

Compounds 36a-f belonging to the 7-formyl naphthyridyl urea
derivative 36, were synthesized, and studied as FGFR4 kinase
inhibitors. These compounds showed the strongest inhibitory
effect on FGFR4 kinase and FGFRA4 high-expressing tumor cells
and possessed high selectivity toward FGFR4 over other kinases
(Fig. 13).
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Figure 13. Structure of nicotinonitrile hybrids (36a-f)
as FGFR4 inhibitors

2.3.11. Nicotinonitrile hybrids as survivin inhibitors and
apoptosis inducers

The anti-apoptotic protein (survivin) belongs to the family of
apoptosis inhibitors and is expressed almost exclusively in cancer
cells during the G2/M phases of the cell cycle, whereas it is
absent in most normal differentiated adult tissues. It promotes
cancer cell survival by suppressing caspase-mediated apoptosis
[70-74]. Overexpression of survivin is positively associated with
cancer cell resistance to chemotherapy and poor patient
prognosis. Therefore, survivin is considered one of the most
important targets for the development of candidates with
promising anticancer activity [75, 76]. Searching the literature for
chemical scaffolds effective as survival inhibitors, it was found
that 2-oxo-3-cyanopyridine derivative | exhibited significant
anti-survivin activity [77]. Therefore, due to the remarkable
anticancer activity against a variety of cell lines, great interest has
been aroused in 3-cyanopyridine scaffolds [75-78].

Compounds 37-40 showed significant cytotoxic activities against
three cancer cell lines: PC -3, HepG2 and MDA-MB -231 and
were more effective than the reference drug 5- FU. Interestingly,
they decreased Bcl-2 level by 1.9-3.8-fold and increased Bax
level by 6.1-8.8-fold compared to control. They also increased
the level of active caspase-3 by 7.1-8.5-fold compared with
control. Further studies on the mechanism of action of most
active compound 37, revealed that it caused cell cycle arrest in
G2/M phase and an increase in the percentage of pre-G1l
apoptotic cells. In addition, Western blotting was performed with
different concentrations of 37. The results showed that 37
significantly suppressed the expression of survivin in PC -3 cells
and caused a decrease in the ratio of caspase-7/cleaved caspase-
7 and Bcl-2/Bax and an increase in cleaved PARP (Fig. 14) [79].

Figue 14. Structure of nicotinonitrile hybrids (37-40) as survivin
inhibitors and apoptosis inducers

2.4. Nicotinonitrile hybrids as antibacterial agents

Cyanopyridine derivatives are well-known for their antimicrobial
activity against Gram-negative and Gram-positive bacteria [80,
81]. Magda M. F. Ismail and colleagues synthesized a series of
cyanopyridines and fused cyanopyridines and evaluated their
antibacterial activity (minimum inhibitory concentration [MIC])
against Escherichia coli, Staphylococcus aureus, and methicillin-
resistant Staphylococcus aureus (MRSA) in vitro, using
amoxicillin and trimethoprim/sulfamethoxazole (TMP/SMX) as
reference standards. It is worth noting that compounds 41, 42,
and 43 demonstrated maximum antibacterial activity, suggesting
that they might form a new class of antibacterial agents.
According to the activity data, several test compounds exhibited
the most promising broad-spectrum antibacterial properties [5].
Furthermore, the nicotinonitrile-coumarin hybrids were tested in
vitro against three Gram-negative (Escherichia coli, Klebsiella
pneumonia, and Pseudomonas aeruginosa) and two Gram-
positive (Staphylococcus aureus and Streptococcus mutans)
bacteria strains. Using ciprofloxacin as a reference drug, the
values of inhibition zones and MIC were used to assess the
strength of their antibacterial activity [82, 83]. When compared
to ciprofloxacin, the nicotinonitrile-coumarin derivative 44
showed the most potent antibacterial properties, with MIC values
0f 1.9, 3.9, 3.9, 3.9 and 7.8 pug/mL against Klebsiella pneumonia,
Escherichia coli, Pseudomonas aeruginosa, Streptococcus
mutans, and Staphylococcus aureus bacterial strains,
respectively. Compound 45 also showed significant antibacterial
activity against the investigated bacterial strains (MIC values =
3.9-15.6 pg/mL) (Fig. 15) [84].

When compared to ciprofloxacin, 2-((4-(Benzo[d][1,3]dioxol-5-
yl)-3-cyano-6-(thiophen-2-yl)pyridin-2-yl)thio)acetamide 46
had the lowest MIC/MBC values of 4.8/9.6, 4.8/9.6, and 9.6/19.7
MM against Staphylococcus aureus, Escherichia coli, and
Streptococcus mutans, respectively. Compound 46 also showed
superior biofilm inhibition activity compared to ciprofloxacin,
with ICs values ranging from 5.2 to 7.3 uM against S. aureus, S.
mutans, and E. coli bacterial strains (Fig. 15) [85].

Pyridine derivatives containing p-dimethylaminophenyl and p-
bromophenyl moieties at positions 4 and 6 were synthesized and
the findings revealed that compound 47 had the highest activity
against Gram-negative bacteria (Escherichia coli) and moderate
activity against Gram-positive bacteria (Staphylococcus aureus)
(Fig. 15) [86].
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The antibacterial activity of the synthesized 1,2,3-triazole-linked
nicotinonitriles 48 was investigated, and compounds 48a and 48b
had the highest activity against Gram-positive bacteria S. aureus
with MIC= 17.6 and 16.8 g/mL, respectively. Compound 49 also
had the best activity against Gram-negative bacteria Escherichia
coli with MIC of 9.6 g/mL(Fig. 15) [87].

The antibacterial activity of a series of [1,2,4]triazolo[4,3-
aJquinoxaline-nicotinonitrile hybrids was studied against a
number of pathogenic organisms. Compound 50 having
unsubstituted para-phenyl on the nicotinonitrile moiety showed
broad antibacterial activity against most Gram-positive and

Gram-negative strains with MIC= 3.9 pg/mL (Fig. 15) [88].
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Figure 15. Structure of nicotinonitrile hybrids (41-50) showing
antibacterial activities

2.5. Nicotinonitrile hybrids as acetylcholinesterase inhibitors

The gradual loss of cholinergic neurons in brain regions involved
in cognitive activities provides strong evidence in Alzheimer's
disease. The initial hypothesis that targets the serine hydrolase
acetylcholinesterase (AChE) is one of the most promising
treatments for Alzheimer's disease (AD) [89].

Series of nicotinonitrile-coumarin hybrid molecules [6] bearing
arene moieties and linked via thioethers were synthesized and
evaluated for their capability as potential acetylcholinesterase
inhibitors using the Ellman method [90]. Compound 51 showed
more potent inhibitory activity than the reference donepezil with
ICs0 of 13 nM. Compound 52, linked to the 6-(4-chlorophenyl)
group was the second in inhibitory strength toward the AChE
enzyme and showed ICsp of 25 nM compared with donepezil
(ICso = 14 nm) [6]. Compound 53, linked to 6-(4-nitrophenyl)
group, exhibited more activity than donepezil with an inhibition
percentage of 94.1. The second in AChE inhibitory strength was
compound 54, bearing 6-(4-chlorophenyl) moiety with an
inhibition percentage of 72.3 (Fig. 16) [91].

51 0" o

Figure 16. Structure of nicotinonitrile hybrids (51-54) as
acetylcholinesterase inhibitors

2.6. Nicotinonitrile hybrids as a bronchodilators

The nicotinonitrile ring system appears to be an attractive
bioactive scaffold for developing bronchodilator agents. The
bronchodilation properties of synthesized nicotinonitrile-
containing compounds were evaluated using isolated guinea pig
tracheal rings pre-contracted with the histamine standard
technique [92, 93]. Compound 55 (ICs= 3.28 pM) is
approximately threefold more potent than theophylline (ICso=
11.57 uM). Additionally, compound 56 exhibits promising
activity (ICsp = 5.34 uM, approximately twofold that of the
standard reference, theophylline) (Fig. 17) [8].

Figure 17. Structure of nicotinonitrile hybrids (55-56)
as bronchodilators

2.7. Nicotinonitrile hybrids as Al adenosine receptor
antagonists

Endogenous nucleoside Adenosine plays a role in many human
physiological processes by binding to particular receptors in the
body. It is well known that G protein-coupled receptor (GPCR)
superfamily includes adenosine receptors (ARs) [94]. The
genetic structure and tissue distribution of four distinct AR
subtypes have been found: A1, A2A, A2B, and A3 [94].

AlAR is extensively expressed in the central nervous system and
peripheral tissue, where it exerts protective effects against brain
and kidney ischemia. It was reported that, A1LAR antagonists
effectively treat Alzheimer's disease (AD), heart disease, and
renal disease [95-97].

As determined by radioligand binding experiments, the binding
affinities (pKi) of compound 57 were 100 times greater for the
AlAR (pKi = 6.68 mol/L) than for the A2AAR. Additionally,
compound 58 was discovered to have a 1000-fold higher affinity
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for A1AR (pKi = 7.13 mol/L) than for A2AAR (pKi < 4 mol/L)
(Fig. 18) [9].
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Figure 18. Structure of nicotinonitrile hybrids (57-58)
as A1AR antagonists

3. Conclusion

Nicotinonitriles (3-Cyano-2-substituted pyridines) is considered
a spirited scaffold in medicinal chemistry for synthesizing
different hybrids with variable biological activities. Additionally,
it may inspire medicinal chemists in discovering and effective
therapies by modifying the structure of existing drugs.
Specifically, we focused on nicotinonoitrile (3-Cyanopyridine)
candidates that are appealing and have potential activity for
various disorders. A study of the structure-activity connections of
this moiety and the mechanisms of action and in vivo
investigations of these compounds would be required in future
research. Consequently, it is possible that additional encouraging
findings may be obtained, leading to the adoption of a currently
effective lead compound against various types of illnesses.

4. References

[1]Bass A, Abdelhafez E, El-Zoghbi M, Mohamed M, Badr M, Abuo-
Rahma GE-D. 3-Cyano-2-oxa-pyridines: a promising template for
diverse pharmacological activities. Journal of advanced Biomedical and
Pharmaceutical Sciences. 2021;4(2):81-6. ‘doi:
10.21608/jabps.2020.52641.1113

[2]Rashdan H, Nasr SM, El-Refai HA, Abdel-Aziz MSJJAPS. A Novel
Approach of Potent Antioxidant and Antimicrobial Agents Containing
Coumarin Moiety Accompanied with Cytotoxicity Studies on the Newly
Synthesized Derivatives. J Appl Pharm Sci. 2017;7:186-96. 'doi:
10.7324/japs.2017.70727

[3]Ghattas A-E-BAG, Khodairy A, Moustafa HM, Hussein BRM,
Farghaly MM, Aboelez MO. Synthesis, in vitro Antibacterial and in vivo
Anti-Inflammatory Activity of Some New Pyridines. Pharm Chem J.
2017;51(8):652-60. ‘doi: 10.1007/s11094-017-1670-8

[4]Abdel-Aziz HM, Gomha SM, El-Sayed AA, Mabkhot YN, Alsayari
A, Muhsinah AB. Facile synthesis and antiproliferative activity of new
3-cyanopyridines. BMC Chem. 2019;13(1):137. 'doi: 10.1186/s13065-
019-0652-1

[5]Ismail MMF, Farrag AM, El-Nasser AM. Synthesis, In Silico Study
and Antibacterial Evaluation of New Cyanopyridine Based Scaffold.
Polycycl Aromat Compd. 2021:1-17. ‘doi:
10.1080/10406638.2021.2019800

[6]Sanad SMH, Mekky AEM. Novel nicotinonitrile-coumarin hybrids
as potential acetylcholinesterase inhibitors: design, synthesis, in vitro
and in silico studies. J lran Chem Soc. 2020;18(1):213-24. 'doi:
10.1007/s13738-020-02018-6

[7]Liu J, Zuo D, Jing T, Guo M, Xing L, Zhang W, et al. Synthesis,
biological evaluation and molecular modeling of imidazo[1,2-a]pyridine
derivatives as potent antitubulin agents. Bioorg Med Chem.
2017;25(15):4088-99. 'doi: 10.1016/j.bmc.2017.05.057

[8]Soliman EA, Panda SS, Aziz MN, Shalaby EM, Mishriky N, Asaad
FM, et al. Synthesis, molecular modeling studies and bronchodilation
properties of nicotinonitrile containing-compounds. Eur J Med Chem.
2017;138:920-31. 'doi: 10.1016/j.ejmech.2017.07.025

[9]Wei Y, Wang M, Li Y, Hong Z, Li D, Lin J. Identification of new
potent Al adenosine receptor antagonists using a multistage virtual
screening approach. Eur J Med Chem. 2020;187:111936. 'doi:
10.1016/j.ejmech.2019.111936

[10]Gouda MA, Berghot MA, Abd El-Ghani GE, Khalil AE-GM.
Synthesis and Antioxidant Evaluation of Some Nicotinonitriles. J
Heterocycl Chem. 2016;53(4):1241-50. 'doi: 10.1002/jhet.2414
[11]Gouda MA, Abd El-Ggani GE, Berghot MA, Khalil AEGM.
Synthesis and Antioxidant Activity of Some Novel Nicotinonitrile
Derivatives Bearing a Furan Moiety. J Heterocycl Chem.
2019;56(7):2036-45. 'doi: 10.1002/jhet.3584

[12]Hamama WS, Gouda MA, Kamal El-din HA, Zoorob HH.
Highlights on the synthesis of novel phenothiazine-based azines scaffold
as antioxidant agents. J Heterocycl Chem. 2019;57(1):257-67. 'doi:
10.1002/jhet.3771

[13]Rai SK, Singh P, Khanam S, Tewari AK. Polymorphic study and
anti-inflammatory activity of a 3-cyano-2-pyridone based flexible
model. New J Chem. 2016;40(6):5577-87. 'doi: 10.1039/c5nj03683f
[14]Singh VP, Dowarah J, Marak BN, Sran BS, Tewari AK. Study of
the structure-bioactivity of fleximers: synthesis, crystal structure,
Hirshfeld surface analysis, and anti-inflammatory assays. J Mol Struct.
2021;1239:130513. 'doi: 10.1016/j.molstruc.2021.130513

[15]Alsayed SS, Elshemy HA, Abdelgawad MA, Abdel-Latif MS,
Abdellatif KR. Design, synthesis and biological screening of some novel
celecoxib and etoricoxib analogs with promising COX-2 selectivity,
anti-inflammatory activity and gastric safety profile. Bioorg Chem.
2017;70:173-83. 'doi: 10.1016/j.bioorg.2016.12.008

[16]Glover DM, Leibowitz MH, McLean DA, Parry H. Mutations in
aurora prevent centrosome separation leading to the formation of
monopolar spindles. Cell. 1995;81(1):95-105. 'doi: 10.1016/0092-
8674(95)90374-7

[17]Fu J, Bian M, Jiang Q, Zhang C. Roles of Aurora kinases in mitosis
and tumorigenesis. Mol Cancer Res. 2007;5(1):1-10. ‘doi:
10.1158/1541-7786.MCR-06-0208

[18]Lin YW, Chang HC, Chou YH, Chen RS, Hsu WC, Wu WS, et al.
DYT1 mutation in a cohort of Taiwanese primary dystonias.
Parkinsonism Relat Disord. 2006;12(1):15-9. 'doi:
10.1016/j.parkreldis.2005.08.002

[19]Pollard JR, Mortimore M. Discovery and development of aurora
kinase inhibitors as anticancer agents. J Med Chem. 2009;52(9):2629-
51. 'doi: 10.1021/jm8012129

[20]Morioka M. 3-Cyano-6-(5-methyl-3-pyrazoloamino) pyridines (Part
2): A dual inhibitor of Aurora kinase and tubulin polymerization. Bioorg
Med Chem Lett. 2016;26(24):5860-2. 'doi: 10.1016/j.bmcl.2016.11.020
[21]Supuran CT, Scozzafava A. Protein tyrosine kinase inhibitors as
anticancer agents. Expert Opinion on Therapeutic Patents.
2005;14(1):35-53. 'doi: 10.1517/13543776.14.1.35

[22]Olayioye MA, Neve RM, Lane HA, Hynes NE. The ErbB signaling
network: receptor heterodimerization in development and cancer.
EMBO J. 2000;19(13):3159-67. 'doi: 10.1093/emb0j/19.13.3159
[23]Mao Y, Zhu W, Kong X, Wang Z, Xie H, Ding J, et al. Design,
synthesis and biological evaluation of novel pyrimidine, 3-
cyanopyridine and m-amino-N-phenylbenzamide based monocyclic
EGFR tyrosine kinase inhibitors. Bioorg Med Chem. 2013;21(11):3090-
104. 'doi: 10.1016/j.bmc.2013.03.053

[24]Takahashi H, Shibuya M. The vascular endothelial growth factor
(VEGF)/VEGF receptor system and its role under physiological and
pathological conditions. J Clinical science. 2005;109(3):227-41. 'doi:
[25]Strawn LM, McMahon G, App H, Schreck R, Kuchler WR, Longhi
MP, et al. Flk-1 as a target for tumor growth inhibition. J Cancer
Research. 1996;56(15):3540-5. 'doi:

[26]Ahmed MF, Santali EY. Discovery of pyridine- sulfonamide hybrids
as a new scaffold for the development of potential VEGFR-2 inhibitors
and apoptosis inducers. Bioorg Chem. 2021;111:104842. '‘doi:
10.1016/j.bioorg.2021.104842

[27]Le BT, Kumarasiri M, Adams JR, Yu M, Milne R, Sykes MJ, et al.
Targeting Pim kinases for cancer treatment: opportunities and

J. Adv. Biomed. & Pharm. Sci.



10
challenges. Future  Med  Chem.  2015;7(1):35-53.  'doi:
10.4155/fmc.14.145

[28]An N, Kraft AS, Kang Y. Abnormal hematopoietic phenotypes in
Pim kinase triple knockout mice. J Hematol Oncol. 2013;6(1):12. 'doi:
10.1186/1756-8722-6-12

[29]Domen J, van der Lugt NM, Acton D, Laird PW, Linders K, Berns
A. Pim-1 levels determine the size of early B lymphoid compartments in
bone marrow. J Exp Med. 1993;178(5):1665-73. ‘'doi:
10.1084/jem.178.5.1665

[30]Mochizuki T, Kitanaka C, Noguchi K, Muramatsu T, Asai A,
Kuchino Y. Physical and functional interactions between Pim-1 kinase
and Cdc25A phosphatase. Implications for the Pim-1-mediated
activation of the c¢-Myc signaling pathway. J Biol Chem.
1999;274(26):18659-66. 'doi: 10.1074/jbc.274.26.18659

[31]Xie Y, Xu K, Linn DE, Yang X, Guo Z, Shimelis H, et al. The 44-
kDa Pim-1 kinase phosphorylates BCRP/ABCG2 and thereby promotes
its multimerization and drug-resistant activity in human prostate cancer
cells. J Biol Chem. 2008;283(6):3349-56. 'doi:
10.1074/jbc.M707773200

[32]Li J, Hu XF, Loveland BE, Xing PX. Pim-1 expression and
monoclonal antibody targeting in human leukemia cell lines. Exp
Hematol. 2009;37(11):1284-94. 'doi: 10.1016/j.exphem.2009.08.002
[33]Abouzid KAM, Al-Ansary GH, EI-Naggar AM. Eco-friendly
synthesis of novel cyanopyridine derivatives and their anticancer and
PIM-1 kinase inhibitory activities. Eur J Med Chem. 2017;134:357-65.
'doi: 10.1016/j.ejmech.2017.04.024

[34]Boraei ATA, Eltamany EH, Ali IAl, Gebriel SM, Nafie MS.
Synthesis of new substituted pyridine derivatives as potent anti-liver
cancer agents through apoptosis induction: In vitro, in vivo, and in silico
integrated approaches. Bioorg Chem. 2021;111:104877. ‘doi:
10.1016/j.bioorg.2021.104877

[35]Ismail MMF, Farrag AM, Harras MF, lbrahim MH, Mehany ABM.
Apoptosis: A target for anticancer therapy with novel cyanopyridines.
Bioorg Chem. 2020;94:103481. 'doi: 10.1016/j.bioorg.2019.103481
[36]Farrag AM, lbrahim MH, Mehany ABM, Ismail MMF. New
cyanopyridine-based scaffold as PIM-1 inhibitors and apoptotic
inducers: Synthesis and SARs study. Bioorg Chem. 2020;105:104378.
‘doi: 10.1016/j.bioorg.2020.104378

[37]Fu RG, Sun Y, Sheng WB, Liao DF. Designing multi-targeted
agents: An emerging anticancer drug discovery paradigm. Eur J Med
Chem. 2017;136:195-211. 'doi: 10.1016/j.ejmech.2017.05.016
[38]Bass AKA, El-Zoghbi MS, Nageeb EM, Mohamed MFA, Badr M,
Abuo-Rahma GEA. Comprehensive review for anticancer hybridized
multitargeting HDAC inhibitors. Eur J Med Chem. 2021;209:112904.
‘doi: 10.1016/j.ejmech.2020.112904

[39]West AC, Johnstone RW. New and emerging HDAC inhibitors for
cancer treatment. J Clin Invest. 2014;124(1):30-9. 'doi:
10.1172/JC169738

[40]Tharkar-Promod S, Johnson DP, Bennett SE, Dennis EM,
Banowsky BG, Jones SS, et al. HDACL,2 inhibition and doxorubicin
impair Mrel1-dependent DNA repair and DISC to override BCR-ABL1-
driven DSB repair in Philadelphia chromosome-positive B-cell
precursor acute lymphoblastic leukemia. Leukemia. 2018;32(1):49-60.
‘doi: 10.1038/leu.2017.174

[41]Bass AKA, Nageeb EM, El-Zoghbi MS, Mohamed MFA, Badr M,
Abuo-Rahma GEA. Utilization of cyanopyridine in design and synthesis
of first-in-class anticancer dual acting PIM-1 kinase/HDAC inhibitors.
Bioorg Chem. 2022;119:105564. 'doi: 10.1016/j.bioorg.2021.105564
[42]Rizk OH, Teleb M, Abu-Serie MM, Shaaban OG. Dual VEGFR-
2/PIM-1 kinase inhibition towards surmounting the resistance to
antiangiogenic agents via hybrid pyridine and thienopyridine-based
scaffolds: Design, synthesis and biological evaluation. Bioorg Chem.
2019;92:103189. 'doi: 10.1016/j.bioorg.2019.103189

[43]Fisk HA, Mattison CP, Winey M. Human Mps1 protein kinase is
required for centrosome duplication and normal mitotic progression.
Proc Natl Acad Sci U S A. 2003;100(25):14875-80. ‘'doi:
10.1073/pnas.2434156100

[44]Stucke VM, Sillje HH, Arnaud L, Nigg EA. Human Mps1 kinase is
required for the spindle assembly checkpoint but not for centrosome
duplication. EMBO J. 2002;21(7):1723-32. 'doi:
10.1093/emboj/21.7.1723

Hisham et al.

[45]Abrieu A, Magnaghi-Jaulin L, Kahana JA, Peter M, Castro A,
Vigneron S, et al. Mpsl Is a Kinetochore-Associated Kinase Essential
for the Vertebrate Mitotic Checkpoint. Cell. 2001;106(1):83-93. 'doi:
10.1016/s0092-8674(01)00410-x

[46]Lauze E, Stoelcker B, Luca FC, Weiss E, Schutz AR, Winey M.
Yeast spindle pole body duplication gene MPS1 encodes an essential
dual specificity protein kinase. EMBO J. 1995;14(8):1655-63. 'doi:
10.1002/j.1460-2075.1995.tb07154.x

[47]Mills GB, Schmandt R, McGill M, Amendola A, Hill M, Jacobs K,
et al. Expression of TTK, a novel human protein kinase, is associated
with cell proliferation. J Biol Chem. 1992;267(22):16000-6. 'doi:
10.1016/s0021-9258(19)49633-6

[48]Kikuchi T, Daigo Y, Katagiri T, Tsunoda T, Okada K, Kakiuchi S,
et al. Expression profiles of non-small cell lung cancers on cDNA
microarrays: identification of genes for prediction of lymph-node
metastasis and sensitivity to anti-cancer drugs. Oncogene.
2003;22(14):2192-205. 'doi: 10.1038/sj.0nc.1206288
[49]Saito-Hisaminato A, Katagiri T, Kakiuchi S, Nakamura T, Tsunoda
T, Nakamura Y. Genome-wide profiling of gene expression in 29 normal
human tissues with a cDNA microarray. DNA Res. 2002;9(2):35-45.
‘doi: 10.1093/dnares/9.2.35

[50]Daniel J, Coulter J, Woo JH, Wilsbach K, Gabrielson E. High levels
of the Mps1 checkpoint protein are protective of aneuploidy in breast
cancer cells. Proc Natl Acad Sci U S A. 2011;108(13):5384-9. 'doi:
10.1073/pnas.1007645108

[51]Kusakabe K, Ide N, Daigo Y, Itoh T, Yamamoto T, Kojima E, et al.
A unique hinge binder of extremely selective aminopyridine-based
Mpsl (TTK) kinase inhibitors with cellular activity. Bioorg Med Chem.
2015;23(9):2247-60. 'doi: 10.1016/j.bmc.2015.02.042

[52]Siegel RL, Miller KD, Jemal A. Cancer statistics, 2018. CA Cancer
J Clin. 2018;68(1):7-30. 'doi: 10.3322/caac.21442

53. Koul HK, Pal M, Koul S. Role of p38 MAP Kinase Signal
Transduction in Solid Tumors. Genes Cancer. 2013;4(9-10):342-59.
'doi: 10.1177/1947601913507951

54. Sebolt-Leopold JS. Development of anticancer drugs targeting
the MAP Kkinase pathway. Oncogene. 2000;19(56):6594-9. 'doi:
10.1038/sj.0nc.1204083

55. Enslen H, Brancho DM, Davis RJ. Molecular determinants
that mediate selective activation of p38 MAP kinase isoforms. EMBO J.
2000;19(6):1301-11. 'doi: 10.1093/emb0j/19.6.1301

56. Astolfi A, Iraci N, Sabatini S, Barreca ML, Cecchetti V.
p38alpha MAPK and Type | Inhibitors: Binding Site Analysis and Use
of Target Ensembles in Virtual Screening. Molecules.
2015;20(9):15842-61. 'doi: 10.3390/molecules200915842

57. Lenassi M, Plemenitas A. The role of p38 MAP kinase in
cancer cell apoptosis. Radiology and Oncology. 2006;40(1).

58. Fu Y, O'Connor LM, Shepherd TG, Nachtigal MW. The p38
MAPK inhibitor, PD169316, inhibits transforming growth factor beta-
induced Smad signaling in human ovarian cancer cells. Biochem
Biophys Res Commun. 2003;310(2):391-7. 'doi:
10.1016/j.bbrc.2003.09.021

59. Chen L, Mayer JA, Krisko TI, Speers CW, Wang T,
Hilsenbeck SG, et al. Inhibition of the p38 kinase suppresses the
proliferation of human ER-negative breast cancer cells. Cancer Res.
2009;69(23):8853-61. 'doi: 10.1158/0008-5472.CAN-09-1636

60. Dyrager C, Mollers LN, Kjall LK, Alao JP, Diner P, Wallner
FK, et al. Design, synthesis, and biological evaluation of chromone-
based p38 MAP kinase inhibitors. J Med Chem. 2011;54(20):7427-31.
'doi: 10.1021/jm200818j

61. Abdelhafez OM, Ahmed EY, Abdel Latif NA, Arafa RK, Abd
Elmageed ZY, Ali HI. Design and molecular modeling of novel
P38alpha MAPK inhibitors targeting breast cancer, synthesized from
oxygen heterocyclic natural compounds. Bioorg Med Chem.
2019;27(7):1308-19. ‘doi: 10.1016/j.bmc.2019.02.027

62. Liu P, Cheng H, Roberts TM, Zhao JJ. Targeting the
phosphoinositide 3-kinase pathway in cancer. Nat Rev Drug Discov.
2009;8(8):627-44. 'doi: 10.1038/nrd2926

63. Wei M, Wang X, Song Z, Jiao M, Ding J, Meng LH, et al.
Targeting PI3Kdelta: emerging therapy for chronic lymphocytic
leukemia and beyond. Med Res Rev. 2015;35(4):720-52. 'doi:
10.1002/med.21341

J. Adv. Biomed. & Pharm. Sci.



Hisham et al. 11

64. Davids MS, Brown JR. Targeting the B cell receptor pathway
in chronic lymphocytic leukemia. Leuk Lymphoma. 2012;53(12):2362-
70. 'doi: 10.3109/10428194.2012.695781

65. Fruman DA, Rommel C. PI3K3 Inhibitors in Cancer:
Rationale and Serendipity Merge in the Clinic. Cancer Discovery.
2011;1(7):562-72. 'doi: 10.1158/2159-8290.CD-11-0249 %J Cancer
Discovery

66. Xin M, Duan W, Feng Y, Hei YY, Zhang H, Shen Y, et al.
Novel 6-aryl substituted 4-pyrrolidineaminoquinazoline derivatives as
potent phosphoinositide 3-kinase delta (PI3Kdelta) inhibitors. Bioorg
Med Chem. 2018;26(8):2028-40. 'doi: 10.1016/j.bmc.2018.03.002

67. Feng Y, Duan W, Fan S, Zhang H, Zhang SQ, Xin M.
Synthesis and biological evaluation of 4-(piperid-3-yl)amino substituted
6-pyridylquinazolines as potent PI3Kdelta inhibitors. Bioorg Med
Chem. 2019;27(19):115035. 'doi: 10.1016/j.bmc.2019.07.051

68. Kimelman D, Kirschner M. Synergistic induction of
mesoderm by FGF and TGF-beta and the identification of an mRNA
coding for FGF in the early Xenopus embryo. Cell. 1987;51(5):869-77.
'doi: 10.1016/0092-8674(87)90110-3

69. De Moerlooze L, Spencer-Dene B, Revest JM, Hajihosseini
M, Rosewell I, Dickson C. An important role for the Illb isoform of
fibroblast growth factor receptor 2 (FGFR2) in mesenchymal-epithelial
signalling during mouse organogenesis. Development.
2000;127(3):483-92. 'doi: 10.1242/dev.127.3.483

70. Abadi AH, lbrahim TM, Abouzid KM, Lehmann J, Tinsley
HN, Gary BD, et al. Design, synthesis and biological evaluation of novel
pyridine derivatives as anticancer agents and phosphodiesterase 3

inhibitors.  Bioorg Med Chem. 2009;17(16):5974-82. 'doi:
10.1016/j.bmc.2009.06.063
71. Adisetiyo H, Liang M, Liao CP, Aycock-Williams A, Cohen

MB, Xu S, et al. Loss of survivin in the prostate epithelium impedes
carcinogenesis in a mouse model of prostate adenocarcinoma. PLoS
One. 2013;8(7):€69484. 'doi: 10.1371/journal.pone.0069484

72. Chettiar SN, Cooley JV, Park IH, Bhasin D, Chakravarti A, Li
PK, et al. Design, synthesis and biological studies of survivin
dimerization modulators that prolong mitotic cycle. Bioorg Med Chem
Lett. 2013;23(19):5429-33. 'doi: 10.1016/j.omcl.2013.07.034

73. Xiao M, Li W. Recent Advances on Small-Molecule Survivin
Inhibitors.  Curr Med Chem. 2015;22(9):1136 - 46. ‘'doi:
10.2174/0929867322666150114102146

74. Cheung CH, Chen HH, Kuo CC, Chang CY, Coumar MS,
Hsieh HP, et al. Survivin counteracts the therapeutic effect of
microtubule de-stabilizers by stabilizing tubulin polymers. Mol Cancer.
2009;8(1):43. 'doi: 10.1186/1476-4598-8-43

[75]Liu X, Gao R, Dong Y, Gao L, Zhao Y, Zhao L, et al. Survivin gene
silencing sensitizes prostate cancer cells to selenium growth inhibition.
BMC Cancer. 2010;10(1):418. 'doi: 10.1186/1471-2407-10-418
[76]Wang Q, Arnst KE, Xue Y, Lei ZN, Ma D, Chen ZS, et al. Synthesis
and biological evaluation of indole-based UC-112 analogs as potent and
selective survivin inhibitors. Eur J Med Chem. 2018;149:211-24. 'doi:
10.1016/j.ejmech.2018.02.045

[77]1Abd Elhameid MK, Ryad N, Al-Shorbagy MY, Mohammed MR,
Ismail MM, El Meligie S. Design, Synthesis and Screening of 4,6-Diaryl
Pyridine and Pyrimidine Derivatives as Potential Cytotoxic Molecules.
Chem Pharm Bull (Tokyo). 2018;66(10):939-52. 'doi: 10.1248/cpb.c18-
00269

[78]Abbas I, Gomha S, Elaasser M, Bauomi M. Synthesis and biological
evaluation of new pyridines containing imidazole moiety as
antimicrobial and anticancer agents. Turk J Chem. 2015;39(2):334-46.
‘doi: 10.3906/kim-1410-25

[79]Sabour R, Harras MF, Mehany ABM. Design, synthesis,
cytotoxicity screening and molecular docking of new 3-cyanopyridines
as survivin inhibitors and apoptosis inducers. Bioorg Chem.
2020;94:103358. 'doi: 10.1016/j.bioorg.2019.103358

[80]Liao S, Shang S, Shen M, Rao X, Si H, Song J, et al. One-pot
synthesis and antimicrobial evaluation of novel 3-cyanopyridine
derivatives of (-)-beta-pinene. Bioorg Med Chem Lett. 2016;26(6):1512-
5. 'doi: 10.1016/j.bmcl.2016.02.024

[81]Dangar V, Borkhataria K, Shah V. Synthesis, Characterization and
Antimicrobial Activity of Cyanopyridine Derivatives with Vanillin. J
International Journal of Pharma Sciences. 2014;5(2):20-4. 'doi:

[82]Goldfeder Y, Zaknoon F, Mor A. Experimental conditions that
enhance potency of an antibacterial oligo-acyl-lysyl. Antimicrob Agents
Chemother. 2010;54(6):2590-5. 'doi: 10.1128/AAC.01656-09
[83]Paudel B, Bhattarai HD, Lee JS, Hong SG, Shin HW, Yim JH.
Antibacterial potential of Antarctic lichens against human pathogenic
Gram-positive bacteria. Phytother Res. 2008;22(9):1269-71. 'doi:
10.1002/ptr.2445

[84]Sanad SMH, Mekky AEM. Synthesis, in-vitro antibacterial and
anticancer screening of novel nicotinonitrile-coumarin hybrids utilizing
piperazine citrate. Synthetic Communications. 2020;50(10):1468-85.
'doi: 10.1080/00397911.2020.1743318

[85]Sanad SMH, Mekky AEM. Novel Nicotinonitriles and Thieno[2,3-
b

]pyridines as Potent Biofilm and COX-2 Inhibitors: Synthesis, In Vitro
and In Silico Studies. ChemistrySelect. 2020;5(28):8494-503. 'doi:
10.1002/slct.202001208

[86]El-Hashash MA, Shaban SS. Synthesis and biological assessment of
novel cyanopyridine derivatives.  Synthetic Communications.
2019;49(16):2073-85. 'doi: 10.1080/00397911.2019.1616096
[87]El-Sayed HA, Abdel Hamid AM, Mohammed SM, Moustafa AH.
Design, synthesis, and antimicrobial activity of fluorophore 1,2,3-
triazoles linked nicotinonitrile derivatives. Synthetic Communications.
2019;49(16):2096-105. 'doi: 10.1080/00397911.2019.1616760
[88]Omar AM, Alswah M, Ahmed HEA, Bayoumi AH, El-Gamal KM,
El-Morsy A, et al. Antimicrobial screening and pharmacokinetic
profiling of novel phenyl-[1,2,4]triazolo[4,3-a]quinoxaline analogues
targeting DHFR and E. coli DNA gyrase B. Bioorg Chem.
2020;96:103656. 'doi: 10.1016/j.bioorg.2020.103656

[89]Giacobini E. Cholinesterases: new roles in brain function and in
Alzheimer's disease. Neurochem Res. 2003;28(3-4):515-22. 'doi:
10.1023/a:1022869222652

[90]Ellman GL, Courtney KD, Andres V, Jr., Feather-Stone RM. A new
and rapid colorimetric determination of acetylcholinesterase activity.
Biochem Pharmacol. 1961;7(2):88-95. 'doi: 10.1016/0006-
2952(61)90145-9

[91]Mekky AEM, Sanad SMH. Synthesis and in vitro study of new
coumarin derivatives linked to nicotinonitrile moieties as potential
acetylcholinesterase inhibitors. J Heterocycl Chem. 2020;57(12):4278-
90. 'doi: 10.1002/jhet.4134

[92]Girgis AS, Aziz MN, Shalaby EM, Saleh DO, Asaad FM, El-Eraky
WI, et al. Crystal Structure Studies and Bronchodilation Properties of
Novel Benzocycloheptapyridines. J Chem Crystallogr. 2016;46(6-
7):280-9. 'doi: 10.1007/s10870-016-0657-8

[93]Girgis AS, Saleh DO, George RF, Srour AM, Pillai GG, Panda CS,
et al. Synthesis, bioassay, and QSAR study of bronchodilatory active
4H-pyrano[3,2-c]pyridine-3-carbonitriles.  Eur J Med Chem.
2015;89:835-43. 'doi: 10.1016/j.ejmech.2013.12.032

[94]Palmer TM, Stiles GL. Adenosine receptors. Neuropharmacology.
1995;34(7):683-94. 'doi: 10.1016/0028-3908(95)00044-7
[95]Jacobson KA, Gao ZG. Adenosine receptors as therapeutic targets.
Nat Rev Drug Discov. 2006;5(3):247-64. 'doi: 10.1038/nrd1983
[96]Miller CE. Al-adenosine receptor antagonists. J Expert Opinion on
Therapeutic Patents. 1997;7(5):419-40. ‘doi:

[97]Hocher B. Adenosine Al receptor antagonists in clinical research
and  development.  Kidney Int.  2010;78(5):438-45.  'doi:
10.1038/ki.2010.204

J. Adv. Biomed. & Pharm. Sci.





