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Abstract
While a treatment of tumours by anti-angiogenic kinase inhibitors has limited efficacy and is associated with resistance and
side effects, also other key biological pathways should be targeted to fight cancer more effectively. Active endothelial and
cancer cells acquire energy predominantly via a glycolysis (Warburg effect) in contrast to most of other somatic cells preferring an oxidative phosphorylation. Proliferation of endothelial and cancer cells may be suppressed by a glycolysis inhibitor
(E)-3-(pyridin-3-yl)-1-(pyridin-4-yl)prop-2-en-1-one (3PO) that synthesis is not sufficiently described in the literature.
Moreover, a synergistic effect of inhibitors with different mechanisms of action may provide further advantages in cancer
treatment. A combined effect of 3PO with inhibitor of angiogenesis sunitinib l-malate (SU) was not yet investigated on
HUVEC cells. We have developed a novel and efficient method for a synthesis of a glycolysis inhibitor 3PO. The activity of
3PO on HUVECs proliferation was investigated and its IC50 = 10.7 μM determined. By combination of 3PO (10 μM) with
sunitinib l-malate (0.1 μM) a significant synergistic effect on HUVECs proliferation was observed. Based on the structure,
chemical reactivity and biological results, we proposed that 3PO could be a multi-target inhibitor.
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Deregulated angiogenesis is involved in a pathomechanism
of several diseases, including cancer as the most significant
of them. Inhibition of angiogenesis has recently become an
attractive therapeutic possibility of cancer treatment (Kerbel and Folkman 2002). Angiogenesis is controlled by a
complex of pro-angiogenic factors, among which vascular
endothelial growth factor (VEGF) plays a key role. VEGF
exhibits biological effects via binding to its plasma membrane receptors, preferentially type 2 (VEGFR2) (Carmeliet
and Jain 2011). Therefore, efficient anti-angiogenic treatments are aimed either on neutralization of VEGF by its
recombinant humanized monoclonal antibody bevacizumab
(Ferrara et al. 2004) or interfering with post-receptor signal cascades. The second possibility comprises inhibition
of biological effects of VEGF by blocking tyrosine kinase
activity of its receptors. Multi-kinase inhibitors, e.g. (type
I) inhibitor sunitinib l-malate (FDA, Pfizer 2006), exhibit
more efficient action in comparison with more selectively
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acting compounds. However, the higher efficiency can be
accompanied with more serious side effects (Shaheen et al.
2001; Pla et al. 2014).
Both therapeutic strategies (anti-VEGF and anti-VEGFR2
TK) brought some successful results in cancer treatment but
the development of resistance and side effects, especially
on cardiovascular and nervous system (Tejpar et al. 2012),
stimulates an extensive research on alternative treatment
strategies (Pisarsky et al. 2016). In this context, inhibition of endothelial cell metabolism is one of the promising therapeutic possibilities (De Bock et al. 2013; Schoors
et al. 2014). The strategy is based on the finding that both
proliferating endothelial and tumour cells utilize glycolysis
as a major source of energy for proliferation and migration
(De Bock et al. 2013). Moreover, healthy mature endothelial
cells, which form an inner side of blood vessels and utilize
the oxidative phosphorylation for energy production, are in
a quiescent state, but retain the ability to promptly proliferate in response to angiogenic signals (Zecchin et al. 2017).
In this way, inhibition of glycolysis can provide several
advantages since oxidative phosphorylation, as the major
source of energy used by normal healthy human cells, can
be only marginally affected. (E)-3-(pyridin-3-yl)-1-(pyridin4-yl)prop-2-en-1-one (3PO) is known inhibitor of PFKFB3
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Fig. 1  The structures and activities of glycolysis inhibitor 3PO (Clem
et al. 2013 for IC50 = 22.9 μM) and VEGFR2 TKI sunitinib l-malate
(Lintnerová et al. 2014 for I C50 = 31.2 nM)

(6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase)
that reduces glycolytic flux and suppresses glucose uptake.
3PO is selectively cytostatic to transformed cells and suppresses the growth of established tumour in mice (Conradi
et al. 2017).
The aim of our study was to explore inhibitory effect of
the glycolysis inhibitor 3PO on proliferation of cultured
human endothelial cells under in vitro conditions and to
explore a potential synergistic effect of 3PO together with
a compound blocking the pathways activated by VEGF.
Therefore, we studied the inhibition effect of HUVEC proliferation in response to 3PO alone and in its combination
with multi-kinase inhibitor (sunitinib l-malate) (Fig. 1).
Exploitation of 3PO for in vivo studies on animals
requires availability of its gram amounts. Access to 3PO
is rather limited. To prepare 3PO, we searched its synthesis in the scientific databases (Reaxys 2018) and (SciFinder
2018). Instead of 3PO only two complex side products A
and B are formed by a reaction between nicotinaldehyde 1
and pyridinylethanone 2 catalysed by Na2CO3 at RT (Vatsadze et al. 2004) (Scheme 1).
In the older literature, the synthesis of 3PO was described
as the Claisen–Schmidt condensation between 1 and 2 catalysed by E
 t2NH at RT (Durinda et al. 1966, 1967) or by
KOH at 0 °C in MeOH/H2O (5:1) (Jeong et al. 2011). We
unsuccessfully tried to prepare 3PO by different basic conditions (KOH, K2CO3, Et3N, Et2NH) at RT (or by cooling)
within shorter or longer reaction time. By all of these reactions only traces of 3PO were yielded in our hands with
exception of the synthesis performed with E
 t2NH by which
12% of 3PO was obtained after chromatography (see Supplementary material). Based on the literature data and our
experiences, we concluded that the synthesis and all currently required properties of 3PO are not sufficiently known.
Only M.p. of 3PO (Durinda et al. 1966, 1967) and its 13CNMR spectrum (Liptaj et al. 1981 and WSS Inc. US 2018)
can be found in the literature. Therefore, the development of
a novel synthesis of 3PO was required to ensure its broader
availability.

Scheme 1  The structures of products obtained after condensation of
aldehyde 1 and ketone 2 performed under basic conditions at RT. Initially formed 3PO was too sensitive on further transformations and

mostly complex side products A and B were yielded. The structure
of 3PO and fragment(s) of 3PO in the structures of the complex molecules A and B are marked in bold
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Experimental—chemistry
Materials
Melting points were measured by Barnstead Electrothermal
IA9200 and are uncorrected. 1H- and 13C-NMR spectra were
recorded on Varian Gemini (300/600 MHz and 75/150 MHz,
resp.), chemical shifts are given in parts per million (ppm),
tetramethylsilane was used as an internal standard and
DMSO-d6 as the solvent, unless otherwise specified. IR
spectra were acquired on FT-IR-ATR REACT IR 1000 (ASI
Applied Systems) with diamond probe and MTS detector.
Mass spectra were performed on LC–MS (Agilent Technologies 1200 Series equipped with Mass spectrometer Agilent
Technologies 6100 Quadrupole LC–MS). The course of the
reactions was followed by TLC analysis (Merck Silica gel
60 F254). UV lamp (254 nm) and iodine vapours were used
for the visualization of TLC spots. Starting chemicals were
purchased from Sigma-Aldrich, Fluorochem, AlfaAesar or
Acros vendors.

Synthesis of (E)‑3‑(pyridin‑3‑yl)‑1‑(pyridin‑4‑yl)
prop‑2‑en‑1‑one (3PO)
To a solution of 884 mg (8.26 mmol, 1.00 mol eq) nicotinaldehyde 1 and 1.00 g (8.26 mmol, 1.00 mol eq) of
pyridinylethanone 2 in 2 ml of glacial acetic acid, 1.12 g
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(13.7 mmol, 1.65 mol eq) of AcONa was added. The mixture was heated to reflux overnight. Afterwards TLC analysis confirmed only a spot for a new product. The reaction
was cooled down, 10 ml of water added and the mixture
has been stirred within 2 h at RT. Obtained solid material was filtered off, washed on a filter by H
 2O (2 × 10 ml)
and dried on the air. The crude product (1.25 g) was
crystallised from 10 ml of boiled EtOH to yield 989 mg
(4.71 mmol, 57%) of 3 (3PO) after standing at RT and
later on in a refrigerator overnight (Scheme 2). Obtained
3PO (Fig. 2) forms pale yellow solid material. M.p.:
144.4–145.9 °C [EtOH] (lit.: 146–147 °C [H2O]) (Durinda
et al. 1966).
1
H-NMR (600 MHz, DMSO-d6): δ 9.00 (d,
1H, J(B 2 ,B 4 ) = 1.8 Hz, H–C B (2)), 8.83 (d, 2H,
J(A 2 ,A 3 ) = 6.0 Hz, 2 × H–C A (2)), 8.61 (dd, 1H,
J(B 5 ,B 6 ) = 4.7 Hz, J(B 4 ,B 6 ) = 1.5 Hz, H–C B (6)),
8.33 (ddd, 1H, J(B 4 ,B 5 ) = 7.9 Hz, J(B 2 ,B 4 ) = 1.8 Hz,
J ( B 4, B 6) = 1 . 5 H z , H – C B( 4 ) ) , 7 . 9 8 ( d , 1 H ,
J(CH = CH) = 15.8 Hz, –CH = C(2)HCO–), 7.97 (d,
2H, J(A 2 ,A 3 ) = 6.0 Hz, 2 × H–C A (3)), 7.79 (d, 1H,
J(CH = CH) = 15.8 Hz, –C(3)H = CHCO–), 7.51 (dd, 1H,
J(B4,B5) = 7.9 Hz, J(B5,B6) = 4.7 Hz, H–CB(5)).
13
C-NMR (150 MHZ, DMSO-d6): δ 189.4 (C = O),
151.8 CB(6), 151.3 (2 × CA(2)), 151.0 CB(2), 143.7 CA(4),
142.7 (–C(3)H = CHCO–), 135.8 C B(4), 130.7 C B(3),
124.5 CB(5), 123.8 (–CH = C(2)HCO–), 122.1 (2 × CA(3)).
FT-IR (solid, c m −1): 2109 (w), 2082 (w), 1912 (w),
1671 (s), 1606 (s), 1583(s), 1552 (s), 1473 (m), 1415 (s),
1353 (m), 1303 (s), 1218 (s), 1120 (m), 1096 (m), 1021
(s), 982 (s), 878 (m), 836 (m), 793 (s).
MS (ESI m/z): 211.1 [M + H]+.
Anal. Calcd for C13H10N2O (210.23): C, 74.27; H, 4.79;
N, 13.33. Found: C, 74.02; H, 4.89; N, 13.48.

Scheme 2  The novel synthesis of 3PO performed from 1 and 2 by
AcONa in refluxing AcOH

Fig. 2  1H and 13C-NMR diagrams of 3PO. Exact chemical shift assignments are based on 2D NMR spectral analysis (HSQC and HMBC)
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Experimental—biology

Human umbilical vein endothelial cells (HUVECs) were
obtained in cooperation with Eurocord Slovakia (2018).
Cells were isolated from fresh umbilical cords as described
in the literature (Moravčík et al. 2016). Cells were incubated
in a complete endothelial cell growth medium (ECGM;
Promo Cell, Germany) containing endothelial cell growth
supplements (ECGS; Promo Cell, Germany). Cells were
incubated in the humidified incubator (Heal Force Bio-meditech, China) at standard conditions (in 5% CO2 at 37 °C).
In the presented experiments, cells at lower passages (3–5)
were used.
Glucose metabolism inhibitor 3PO was synthesized as
described in this paper. Multi-kinase inhibitor in the form
of its salt sunitinib l-malate was obtained as a gift from US
pharmaceutical company (Pfizer). Inhibitors were diluted in
dimethyl sulfoxide (DMSO; Sigma-Aldrich) in an appropriate concentration as stock solutions and further diluted in
ECGM to required concentrations. Inhibitors were used at
concentrations at which no cytotoxic effects were observed.
HUVEC proliferation assays
To explore effects of 3PO and SU (sunitinib l-malate) on
proliferation of HUVEC cells, two experiments were performed. Cells were treated either with the inhibitor 3PO
alone or in a combination with kinase inhibitor SU. In the
first trial, endothelial cells were treated with different concentrations of 3PO (5, 10, 12.5 and 15 µM) (Fig. 3). In the
second trial, the combined effect of 3PO and multi-kinase
inhibitor sunitinib (SU) on HUVEC cell proliferation was
evaluated. The cells were treated with 3PO always at one
(10 µM) and SU at three different concentrations (0.1, 1.0
and 10 µM) (Fig. 4).
BrdU assay
Cell proliferation was determined by the BrdU assay according to manufacturer´s instructions. (Roche, France). The
measurement was based on incorporated bromodeoxyuridine
(BrdU) during DNA synthesis. HUVECs were seeded in
a 96-well plate at a density 2 × 103 cells/well. Cells were
incubated in ECGM for 24 h at 37 °C at 5% CO2. Subsequently, the medium was removed and cells were cultured
with different concentrations of inhibitors for 24 h. Afterwards 10 µl/well of BrdU labelling solution was added for
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Fig. 3  Inhibitory effect of 3PO on HUVEC cell proliferation. After
reaching a confluent monolayer, HUVEC cells were treated with
BrdU and 3PO at different concentrations (5–15 µM). Changes in cell
proliferation were evaluated after 24 h of incubation. 3PO allows proliferation at 5 μM (on 88%), 10 μM (59%), 12.5 μM (29%), 15 μM
(12.5%) compare to untreated HUVEC control (100%). Data represent the mean ± SEM of three independent experiments. *P < 0.05,
***P < 0.001
150

Cell proliferation (%)

Cell lines and reagents

Cell proliferation (%)

Materials

150

***
***

***
100

***

50

0

3PO (µM)
Sunitinib (µM)

- 10 - 10
- - 0,1 0,1

- 10 - 10

- 10

-

-

-

1

1

-

- 10
10 10

Fig. 4  Inhibitory effect of sunitinib (SU) and 3PO on a cell proliferation. After reaching a confluent monolayer, endothelial cells
were treated with 3PO at 10 µM and different doses of SU for 24 h.
Changes in cell proliferation were evaluated after 24 h of incubation
by BrdU. The high of the bars clustered in an order from the left to
the right (100%, 58, 99, 57; 100%, 57, 92, 32 and 100%, 58, 14, 9).
Data represent the mean ± SEM of three independent experiments.
***P < 0.001

2 h, then the medium was removed and cells were fixed and
denatured in 200 µl/well FixDenat. After these cells were
incubated with anti-BrdU-POD working solution for 45 min
at room temperature. Excess of antibody was removed by
washing the wells with washing solution. Afterwards, substrate solution was added and cells were incubated until colour development. Stop solution was added to each well after
1 min and the absorbance of the sample was measured on
the Microplate spectrophotometer Mulltiskan GO (Thermo
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Fisher Scientific, Waltham, USA) at 450 nm. Cell proliferation was evaluated as comparison of percentage of viable
cells in treated groups to the control.
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Table 1  The summary of a percentage of the HUVEC proliferation in
the presence of 3PO (glycolysis inhibitor) or combination 3PO with
SU (multi-kinase inhibitor) compare to a control (see also Figs. 3 and
4)
Treated
HUVEC
proliferationa (%)

Combined experimentsa
3PO (10 μM) + SU

3PO (5 μM)
3PO (10 μM)
3PO (12.5 μM)
3PO (15 μM)

88
59
29
12.5

SU (0.1 μM)
SU (1 μM)
SU (10 μM)

99
92
14

–
–
–
–
57–58% (without SU)
57%
32%
9%

Statistics
Data were analysed statistically with ANOVA followed by
the Tukey post hoc test and the differences P < 0.05 were
considered significant.

Results and discussion
Attempts to prepare inhibitor 3PO by different basic conditions similar as described in the literature (KOH, K
 2CO3,
Et3N) at RT (or by cooling) within shorter or longer time
were not successful and only traces of 3PO were formed.
Therefore, we concluded that the basic (nucleophilic) conditions are not convenient for the synthesis of 3PO due to its
high reactivity and fast transformation within reaction conditions to the complex side products. This was in agreement
with the published data (Vatsadze et al. 2004) (Scheme 1).
Only the synthesis of 3PO performed with Et2NH at RT
described by (Durinda et al. 1966 and 1967) gave required
3PO in a low 12% yield after FLC purification. The reaction
performed in the presence of E
 t2N is more complex compared to the one with E
 t3N and can perform partially through
an enamine mechanism see Scheme S(1–2) in the Supporting
material. At the end, we had to develop a novel and efficient
synthesis of 3PO by condensation of the nicotinaldehyde 1
and the pyridinylethanone 2 by AcONa in refluxing AcOH
(Scheme 2). The yield of 3PO was 57% after crystallisation
from hot EtOH. Missing physico-chemical properties and
spectra of 3PO in the literature were determined also by a
help of 2D-NMR techniques (HSQC, HMBC) (Fig. 2). The
figures of 3PO spectra and the HMBC analysis are in the
Supporting material.
The inhibitor 3PO alone dose-dependently decreased proliferation of HUVECs compared to control (Fig. 3).
In the second trial, the combined action of 3PO at 10 µM
and SU at 1 µM significantly decreased cell proliferation in
comparison with cells treated with inhibitors applied individually. Combined screening of 3PO at 10 µM with SU at
the higher (10 µM) and the lower (0.1 µM) concentration
did not meaningly decrease the cell proliferation compared
to SU or 3PO alone.
Glycolysis inhibitor 3PO applied alone dose-dependently
inhibited HUVEC cell proliferation in comparison to control:
5 μM (− 12%), 10 μM (− 41%), 12.5 μM (− 71%), 15 μM
(− 87%) (Fig. 3). The combined effect of 3PO (10 μM) and
multi-kinase inhibitor sunitinib l-malate (SU) (1–10 μM)
was synergistically effective only at 1 μM concentration.

a

Based on an untreated HUVEC proliferation (100%)

SU applied at higher or lower concentrations did not show a
synergistic effect (Fig. 4, Table 1).
Inhibitor 3PO blocks PFKBF3 (an important enzyme
of glycolysis) with relatively low enzymatic activity
(IC50 = 22.9 μM) (Fig. 1). However, 3PO inhibited HUVECs
proliferation twice more effectively (IC50 = 10.7 μM, calculated from an experiment depicted on Fig. 3). This finding
suggests that activity of 3PO is more complex and not limited to only one target, e.g. PFKBF3.

Conclusions
According to procedures from the literature, the preparation of 3PO by condensation of nicotinaldehyde 1 and
pyridinylethanone 2 under basic conditions (KOH, K
 2CO3,
Et3N) at various temperatures and times was unsuccessful
in our hands. The resulting 3PO is susceptible on nucleophilic attack and rapidly undergoes further transformations
within the reaction to form a mixture of polar by-products
(Scheme 1) (Vatsadze 2004). Repeating the reaction in
the presence of Et2NH (Durinda et al. 1966 and 1967), we
prepared 3PO only on 12% yield after FLC purification
(Scheme S1) (see Supplementary Material). This reaction
performs probably because of formation of an enamine
intermediate protecting the precursor of the product from
degradation and required compound 3PO occurred after an
acidic reaction workup. The proposed mechanism is shown
in Scheme S2 (see Supplementary Material). The low 12%
yield of the above reaction indicates that Et2NH has basic
properties and the reaction could perform also towards to
the undesired by-products (similar as in cases when KOH,
K2CO3 or Et3N were used). Therefore, we have developed
novel reaction conditions for an efficient preparation of 3PO
by condensation of nicotinaldehyde 1 and pyridinylethanone
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2 in the presence of AcONa in refluxing concentrated acetic
acid. Thus, 3PO can be prepared in 57% yield after purification by crystallisation from a hot EtOH (Scheme 2). The
compound 3PO was fully characterized and further used in
biological experiments.
We found that glycolysis inhibitor 3PO dose-dependently
(5, 10, 12.5 and 15 μM) inhibits HUVEC cell proliferation
(− 12, − 42, − 71 and − 88% compare to control). Combined screening of 3PO (10 μM) with multi-kinase inhibitor sunitinib l-malate exhibited a synergistic effect at SU
concentration 1 μM (− 68%) [alone: 3PO 10 μM (− 42%)
and SU 1 μM (− 8%)]. However, higher (10 μM) and also
lower (0.1 μM) concentration of SU did not show synergy
effect (Fig. 4).
The small planar unsaturated compound 3PO (FW:
210.23) identified in the literature as an inhibitor of an
important glycolytic enzyme ( IC50 = 22.9 μM, PFKFB3,
Clem et al. 2013) has been shown to be more as twice as
effective in cell assay as an inhibitor of endothelial cell
proliferation (IC50 = 10.7 μM, HUVECs). This finding indicates that 3PO should be able to inhibit also other important biological target(s) in addition to PFKFB3. Based on a
chemical structure and observed reactivity of 3PO we can
propose its ability to inhibit biological target(s) also by a
non-competitive manner, e.g. after binding of –SH group
of some cysteine residue from a biological target to the α,βunsaturated enone fragment of 3PO (the Michael addition).
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