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ABSTRACT
Caffeic acid phenethyl ester (1), a honeybee propolis component, possesses many bioactive properties, making it a useful

scaffold for drug research. Further, CAPE (1) is a more effective inhibitor of the biosynthesis of 5‐lipoxygenase (5‐LO) products
compared to Zileuton, the only clinically‐approved direct 5‐LO inhibitor. However, CAPE (1) suffers from a poor metabolic

profile, being rapidly metabolized to caffeic acid (CA). In this study, we synthesized and performed several biological assays on

a new bioisostere of CAPE (1) possessing a 1,2,4‐oxadiazole ring. The new bioisostere (OB‐CAPE (5)) has a similar anti-

proliferative effect to CAPE (1) on NCI‐60 cancer cell lines and maintains the activity of CAPE (1) as an inhibitor of the

biosynthesis of 5‐, 12‐ and 15‐LO products and as an iron chelator. In human polymorphonuclear leukocytes, OB‐CAPE (5)

inhibits the biosynthesis of 5‐LO products with an IC50 of 0.93 µM compared to 1.0 µM for CAPE (1). Both compounds have

similar antioxidant activity, with IC50 values of 1.2 µM for OB‐CAPE (5) and 1.1 µM for CAPE (1). The new hydrogen bond

predicted for the oxadiazole ring and the GLN363 amino acid in the 5‐LO active site may explain the small improvement in the

affinity of OB‐CAPE (5) for the protein compared to CAPE (1). Finally, stability studies in human plasma reveal that OB‐CAPE
(5) is 25% more stable than CAPE (1). Therefore, the increase in stability associated with the replacement of the ester function

with its bioisostere, while maintaining the anti‐inflammatory and anticancer properties of CAPE (1), suggests that OB‐CAPE (5)

may be a comparable yet more stable candidate for in vivo studies in disease models.

1 | Introduction

Caffeic acid phenethyl ester (CAPE (1), Figure 1) has been
studied for its antioxidant, antiproliferative, anti‐inflammatory,
and antibacterial activities (Russo, Longo, et Vanella 2002; Shin
et al. 2017; Sud'ina et al. 1993; Zeng et al. 2022). In comparison
with caffeic acid (CA (2)), CAPE (1) is a much stronger iron
chelator in biological settings, likely due to its increased lipo-
philicity, which allows it to penetrate the cell membrane more
reliably (Shao et al. 2020, 2021). We previously demonstrated

that CAPE (2) could inhibit the biosynthetic activity of
5‐lipoxygenase (5‐LO), and that it was more effective than CA
(2) and Zileuton (Zil (3)), the only 5‐LO inhibitor approved by
the FDA (Boudreau et al. 2012). Furthermore, Zil (3) has had
limited clinical use due to its hepatotoxic metabolites, products
of the Cytochrome P450 pathway (Joshi et al. 2004; Lu
et al. 2003).

Lipoxygenases (LO) are involved in the inflammatory response
via the metabolism of arachidonic acid, to which they catalyze
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the addition of molecular oxygen. In humans, there exists six
different LO genes whose translated products play key roles in
the immune response either by producing pro‐inflammatory or
pro‐resolution mtabolites (Kuhn, Banthiya, et Van Leyen 2015).
The 5‐, 12‐ and 15‐LO have been linked to many diseases,
including atherosclerosis, several cancers, asthma and Alzhei-
mer's disease (Folcik et al. 1995; Haeggström et Funk 2011;
Ikonomovic et al. 2008; Natarajan 1999; Peters‐Golden et
Henderson 2007; Rong et al. 2012; Wegner et al. 1993). The
major mechanism through which 5‐LO is involved in diseases
seems to be via the biosynthesis of the leukotrienes (LTs), most
notably LTB4, a potent leukocyte chemoattractant, and the
vascular muscle constricting cysteinyl leukotrienes (CysLTs),
LTC4, LTD4 and LTE4 (Henderson 1994). Besides Zil (3), other
clinically approved compounds that interfere with the 5‐LO
pathway are CysLTs receptor antagonists, such as Montelukast
and Zafirlukast (Bisgaard 2001; Calhoun 1998).

Although the metabolism of CAPE (1) has not yet been thor-
oughly investigated, the few resources available seem to indi-
cate that it is rapidly metabolized to CA in vitro, either when
incubated in rat plasma or with HT‐29 colon cancer cells (Celli
et al. 2007; Mbarik et al. 2019; Tang et al. 2017). As such, the
need to synthesize new derivatives of CAPE (1) that are more
stable in vivo is an ongoing effort to alleviate the pharmaco-
logical hurdles faced by this compound.

One way to achieve this goal is to use bioisosterism, which
involves the replacement of a functional group within an
organic molecule with another that plays a similar biologi-
cal role (Patani et LaVoie 1996). 1,2,4‐Oxadiazoles are
among the ester bioisosteres that have been investigated for
their ability to maintain biological activity, without the
susceptibility to esterases (Camci et Karali 2023). We
recently synthesized a derivative of sinapic acid phenethyl
ester with a 1,2,4‐oxadiazole ring in place of the ester and
demonstrated that it kept its capacity to inhibit the bio-
synthesis of 5‐LO products as effectively as its ester analog
(Touaibia et al. 2022).

Therefore, the aim of this study was to apply this same modi-
fication to CAPE (1), and further investigate the impact of the
1,2,4‐oxadiazole ring on the stability and biological activity of
CAPE (1). The biological activity of CAPE (1) and its oxadiazole
bioisostere (OB‐CAPE (5)) as inhibitors of LOs in cellular
models, their antioxidant, iron chelation and anticancer activ-
ities were measured, as well as their stability in human plasma.
Furthermore, molecular docking experiments were performed

in silico, giving a greater view of the interaction of OB‐CAPE (5)
within 5‐LO.

2 | Materials and Methods

2.1 | General Synthetic Experimental Procedure

All chemicals were purchased from commercial suppliers and
used without further purification unless otherwise noted. All
reactions were carried under argon atmosphere. Purification
was carried out with reagent‐grade solvents, and TLC analyses
were conducted using silica gel‐coated aluminum sheets
(SiliaPlate TLC, Silicycle®). TLC results were revealed by UV
light (254 nm). Purification was carried out by flash chroma-
tography (Isco Inc. CombiFlash™ Sg100c). 1H and 13C nuclear
magnetic resonance (NMR) spectra were recorded using a
Bruker AV‐III‐400 spectrometer; spectra were recorded at room
temperature. Chemical shifts (δ values) were referenced to the
deuterated solvent peak and recorded in parts per million. NMR
data were reported as δ value (where s = singlet, d = doublet,
t = triplet, q = quartet, and quin = quintuplet, integration, J
value (Hz)). High‐resolution mass spectrometry (HRMS) mea-
surements were performed on an Agilent 6200 high‐resolution
time‐of‐flight mass spectrometer equipped with a Dual ESI ion
source. Analytical high‐performance liquid chromatography
(HPLC) was performed on an Agilent Technologies system
(Agilent1100 Series) with an ACE C18column (150mm × 4.6mm,
5 μm) using Milli‐Q water (A) and HPLC grade methanol (B) as
mobile phase in isocratic mode (25%:75% (A:B; 15min); flow rate
of 1.0mL/min, detection at 320 nm).

2.2 | Synthesis of OB‐CAPE (5)

To a solution of (E)‐3,4‐dihydroxycinnamic acid (CA; 2) (0.9 g,
4.99mmol), 2‐ (1H‐benzotriazol‐1‐yl)‐1,1,3,3‐tetramethyluronium
hexafluorophosphate (HBTU: 2.1 g, 5.53mmol, 1.5 equiv) and
N,N‐diisopropylethyl‐amine (DIEA: 2.6mL, 2.6mmol, 3 equiv)
dissolved in DMF (10mL) at room temperature was added N′‐
hydroxy‐3‐phenylpropanamidine (4) (Cai et al. 2016) (820mg,
4.99mmol, 1 equiv). Following stirring for 24 h, the reaction mix-
ture was poured in 50mL of H2O. EtOAc (3 × 25mL) was used to
extract the product, and combined organic layers were subsequently
washed with brine (3 × 25mL). The product was dried over
anhydrous MgSO4, and extraction solvents were evaporated under
reduced pressure. Following dissolution in DMF (15mL), the
reaction mixture was heated at 120°C for 24 h. Water (25mL) was
added to the mixture and the resulting product was extracted with
EtOAc (3 × 25mL). Combined organic fractions were washed with
brine (3 × 25mL), then dried over anhydrous MgSO4. Finally,
products were filtered and concentrated under vacuum. Compound
OB‐CAPE (5) was obtained as a yellow pale solid after flash chro-
matography (0− 50% EtOAc/Hex), yield (47%, 724mg), m.p.
174°–176°C, Rf = 0.22 (20% H/Ac).

1H NMR (400MHz, DMSO) δ 7.67 (d, J= 16.3 Hz, 1H,
=CHCO), 7.31–7.27 (m, 4H, Har), 7.23–7.14 (m, 2H, Har), 7.11
(dd, J= 8.2, 2.1 Hz, 1H, Har), 6.95 (d, J= 16.3 Hz, 1H, =CHAr),
6.80 (d, J= 8.1 Hz, 1H, Har), 3.02 (s, 4H, 2 x CH2);

13C NMR
(101MHz, DMSO) δ 175.68, 170.25, 149.04, 146.12, 143.43,
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FIGURE 1 | Structures of compounds used as reference throughout

this study.
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140.80, 128.84, 128.79, 126.65, 126.31, 121.89, 116.24, 115.31,
106.74, 32.71, 27.60; HRMS m/z calc. for C18H16N2O3 + (H+):
309.1234; found: 309.1224; HPLC: purity > 98%.

2.3 | NCI‐60 Cell Line Screening

Compounds were tested using the NCI 60 Cell One‐Dose Screen
at a single dose of 10 µM. Data are presented as relative to an
untreated control condition. Full methodology is available
online at: https://dtp.cancer.gov/discovery_development/nci-
60/methodology.htm.

2.4 | Inhibition of the Biosynthesis of
Lipoxygenases Products in Transfected HEK293
Cells

Briefly, HEK293 (ATCC, Manassas, VA) cells stably trans-
fected with either 5‐LO/FLAP (Allain et al. 2015), 12‐ or
15‐LO (Touaibia et al. 2024) were harvested using 0.25%
trypsin, washed and pelleted, then resuspended in HBSS
(Lonza, Walkerville, MD) containing 1.6 mM of CaCl2. Sub-
sequently, 1 × 106 cells/mL were incubated with tested com-
pounds at indicated concentrations or DMSO (0.1%) for 5 min
at 37°C before stimulation with a mix of arachidonic acid
(Nu‐Chek Prep) (10 µM for 5‐LO, or 1 µM for 12‐ and 15‐LO)
and 10 µM of A23187 calcium ionophore (Abcam). After
15 min, stimulation was stopped by the addition of 0.5 vol-
umes of cold MeOH/ACN (1:1) containing 200 ng/mL each of
prostaglandin B2 (PGB2; Cayman Chemicals) and 19‐OH
PGB2 (Cayman Chemicals) as internal standards for reverse‐
phase high pressure liquid chromatography (RP‐HPLC).
Samples were kept at ‐20°C until preparation for HPLC
analysis of LO products. HPLC analysis was undertaken as
described previously with modifications to the analytical
system (Hébert et al. 2023; Robichaud et al. 2016). 5‐LO
products analyzed were the sum of LTB4, its trans‐isomers
and 5‐hydroxyeicosatetraenoic acid (5‐HETE). 12‐HETE and
15‐HETE were analyzed as 12‐LO and 15‐LO products,
respectively.

2.5 | Isolation of PMNL From Whole Blood

Whole blood was obtained from healthy volunteers, and hepa-
rinized blood was subsequently centrifuged at 275 x g for 15 min
at room temperature. Plasma was collected, and following
dextran sedimentation, erythrocytes were removed. The
remaining cells were separated using a lymphocyte separation
medium (density: 1.077 g/mL; Wisent, St‐Bruno, QC), following
centrifugation at 800 x g for 20 min at room temperature. PMNL
were then obtained following hypotonic lysis of remaining
erythrocytes.

2.6 | Inhibition of the Biosynthesis of 5‐LO
Products in PMNL

Isolated PMNL were resuspended (5 × 106 cells/mL) in HBSS
(Lonza, Walkerville, MD) containing 1.6 mM CaCl2 and 0.3 U/
mL adenosine deaminase (Sigma‐Aldrich, Oakville, ON), then
pre‐incubated at 37°C for 10min before stimulation (Hébert
et al. 2023). Compounds, or DMSO as control, were added to
PMNL at indicated concentrations, and incubated for 5 min at
37°C. PMNL were then stimulated using 1 µM thapsigargin
(Sigma‐Aldrich) for 15 min. Following stimulation, the reaction
was stopped via addition of 0.5 volumes of cold MeOH/ACN
(1:1) containing an internal standard of 50 ng of 19‐OH‐PGB2.
Samples were subsequently stored at ‐20°C until preparation for
RP‐HPLC. HPLC analysis was done as described above, and
5‐LO products analyzed from PMNL were LTB4, its trans iso-
mers, 20‐OH‐LTB4, 20‐COOH‐LTB4, and 5‐HETE.

2.7 | Molecular Docking

Molecular docking with 5‐LO (3O8Y) (Gilbert et al. 2011) was
conducted following a previously described protocol (Touaibia
et al. 2024) using AutoDock Vina (Trott et Olson 2010). All grid
parameters for the docking are included in Table 1.

2.8 | Prediction of Physicochemical Properties
and Evaluation of Drug‐Likeness

The SwissADME (Daina, Michielin, et Zoete 2017) web tool was
used to assess the physicochemical properties of OB‐CAPE (5),
CAPE (1) and Zil (3). Subsequently, results were filtered based
on the Lipinski rule of five, to estimate the potential bio-
availability and drug likeness of compounds (Lipinski
et al. 2001).

2.9 | Antioxidant Activity of Compounds

Antioxidant activity of CAPE and its bioisostere was determined
via the 2,2′‐azobis (2‐amidinopropane) dihydrochloride (AAPH)
assay for oxidation of linoleic acid (Hébert et al. 2023). Tested
compounds or DMSO (0.1%) as control were suspended in PBS
(Corning; 21‐040‐CV) containing 0.16mM of linoleic acid
(Cayman Chemical, 90150‐1) and Tween®20 (VWR, 0777‐1 L).
Addition of 2 mM AAPH (AAPH·2HCl; Sigma‐Aldrich,
440914‐25 G) suspended in PBS to the mixture in a UV‐
transparent flat bottom 96‐well plate allowed the start of the
oxidation reaction of linoleic acid. A control condition con-
taining DMSO and linoleic acid, but without AAPH, allowed for
matrix subtraction. The absorbance values of each sample were
measured at intervals of 5 min over a 3‐h period by a UV plate
reader set at 234 nm (Biotek Synergy H1 Hybrid Microplate
Reader). Sample compartment was set at 37°C with constant

TABLE 1 | Parameters used for the molecular docking of studied compounds.

Protein PDB ID Grid center (x, y, z) Grid size (x, y, z)

5‐LO 3O8Y 4.049, 21.346, ‐0.284 30, 20, 30
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shaking, and antioxidant activities of compounds were mea-
sured using a slope rate of the measured UV signal. Values of
100% denote good antioxidant activity, whereas values near 0%
denote mediocre antioxidant activity. Values were calculated
using formula:

( )
antioxidant activity

x

%

= 1 − 100
rate of absorbance change of test compound

rate of absorbance change of control condition

2.10 | Iron Chelation Assays

Stock solutions for each compound were prepared at a concen-
tration of 500 µM in PBS at pH 7.4 (Corning) and incubated for
30min in the presence of Fe (III) citrate (Sigma‐Aldrich) at various
concentrations. Samples were subsequently analyzed by UV‐Vis
spectroscopy via a Genesys 10S UV‐Vis spectrometer (Thermo
Scientific, US) as described previously (Shao et al. 2020, 2021).

2.11 | Stability of Compounds in Human Plasma

Whole blood was obtained from healthy volunteers, and plasma
was collected as described above. Platelet‐free plasma was then
obtained following centrifugation at 1300 x g at room temper-
ature for 20 min and was stored at ‐20°C (Hébert et al. 2023)
until use. In stability assays plasma was pre‐incubated at 37°C.
CAPE or its bioisostere, or DMSO to monitor plasma back-
ground, were then added to plasma at the indicated concen-
trations in a total volume of 2 mL. At the indicated times 100 µL
of plasma containing the compounds or DMSO were added to
900 µL of stop solution containing MeOH/ACN (1:1) and an
internal standard of 100 ng of 19‐OH‐PGB2. Samples were
stored at ‐20°C overnight. Compound stability was assessed
using the identical HPLC protocol as that described above for
lipoxygenase product analysis, with the addition of 325 nm and
345 nm analysis wavelengths for the measurements of CAPE
and OB‐CAPE, respectively. The λmax of tested compounds were
determined beforehand to be 325 nm for CAPE and 345 nm for
its bioisostere.

3 | Results and Discussion

3.1 | Synthesis of OB‐CAPE (5)

Bioisostere OB‐CAPE (5) bearing the 1,2,4‐oxadiazole heter-
ocycle was obtained as shown in Scheme 1. N′‐hydroxy‐
3‐phenylpropanamidine 4 (Cai et al. 2016), obtained from phenyl-
propionitrile, reacted with CA (2) and N,N,N′,N′‐tetramethyl‐O‐
(1H‐benzotriazol‐1‐yl)‐uronium hexafluorophosphate (HBTU) as a
carboxylic acid activating agent to obtain OB‐CAPE (5).

3.2 | Anticancer Activity

To assess and compare the antiproliferative activity of CAPE (1)
and OB‐CAPE (5), the NCI‐60 cancer cell lines screening was
performed and analyzed as described previously (Yan
et al. 2022) (see Figures S1 and S2). CAPE (1) and its derivatives
are well established antitumor agents, having shown anticancer
activity in several cancer models, notably multiple myeloma,
breast cancer and glioblastoma (Beauregard et al. 2015; Morin
et al. 2017; Murugesan et al. 2020). CAPE (1) and OB‐CAPE (5)
showed similar effects on cell viability in most cell lines, with
particularly notable effects on leukemia cell lines (Figure 2).
Both compounds were generally less effective against most
lung, central nervous system, ovarian, renal and prostate cancer
cell lines. Furthermore, when results are broken down within
individual cell lines, CAPE (1) and OB‐CAPE (5) exhibit at least
modest growth inhibition on all cell lines apart from A498 renal
cancer cells, which showed a growth increase to 130.0% and
127.8%, respectively. Despite this, past studies have found that
propolis extracts are effective against the A498 cell line, sup-
porting a role for other naturally occurring compounds, or their
combination, in the treatment of renal cancer (Freitas
et al. 2022; Valente et al. 2011). Only the SK‐MEL‐2 melanoma
cell line showed a noticeable difference between the two com-
pounds, with 6.6% of cells treated with CAPE (1) remaining
viable compared to 64.7% with OB‐CAPE (5). Overall, these
results suggest that, in general, the substitution of the ester
function for an oxadiazole has little consequence on the anti-
proliferative activity of CAPE (1).

3.3 | Inhibition of the Biosynthesis of
Lipoxygenase Products

CAPE (1) and OB‐CAPE (5) were tested and compared for their
effects on the biosynthesis of 5‐, 12‐ and 15‐lipoxygenase
products in cellular assays (Allain et al. 2015; Touaibia
et al. 2024). For 5‐LO, Zileuton (Zil; 3) was used as positive
control, whereas for 12‐ and 15‐LO, Baicalein, a natural product
shown to inhibit platelet lipoxygenase (Sekiya et Okuda 1982),
was used as positive control. Figure 3 shows the comparison
between the activities of Zil (3), CAPE (1) and its bioisostere
OB‐CAPE (5) on the biosynthesis of 5‐LO products in HEK293
cells stably transfected with 5‐LO and 5‐lipoxygenase activating
protein (FLAP) (Allain et al. 2015). CAPE (1) and OB‐CAPE (5)
were more potent than Zil (3), with a remaining relative pro-
duction of 5‐LO products of 23.7% and 30.2% for CAPE (1) and
OB‐CAPE (5), respectively, at a concentration of 1 µM.

When HEK293 cells stably transfected with 12‐LO were incu-
bated with CAPE (1), OB‐CAPE (5) or Baic, both CAPE (1)
and OB‐CAPE (5) were more potent inhibitors of the
biosynthesis of the 12‐LO product, 12‐hydroxyeicosatetraenoic
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SCHEME 1 | Synthesis of compound OB‐CAPE (5). i) HBTU, DIEA, DMF, rt, 24 h.
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acids (12‐HETE), than Baic. The was no difference in inhibitory
activity between the two test compounds, with a remaining
relative production of 12‐HETE of 74.3% and 68.2% for CAPE
(1) and OB‐CAPE (5), respectively, (Figure 4).

The effect of CAPE (1) and OB‐CAPE (5) on the biosynthesis
the 15‐LO product, 15‐HETE, in HEK293 cells stably transfected
with 15‐LO, still in comparison to Baic, is also shown in
Figure 4. The test compounds showed similar significant

FIGURE 2 | NCI60 Cancer cell score of CAPE (1) or OB‐CAPE (5) after exposure to a single dose (10 µM) of each compound compared to an

untreated control. For each cancer cell line, viability results are presented as mean values of duplicate analyses.
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inhibitory activity for the biosynthesis of 15‐HETE, with no
statistical differences between CAPE (1) and OB‐CAPE (5),
although only CAPE (1) was statistically different from Baic.

These results show that there are no statistical differences
between the behaviors of CAPE (1) and OB‐CAPE (5) towards
5‐, 12‐ and 15‐LO, further supporting that these compounds
have similar biological properties, and both are more selec-
tive towards 5‐LO than 12‐ or 15‐LO. As such, these results
support that the substitution of the ester function within
CAPE (1) with an oxadiazole does not affect the capacity of

the compound to impact the biosynthesis of LO products.
This is not surprising, as the functional group most involved
in the inhibition of lipoxygenases is likely the catechol ring,
since other natural products shown to inhibit the bio-
synthesis of lipoxygenases, such as NDGA, contain at least
one catechol ring within their structure (Ford‐Hutchinson
et al. 1994; Kemal et al. 1987). The role of the phenethyl
moiety of CAPE is likely to provide hydrophobicity that im-
proves its capacity to enter the cell and to interact with the
active site of the enzyme.

To further support the results obtained from the LO‐mediated
biosynthesis assays in HEK293 cells, compounds were tested for
the inhibition of the biosynthesis of 5‐LO in PMNL isolated from
human peripheral blood. IC50 results showed that CAPE (1) and
OB‐CAPE (5) possessed similar activity as inhibitors of the bio-
synthesis of 5‐LO products in PMNL (Table 2). Both compounds
were approximately threefold more potent than Zil (3). These
results further suggest that OB‐CAPE (5) is an adequate bioi-
sostere of CAPE (1), possessing similar affinities towards lipox-
ygenase activity in human cells. This, in turn, highlights a
potential anti‐inflammatory role for this compound.

3.4 | In Vitro Antioxidant Activity of CAPE (1)
and OB‐CAPE (5)

As a member of the polyphenol class of molecules, CAPE (1)
was shown to possess significant antioxidant and antiradical
activity across numerous assays (Göçer and Gülçin 2011; Hébert
et al. 2023; Sud'ina et al. 1993). In a biological setting, reactive
oxygen species (ROS) are critical mediators that promote both
tumorigenic and inflammatory responses including lung dis-
eases such as asthma (Barnes 1990; Moloney and Cotter 2018;
Nakamura et Takada 2021; Paola and Salvatore 2012). To con-
tinue the comparison of the properties of CAPE (1) and OB‐
CAPE (5), the AAPH antioxidant assay was performed. Both

FIGURE 3 | Inhibition of the biosynthesis of 5‐LO products by Zil

(3), CAPE (1) and OB‐CAPE (5) (1 μM) in HEK293 cells transfected

with 5‐LO/FLAP. Values are the means ± SD of three independent ex-

periments, each performed in duplicate. The graph shows values that

are normalized to diluent (DMSO) controls. Values without at least one

common superscript letter are significantly different (p< 0.05) as

determined by two‐way ANOVA of the non‐normalized data with

subsequent Tukey's multiple comparisons test.

FIGURE 4 | Inhibition of the biosynthesis of 12‐LO (left) and 15‐LO (right) products by Baic, CAPE (1) and OB‐CAPE (5) (1 μM) in 12‐LO and

15‐LO transfected HEK293 cells. Values are the means ± SD of three independent experiments, each performed in duplicate. The graph shows values

that are normalized to diluent (DMSO) controls. Values without at least one common superscript letter are significantly different (p< 0.05) as

determined by two‐way ANOVA of the non‐normalized data with subsequent Tukey's multiple comparisons test.
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CAPE (1) and OB‐CAPE (5) possessed a similar IC50 for the
inhibition of linoleic acid peroxidation in the AAPH assay, at
1.1 and 1.2 µM, respectively (Table 3).

These results suggest a correlation between the antioxidant
properties of both compounds with their observed properties
against both cancer cell proliferation and lipoxygenase bio-
synthetic activity.

3.5 | Molecular Docking

To better understand whether the substitution of the ester bond
with a 1,2,4‐Oxadiazole impacts on the affinity of CAPE (1) and
OB‐CAPE (5) towards 5‐LO, molecular docking experiments
were performed with the stable human 5‐LO protein (PDB ID:
3O8Y) (Gilbert et al. 2011). Based on binding energy (BE), both
CAPE (1) (BE: ‐8.8 kcal/mol) and OB‐CAPE (5) (BE: ‐9.6 kcal/
mol) show more affinity towards 5‐LO when compared to Zil (3)
R‐enantiomer (BE: ‐6.7 kcal/mol) and Zil (3) S‐enantiomer (BE:
‐6.5 kcal/mol) (Table 4).

Interestingly, both CAPE (1) and OB‐CAPE (5) possess π‐π inter-
actions with His372 of 5‐LO, although OB‐CAPE (5) has a slightly
lower binding energy than CAPE (1). Both compounds form
hydrogen bonds within the 5‐LO active site, with CAPE (1) inter-
acting with Leu420 via one of its hydroxyl groups, the same amino
acid with which both Zil (3) enantiomers interact, whereas OB‐
CAPE (5) interacts with Gln363 via one of the nitrogen atoms
within its oxadiazole ring. The interaction of one of the two nitrogen
atoms of the heterocycle with the nitrogen of the His367 residue of
the enzyme's active site may also explain the increased affinity
of OB‐CAPE (5) for 5‐LO compared to CAPE (1). A visualization of
OB‐CAPE (5) in the 5‐LO active site is presented in Figure 5.

3.6 | Predicted Physicochemical Properties of
OB‐CAPE (5)

In silico evaluation of the physicochemical properties of OB‐
CAPE (5) are presented in Table 5. OB‐CAPE (5) respects

TABLE 2 | IC50 values for the inhibition of the biosynthesis of

5‐LO products in PMNL.

IC50 (µM) (95% CI)

OB‐CAPE (5) 0.93 (0.86–1.0)
CAPE (1) 1.0 (0.98–1.1)
Zil (3) 2.9 (2.6–3.3)

Note: Values are means of four independent experiments, each performed in
duplicate.
Abbreviation: CI, confidence interval.

TABLE 3 | IC50 values of the antioxidant activity in the

AAPH assay.

IC50 (µM, 95% CI)

OB‐CAPE (5) 1.2 (0.99–1.5)
CAPE (1) 1.1 (0.99–1.3)

Note: Means of three independent experiments, each performed in triplicate.
Abbreviation: CI, confidence interval.

TABLE 4 | Docking results for CAPE (1), OB‐CAPE (5), and Zileuton (3).

Compound Binding energy (BE) (kcal/mol) π‐π interactionsa H‐Bonds (Laskowski et Swindells 2011)

CAPE (1) –8.8 His372 Leu420

OB‐CAPE (5) –9.6 His372 Gln363

R‐Zil (3) –6.7 Phe421 Leu420 x 2, Asn425

S‐Zil (3) –6.5 ‐‐‐ Leu420 x 2, Ala424, Phe421

aSchrödinger Release 2019‐2: Maestro, Schrödinger; LLC: New York, NY, USA, 2020.

FIGURE 5 | π‐π interactions (left) and H bond (right) of OB‐CAPE (5) with Gln363 amino acid within the 5‐LO active site.
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Lipinski's rule of five (Lipinski et al. 2001), indicating favorable
drug‐likeness, and is mostly comparable to CAPE (1), possess-
ing one less rotatable bond, but one more hydrogen bond
acceptor. Interestingly, the number of hydrogen bond donors is
identical between CAPE (1) and OB‐CAPE (5), and there is
negligible difference between calculated lipophilicities of the
two compounds.

These striking similarities support the observed biological ef-
fects of OB‐CAPE (5) when compared to CAPE (1) and explain
why both compounds react in largely the same manner in all
biological assays. Furthermore, the increased lipophilicity of
both compounds compared to Zil (3) may further explain why
both are more effective 5‐LO inhibitors in vitro, as the increased
lipophilicity of CAPE (1), especially compared to CA (2), has
been correlated with its higher affinity towards intracellular
iron atoms (Shao et al. 2021).

3.7 | Iron Chelation Assays

To further characterize any differences or similarities between
CAPE (1) and OB‐CAPE (5) that may be related to their modes
of action, in vitro iron chelation assays against Fe (III) were
undertaken and measured by UV‐visible spectroscopy. Fe (III)
is the active form of the central nonheme iron within LO en-
zymes, which catalyzes the peroxidation reaction of arachidonic
acid leading to the eventual formation of lipid mediators
(Solomon et al. 1997; Wisastra et Dekker 2014). Catechol rings,
such as the one found in CAPE (1), were reported to chelate Fe
(III) ions and reduce them to Fe (II) via a redox cycle in in vitro
assays (Kemal et al. 1987; Nelson 1988). It was previously
demonstrated that the catechol ring was vital for the activity of
CAPE (1), as a substitution with a benzene ring resulted in the
loss of activity towards 5‐LO (Boudreau et al. 2012). As men-
tioned above, recent advances have also demonstrated that
CAPE (1) is a stronger chelator than CA (2) in biological set-
tings, which is thought to be in part due to its increased lipo-
philicity, allowing it to cross cell membranes to a greater extent
(Shao et al. 2020, 2021).

The affinity of CA (2) towards Fe (III) citrate showed a gradual
hyperchromic shift which can be observed with each incre-
mental increase in concentration of Fe (III), suggesting the
formation of a complex between CA (2) and Fe (III) ions (See
Figure S3). A hyperchromic shift can be observed around
400 nm when CAPE (1) is exposed to different concentrations of
Fe (III), clearly showing the formation of a new complex (See

TABLE 5 | Physicochemical properties and partition coefficients of studied compounds.

Physicochemical propertiesa Lipophilicitya

MW n‐ROTB n‐HBA n‐HBD CLogPo/w

Rule < 500 ≤ 10 < 10 < 5 < 5

OB‐CAPE (5) 308.33 5 5 2 3.09

CAPE (1) 284.31 6 4 2 3.08

Zileuton (3) 236.29 3 2 2 1.81

Abbreviations: CLog Po/w, logarithm of compound partition coefficient between n‐octanol and water; MW, molecular weight (g/mol); n‐HBA, number of hydrogen bonds
acceptors; n‐HBD, number of hydrogen bond donors; n‐ROTB, number of rotatable bonds.
aSwissADME (Daina et al. 2017).

FIGURE 6 | Absorbance ratios of compounds and Fe (III) adjusted

to background signal of each respective compound at 400 nm. Data are

represented as the mean ± SD of three independent experiments. For

clarity, error bars for CAPE point upwards, whereas error bars for OB‐
CAPE point downwards. Variation was small in CA samples, such that

no error bars were generated. Two‐way ANOVA analysis with Tukey's

multiple comparisons test was performed; curves that do not share a

common letter are considered statistically different (p< 0.0001).
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FIGURE 7 | Stability of compounds in human plasma. Data are

presented as the means ± SD of four independent experiments, each

performed in duplicate. A 5 µM dose of each compound was incubated

with human plasma for up to 24 h. Following 2‐way repeated measures

ANOVA analyses, there were significant effects of time (F (2, 6) = 8.135;

p= 0.02), compounds (F (1, 3) = 57.32; p= 0.005) and their interaction

(F (2, 6) = 58.21; p= 0.0001). At different time points, values without

common superscripts within compounds are considered statistically

significant, and values with an asterisk * are different from OB‐CAPE
(5) at the same time point as determined using Tukey's multiple com-

parisons test (p< 0.05).
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Figure S4). Similar results were obtained when OB‐CAPE (5)
was exposed to increasing concentrations of Fe (III), and a
hyperchromic shift was also observed near 400 nm (See
Figure S5). Figure 6 shows the adjusted absorbance values of each
compound at 400 nm with increasing Fe (III)/compound ratios.

3.8 | Stability in Human Plasma

Finally, as CAPE (1) was previously found to be rapidly
degraded in rat plasma (Wang et al. 2007), we sought to
compare the stability of CAPE (1) and whether OB‐CAPE (5)
in human plasma. There are a few differences between human
and rat plasma, the most notable being the presence of highly
active carboxylesterases in rat plasma, but not in human
plasma (Bahar et al. 2012). As such, it is not surprising that the
few studies performed on both models showed that CAPE (1)
was less stable in rat plasma than in human plasma, and that
CA (2) appeared to be the major metabolite in the former
(Celli et al. 2007). However, CA (2) was also detected as a
product of CAPE (1) metabolism following incubation with
HT‐29 colon cancer cells (Tang et al. 2017) suggesting that the
labile nature of ester linkage in a biological setting may hinder
the usefulness of CAPE. Our results in human plasma
(Figure 7) demonstrate that OB‐CAPE (5) is more stable than
CAPE (1) after 24 h incubations in human plasma, with
average remaining concentrations of 88.4% and 63.7%,
respectively.

These results suggest that while the ester is mostly the targeted
moiety in this setting, there are other mechanisms involved in
the degradation or modification of CAPE (1) in human plasma,
likely involving the catechol ring. This is based on other
observations on the metabolism of CAPE (1), which found that
the catechol ring is prone to glucuronidation in both HT‐29
cancer cells and HepaRG hepatocyte models (Mbarik
et al. 2019; Tang et al. 2017). Future in vivo experiments are
warranted to determine whether OB‐CAPE (5) may be a more
effective therapeutic candidate than CAPE (1) based on its
equivalent biological activity and apparent enhanced stability.

4 | Conclusions

Newly synthetized 1,2,4‐oxadiazole bioisostere OB‐CAPE (5)
and CAPE (1) showed nearly identical antiproliferative activity
when tested against various cancer cell models, three different
human lipoxygenases in cell‐based assays, as well as antioxidant
and iron chelation assays. Molecular modeling and evaluation
of in silico properties support a similar mode of action, with
both molecules possessing very similar physicochemical prop-
erties and interactions within the 5‐LO active site. However,
OB‐CAPE (5) was more stable in human plasma than CAPE (1),
supporting its potential as a suitable candidate for further
in vivo studies in disease models.
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