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PTUPB, a soluble epoxide hydrolase/cyclooxygenase-2 dual
inhibitor, reduces endothelial-to-mesenchymal transition and
improves doxorubicin-induced vascular and cardiac toxicity
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Abstract. Doxorubicin (DOX) is an effective anthracycline
agent used to combat a number of neoplastic diseases.
However, DOX causes cardiovascular toxicity in juvenile and
young adult survivors of cancer that can lead to future cardio-
myopathy. Thus, it is important to address the cardiovascular
toxicity caused by DOX to improve the long-term health of
patients with cancer. Soluble epoxide hydrolase (sEH) and
cyclooxygenase-2 (COX-2) are implicated in cardiovascular
diseases by impairing vascular health and promoting the
transition of endothelial cells to mesenchymal cells. Given the
role of sEH and COX-2 in endothelial-to-mesenchymal transi-
tion (EndMT)-derived cardiovascular toxicity, the present
study aimed to investigate the effect of a dual SEH/COX-2
inhibitor, 4-[5-phenyl-3-[3-[[[[4-(trifluoromethyl)phenyl]
amino]carbonyl]amino]propyl]-1H-pyrazol-1-yl]-benzene-
sulfonamide (PTUPB), on DOX-induced EndMT-derived
vascular and cardiac toxicity. The mitigating effect of PTUPB
on DOX-induced cardiovascular toxicity was explored in
zebrafish. The cardiovascular parameters were measured
using the Viewpoint MicroZebralab software. Additionally,
the effect of PTUPB on DOX-induced EndMT was assessed
in human endothelial cells. The data from the present study
indicated that the inhibition of sSEH and COX-2 using PTUPB
reduced DOX-induced EndMT and vascular toxicity. The data
also demonstrated that PTUPB improved cardiac function and
morphology in zebrafish incubated with DOX. The results
of the present study showed that PTUPB downregulated
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inflammation and oxidative stress markers, which contributed
to the improvement in DOX-induced cardiovascular toxicity.
In conclusion, the findings of the present study indicated
that the suppression of SEH/COX-2 using PTUPB reduced
DOX-induced EndMT and the resulting vascular and cardiac
toxicity.

Introduction

Anthracycline antibiotics such as doxorubicin (DOX) are
one of the most potent types of chemotherapy used to treat
different types of tumors, including breast cancer, lymphoma,
and leukemia (1,2). However, the number of individuals who
are at risk of anthracycline-induced cardiovascular damage
is growing, due to the increasing use of anthracyclines and
an advancement in detection methods (1). The increased
risk of cardiovascular complications following anthracycline
chemotherapy, compared with other chemotherapy drugs or no
treatment, is a leading cause of morbidity and mortality in the
cancer population (1,3,4). Considering the potential impacts of
cardiovascular toxicity induced by anthracycline treatments
in patients with cancer, protecting the cardiovascular system
from this detrimental effect would increase the favorability
of the risk-benefit ratio of treatment with anthracycline and
result in improved survival outcomes. Thus, implementing
measures to decrease the incidence of anthracycline-induced
cardiovascular toxicity is important.

One of the strategies to reduce the incidence of
anthracycline-induced cardiovascular toxicity, and thus,
the cost and burden on the healthcare system, is to improve
understanding of the molecular pathways that serve an
important role in the development of anthracycline-induced
cardiovascular toxicity. Previous studies have focused on
the vascular system and vascular endothelium as important
targets of the cardiovascular toxicity induced by DOX (5,6).
Since DOX is administered intravenously, the vascular
system and vascular endothelium are the first contact points
for DOX within the patient (7). Thus, it is reasonable to
assume that endothelial and vascular toxicity may occur
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earlier in the treatment with DOX and be an antecedent for
DOX-induced cardiovascular toxicity (5,6,8). Consistent
with this, DOX-treated juvenile and young adult survivors
of cancer exhibit impaired endothelial and vascular func-
tion, and an increased incidence of cardiovascular diseases
later in life (5,6). However, the pathogenic mechanisms
responsible for endothelial and vascular toxicity induced by
DOX remain ambiguous.

Vascular endothelial cells secrete small molecules that
contribute to the homeostasis of the cardiovascular system.
Among these small molecules, epoxyeicosatrienoic acids
(EETs), products of cytochrome p450 epoxygenases (CYP
epoxygenases), serve an important role in maintaining
endothelial and vascular function (9,10). Notably, EETs
are endothelium-derived hyperpolarizing factors that have
antiplatelet (11) and antiapoptotic properties (12), reduce the
frequency and the likelihood of endothelial-to-mesenchymal
transition (EndMT), reduce endothelial and vascular
dysfunction, and inhibit vascular smooth muscle cell prolif-
eration (13-15). EETs have also been reported to possess
anti-inflammatory (16,17), antihypertensive, antihypertrophic
and potential anti-fibrotic effects (18,19). Conversely, the
downregulation of CYP epoxygenases and the resulting reduc-
tion in EETs exacerbate endothelial inflammation, aggravate
EndMT, and worsen vascular and cardiac dysfunction (20).
Thus, targeting the EET signaling axis may help to reduce
DOX-induced EndMT and vascular toxicity, and thereby
improve cardiovascular function.

While several CYP epoxygenases, including the CYP2B,
CYP2C and CYP2J subfamilies, can produce four regioiso-
meric EETs (5,6-, 8,9-, 11,12- and 14,15-EET) from the EET
precursor arachidonic acid (9,10), EETs are rapidly metabolized
by soluble epoxide hydrolase (sEH) into the corresponding
less active dihydroxyeicosatrienoic acid (DHET) molecules
and by cyclooxygenase-2 (COX-2) into carcinogenic products,
epoxyhydroxyeicosatrienoic acids (EHETSs) (21,22). The dual
inhibition of sEH and COX-2 enzymes using 4-[5-phen-
y1-3-[3-[[[[4- (trifluoromethyl)phenyl]Jamino]carbonyl]amino]
propyl]-1H-pyrazol-1-yl]-benzenesulfonamide (PTUPB)
causes EETs to accumulate, and markedly reduces EndMT,
improves blood pressure, and abrogates endothelial, liver,
renal and lung injury and inflammation (22,23) However, it
remains ambiguous whether or not the dual inhibition of sEH
and COX-2 enzymes using PTUPB will reduce DOX-induced
EndMT, and vascular and cardiac toxicity. Therefore, the
present study aimed to test the hypothesis that dual inhibition
of the EET-metabolizing enzymes, sEH and COX-2, using
PTUPB would protect against endothelial and cardiovascular
toxicity induced by DOX.

Materials and methods

Cell culture. MDA-MB-231 cells (cat. no. HTB-26; American
Type Culture Collection) and EA.hy926 human endothelial
cells (cat. no. CRL-2922; American Type Culture Collection)
were cultured in 75-cm? tissue-culture flasks that contained
Dulbecco's Modified Eagle Medium F-12 Nutrient Mixture
supplemented with 10% w/v fetal bovine serum and 1% w/v
Antibiotic-Antimycotic (all Gibco; Thermo Fisher Scientific,
Inc.) in a humid environment at 37°C with 5% CO,.

Cell viability. EA.hy926 cells and MDA-MB-231 were
incubated with 1, 2.5, and 5 uM of PTUPB (Item No.
10897, Cayman Chemical) for 24 h or 2 yM DOX (Item No.
0069-0277-02, Pfizer Inc) alone or in combination with 1, 2.5,
or 5 uM of PTUPB for 24 h. In all experiments, the control
cells were incubated with a comparable volume of vehicle
[Dimethyl sulfoxide (DMSO) 0.1% v/v (cat. No. PI85190;
Thermo Fisher Scientific]. All treatments were performed in a
humid environment at 37°C with 5% CO,. The MTT assay was
then performed as described previously (24). The percentage
of viable cells was calculated relative to healthy control cells.

Cell morphology. To assess EndMT, EA.hy926 human
endothelial cells were treated with 2 M DOX alone or in
combination with 1 M PTUPB for 24 h. Control cells were
incubated with a comparable volume of vehicle DMSO 0.1%
v/v (cat. no. PI85190; Thermo Fisher Scientific). All treat-
ments were performed in a humid environment at 37°C.
Morphological images of EA.hy926 cells were captured at
a magnification of x10 (scale bar, 100 ym) using a ‘SteREO
Discovery V8 light microscope’ (Carl Zeiss AG). As previ-
ously described (20,25), the proportion of mesenchymal cells
(long, spindle-like cells) to endothelial cells (cobblestone
monolayer-like cells) was measured using AxioVision Imaging
software 4.8.2 (Carl Zeiss AG).

Measurement of DHET levels. Since EET is rapidly metabo-
lized by sEH into DHET, the effect of PTUPB on the sEH
enzyme was measured at the activity level by examining the
levels of DHET formation. Cells were treated with 2 uM
DOX and/or 1 uM PTUPB for 24 h and then incubated with
0.5 uM EET for 1 h in a dark environment. In all experi-
ments, the control cells were incubated with a comparable
volume of vehicle DMSO 0.1% v/v (cat. no. PI85190; Thermo
Fisher Scientific, Inc.). All treatments were performed in a
humid environment at 37°C with 5% CO,. DHET levels were
measured using the 14,15 EET/DHET ELISA Kit (Cat No.
ab175812; Abcam) according to the manufacturer's protocol.

Measurement of cardiovascular function and structure in
zebrafish. The zebrafish experiments were conducted in accor-
dance with international guidelines and the policies required
by Qatar University (Doha, Qatar) and the Department
of Research in the Ministry of Public Health for the use of
zebrafish in experimental studies, with the approval of the
Institutional Animal Care and Use Committee (approval
no. QU-TACUC 006/2023-AMM]1), (Qatar University, Doha,
Qatar).

As previously described (26), 360 wild-type zebrafish
embryos (AB strain) were grown in a 10-mm petri dish with
E3 medium at 28.5°C under typical aquaculture conditions and
a 14 h light/10 h dark cycle. The zebrafish embryos were gener-
ated and supplied by the Zebrafish Facility at Qatar University
under approval number (QU-IACUC 006/2023-AMM]1). The
method of generating zebrafish embryos was as described
previously (27). The E3 medium was freshly prepared as
described previously (28).

The zebrafish embryos were randomly sorted into four
groups (n=10/group) at 24 h post-fertilization (24 hpf), and
incubated for 72 h with vehicle, 100 uM DOX (Item No.



Bzl SPANDIDOS
7] ,§, PUBLICATIONS

0069-0277-02, Pfizer Inc.), 1 uM PTUPB (Item No. 10897,
Cayman), or a combination of 100 yM DOX and 1 M
PTUPB . In another experiment, a distinct set of zebrafish
embryos was randomly divided into four groups (n=10/group)
at 24 hpf, and incubated for 72 h with either vehicle, 100 uM
DOX, 1 uM 4-[[trans-4-[[(tricyclo[3.3.1.13,7]dec-1-ylamino)
carbonyl]amino]cyclohexyl]oxy]-benzoic acid (t-AUCB)
(Item no. 16568, Cayman) or a combination of 100 xM DOX
and 1 uM t-AUCB. Lastly, an additional set of zebrafish
embryos was divided into four groups (n=10/group) at 24
hpf, and incubated for 72 h with either vehicle, 100 uM
DOX, a combination of 100 uM DOX and 1 M PTUPB, or
a combination of 100 uM DOX, 1 uM PTUPB, and 50 uM
N-methylsulfonyl-6-(2-propargyloxyphenyl)-hexanamide
(MSPPOH,; cat. No. 75770, Cayman), an EET formation inhib-
itor. All experiments were performed at 28.5°C under typical
aquaculture conditions and a 14 h light/10 h dark cycle. In all
experiments, the control cells were incubated with an equal
volume of vehicle DMSO 0.1% v/v (cat. no. PI85190; Thermo
Fisher Scientific).

In all experimental models, over a period of 3 days, the
survival and morphological changes of the zebrafish were noted
every 24 h. Hatching, survival, and any morphological or devel-
opmental alterations were monitored and documented using a
‘SteREO Discovery V8 light microscope (Carl Zeiss AG) with
a Hamamatsu Orca Flash camera (Hamamatsu Photonics UK
Limited) and HCImage software 2.0.4 (Hamamatsu Photonics
UK Limited)’. When non-viable embryos were found, they
were immediately removed. As previously described (20,29),
the morphology, survival rate, and cardiovascular health of
treated fish were assessed at 72 hpf. We utilized version 3.6
of the MicroZebralab software (Viewpoints) to measure the
diameter of the dorsal aorta (DA) and the posterior cardinal
vein (PCV), as well as to assess blood flow velocity as
described previously (27,29). The formulas shown in Table SI
were used to determine the cardiovascular functional param-
eters, as previously described (Table SI) (20,29). Given that
the zebrafish larvae used were <5 dpf, the fish were eutha-
nized at 72 h post fertilization by hypothermic shock as per
American Veterinary Medical Association guidelines (30,31).
Briefly, larvae were submerged in ice-cold water (0-4°C; 5:1
ratio of ice to water) for 20 min. Secondary euthanasia was
performed by adding 1 part of 6.15% sodium hypochlorite
(bleach) to 5 parts of E3 culture medium containing the larvae
and allowing them to remain submerged for 10 min (31).

The DOX concentration of 100 yM used in the zebrafish
model in the present study was selected based on the previous
literature showing that DOX consistently induces cardiotox-
icity in zebrafish at this concentration (26,32,33). Additionally,
given that DOX was administered at 24 hpf, a high concentra-
tion of DOX was necessary for uptake by the chorion and its
accumulation inside the fish (34). The concentration of PTUPB
was chosen based on the maximum non-toxic concentration
of PTUPB in combination with DOX in the endothelial cells,
as well as another previous study that showed that treatment
with ~30 mg/kg PTUPB results in a 1 uM blood plasma level
within these mice and was not associated with toxicity (35).
Lastly, the concentration of the EET formation inhibitor
MSPPOH was selected based on our previous experiment
using zebrafish (20).
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Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was isolated from MDA-MB-231 cells, EA.hy926
human endothelial cells and entire zebrafish larvae using
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.) as
described previously (20,24). The concentration and purity of
the total RNA were measured using a nanospectrophotometer.
The High-capacity cDNA RT kit (Applied Biosystems; Thermo
Fisher Scientific,Inc.) was used to synthesize the corresponding
cDNA from the RNA according to the manufacturer's instruc-
tions. As described previously (36), the Applied Biosystems
QuantStudio™ 5 Real-Time PCR System, Fluorophore: FAM™
(Applied Biosystems; Thermo Fisher Scientific, Inc.) was used
to quantify mRNA expression. Thermocycling conditions
were as follows: ‘Initial denaturation step at 95°C for 15 sec,
followed by 40 amplification cycles of denaturation at 95°C for
15 sec, followed by a combined annealing and extension phase
at 60°C for 30 sec’. Luna® Universal PCR Master Mix reagent
(New England Biolabs) was used in our experiment. Primers
for RT-qPCR were obtained from Invitrogen (Thermo Fisher
Scientific, Inc.). Table SII lists the primer sequences utilized in
the current study. As previously described (36), RT-qPCR data
were analyzed using the 2224 method (37). The fold change
in mRNA expression was normalized using reference primers,
specifically f-actin for human cells and ribosomal protein
L13a for zebrafish.

Whole proteome extraction. The AB strain zebrafish embryos
were treated with vehicle (DMSO), 100 xuM DOX alone or
100 uM DOX combined with 1 kM PTUPB for 72 h. All
experiments were performed at 28.5°C. Protein was then
extracted from the whole zebrafish larvae. Briefly, the embryos
were transferred into a microcentrifuge tube with three tubes
designated for each treatment group. Each tube contained eight
embryos. RIPA buffer (Invitrogen; Thermo Fisher Scientific,
Inc.) supplemented with a halt protease-phosphatase inhibitor
cocktail (1X) and stored on ice was then added. The fish were
homogenized, incubated for 30 min on ice, and centrifuged
at 14,000 x g for 15 min at 4°C. The extract was then trans-
ferred into a fresh Eppendorf tube. Finally, a Rapid Gold BCA
assay kit (Thermo Fisher Scientific, Inc.) was used to quantify
the protein as described previously (38,39).

Liquid chromatography-tandem mass spectrometry
(LC-MS/MS) analysis. A previously described method was
used to prepare the protein samples for the LC-MS/MS
analysis (20,38). Briefly, we employed the timsTOF Pro Mass
Spectrometer (Bruker) utilizing electrospray ionization
(ESI) under specific conditions: a nitrogen gas temperature
of 2200°C, a nebulizer pressure of 4 bar, and a nitrogen gas
flow rate of 10 1/min. Data acquisition was conducted in
data-dependent mode, which dynamically selects the top ten
most abundant precursor ions from the survey scan range
of 400-1,800 m/z for fragmentation and MS/MS analysis.
Precursors with a +1 charge state were excluded, and dynamic
exclusion was applied for a duration of 25 sec.

MS and LC-MS/MS data processing and analysis.
MaxQuant (maxquant.org, version 2.1.4.0) in-built search
engine Andromeda (40) was utilized to analyze the
MS/MS raw data using a standard workflow (41). The
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UniProtKB/Swiss-Prot zebrafish database (https://www.
uniprot.org/proteomes/UP000000437) was used to identify
proteins (38). The ‘MaxLFQ label-free quantitation method’
was utilized in MaxQuant (42). Normalized label-free quanti-
fication (LFQ) spectral intensity was then used to quantify the
protein levels. Following data importation from the MaxQuant
analysis into the Perseus program ((https://maxquant.
net/perseus/), version 2.0.11.), the LFQ intensities were trans-
formed into log,(x) in accordance with a previously described
procedure (20,38). Values from the normal distribution
‘width=0.3, downshif=1.8" were used to replace each missing
LFQ intensity value. Lastly, a two-tailed unpaired Student's
t-test with a permutation-based false discovery rate of 5% was
used to calculate the statistical significance (P>0.05).

Computational study of PTUPB. All modeling steps in the
present computational study were conducted using Discovery
Studio® 2025 from Biovia (Dassault Systémes S.E.). The
chemical structures of PTUPB, 4-[5-(4-methylphenyl)-3-(triflu
oromethyl)-1H-pyrazol-1-yl]-benzenesulfonamide (celecoxib)
and trans-AUCB were sketched using ChemDraw Professional
16.0 (revvitysignals.com/products/research/chemdraw)
(Fig. S1), and the structural models of human COX-1, COX-2
and sEH were obtained from the Protein Data Bank (PDB,
(https://www.rcsb.org/)) using accession codes 6Y3C (reso-
lution of 3.36 A; apo protein), SKIR (resolution of 2.7 A;
complexed with rofecoxib) and 5AI9 (resolution of 1.80 A,
complexed with synthetic inhibitor K78), respectively. The
structural models of the zebrafish COX-2 (z-COX-2) and sEH
proteins were obtained as AlphaFold (version no. 2)-generated
homology models from the UniProt database (https:/www.
uniprot.org) using accession codes Q8JH43 and Q5PRC6,
respectively (alphafold.ebi.ac.uk/).

The sequence alignment of proteins was conducted using
the Align Sequences protocol available in Discovery Studio®
2025 from Biovia (Dassault Systemes S.E.).

Docking of PTUPB into the target proteins was conducted
using the CDOCKER protocol (with pharmacophore restraints
for COX-2 isoforms) within Discovery Studio, following a
previously reported procedure (43). Briefly, all proteins were
prepared, solvated, and then sequentially minimized. The
co-crystallized inhibitors, whenever a complex was available,
were extracted and redocked into their respective binding
sites as a docking validation step. To define the active sites
of the zebrafish homology-modeled enzymes, they were
superimposed on their respective human congeners, and the
co-crystalized ligands were copied to the homology models
and used to define their active sites prior to ligand (PTUPB
and trans-AUCB) docking. The sphere defining the binding
sites of the two isoforms of the two proteins was set to 10 A to
encompass all amino acids relevant to ligand binding.

Statistical analysis. GraphPad Prism (version 7.04; Dotmatics)
was used for statistical analysis. The results are presented as
the mean + SEM of =3 independent experimental repeats. A
two-tailed unpaired Student's t-test with a permutation-based
false discovery rate of 5% was used to calculate the statis-
tical significance in proteomic analysis. One-way ANOVA
followed by Tukey-Kramer's post hoc multiple comparison
test was used to assess the differences between groups.

P<0.05 was considered to indicate a statistically significant
difference.

Results

PTUPB reduces DOX-induced sEH and COX-2 expression in
human endothelial cells. To assess whether the human endo-
thelial cell line model used in the present study expressed sEH
and COX-2, the basal expression levels of sSEH and COX-2 in
EA.hy926 cells were measured. The results showed that both
sEH and COX-2 were constitutively expressed in the EA.hy926
cells (Fig. 1A). Following incubation of these endothelial
cells with DOX, the EA.hy926 cells exhibited concentra-
tion-dependent upregulation of the mRNA expression levels
of sEH (Fig. 1B) and COX-2 (Fig. 1C) in comparison with the
control. Since 2 yuM DOX exhibited the greatest effect on the
expression levels of sSEH and COX-2 in EA.hy926 cells, this
concentration was used in all subsequent experiments.

To test the effect of PTUPB on DOX-induced sEH and
COX-2 expression, endothelial cells were treated with 0.0,
1.0, 2.5 and 5.0 uM PTUPB either alone or in combination
with 2 uM DOX. Based on the cell viability assay, a PTUPB
concentration of 1 M was chosen for subsequent experiments,
as this concentration exhibited a non-significant difference
in EA.hy926 cell viability compared with the control group
(Fig. 1D) or in the presence of 2 M DOX (Fig. 1E). Using
this concentration, PTUPB was shown to significantly down-
regulate DOX-induced sEH (Fig. 1F) and COX-2 (Fig. 1G)
expression in EA.hy926 cells treated with DOX. In addition,
PTUBP significantly decreased the DOX-induced formation
of DHETs (Fig. 1H), suggesting that PTUBP inhibited the
enzyme activity of sSEH in EA.hy926 cells. Overall, the present
data indicated that PTUPB decreased the upregulation of sEH
and COX-2 expression induced by DOX in human endothelial
cells.

Inhibition of sEH and COX-2 using PTUPB attenuates
DOX-induced EndMT. Given that DOX induces EndMT in
endothelial cells (20,25), the present data showed that DOX
upregulated sEH and COX-2 expression in EA.hy926 cells
(Fig. 1), and that sEH and COX-2 are known to detrimentally
affect the function and structure of vascular endothelial cells
by promoting the transition of endothelial cells to mesen-
chymal cells (44,45), we hypothesized that DOX may induce
EndMT and endothelial toxicity via the upregulation of sEH
and COX-2. If this was the case, it would be expected that
inhibition of sSEH and COX-2 would reduce DOX-induced
EndMT and endothelial toxicity. To test this hypothesis, the
mRNA expression levels of EndMT markers were measured in
EA hy926 cells incubated with DOX with or without PTUPB.
Notably, DOX was shown to significantly increase the expres-
sion levels of a number of EndMT markers, including smooth
muscle actin a2 (ASMA; Fig. 2A), smooth muscle protein
220 (SMA22; Fig. 2B), vimentin (VIM; Fig. 2C), cadherin-2
(CDH2; Fig. 2D), TGF-f (Fig. 2E), snail family transcriptional
repressor 1 (SNAII; Fig. 2F) and snail family transcriptional
repressor 2 (SNAI2; Fig. 2G), and significantly decreased the
expression levels of the endothelial marker CD31 (Fig. 2H),
compared with those in the control group. Notably, the data
showed that PTUPB, a dual inhibitor of SEH and COX-2,
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Figure 1. PTUPB decreases DOX-induced sEH and COX-2 expression in human endothelial cells. (A) Basal gene expression levels of sEH and COX-2 in
endothelial cells. EA .hy926 cells were treated with 0.5 uM, 1 uM and 2 uM DOX for 24H. Gene expression levels of (B) sEH and (C) COX-2 in DOX-treated
cells. Viability of EA.hy926 cells treated with either (D) PTUPB alone or (E) in combination with DOX. EA hy926 cells were treated with 2 uM DOX with or
without 1 M PTUPB for 24 h. Gene expression levels of (F) sEH and (G) COX-2. (H) Activity level of sEH. One-way ANOVA followed by Tukey's multiple
comparison tests was performed. *P<0.05 vs. control, 'P<0.05 vs. DOX). sEH, soluble epoxide hydrolase; COX-2, cyclooxygenase-2; DOX, doxorubicin;
PTUPB, 4-[5-phenyl-3-[3-[[[[4-(trifluoromethyl)phenyl]amino]carbonyl]amino]propyl]-1H-pyrazol-1-yl]-benzenesulfonamide; DHET, dihydroxyeicosatri-

enoic acid; Con, control.

significantly downregulated the expression levels of EndMT
markers, including ASMA (Fig. 2A), SMA22 (Fig. 2B), VIM
(Fig. 2C), CDH2 (Fig. 2D), SNAII (Fig. 2F), and SNAI2
(Fig. 2G), and significantly upregulated the expression levels
of the endothelial marker CD31 (Fig. 2H), in EA hy926 cells
treated with DOX and PTUPB compared with human endo-
thelial cells treated with DOX only. The protective effect of
PTUPB against DOX-induced EndMT was further supported
by a significant decrease in the ratio of mesenchymal cells
to endothelial cells in DOX-incubated cells (Fig. 2I) and an
improvement in the endothelial intracellular gap (Fig. 27).
Collectively, the findings of the present study demonstrated
that PTUPB decreased DOX-induced EndMT.

Inhibition of sEH and COX-2 using PTUPB prevents
DOX-induced endothelial and vascular dysfunction in
zebrafish. Since PTUPB was shown to reduce DOX-induced
EndMT in human endothelial cells in vitro, further tests

were conducted to determine whether PTUPB was also able
to protect against DOX-induced endothelial and vascular
dysfunction in vivo in a zebrafish model of DOX-induced
cardiovascular toxicity (Fig. 3A). Zebrafish were treated
with DOX and/or PTUPB at 24 hpf (Fig. 3A). Viewpoints
MicroZebralab software was used to assess the vascular
function of zebrafish larvae at 72 hpf. DOX significantly
reduced the blood velocity, diameter, and shear stress of
the dorsal aorta (DA) and posterior cardinal vein (PCV)
in zebrafish compared with those in the control group
(Fig. 3B-H). However, the zebrafish group treated with DOX
and PTUPB displayed significant improvements in blood
velocity, diameter, and shear stress of the DA and PCV
compared with those of zebrafish treated with DOX alone
(Fig. 3B-H). Using RT-qPCR, the levels of EndMT markers
in zebrafish were measured to assess whether PTUPB had any
protective effect against DOX-induced endothelium damage.
The results showed that DOX-incubated zebrafish exhibited
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Figure 2. Inhibition of soluble epoxide hydrolase and cyclooxygenase-2 using PTUPB attenuates DOX-induced endothelial-to-mesenchymal transition.
EA hy926 cells were treated with 2 xM DOX with or without 1 #M PTUPB for 24 h. Gene expression levels of mesenchymal markers (A) ASMA, (B) SMA22,
(C) VIM, (D) CDH2, (E) TGF-p, (F) SNAII and (G) SNAI2, and (H) endothelial marker CD31. (I) Ratio of mesenchymal to endothelial cells in cells
treated with DOX with or without 1 xM PTUPB was measured based on morphological images. (J) Representative morphological images of EA.hy926 cells
incubated with DOX with or without 1 zM PTUPB for 24 h at a magnification of x10 (scale bar, 100 ym). The light red arrow indicates mesenchymal cells
(long, spindle-like cells). The dark red arrow indicates endothelial cells (cobblestone monolayer-like cells). One-way ANOVA followed by Tukey's multiple
comparison test was performed to determine the significant differences between groups (‘P<0.05 vs. control, ‘P<0.05 vs. DOX). PTUPB, 4-[5-phenyl-3-
[3-[[[[4-(trifluoromethyl)phenyl]amino]carbonyl]amino]propyl]-1H-pyrazol-1-yl]-benzenesulfonamide; DOX, doxorubicin; ASMA, smooth muscle actin a2;
SMAZ22, smooth muscle protein 22a; VIM, vimentin; CDH2, cadherin-2; SNAII, snail family transcriptional repressor 1; SNAI2, snail family transcriptional

repressor 2.

a significant increase in systemic EndMT-related markers,
including collagen lal (collal; Fig. 3J), vim (Fig. 3K), tgf-p
(Fig. 3L), and smooth muscle actin a2 (acta2; Fig. 3M),
compared with the control group. On the other hand, PTUPB
administered in conjunction with DOX significantly reduced
the expression levels of EndMT markers, including collal
(Fig. 37), vim (Fig. 3K), tgf-f (Fig. 3L), and acta2 (Fig. 3M),
and significantly upregulated the levels of the systemic
endothelial-related marker vegfr, compared with those of the
zebrafish group treated with DOX alone (Fig. 3N). However,

no significant changes in snal expression were observed
in zebrafish treated with DOX and/or PTUPB (Fig. 3I).
Together, the present data indicated that PTUPB protected
against DOX-induced endothelial and vascular toxicity in
zebrafish.

Inhibition of sEH and COX-2 using PTUPB prevents
DOX-induced cardiac dysfunction in zebrafish. While the
protective effect of PTUPB on the pathogenesis of DOX-induced
endothelial and vascular toxicity was demonstrated, the present
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Figure 3. PTUPB prevents DOX-induced endothelial and vascular dysfunction in zebrafish. (A) Schematic representation of the treatment protocol in zebrafish.
Zebrafish embryos were treated at 24 hpf with 100 xM DOX with or without 1 xM PTUPB for 48 h. (B) Representative images of velocity-time integral graphs
obtained from the MicroZebralab software for the DA and PCV of zebrafish at 72 hpf. (C and F) Blood velocity, (D and G) diameter and (E and H) shear stress
of the (C-E) DA and (F-H) PCV. Gene expression levels of (I) snal, (J) collal, (K) vim, (L) tgf-B, (M) acta2 and (N) vegfr. *P<0.05 vs. control, 'P<0.05 vs.
DOX). DOX, doxorubicin; PTUPB, 4-[5-phenyl-3-[3-[[[[4-(trifluoromethyl)phenylJamino]carbonyl]Jamino]propyl]-1H-pyrazol-1-yl]-benzenesulfonamide; hpf,
hours post-fertilization; RT-q, reverse transcription-quantitative PCR; DA, dorsal aorta; PCV, posterior cardinal vein; snal, snail family zinc finger 1a; collal,
collagen lal; vim, vimentin; acta2, smooth muscle actin o.2.
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Figure 4. PTUPB prevents DOX-induced cardiac dysfunction in zebrafish. (A) Representative images of cardiac morphology in zebrafish larvae at 72 h
post-fertilization. (B) Cross-sectional area of cardiac edema in mm?. (C) Stroke volume, (D) cardiac output and (E) arterial pulse in zebrafish larvae treated
with DOX and PTUPB. Gene expression levels of zebrafish cardiac injury markers (F) myh6, (G) myh7, (H) myl7 and (I) nppb. One-way ANOVA followed
by Tukey's multiple comparison test was performed to determine the significant differences between groups (*P<0.05 vs. control, "P<0.05 vs. DOX). DOX,
doxorubicin; PTUPB, 4-[5-phenyl-3-[3-[[[[4-(trifluoromethyl)phenyl]amino]carbonyl]amino]propyl]-1H-pyrazol-1-yl]-benzenesulfonamide; myh6, myosin
heavy chain 6; myh7, myosin heavy chain 7; myl7, myosin light chain 7; nppb, natriuretic peptide B.

study also aimed to investigate whether PTUPB could reduce
DOX-induced cardiac dysfunction. To do this, the cardiac struc-
ture and function, as well as systemic cardiac toxicity-related
markers, were examined in zebrafish incubated with DOX.
DOX-treated zebrafish exhibited a significant increase in cardiac
edema (Fig. 4A and B), a significant decrease in stroke volume
(Fig. 4C) and cardiac output (Fig. 4D), as well as significant
upregulation of the systemic cardiotoxicity-related markers
myosin heavy chain 6 (myh6; Fig. 4F), myosin heavy chain 7
(myh7; Fig. 4G), myosin light chain 7 (myl7; Fig. 4H) and natri-
uretic peptide B (nppb; Fig. 41) when compared with the control
group. Notably, PTUPB was observed to significantly reduce
cardiac edema (Fig. 4A and B) and significantly improve stroke
volume (Fig. 4C) and cardiac output (Fig. 4D) in DOX-treated
zebrafish. The cardioprotective effect of PTUPB was further
supported by the significant downregulation of systemic
cardiotoxicity-related markers, including myh6 (Fig. 4F), myh7
(Fig. 4G), myl7 (Fig. 4H), and nppb (Fig. 41), in zebrafish admin-
istered PTUPB and DOX together compared with DOX-treated
zebrafish. However, no significant changes in arterial pulse were
observed in zebrafish treated with DOX and/or PTUPB (Fig. 4E).
Overall, the present data provided evidence that PTUPB
improved cardiovascular function in DOX-treated zebrafish.

Protective effects of PTUPB against DOX-induced endothe-
lial, vascular and cardiac toxicity are associated with the
suppression of systemic inflammation, oxidative stress and
apoptosis. Since inflammation, oxidative stress and apoptosis
are known mediators of EndMT, as well as endothelial, vascular
and cardiac toxicity, and previous reports have demonstrated
that the inhibition of sEH and COX-2 using PTUPB reduced
inflammation and vascular endothelial injury (23,44,46,47),
it was hypothesized that PTUPB may reduce inflammation,
oxidative stress and apoptosis, and mitigate DOX-induced
vascular endothelial and cardiac toxicity. To test this, the effect
of PTUPB on systemic inflammation, oxidative stress, and
apoptosis-related markers was examined in zebrafish treated
with DOX. Zebrafish administered DOX, when compared
with the control group, displayed significant upregulation
of: i) Systemic inflammation-related markers il-1b (Fig. 5A),
tnfa (Fig. 5B), nfkb (Fig. 5C) and il-10 (Fig. 5D); ii) systemic
oxidative stress-related markers glutathione peroxidase (gpx;
Fig. 5E), catalase (cat; Fig. 5F), heme oxygenase la (hmox;
Fig. 5G) and NAD(P)H dehydrogenase quinone 1 (nqol;
Fig. 5H); and iii) systemic apoptosis-related markers bax
(Fig. 51), caspase-3 (Fig. 5K) and caspase-7 (Fig. SL). The data
suggested that inflammation, oxidative stress and apoptosis
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Figure 5. PTUPB reduces DOX-induced inflammation, oxidative stress and apoptosis. Gene expression levels of zebrafish inflammatory markers (A) illb,
(B) tnfa., (C) nfikb and (D) 1110, oxidative stress markers (E) gpx, (F) cat, (G) hmox and (H) nqol, and apoptosis markers (I) bax, (J) bcl2, (K) cas-3 and (L) cas-7.
One-way ANOVA followed by Tukey's multiple comparison test was performed. *P<0.05 vs. control, P<0.05 vs. DOX). DOX, doxorubicin; PTUPB, 4-[5-phen-
y1-3-[3-[[[[4-(trifluoromethyl)phenyl]amino]carbonylJamino]propyl]-1H-pyrazol-1-yl]-benzenesulfonamide; gpx, glutathione peroxidase; cat, catalase; hmox,
heme oxygenase la; nqol, NAD(P)H dehydrogenase quinone 1; cas-3, caspase 3; cas-7, caspase 7.

were implicated in DOX-induced endothelial, vascular and
cardiac toxicity (Fig. 5). Consistent with the present hypoth-
esis, PTUPB administration in DOX-treated zebrafish, when
compared with zebrafish treated only with DOX, significantly
reduced the upregulation of: i) Systemic inflammation-related
markers il-1b (Fig. 5A), tnfa (Fig. 5B), nfkb (Fig. 5C) and il-10
(Fig. 5D); ii) systemic oxidative stress-related markers gpx
(Fig. 5E), cat (Fig. 5F), hmox (Fig. 5G) and nqol (Fig. SH); and
iii) systemic apoptosis-related markers bax (Fig. 5I), caspase-3
(Fig. 5K) and caspase-7 (Fig. 5SL). However, no significant
changes in bcl2 expression were observed in the zebrafish
treated with DOX and/or PTUPB (Fig. 5J). Overall, these
findings showed that the mitigating effects of PTUPB against
DOX-induced vascular, endothelial, and cardiac toxicity were
mediated by reducing inflammation, oxidative stress, and
apoptosis.

Protective effects of PTUPB against DOX-induced endothe-
lial, vascular and cardiac toxicity are associated with the
alteration of the systemic zebrafish proteomics profile. To test
the effect of PTUPB on DOX-induced cardiovascular toxicity
at the proteome level, a proteomic profiling experiment was
performed using zebrafish treated with control, DOX and/or
PTUPB. Notably, a total of 898 proteins were detected using
MaxQuant analysis in zebrafish (Fig. 6). While the expression
levels of 49 proteins were significantly altered in zebrafish incu-
bated with DOX compared with the control group (Fig. 6A),
the combination of DOX and PTUPB significantly modulated
17 proteins compared with the DOX group (Fig. 6B).

The effects of DOX and PTUPB on proteins related
to EndMT and cardiotoxicity were further investigated in
the zebrafish proteomic profile. Consistent with the present
findings on mRNA expression and blood flow, the present
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Figure 6. Impact of PTUPB on the proteomic profile of zebrafish treated with DOX. Volcano comparison plot of -log,, P-values vs. log, fold change of differ-
entially expressed proteins for (A) DOX vs. control and (B) DOX + PTUPB vs. DOX. (C) Heatmap of significant differential expression of proteins for control
larvae, and zebrafish larvae treated with DOX alone or a combination of DOX and PTUPB. PTUPB, 4-[5-phenyl-3-[3-[[[[4-(trifluoromethyl)phenyl]amino]
carbonyl]Jamino]propyl]-1H-pyrazol-1-yl]-benzenesulfonamide; DOX, doxorubicin.

study found that zebrafish administered with DOX displayed
significant upregulation of EndMT-related protein expression,
including tpd52 like 2b (tpd5212b), collagen type XIV alb
(coll4alb) and egfl6 expression, and cardiotoxicity-related
protein expression, including myomesin 1b (myom1b) and slow
myosin heavy chain 1 (smyhcl) expression, compared with
those in the control group (Table I; Fig. 6C). PTUPB signifi-
cantly reduced the expression levels of the EndMT marker
tpd5212b, in zebrafish treated with DOX compared with DOX
alone (Table I; Fig. 6C) and upregulated the expression levels
of vascular endothelial protector protein, vasodilator-stimu-
lated phosphoprotein b, and cardioprotective proteins, solute
carrier family 25-member 3b and VAMP-associated protein B,
in zebrafish-treated with DOX compared with control (Table I;

Fig. 6C). Furthermore, there was no significant change in
the expression levels of EndMT-related proteins, tpd5212b,
coll4alb and egfl6, and cardiotoxicity-related proteins,
myomlb and smyhcl, in the DOX-PTUPB group compared
with the control group (Table I; Fig. 6C). Overall, the present
findings suggested that PTUPB mitigated the DOX-induced
upregulation of EndMT- and cardiotoxicity-related proteins.
Given that inflammation and oxidative stress serve a detri-
mental role in DOX-induced cardiovascular toxicity, the present
study examined the effect of DOX and PTUPB on proteins
related to inflammation and oxidative stress in the zebrafish
proteomic profile. Notably, zebrafish administered with DOX
displayed significant upregulation of inflammation-related
proteins, nuclear autoantigenic sperm protein (nasp),



MOLECULAR MEDICINE REPORTS 33: 100, 2026 11
Table 1. Protein expression profile of zebrafish embryos treated with DOX and DOX + PTUPB.
A, Endothelial-to-mesenchymal transition
DOX + PTUPB DOX + PTUPB
DOX vs. control vs. DOX vs. control
Log, fold Log, fold Log, fold
Protein ID Protein name change P-value change P-value change P-value
AOASMI9PWBS5  Tpd52 like 2b 2.636 0.003 -1.722 0.032 0914 0.220
AO0ASMIPS 14 Collagen, type XIV, alb 1.381 0.020 -0.432 0417 0.949 0.090
AO0A8M6Z078 EGF-like-domain, multiple 6 1.507 0.041 -1.138 0.109 0.369 0.584
QILVKG6 Vasodilator-stimulated 0.827 0.192 0.607 0.331 1.433 0.034
phosphoprotein b
B, Cardiotoxicity markers
DOX + PTUPB DOX + PTUPB
DOX vs. control vs. DOX vs. control
Log, fold Log, fold Log, fold
Protein ID Protein name change P-value change P-value change P-value
AO0ASM6Z7G3 Myomesin 1b 3.043 0.047 -0.921 0514 2.123 0.148
AOAOR4INI3 Slow myosin heavy chain 1 1.865 0.043 -0.940 0.277 0.926 0.284
Q7ZV45 Solute carrier family 25- 0.761 0.462 1.435 0.178 2.197 0.049
member 3b
Q6P2B0 VAMP-associated protein B 1.401 0.054 0431 0.521 1.833 0.016
C, Inflammation
DOX + PTUPB DOX + PTUPB
DOX vs. control vs. DOX vs. control
Log, fold Log, fold Log, fold
Protein ID Protein name change P-value change P-value change P-value
Q8AWDY Cathepsin D 1.327 0.157 -2.590 0.012 -1.268 0.174
F1QNEO Nuclear autoanti-genic 4.653 0.013 -4.125 0.024 0.528 0.747
sperm protein
Q6NWH?2 MARCKS-like 1b 2.853 0.005 -1.367 0.127 1.486 0.100
D, Oxidative stress
DOX + PTUPB DOX + PTUPB
DOX vs. control vs. DOX vs. control
Log, fold Log, fold Log, fold
Protein ID Protein name change P-value change P-value change P-value
AOASM2BEA2 Voltage-dependent anion 0.675 0.639 3481 0.029 4.156 0.012
channel 3
F1QJEO Ubiquinol-cytochrome ¢ 1.779 0.047 -1.293 0.339 0.486 0.555
reductase core protein 2a
Q6PC49 NADH:ubiquinone 1.629 0.025 -0.340 0.602 1.289 0.066

oxidoreductase subunit A13
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Table I. Continued.

E, Neurotoxicity markers

DOX + PTUPB DOX + PTUPB
DOX vs. control vs. DOX vs. control
Log, fold Log, fold Log, fold
Protein ID Protein name change P-value change P-value change P-value
Q7ZW47 Staufen double-stranded RNA 2.077 0.004 -1.521 0.021 0.556 0.352
binding protein 2
Q7ZW98 Adaptor-related protein 2.291 0.009 -2.060 0.015 0.231 0.756

complex 2 subunit mu 1b

DOX, doxorubicin; PTUPB, 4-[5-phenyl-3-[3-[[[[4-(trifluoromethyl)phenyl]amino]carbonyl]amino]propyl]-1H-pyrazol-1-yl]-benzenesulfon-
amide.
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Figure 7. PTUPB does not negate the anticancer effect of DOX in human breast cancer cells. Viability of MDA-MB-231 cells treated with (A) PTUPB alone
or (B) DOX with PTUPB. MDA-MB-231 cells were treated with 2 uM DOX alone or in combination with 1 M PTUPB for 24 h. Gene expression levels
of apoptotic markers (C) CAS-3, (D) BAX, (E) BCL2 and (F) BCL-XL. One-way ANOVA followed by Tukey's multiple comparison test was performed to
determine the significant difference between groups (*P<0.05 vs. control, “P<0.05 vs. DOX). DOX, doxorubicin; PTUPB, 4-[5-phenyl-3-[3-[[[[4-(trifluorome
thyl)phenyl]Jamino]carbonyl]amino]propyl]-1H-pyrazol-1-yl]-benzenesulfonamide; Cas-3, caspase-3.

MARCKS-like 1b (marcksllb), and oxidative stress-related
proteins, ubiquinol-cytochrome ¢ reductase core protein 2a
(ugcrc2a) and NADH:ubiquinone oxidoreductase subunit A13
(ndufal3), compared with those in the control group (Table I;
Fig. 6C). On the other hand, PTUPB significantly downregulated
the expression levels of inflammation-related proteins, nasp and
cathepsin D, in DOX-treated zebrafish compared with zebrafish
treated with DOX alone (Table I; Fig. 6C). PTUPB significantly
upregulated the expression levels of the antioxidant protein

voltage-dependent anion channel 3 in DOX-treated zebrafish
compared with zebrafish treated with DOX alone and the
control group (Table I; Fig. 6C). However, there was no signifi-
cant change in the expression levels of inflammation-related
proteins, nasp, marcksllb , and oxidative stress-related proteins,
uqcrc2a and ndufal3, in the DOX-PTUPB group compared with
the control group (Table I; Fig. 6C). Collectively, the aforemen-
tioned findings suggested that PTUPB reduced DOX-induced
inflammation and oxidative stress at the proteome level.
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Figure 8. Binding modes of docked PTUPB within the active sites of the h- and z-COX-2 isoforms. (A) h-COX-2-PTUPB complex. (B) z-COX-2-PTUPB
complex. In each panel, there is a 3D surface representation of the binding site along with a 2D interaction map. The surface is colored according to hydro-
phobicity, and the interacting amino acids are colored according to the type of intermolecular interaction they are involved in. (C) Superimposition of
PTUPB in each complex and binding orientation of celecoxib. PTUPB, 4-[5-phenyl-3-[3-[[[[4-(trifluoromethyl)phenyl]Jamino]carbonylJamino]propyl]-1H-pyr-
azol-1-yl]-benzenesulfonamide; COX-2, cyclooxygenase-2; h-, human; z-, zebrafish.
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Figure 9. Binding modes of docked PTUPB within the active sites of the h- and z-sEH isoforms. (A) h-sEH-PTUPB complex. (B) z-sEH-PTUPB complex.
(C) Superimposition of PTUPB in (A and B). PTUPB, 4-[S-phenyl-3-[3-[[[[4-(trifluoromethyl)phenylJamino]carbonyl]Jamino]propyl]-1H-pyrazol-1-yl]-benzene-
sulfonamide; sEH, soluble epoxide hydrolase; h-, human; z-, zebrafish.

Another important finding in the zebrafish proteomic proteins, such as staufen double-stranded RNA binding
profile was that zebrafish administered DOX displayed signifi-  protein 2 and adaptor-related protein complex 2 subunit mu
cant upregulation of memory and cognitive function-related  1b, compared with the control group (Table I; Fig. 6C). On the


https://www.spandidos-publications.com/10.3892/mmr.2026.13810

14

DHULKIFLE et al: PTUPB REDUCES DOXORUBICIN-INDUCED CARDIOVASCULAR TOXICITY

Table II. Predicted binding affinities of PTUPB for the proteins based on CDOCKER scores in kcal/mol.

Compound h-COX-2 z-COX-2 h-sEH z-sEH Comments

Rofecoxib -48.46 - - - Co-crystallized inhibitor of h-COX-2
(PDB ID 5KIR); redocked as a docking
validation step

Celecoxib -50.48 -39.64 - - Docked into the rofecoxib binding site

K78 - - -56.42 - Co-crystallized inhibitor of h-sEH
(PDB ID 5AI19); redocked as a docking
validation step

t-AUCB - - -51.33 -44.50 Known inhibitor of h-sEH

PTUPB -58.10 -34.03 -56.30 -43.88 Reference compound

h-COX-2, human cyclooxygenase-2; z-COX-2, zebrafish cyclooxygenase-2; t-AUCB, 4-[[trans-4-[[(tricyclo[3.3.1.13,7]dec-1-ylamino)
carbonyl]amino]cyclohexyl]oxy]-benzoic acid; PTUPBP, 4-[5-phenyl-3-[3-[[[[4-(trifluoromethyl)phenyl]amino]carbonyl]amino]propyl]-1H-

pyrazol-1-yl]-benzenesulfonamide;

celecoxib, 4-[5-(4-methylphenyl)-3-(trifluoromethyl)- 1H-pyrazol-1-yl]-benzenesulfonamide;

h-sEH,

human soluble epoxide hydrolase; z-sEH, zebrafish soluble epoxide hydrolase; PDB, Protein Data Bank.

other hand, PTUPB significantly reduced the expression levels
of these proteins in DOX-treated zebrafish compared with
zebrafish treated with DOX alone (Table I; Fig. 6C). These
findings suggested that PTUPB may also improve the neuronal
function of DOX-treated zebrafish. Further investigations are
needed to confirm these findings.

PTUPB does not negate the anticancer effect of DOX in breast
cancer cells. Given that the purpose of the present study was
to reduce the adverse effect of DOX without compromising its
anticancer activity, the impact of PTUPB on the anticancer effect
of DOX was tested in the MDA-MB-231 triple-negative breast
cancer cell line. To achieve this, MDA-MB-231 cells were incu-
bated with increasing concentrations of PTUPB either alone or
with 2 M DOX. PTUPB (2.5 and 5 M significantly decreased
the viability of MDA-MB-231 cells compared to the control
group (Fig. 7A). Notably, PTUPB reduced the cell viability in
the DOX-treated group compared with the control group in a
concentration-dependent manner (Fig. 7B). Additionally, while
PTUPB did not significantly affect bax and B-cell lymphoma
extra-large expression (Fig. 7D and F), PTUPB further
upregulated DOX-induced caspase-3 expression (Fig. 7C) and
significantly reduced DOX-induced bcl2 expression (Fig. 7E)
compared with the DOX treatment group. Overall, the present
data indicated that PTUPB potentiated the anticancer effect of
DOX in human triple-negative breast cancer cells.

Computational investigation of the binding affinity of PTUPB
towards both human and zebrafish isoforms of the sEH and
COX-2 enzymes. In the present study, the biological effects of the
compound PTUPB might be attributed to its inhibitory activity
against the COX-2 and sEH enzymes. The experimental investi-
gations and their corresponding results were obtained based on
zebrafish models and, to a lesser extent, human epithelial cells, as
in a previous study (48). Therefore, computational methods were
employed to investigate the binding affinity of PTUPB towards
both the human and zebrafish isoforms of the two proteins, as
will be discussed in the following paragraphs and demonstrated
in (Figs. 8 and 9) and Table II. This computational study was

intended to validate the transferability and applicability of the
experimental results obtained from zebrafish models to human
biological settings. Due to the structural and sequence similarities
between human COX-1 and COX-2 isoforms, the selectivity of
PTUPB towards COX-2 vs. COX-1 was investigated by docking
PTUPB into the human COX-1 enzyme.

Protein sequences of human sEH (h-sEH) and COX-2 are
similar to those found in zebrafish. When proteins share
high sequence identity and sequence similarity, this implies
that their 3D structure and binding sites are also likely to
show high similarity. Hence, the ligand-binding interactions
of one isoform can be extrapolated to the other isoform with
reasonable confidence (49-51). The sequence alignment of
the full-length COX-2 and sEH proteins of the two species,
zebrafish and human, showed 67.00 and 49.30% sequence
identity and 85.00 and 71.60% sequence similarity between
the respective protein isoforms of the two species (Fig. S2).
Furthermore, sEH is a homodimer protein in which each
monomer is composed of two domains, the 35-kDa C-terminal
domain and the 25-kDa N-terminal domain, with the former
being responsible for the catalytic activity of the enzyme (52).
In the present study, the C-terminal domain was utilized for
docking studies. Notably, the catalytic C-terminal domain of
sEH shared a higher sequence identity (61.0%) and similarity
(78.6%) between the two species compared with the full-length
protein, making predictions based on docking results using
this domain more accurate. The sequence alignment of the
z-COX-2 and human COX-2 (h-COX-2) enzymes, as shown in
Fig. S2, revealed that the main amino acid residues involved in
catalysis or ligand binding were conserved in both isoforms,
namely (as per h-COX-2 numbering) Argl20, Tyr348, Val349,
Tyr385, Trp387, Val434, and Val523. For sEH, the main amino
acid residues involved in catalysis were Asp335, Asp496, and
His524, while in substrate binding, they were Tyr466, Trp336,
Tyr383, and GIn384.

Docking validation. Following sequence alignments, the
docking study commenced. Firstly, the co-crystallized ligands
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were extracted and redocked into their respective binding
sites. This was performed as a docking validation step, and
the docking algorithm was successful at regenerating the
native co-crystallized poses (Fig. S3) with a root mean square
deviation (RMSD) of the redocked ligands into COX-2 and
sEH from their native congeners of 0.50 and 0.48 A, respec-
tively. RMSD values <2 A were acceptable, with lower values
indicating more favorable docking scores (53). Since the
4-(5-phenyl-1H-pyrazol-1-yl)benzenesulfonamide section of
PTUPB is identical to that of celecoxib (Fig. S1), the latter was
also docked into the binding sites of the two species of COX-2
isoforms for comparison purposes regarding its binding
orientation.

Predicted binding affinity of PTUPB for human and zebrafish
sEH and COX-2. Following the docking validation step,
PTUPB was docked into the binding sites of the two isoforms
of the human and zebrafish sSEH and COX-2 enzymes.
Table II shows the predicted binding affinity of PTUPB for
all proteins. The docking scores presented in Table II show
that the predicted binding affinity of PTUPB for h-COX-2
(-58.10 kcal/mol) was comparable with that of celecoxib and
rofecoxib, selective COX-2 inhibitors with binding affini-
ties of -50.48 and -48.46 kcal/mol, respectively, supporting
the potential inhibitory effect of PTUPB against h-COX-2.
PTUPB also demonstrated a notable binding affinity towards
z-COX-2, with a predicted binding affinity of -34.03 kcal/mol
compared with -39.64 kcal/mol for celecoxib. These compari-
sons implied that PTUPB was likely to be a dual inhibitor of
h-COX-2 and z-COX-2. To assess the selectivity of PTUPB
against human COX isozymes, it was docked into the human
COX-1 enzyme. However, it failed to dock, suggesting that
PTUPB could be a selective COX-2 inhibitor, which is a
desirable property that would translate into fewer side effects
compared with non-selective analogs. This isozyme selec-
tivity was expected due to the high structural identity of the
4-(5-phenyl-1H-pyrazol-1-yl)benzenesulfonamide segment
of PTUPB with celecoxib and the topological differences
between the binding sites of both COX isozymes. Celecoxib
is a selective COX-2 inhibitor because it cannot fit the smaller
allosteric pocket in the COX-1 enzyme (54).

Similar to its notable binding affinity towards COX-2
isoforms, PTUPB also showed marked binding affinities
towards human and zebrafish sEH isoforms, which supported
its potential dual inhibitory effect against COX-2 and sEH
enzymes. PTUPB showed comparable predicted binding
affinity (-56.30 kcal/mol) to that of the co-crystallized K78
inhibitor (-56.42 kcal/mol) and a stronger binding affinity
compared with the h-sEH inhibitor t-AUCB (-51.33 kcal/mol)
towards the h-sEH enzyme. Similar results were obtained for
the PTUPB binding affinity for zebrafish sEH (-43.88 kcal/mol)
compared with that of t-AUCB (-44.50 kcal/mol). A notable
observation in these results was that the docking scores of
PTUPB for the zebrafish enzymes (COX-2 and sEH) were
lower than those for their human counterparts (Table II).

Molecular docking of PTUPB into the binding sites of human
and zebrafish sEH and COX-2. In addition to the docking
scores, the binding modes and interactions of PTUPB within
the binding sites of target proteins should also be considered.
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Figs. 8 and 9 show the 3D binding modes of PTUPB within
the binding sites of the isoforms of h- and z-COX-2 and sEH
proteins, along with their respective 2D interaction maps.
Figs. 8 and 9 show that PTUPB adopted the same 3D binding
orientation within each set of enzyme isoforms. Furthermore,
PTUPB established similar types of intermolecular interac-
tions with conserved amino acid residues as inferred from the
respective 2D interaction maps. PTUPB established effective
interactions with key amino acid residues within h-COX-2,
such as hydrogen bond (H-bond) interaction with Argl20, and
hydrophobic interactions with Val349 and Val523. Similarly,
PTUPB interactions within the z-COX-2 involved H-bonding
with Argl09, and hydrophobic interactions with Val331 and
Val505 (key amino acid counterparts of those in h-COX-2).
For PTUPB interactions with the h-sEH, it established a
carbon-hydrogen bond with Asp335 (Asp331 in z-sEH),
H-bond and hydrophobic interactions with His524 (His524
in z-sEH), hydrophobic interactions with Trp336 (Trp331 in
z-sEH), Tyr383 (Tyr379 in z-sEH) and H-bond with GIn384
(GIn380 in z-sEH). Based on the aforementioned compu-
tational results, PTUPB bound effectively to h-COX-2 and
h-sEH in a similar manner to z-COX-2 and z-sEH but with a
higher binding affinity. Additionally, the binding affinities of
PTUPB toward sEH were stronger than those toward COX-2
in zebrafish.

PTUPB exhibits a cardioprotective effect in the zebrafish
model of DOX-induced cardiovascular toxicity, likely through
the inhibition of sEH. Given that PTUPB has a preferential
inhibitory effect on sEH compared with COX-2, based on
the aforementioned drug docking findings and as described
previously (48), we hypothesized that the protective effect of
PTUPB on DOX-induced cardiovascular toxicity was likely
to be attributed to the inhibition of sEH. The present study
predicted that a selective inhibitor of sEH, such as t-AUCB,
would exert beneficial effects on DOX-induced cardiovascular
toxicity similar to those observed for PTUPB (Figs. 3 and 4).
To test this hypothesis, zebrafish were treated with control,
t-AUCB alone, DOX alone, or a combination of DOX and
t-AUCB at 24 hpf (Fig. 10A). Viewpoints MicroZebralab
software was used to assess the cardiac and vascular function
of zebrafish larvae at 72 hpf. Notably, in a manner similar
to what was observed for PTUBP, t-AUCB significantly
reduced cardiac edema (Fig. 10B and C) and improved the
stroke volume and cardiac output (Fig. 10D and E) compared
with those of zebrafish treated with DOX alone. However,
no significant changes in arterial pulse were observed in
zebrafish treated with DOX and/or t-AUCB (Fig. 4F). Besides
the cardiac effects, the zebrafish group treated with DOX and
t-AUCB exhibited significant improvements in blood velocity
and the diameter of the DA and PCV compared with zebrafish
treated with DOX alone (Fig. 10G-J). Overall, the data indi-
cated that the inhibition of sEH by t-AUCB protected against
DOX-induced cardiac and vascular toxicity in zebrafish.
Given that EETs are known targets of sSEH inhibitors, the
present study tested the hypothesis that blocking the forma-
tion of EETs would eliminate the beneficial effects of SEH
inhibitors such as PTUPB. To test this hypothesis, zebrafish
were treated with control, DOX alone, DOX + PTUPB, or a
combination of DOX, PTUPB, and EET formation inhibitor,
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Figure 10. t-AUCB prevents DOX-induced cardiac and vascular dysfunction in zebrafish. (A) Schematic representation of the treatment protocol.
(B) Representative images of cardiac morphology in zebrafish larvae at 72 hpf. (C) Cross-sectional area of cardiac edema in mm?. (D) Stroke volume,
(E) cardiac output and (F) arterial pulse in zebrafish larvae treated with DOX and t-AUCB at 72 hpf. (G and I) Blood velocity and (H and J) diameter for the
(G and H) DA and (I and J) PCV of zebrafish. One-way ANOVA followed by Tukey's multiple comparison test was performed to determine the significant
differences between groups (*P<0.05 vs. control, ‘P<0.05 vs. DOX). DOX, doxorubicin; t-AUCB, 4-[[trans-4-[[(tricyclo[3.3.1.13,7]dec-1-ylamino)carbonyl]
amino]cyclohexyl]oxy]-benzoic acid; hpf, hours post-fertilization; DA, dorsal aorta; PCV, posterior cardinal vein.

MSPPOH, at 24 hpf (Fig. 11A). The cardiac and vascular
function of zebrafish larvae were then assessed at 72 hpf.
Notably, the EET formation inhibitor MSPPOH significantly
abolished the protective effect of PTUPB on cardiac edema
(Fig. 11B and C), stroke volume (Fig. 11D), and cardiac output
(Fig. 11E), as well as the blood velocity of the DA compared
with zebrafish treated with DOX and PTUPB (Fig. 11G).
While the MSPPOH group did not show a significant change
in the diameter of DA, the blood velocity, and the diameter of

PCV compared with zebrafish treated with DOX and PTUPB
(Fig. 11H-J), the MSPPOH group still did not demonstrate a
significant difference from zebrafish treated with DOX alone
(Fig. 11H, 1, J), suggesting that PTUPB was unable to protect
against DOX-induced cardiovascular toxicity in the presence
of MSPPOH. However, no significant changes in arterial pulse
were observed in zebrafish treated with DOX, PTUPB, or
MSPPOH (Fig. 11F). Together, the data in the present study
indicated that PTUPB exhibited a cardioprotective effect in
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Figure 11. Inhibition of epoxyeicosatrienoic acid formation using MSPPOH abolishes the protective effect of PTUPB against DOX-induced cardiac and
vascular dysfunction in zebrafish. (A) Schematic representation of the treatment protocol. (B) Representative images of cardiac morphology in zebrafish larvae
at 72 hpf. (C) Cross-sectional area of cardiac edema in mm?. (D) Stroke volume, (E) cardiac output and (F) arterial pulse in zebrafish larvae treated with
DOX and PTUPB with or without MSPPOH at 72 hpf. (G and I) Blood velocity and (H and J) diameter for the (G and H) DA and (I and J) PCV of zebrafish.
One-way ANOVA followed by Tukey's multiple comparison test was performed to determine the significant differences between groups (*P<0.05 vs. control,
“P<0.05 vs. DOX, P<0.05 vs. DOX + PTUPB). MSPPOH, N-methylsulfonyl-6-(2-propargyloxyphenyl)-hexanamide; PTUPB, 4-[5-phenyl-3-[3-[[[[4-(trifluoro
methyl)phenyl]amino]carbonyllamino]propyl]-1H-pyrazol-1-yl]-benzenesulfonamide; hpf, hours post-fertilization; DOX, doxorubicin; DA, dorsal aorta; PCV,

posterior cardinal vein.

the zebrafish model of DOX-induced cardiovascular toxicity,
mainly through the inhibition of sEH (Fig. 12).

Discussion

A number of previous studies have demonstrated that DOX
can detrimentally affect endothelial and vascular function in
patients with cancer (5,6). This adverse effect on the endothelial
and vascular system might be an antecedent for DOX-induced

cardiovascular toxicity (5,6). It may also explain the high
incidence rate of cardiovascular disease in DOX-treated
patients later in life (5,6). For instance, DOX-treated juvenile
and young adult survivors of cancer exhibit decreased endo-
thelial and vascular function, and an increased incidence of
future cardiovascular diseases (5,6). While dexrazoxane, a
mitigator of DOX-induced cardiotoxicity, effectively reduces
DOX-induced cardiotoxicity, a recent report showed that
dexrazoxane was ineffective at preventing acute DOX-induced
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Figure 12. Schematic of the beneficial effect of PTUPB on DOX-induced endothelial, vascular and cardiac toxicity. DOX, doxorubicin; PTUPB, 4-[5-phen
y1-3-[3-[[[[4-(trifluoromethyl)phenylJamino]carbonyl]amino]propyl]-1H-pyrazol-1-yl]-benzenesulfonamide; hpf, hours post-fertilization; DHET, dihy-
droxyeicosatrienoic acid; sEH, soluble epoxide hydrolase; EET, epoxyeicosatrienoic acid; CYP450, cytochrome P450; COX-2, cyclooxygenase-2; EHET,
poxyhydroxyeicosatrienoic acid; PGE,, prostaglandin E,; ROS, reactive oxygen species.

endothelial and vascular dysfunction (55). Thus, it is important
to identify a novel agent that will help to mitigate DOX-induced
endothelial and vascular toxicity.

Since our previous study showed that DOX-induced endo-
thelial and vascular toxicity by suppressing CYP epoxygenase
and reducing EETs (20), the present study aimed to test
whether increasing EET levels by inhibiting the EET metabo-
lizing enzyme sEH would protect against DOX-induced
endothelial and vascular toxicity. However, while suppression
of sEH causes EETSs to accumulate, and attenuates endothelial,
vascular, and cardiac inflammation (23), the chronic suppres-
sion of sEH or elevation of EETs increases the metabolism
of arachidonic acid to prostaglandins by upregulating the
expression of COX-2 (56,57). This effect on COX-2 not only
increases the risk of forming inflammatory prostaglandins
but can also further metabolize EET into carcinogenic prod-
ucts, EHETSs (21). Thus, it is important to use a drug such as
PTUPB that boosts EET levels while decreasing the forma-
tion of inflammatory and carcinogenic prostaglandins and
EHETs (21,35). This is important given that the purpose of
the present study was to reduce the adverse effect of DOX
without compromising its anticancer activity. Notably, PTUPB
is a novel dual inhibitor of sSEH and COX-2 (48), exhibiting
antitumor effects, and reducing chemotherapy and systemic
inflammation-induced multiple organ injury (35,58-60).

While selective COX-2 inhibitors such as celecoxib or
rofecoxib have a potential risk of cardiovascular adverse events,
which is likely due to reducing the formation of prostaglandin 12

without affecting the levels of thromboxane A2, the former being
a potent vasodilator and platelet aggregation inhibitor, and the
latter a vasoconstrictor and platelet aggregator (61,62), this was
not expected to be the case for PTUPB. Previous studies have
shown that PTUPB only reduced the formation of proinflamma-
tory prostaglandin E2 and did not alter the ratio of prostaglandin
12 to thromboxane A2, suggesting that PTUPB has a favorable
cardiovascular profile compared with the aforementioned selec-
tive COX-2 inhibitors (35,63). While the inhibition of COX-2
may have contributed to potentiating the anticancer effect of
DOX (21), it was also expected that a slight inhibition of COX-2
might have been beneficial, at least in part, for DOX-induced
cardiotoxicity, probably by maintaining the level of EET and
preventing it from being metabolized to EHETS, and by reducing
the formation of prostaglandin E2 (59,63).

In the present study, PTUPB was shown to inhibit sSEH and
COX-2 expression and reduced EndMT in human endothelial
cells. The present study also demonstrated that PTUPB reduced
DOX-induced vascular toxicity in DOX-administered zebrafish.
In addition, evidence suggested that the protective effect of
PTUPB against DOX-induced vascular toxicity in zebrafish
was associated with downregulation of EndMT and vascular
toxicity markers. The results of the present study are consistent
with previous studies showing that the dual inhibition of SEH
and COX-2 and the elevation of EETs reduce EndMT, improve
vascular and endothelial function, and lessen injury in the blood
vessels, liver and kidneys (64,65). Conversely, the downregula-
tion of CYP epoxygenase and a reduction in EETs exacerbate
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endothelial toxicity, aggravate EndMT, and worsen vascular and
cardiac dysfunction (20,66). Thus, the present data suggested
that inhibiting EET metabolizing enzymes, such as sEH and
COX-2, using PTUPB reduced EndMT and protected against
DOX-induced endothelial and vascular toxicity.

Another notable finding in the present study was that
PTUPB significantly abolished cardiac edema and improved
cardiac function and morphology in zebrafish treated with
DOX. This observation was consistent with previous reports
demonstrating that sEH inhibitors reduce cardiac inflammation
and improve myocardial function and morphology in different
preclinical models of cardiac diseases (67,68). It is unclear if this
effect of PTUPB on cardiac function and morphology was due
to its direct cardioprotective effect or resulted from its benefi-
cial impact on endothelial and vascular function. Nevertheless,
the findings of the present study indicate a beneficial effect of
PTUPB on DOX-induced cardiovascular toxicity in zebrafish.

The present study also shed light on the contribution of
inflammation and oxidative stress to DOX-induced endothe-
lial, vascular, and cardiac toxicity. Notably, inflammation and
oxidative stress are vital contributors to EndMT, and endothe-
lial, vascular, and cardiac toxicity (69-73). Equally important
was that the inhibition of EET metabolizing enzymes, sSEH
and COX-2, using PTUPB downregulated inflammation and
oxidative stress markers, contributing to the protective effect
observed in DOX-induced endothelial, vascular, and cardiac
toxicity. The present findings were consistent with previous
studies showing that PTUPB reduced mesenchymal cell
transition in the lungs, and ameliorated injury in the liver,
lungs, and kidneys by abrogating inflammation and oxidative
stress (23,44,46,47). Additionally, inhibition of the EET-forming
enzyme, CYP epoxygenase, exacerbates DOX-induced EndMT
and aggravates inflammation and oxidative stress (20). Thus,
it was likely that the inhibition of EET metabolizing enzymes,
such as sEH and COX-2, using PTUPB reduced DOX-induced
endothelial and vascular toxicity in the zebrafish model by
lessening inflammation and oxidative stress.

Given that previous studies have demonstrated that
the inhibition of sEH is beneficial to the cardiovascular
system (67,68) and that PTUPB is a more selective inhibitor
of SEH compared with COX-2 (48), the protective effect of
PTUPB on DOX-induced cardiovascular toxicity was likely
attributed to the inhibition of sEH. Consistent with this hypoth-
esis, the results of the present study showed that t-AUCB,
a selective sEH inhibitor, protected against DOX-induced
cardiovascular toxicity. On the other hand, blocking EET
synthesis using MSPPOH abolished the beneficial effect of
PTUPB on DOX-induced cardiovascular toxicity. In agree-
ment with the present findings, it has been demonstrated that
PTUPB improved endothelial dysfunction and reduced blood
pressure and renal injury in obese ZSF1 rats, as well as in
sorafenib-induced hypertension, likely due to the inhibition of
sEH (59,63). These findings, along with the data of the present
study, suggested that the preferential inhibition of SEH was
likely to be a key contributor to the protective effects of
PTUPB on DOX-induced cardiovascular toxicity.

A limitation of the present study was that higher concentra-
tions of PTUPB (2.5 and 5.0 uM) exacerbated DOX-induced
endothelial toxicity, suggesting that PTUPB exhibited a
concentration-dependent effect, which warrants further
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investigation. The activity of COX-2 and the formation of
prostaglandin E2 were not directly measured in the present
study. Although the findings of the present study suggested
that PTUPB reduced DOX-induced cardiovascular toxicity,
likely due to a reduction in systemic mesenchymal, inflam-
matory and oxidative stress markers, the present study did
not confirm these observations using immune blot analysis.
Further investigation is needed to confirm these findings.

In summary, the data of the present study indicated that
the inhibition of sEH and COX-2 using PTUPB reduced
DOX-induced EndMT and vascular toxicity. PTUPB was
also shown to improve cardiac function and morphology in
a zebrafish model of DOX-induced cardiovascular toxicity.
The data of the present study demonstrated that the protec-
tive effect of PTUPB against DOX-induced endothelial and
cardiovascular toxicity was associated with downregulation
of inflammation and oxidative stress markers. Given that the
present study showed that PTUPB enhanced the anticancer
effect of DOX, and PTUPB exhibited an antitumor effect and
reduced chemotherapy-induced systemic inflammation and
multiple organ injury in previous studies (35,58-60), treatment
approaches that target sSEH and COX-2, such as PTUPB, may
help mitigate the detrimental effect of DOX on the cardiovas-
cular system while improving its antitumor activity.
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