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Human thymidine phosphorylase (hTP) is overexpressed in several solid tumors and is commonly associated with
aggressiveness and unfavorable prognosis. 6-(((1,3-Dihydroxypropan-2-yl)amino)methyl)-5-iodopyrimidine-2,4
(1H,3H)-dione (CPBMF-223) is a noncompetitive hTP inhibitor, which has been described as a tumor angio-

El}:amilZicr?:m}?s:sho lase inhibitor genesis inhibitor. The present study investigated the effects of CPBMF-223 in a xenograft tumor induced by
Tm}c’?;ity phosphory human colorectal carcinoma cells (HCT-116). Additionally, CPBMF-223 capacity to reduce cell migration, its

toxicological profile, and pharmacokinetic characteristics, were also evaluated. The intraperitoneal treatment
with CPBMF-223 markedly prevented the relative tumor growth with an efficacy similar to that observed for 5-
fluorouracil. Interestingly, number of vessels were significantly decreased in the treated groups. Moreover,
CPBMF-223 significantly reduced the migration of cell line HCT-116. In the Ames assay and in an acute oral
toxicity test, the molecule did not alter any evaluated parameter. Using the zebrafish toxicity model, cardiac and
locomotor parameters were slightly changed. Regarding the pharmacokinetics profile, CPBMF-223 showed
clearance of 9.42 L/h/kg after intravenous administration, oral bioavailability of 13.5%, and a half-life of 0.75 h.
Our findings shed new light on the role of hTP in colorectal cancer induced by HCT-116 cell in mice, pointing out
CPBMF-223 as, hopefully, a promising drug candidate.

pathology is responsible for approximately 10% of all cancer incidence
and mortality [1,2]. Although the overall survival of patients diagnosed

1. Introduction

Colorectal cancer (CRC) is the third most common cancer worldwide,
resulting in 1.8 million new cases in 2018. According to The Global
Cancer Observatory (GLOBOCAN), it is the second most prevalent can-
cer in women and the third in men claiming almost 900,000 lives
annually [1]. Although the recent advances in oncology therapy, this

with CRC has improved in recent years, less than 15% of patients with
metastatic CRC have an average 5-year overall survival [3,4]. Neo-
vascularization, including tumor angiogenesis, is a key process involved
in the progression of cancer and metastasis. This concept was first
described in the 1970s and is still considered a hallmark of cancer, being
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an important pharmacological target for new cancer drugs [5,6].

The human thymidine phosphorylase (hTP), also known as platelet-
derived endothelial cell growth factor (PD-ECGF), belongs to the py-
rimidine nucleoside phosphorylase family and its main function is to
ensure the functionality of the pyrimidine nucleoside pathway rescue
required for DNA replication and repair [7,8]. In addition, the enzyme is
responsible for the catalysis of reversible phosphorylation of thymidine
to 2-deoxy-a-D-ribose-1-phosphate (2DDR1P) and thymine in the pres-
ence of inorganic phosphate [9]. It can be expressed in different cells,
including endothelial cells, fibroblasts, lymphocytes, and macrophages
[10]. In particular, several types of solid tumors such as gastric,
esophageal, breast, bladder, cervical, lung, glioblastoma, ovarian, and
colorectal have been shown to overexpress hTP enzyme which is asso-
ciated with unfavorable prognosis, tumor aggressiveness, invasiveness
and metastasis [10-12]. The biological effects are directly linked to
proangiogenic and anti-apoptotic activity, triggered by hTP and
2-deoxyribose-D-ribose (2DDR), a downstream mediator, formed from
nonenzymatic dephosphorylation of the product 2DDR1P [13-15].

The proangiogenic and anti-apoptotic activity in cancer progression
makes hTP inhibition an attractive target for anticancer drug discovery.
In the early 2000s, Fukushima and collaborators described a potent
competitive hTP inhibitor, 5-chloro-6-(1-[2-iminopyrrolodinyl]methyl)
uracil hydrochloride (TPI), with concentration of inhibitor that re-
duces enzyme velocity by half (ICsq) of 0.035 pM [16]. TPI associated
with cytotoxic agent trifluorothymidine (TFT), a thymidine-based
nucleoside analog, is the unique hTP inhibitor approved for clinical
use by the Food and Drug Administration (FDA) (2015).

Recently we reported novel hTP inhibitors designed to mimic the
transition state of the activated complex produced in the enzymatic
catalysis. The novel pyrimidine-2,4-diones inhibited hTP activity with
ICsp value ranging from 0.12 to 87 uM. The 6-(((1,3-Dihydroxypropan-
2-yl)amino)methyl)-5-iodopyrimidine-2,4(1H,3H)-dione (CPBMF-223;
Fig. 1F) was the most potent compound presenting an ICsy of 0.12 +
0.01 uM with a noncompetitive inhibition mode regarding both sub-
strates [17]. So far, to the best of our knowledge, CPBMF-223 is the most
potent inhibitor of hTP described in the literature with a noncompetitive
inhibition mechanism [17]. Furthermore, the CPBMF-223 exhibited no
apparent toxicity in cytotoxicity and genotoxicity assays (alkaline
comet), moderate in vitro metabolism rate and low probability of
drug-drug interaction. Interestingly, in a human glioblastoma xeno-
graphic model, the compound was able to significantly reduce the
relative tumor volume (RTV) when intraperitoneally administered to
nude mice. The reduction of tumor volume was mediated by the
reduction of vascularization accessed through vascular endothelial
growth factor (VEGF) immunolabeling and vessel number evaluations
[17].

Based on these findings, the present study describes the antitumor
potential of CPMBF-223 using human colorectal carcinoma cells (HCT-
116) in a female and male nude mice model. Additionally, the com-
pound ability to inhibit HCT-116 cell migration was also studied.
Furthermore, the evaluation of toxicological properties of the compound
was expanded by using Ames assay, zebrafish (Danio rerio) toxicity
models, and an acute oral toxicity model in mice. Finally, the oral
pharmacokinetic profile of CPBMF-223, as a preliminary step to test
different routes of further drug administration, was also presented.

2. Materials and methods
2.1. Drugs and cell culture

CPBMF-223 was obtained as previously described [17]. 5-Fluoro-
uracil (5-FU) was obtained from Sigma-Aldrich (St. Louis, MO, USA).
TPI was obtained from Med Chem Express (Princeton, NJ, USA).
Immortalized human colorectal carcinoma (HCT-116) cell line was ob-
tained from the Rio de Janeiro Cell Bank (Rio de Janeiro, RJ, Brazil). The
cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM -
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Gibco, Grand Island, NY, USA), supplemented with 10%
heat-inactivated fetal bovine serum (FBS; Gibco, Grand Island, NY,
USA), gentamicin (0,08 mg/mL, INLAB, Diadema, SP, Brazil), and 0,1%
fungizone (Gibco, Grand Island, NY, USA). Posteriorly, the HTC-116
cells were incubated at 37 °C, relative humidity of 95%, and 5% COx.

2.2. Mice

Female and male BALB/c nude mice (CbyJ.Cg-Foxn1™/J; 4-8 weeks
old; n = 44) were used for in vivo antitumor assay; matrices of these
animals were a donation from Sociedade Beneficente Israelita Brasileira
Albert Einstein (Sao Paulo, SP, Brazil). Female CF1 mice (8-12 weeks
old) were used for acute oral evaluation test (n = 19) and pharmacoki-
netics study (n = 36). All mice were obtained from the Center of
Experimental Biological Models from Pontificia Universidade Catélica
do Rio Grande do Sul (CeMBE/PUCRS). The animals were maintained at
controlled humidity (40-60%) and temperature room (24 + 2 °C),
under a 12/12 h light/dark cycle. Food and water were provided ad
libitum. All experimental protocols were approved by the Animal Ethics
Committee from Pontificia Universidade Catdlica do Rio Grande do Sul
(CEUA-PUCRS) (protocol number: 8731). In addition, we followed the
Brazilian guideline for production, maintenance or use of animals in
teaching or scientific research, from the National Council for the Control
of Animal Experimentation (CONCEA, Brasilia, DF, Brazil) and the last
published ARRIVE Guideline to report in vivo experiments [18].

2.3. Tumor growth in mice

2.3.1. Tumor xenograft model

HCT-116 cells (5 x 10%) in 200 uL of Geltrex (Gibco, Grand Island,
NY, USA) and culture media (1:1) were subcutaneously (s.c.) inoculated
into a right hind flank of male and female nude mice [19]. After 7-8 days
of cell implantation, the animals were randomly divided into experi-
mental groups and the treatments were started. Animals were random-
ized into three groups: vehicle control (0,9% NaCl), CPBMF-223
(50 mg/kg, 5 days/week) and 5-FU (30 mg/kg, every other day (q.o.d))
[17,20]. Treatments were intraperitoneally (i.p.) administrated for 3
weeks.

Tumors were measured every other day using a digital caliper.
Tumor volume was calculated as V = 0.5 x length (mm) x widthz, while
RTV was calculated using the following formula: RTV = (tumor volume
on the measured day) / (tumor volume on day 0). The solid tumor
growth inhibition (TGI) on specific day as TGI = [1 — (RTV of treated
group) / (RTV of the control group)] x 100 (%) was also calculated to
evaluate toxicity, the body weight change (BWC) was estimated as BWC
= [(body weight on the last day) - (body weight on day 0)] / (body
weight on day 0) x 100 (%) [17]. After 21 days of treatment, mice were
euthanized, the tumor tissues were excised, and the blood collected
through abdominal aorta in EDTA tube (BD Vacutainer, Franklin Lakes,
NJ, USA). A separate control group was treated with vehicle (sodium
chloride (NaCl) 0,9%) by i.p. route also for 21 days.

2.3.1.1. Criteria of inclusion and exclusion. In order to reduce the vari-
ation presented in tumor response to antiangiogenic drugs, inclusion
and exclusion criteria were inserted in this study. Animals with tumor
volume below 20 mm® after 7-8 days of cell implantation, were not
included in the experiment (n = 2). Mice with a variation above of three
standard errors of the mean, or animals with the tumor without growing
at the appropriate location were excluded of the study (n = 3) [18,21].

2.4. Cell migration assay

HCT-116 (1,8 x 106) cells were seeded in 6-wells plate until
90-100% confluences were achieved. Using a 200 uL. micropipette tip
was scratched a gap line across the center of the cell’s monolayers. The
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Fig. 1. Effects of treatments with CPBMF-223 (50 mg/kg/day, 5 days/week, 3 weeks) and 5-fluorouracil (5-FU; 30 mg/kg/day, every other day), by intraperitoneal
(i.p.) route, on tumor relative volume (RTV) and body weight changes (%) in nude mice injected with human colorectal carcinoma (HCT-116). RTV curve during
treatment for female (A) and male (B) mice. Body weight changes curve for female (C) and male (D) animals. Representative pictures to show the sizes of the tumors
excised on day 21 (E). Chemical structure of 6-(((1,3-dihydroxypropan-2-yl)amino)methyl)-5-iodopyrimidine-2,4(1H,3H)-dione (CPBMF-223) (F). 5-FU treatment
was used as a positive control drug for colorectal cancer. Data were expressed with the mean =+ standard error of the mean. Statistical analysis was performed by two-
way analysis of variance, followed by Bonferroni post-test. Data significant in relation to vehicle (negative control group) at *p < 0.05, **p < 0.01, and ***p < 0.001.

q.o.d.: every other day.
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cells were washed with PBS to remove detached and dead cells, followed
by exposure to three concentrations of CPBMF-223 (50, 100 or 250 uM)
or TPI (100 uM) in DMEM with 10% of FBS. DMEM with 10% of FBS was
used as a positive control of migration. The images of the gap area were
captured immediately (0 h), and after 4, 8, 12, 24 and 48 h with x4
magnification using an inverted microscope (Olympus IX71). The
analysis of the images was performed using the software ImageJ 1.8.0
(NIH, Bethesda, MD, USA). The gap distance of five sites per image was
measured [22] (n = 3-4).

2.5. Immunohistochemistry and histological analysis

Tumor samples were fixed in 4% formaldehyde solution for over 24 h
and then embedded in paraffin. The slides were incubated with primary
polyclonal vascular endothelial growth factor (VEGF) antibody (1:300,
Cat. PA5-16754, Cat. SK2482305B; Thermo Fisher Scientific, Waltham,
MA, USA) and monoclonal Ki-67 antibody (SP6) (1:300, Cat. MA5-
14520, Lot. SK2478526A; Thermo Fisher Scientific, Waltham, MA,
USA). The immunohistochemistry (IHC) and hematoxylin-eosin (HE)
analysis were performed as previously described [17].

2.6. Liver injury enzymes

Blood samples were collected via aortic puncture and centrifuged at
4000 rpm for 15 min at 4 °C. Plasma samples were divided into aliquots
and stored at —80 °C. Alanine aminotransferase (ALT), aspartate
aminotransferase (AST), and gamma glutamyl transferase (GAMMA-GT)
levels were measured using commercial kits (Labtest Diagnostica S.A.,
Lagoa Santa, MG, Brazil). AST and ALT were measured with a UV kinetic
methodology in a 340 nm and GAMMA-GT using a colorimetric method
in 405 nm (SpectraMax M2e, Molecular Devices, San Jose, CA, USA).

2.7. Toxicity assays

2.7.1. Salmonella/microsome mutagenicity assay (Ames assay)

For the Salmonella mutagenicity test, the pre-incubation method was
performed with or without metabolic activation using S9 mix (4% S9
fraction) (MOLTOX, Boone, NC, USA) [23,24]. Salmonella typhimurium
strains TA98, TA97a, TA100, TA102, and TA1535 were obtained from
MOLTOX (Boone, NC, USA). CBPFM-223 was dissolved in dime-
thylsulfoxide (DMSO), and concentrations used were determined ac-
cording to a previous experiment in TA100 strain, with and without
metabolization, where cytotoxicity was observed at concentrations
higher than 2000 pg/plate (data not shown). Therefore, the defined
concentrations were 100, 250, 500, 1000, and 2000 pg/plate. Firstly,
100 pL of bacterial culture (1-2 x 10° cells/mlL) were incubated with
different CPBMF-223 concentrations in the absence or presence of S9
mix for 20 min at 37 °C, without shaking. After the incubation time,
they were added to a test tube 2 mL of soft agar (0.6% agar, 0.5% NaCl,
histidine 50 uM, biotin 50 uM, pH 7.4, at 42 °C) and poured immedi-
ately onto a plate of minimal agar (1.5% agar, Vogel-Bonner E medium,
containing glucose 2%) and incubated at 37 °C for 48 h before counting
the revertant colonies. In the absence of metabolic activation, as a
positive control for TA98, TA97a, and TA102 strains 4-nitroquinoline--
oxide (4-NQO, 0.5 pg/plate) was used, while for TA100 and TA1535,
sodium azide (NaNg, 1 pg/plate) was employed. For all strains in the
presence of metabolic activation was used 2-aminoanthracene (2-AA,
2 pg/plate) as a positive control. Assays were repeated once, and the
plating for each dose was conducted in triplicate.

2.7.2. Zebrafish: animal maintenance and treatment

Embryos and larvae, 0-5 days post-fertilization (dpf), wild-type
Danio rerio, from the AB background were obtained from the breeding
colony. The animals were maintained in recirculating systems (Zebtec,
Tecniplast, Pontremoli, MS, Italy) with reverse osmosis filtered water
equilibrated to reach the species standard temperature (28 + 2 °C), pH
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(7.0-7.5), and ammonia, nitrite, nitrate, and chloride levels. Animals
were subjected to a light/dark cycle of 14/10 h, respectively [25]. For
breeding, females and males (1:2) were placed in breeding tanks over-
night separated by a transparent barrier that was removed after the
lights went on the following morning. The fertilized eggs retained in the
fitted tank bottom were collected, sanitized, and immediately subjected
to the treatment. Water used in the experiments was obtained from a
reverse osmosis apparatus (18 MQ/cm) and was reconstituted with
marine salt (Crystal Sea, Marinemix, Baltimore, MD, USA) at 0.4 ppt.
The total organic carbon concentration was 0.33 mg/L. The total alka-
linity (as CO%™) was 0.030 mEq/L. During fish maintenance, water pa-
rameters were monitored daily and maintained in the following ranges:
pH: 6.5-7.5, conductivity: 400-600 pS, ammonium concentration:
< 0.004 ppm, and temperature: 25-28 °C. All protocols were approved
by the Animal Ethics Committee from Pontificia Universidade Catélica
do Rio Grande do Sul (CEUA-PUCRS, Porto Alegre, RS, Brazil; protocol
number 7249).

Embryos were placed in Petri dishes (40 embryos per dish), for
neurotoxicity experiments, or in 96 well plates, for cardiac analyzes; and
subjected to acute treatment at doses of 0 (vehicle, fish water), 50, 250,
and 500 uM for five days, from 1 h post-fertilization (hpf) to 5 dpf.
Animals were monitored daily for survival rate using an inverted
stereomicroscope.

2.7.2.1. Cardiotoxicity and cardiac evaluation. Each animal was moni-
tored daily for cardiac alterations, and the heartbeat rate was analyzed
at 2 and 5 dpf under a stereomicroscope (n = 18). Treated larvae and
control were placed in 96 well plates with their heart rate was monitored
for 60 s. For all procedures, temperature was kept stable at 28 °C [26].

2.7.2.2. Neurotoxicity and exploratory behavior evaluation. Five dpf
larvae were individually placed in a 24-well plate filled with 3 mL of
water or respective solution treatment for exploratory performance
analysis during a 5 min session following 1 min acclimation (n = 30).
The performance was recorded for automated analysis using EthoVision
XT software (version 11.5, Noldus), which is able to track the swimming
activity of the animals at a rate of 15 positions per second. Total distance
traveled (cm), velocity (cm/s), time outside area (s), and absolute turn
angle were considered the main parameters of exploration of a new
environment [27].

2.7.3. Acute oral toxicity

The study was performed according to the Organization for Eco-
nomic Cooperation and Development (OECD) Guideline for testing of
chemicals, no. 423 for the assessment of acute oral toxicity-acute toxic
class method [28]. The method can be performed in a single oral dose of
substance, or multiple doses given within 24 h. The acute toxicity range
of the test substance depends on the mortality status of the animals,
which supports finding the toxicity category of the drug tested as well as
to define the exposure ranges where the median lethal oral dose (LDs) is
expected.

After 3 h of fasting, three female CF1 mice were exposed to 300 mg/
kg of CPBMF-223 by the single oral route, and food was withheld for
further 2 h. It is recommended to use this starting dose when there is no
information on the substance to be tested. Animals were observed for
clinical signals, including changes in eyes and mucous membranes, skin,
and fur, and also circulatory, respiratory, autonomic and central nervous
systems, somatomotor activity, and behavior patterns had special
attention the first 4 h after treatment and daily for 14 days. After 14
days, the mice were euthanized and subjected to a gross pathological
examination for signals of toxicity. The kidneys, liver, and spleen were
harvested and weighed. In case 2-3 animals treated with 300 mg/kg did
not shown toxicity characteristics or mortality, three additional mice
received the same dose, followed by a higher dose of 2000 mg/kg
(n = 6) that was performed in two doses of 1000 mg/kg administered
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with an interval of 4 h. An additional group of animals were evaluated as
control, receiving only the vehicle (0.9% NaCl) as treatment (n = 8).

2.8. Data analysis

The results obtained in the mouse model were expressed as the
mean =+ standard error of the mean, and the statistical analysis of the
data were performed by using one- or two-way analysis of variance,
depending on the experimental protocol, followed by Bonferroni’s or
Dunnet’s post-test. Salmonella mutagenicity tests are expressed as
mean =+ standard deviation and were determined by one-way analysis of
variance, followed by Dunnet’s post-test. The zebrafish protocols are
evaluated by mean + standard error of the mean and analyzed by one-
way followed by Tukey post-test. p values < 0.05 were considered sig-
nificant. All tests and the construction of graphs were performed using
the GraphPad Prism (San Diego, CA, USA).

3. Results

3.1. CPBMF-223 reduces the tumor growth in HCT-116 colorectal cancer
Xxenograft mice

The activity of CPBMF-223 in colorectal cancer was investigated by
subcutaneous (s.c.) implantation of HCT-116 cells into the right hind
flank of mice. CPBMF-223 (50 mg/kg) was administrated for 21 days in
3 cycles of 5 days a week, and the reference drug 5-fluorouracil (5-FU;
30 mg/kg) was administrated every other day, both by intraperitoneal
(>i.p.) route. Interestingly, for both female and male mice, RTV curves
grew slower, when compared to the positive control group (vehicle)
(Fig. 1A, B, E). The same result was observed when combined both sexes
(Fig. SA1). For females, treatment with CPBMF-223 was able to signif-
icantly inhibit tumor growth rate in 47 + 8%, 43 + 9% and 45 + 12%
on days 16, 18, and 20, respectively; in turn, 5-FU was responsible for
inhibiting 38 + 14% on day 20 (Fig. 1A and Table 1). Similarly, the
inhibition percentages for CPBMF-223-treated males were 52 + 13%,
47 + 13%, and 50 + 12% and for 5-FU-treated males were 56 + 10%,
55 4+ 8% and 61 + 8% (Fig. 1B and Table 1). Considering all data (two
sexes), the inhibition was approximately 50% of tumor growth, for both
compounds in the last three measurements (Fig. SIA and Table S1).

In addition, the pharmacological treatment with CPBMF-223 did not
cause any body weight changes compared to the tumor or tumor-free
untreated control groups. On the other hand, male mice treated with
5-FU had their body weight reduced compared to the tumor vehicle
control and to the no tumor vehicle control (Figs. 1C, D and S1B).

3.2. CPBMF-223 reduce HCT-116 cell migration in vitro

The cell migration assay was performed after the in vitro cytotoxicity

Table 1
Inhibitory effects of intraperitoneal administration of CPBMF-223 and 5-fluoro-
uracil (5-FU) on tumor growth inhibition (TGI).

Experimental group TGI (%)
Day 16 Day 18
Female CPBMF-223 (n = 6) 47 + 8* 43 £ 9%
5-FU (n=5) 38 +11 25+ 20
Male CPBMF-223 (n =7) 52 + 13~ 47 +13**
5FU(n=7) 56 + 10" 55 + 8%

CPBMF-223: 50 mg/kg/day, 5 days/week, 3 weeks; 5-fluorouracil (5-FU):
30 mg/kg/day, every other day, for 3 weeks. Data were expressed as the
mean + standard error of the mean. Statistical analysis was performed by two-
way analysis of variance (ANOVA) followed by Bonferroni post-test.

" p < 0.05 significantly different from vehicle group (negative control).

" p < 0.01 significantly different from vehicle group (negative control).

" p < 0.001 significantly different from vehicle group (negative control).
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assay to ensure the CPBMF-223 non-toxic concentrations (data not
shown). Concentrations of 100 and 250 uM of CPBMF-223 and 100 uM
of TPI (hTP inhibitor) significantly reduced the migration of HCT-116
cell after 48 h of treatment (Fig. 2). The CPBMF-223 inhibited the cell
migration in 8.2 + 2.2%, 10.4 + 6.1% and 24.2 + 3.5%, for 50, 100 and
250 pM, respectively. Under the same experimental conditions, 100 uM
concentration of TPI inhibited 17.6 + 4.4% of cell migration when
compared with positive control (PC; DMEM with 10% FBS).

3.3. Effect of CBPMF-223 on VEGF, Ki-67, and vessel density

VEGF and Ki-67 immunohistochemistry (IHC) was performed to
evaluate the expression levels of these promoters of angiogenesis and
cell proliferation factors in HCT-116 tumors [17]. In the VEGF immu-
nolabeling evaluation, no changes were observed in male or female
groups, however when the both sexes were jointly assessed, 5-FU group
showed some reduction compared with vehicle group (Figs. 3A, D and
S2A). Regarding Ki-67 immunolabeling, it was reduced in nude male
mice tumors by CPBMF-223 and 5-FU treatment (Figs. 3E and S2B) with
12.1 + 2% and 9.9 + 2.2% of inhibition, respectively. This effect was
not observed for females or when the female and male groups data were
associated (Figs. 3B and S2B). Next, the slice of mice tumor was stained
with hematoxylin-eosin (HE) for visualization and counting of vessel
numbers. As illustrated in Fig. 3C, F, G, the number of vessels in the
colorectal tumor induced by HCT-116 were significantly decreased in
both treatment groups, CPBMF-223 and 5-FU for both sexes. The inhi-
bition percentages for CPBMF-223 were 26.9 + 8.3%, 31.5 &+ 6.5% and
29.5 + 5.2%, and for 5-FU were 53.3 +5.1%, 36.5+4.1 and
44.2 + 3.5% for female, male and both sexes mixed, respectively (Ta-
bles 2 and S2). Representative images from HE labeling were depicted in
Fig. 3G. Additionally, IHC images for VEGF and Ki-67 antibodies were
also described in the Supporting information (S3A, B).

3.4. CPBMF-223 did not increase the liver enzyme levels

Regarding the toxicological safety profile, CPBMF-223 did not cause
any changes in liver enzymes from mice plasma samples (Table 3). In
contrast, 5-FU showed a reduction in alanine aminotransferase (ALT)
values when compared to the vehicle group (Table 3). In addition, the
tumor negative control group had a small increase in aspartate amino-
transferase (AST) values when compared to tumor-free control
(Table S3).

3.5. CPBMF-223 shows acceptable safety profile from in vitro and in vivo
evaluations

In the Ames assay, CPBMF-223 was tested in five different concen-
trations (100-2000 pg/plate). The test was performed in five
S. typhimurium strains: TA1535 and the corresponding isogenic strain
TA100 which detect base-pair substitutions (DNA target leucine (GAG)
by proline (GGG)), TA102 which detect crosslinking, oxidative and
alkylating mutagens by an ocher mutation TAA in this hisG gene, and
TA98 (DNA target -C-G-C-G-C-G-C-G-; -1) and TA97a (DNA target -C-
C-C-C-C-C-; +1 cytosine) which detect frameshift mutations. In addition,
aiming to mimic the human metabolic process was included S9 mix
incubation with the compound. As shown in Table 4, CPBMF-223 did not
induce mutagenicity effects with any concentration or any strain in the
presence or absence of metabolic activation. Moreover, the positive
control group for DNA damage increased the corresponding revertant
colonies over the vehicle control group. Important to mention that 5-FU
has been shown to be mutagenic to some strains of Salmonella typhi-
murium and Saccharomyces cerevisiae. Additionally, this drug has also
been described as mutagenic in the micronucleus test on mouse bone
marrow cells [29].

Using zebrafish as a toxicity model, we aimed to observe some pa-
rameters such as cardiotoxicity, neurotoxicity, and behavioral variation.
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Fig. 2. Migration assay in HCT-116 cell over 48 h of exposure to CPBMF-223 and TPI (competitive inhibitor of hTP). Measurement of HCT-116 cell migration (%)
over time (0, 4, 8, 12, 24 and 48 h) (A) and representative images of migration after 48 h of treatment (B). DMEM with 10% FBS was used as positive control of
migration. Five independent measurements per picture were performed in order to calculate the percentage of migration, considering time 0 of each treatment with
0%. Data were expressed with the mean =+ standard error of the mean. Statistical analysis was performed by two-way analysis of variance, followed by Bonferroni
post-test. Data significant in relation to positive control (DMEM 10% FBS) at *p < 0.05 and ***p < 0.001.

The cardiac effects of CPBMF-223 were assessed and this compound
decreased heart rate in the animals with 2 days postfertilization (dpf),
6.2 £0.9% and 6.6 + 1%, at concentrations of 250 and 500 uM,
respectively (Fig. 4A). Of note, this result was partially reversed at 5 dpf,
where only the concentration of 500 uM was still responsible for
changing this parameter (9.5 + 0.8%) (Fig. 4B). Furthermore, the lo-
comotor activity was used as a parameter to evaluate possible neuro-
logical impairment at 5 dpf. All three dosages tested resulted in a
significant decrease in the distance and velocity of the free-swimming of
the zebrafish when compared to the negative control, with no substan-
tial differences between the different concentrations tested. The re-
ductions of the total distance traveled parameter were of 36.3 + 5.8%,
30 + 4.7%, and 26.6 + 7.3%, considering velocity parameter, the re-
ductions were of 27.5 + 3.8%, 27.6 &+ 3.9%, and 19.6 + 5.9% in the
animals exposed to 50, 250, and 500 uM of CPBMF-223, respectively
(Fig. 4C, D). An additional locomotor parameter measured was the ab-
solute turn angle, a parameter that is sensitive to measure of locomotor
coordination. The highest concentration (500 uM) was able to statisti-
cally increase the absolute turn angle by 42.4 + 8.5% compared to the
control (Fig. 4E). Otherwise, we analyzed as a behavioral parameter
related to anxiety, the time that the animal remains on the periphery of
the well. In acutely treated animals, the evaluation showed no signifi-
cant differences between groups evaluated (Fig. 4F).

Next, the mice’s acute oral toxicity of CPBMF-223 was tested using
an Organization for Economic Cooperation and Development (OECD)
protocol. The starting dose was 300 mg/kg in a single oral administra-
tion on female mice. In this primary test, no clinical signs of toxicity or
mortality were observed within 14 days after administration. The pro-
tocol was repeated with the same dosage, and one animal was found
dead on the first day, whereas the other two animals which received the
same CPBMF-223 dosage showed no visual toxicity. Following recom-
mendations from the protocol, the test was carried out with the
administration of 2000 mg/kg, and no clinical sign of toxicity was
observed. The surviving animals in the treated groups with an oral dose
of CPBMF-223 (300 or 2.000 mg/kg) did not display any bodyweight
loss, or kidney, liver, or spleen weights loss when compared to the
control values (Table 5). Additionally, a necropsy examination revealed
no treatment-related gross pathological changes in the carcasses of the
mice. It is noteworthy that 5-FU shows LDs of 230 mg/kg and 115 mg/
kg when orally administrated to rats and mice, respectively [30].

3.6. CPBMF-223 pharmacokinetic profile

A previously published HPLC methodology was used to quantify
CPBMF-223 concentrations in mouse plasma [17]. Pharmacokinetic
parameters of CPBMF-223 were obtained after i.v. and oral adminis-
tration of 25 mg/kg and 250 mg/kg by using non-compartmental anal-
ysis (Table S4 and Fig. S4). Moreover, once the data was obtained after
administration by the i.v. route, along with data previously published
[17], it was possible to calculate the i.p. route data of clearance and
bioavailability (Table S4).

The clearance was similar for the three administration routes, and
bioavailability F value were found to be 13.52% and > 100% to oral and
i.p. routes, respectively (Table S4). Following an oral administration of
CPBMF-223 to CF-1 male mice, the peak concentration (Cpax) (3.12 pg/
mL) was achieved after 0.25 h (time to peak plasma concentration; tyay).
The elimination rate constant (Ke) and the elimination half-life (t;/2)
values were 0.93 h™! and 0.75 h. The area under the compound plasma
concentration from time 0 versus time curve and extrapolated to infinity
(AUCy - ¢ and AUCy _, o) were 2.6 pg h/L and 3.59 pug h/L. The area
under the first moment of the plasma concentration versus time curve
and extrapolated to infinity (AUMCy _,  and AUMC -, ,) were 1.74 and
4.27 pg h2/L, while the mean residence time (MRT) was 1.19 h in mice
(Table S4). The intravenous (i.v.) route showed a short t;,2 (0.45 h), a
moderate volume of distribution (Vd) (3.24 L/kg) and a high clearance
(CL) (9.42 L/h/kg). The remaining pharmacokinetic parameters were:
Ke =1.53h71, AUC ¢ _ { =2.36 ug h/L, AUC ¢ _ o = 2.65 g h/L,
AUMC g _, { = 0.43 pug h%/L, AUMC g _, = 0.91 pg h? h/L and MRT
= 0.34 h (Table S4). The CPBMF-223 binding to plasma proteins was not
influenced by the drug concentration (5 and 40 pg/mL) and was
approximately 34.4 + 1.07%.

4. Discussion

Herein, we evaluated the cytotoxicity of CPBMF-223 on HCT-116
cells by neutral red uptake assay. The in vitro incubation with
different concentrations (25-500 uM) of the compound did not affect
the viability of the cells (data not shown), which is in agreement with
previously reported data [17]. By contrast, CPCBMF-223 attenuated the
tumor growth rate in a xenograft colorectal cancer mouse model
induced by HCT-116 cells. It is important to mention that the hTP
enzyme is overexpressed in the HCT-116-induced cancer model [31].
Treatment with CPBMF-223 showed a significant delay in growth tumor
rate after sixteen days of treatment and remained reduced until the end



N.D.M. Sperotto et al. Biomedicine & Pharmacotherapy 139 (2021) 111672

Female
(A) VEGF (B) Ki-67 (C) HE
150 150+ 6+
p=0.18
‘D 100 ‘D 1004 8 4
& & g p<0.001
T T c *kk
-§ 50- § 50- 22'
Q. Q. (]
o o >
0- 04
& g &
R «"' o
R &
Male
(D) VEGF (E) Ki-67 (F)
150+ 150-
2 z 3
3 100- p=ot P=025 @ 100- p=0006 p=003 £
35 3 5
c
'§ 50 § 50+ g
o Qo 0
o o >
0- 0-
Female

Male

Fig. 3. Effects of treatment with CPBMF-223 (50 mg/kg/day, 5 days/week, 3 weeks) and 5-fluorouracil (5-FU; 30 mg/kg, every other day) by intraperitoneal (i.p.)
route. Immunolabeling for vascular endothelial growth factor (VEGF; angiogenesis marker) (A and D) and Ki-67 (cell proliferation marker) (B and E); and
hematoxylin-eosin (HE) for number of blood vessels (C and F) (angiogenesis marker) present in the tumor tissue for female and male nude mice. Representative
images of HE in different treatment groups and sexes (G). 5-FU treatment was used as a positive control drug for colorectal cancer. Results are expressed as optical
density or number of vessels and represent the mean + standard error of the mean for five images captured per tumor (x200 for HE and VEGF; x400 for Ki-67).
Statistical analysis was determined by one-way analysis of variance, followed by Dunnet’s post-test. *p < 0.05, **p < 0.01, and ***p < 0.001 significantly from
vehicle group (negative control). n = 5-7 animals per group.
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Table 2
Inhibitory effects of CPBMF-223 and 5-fluorouracil in immunohistochemistry
and histological analysis.

Experimental group Percentage of inhibition (%)

VEGF Ki-67 HE
Female CPBMF-223 (n = 6) 185 +£11 7.2+3 26.9 £ 8
5-FU (n=5) 349+11 10.6 £ 4 53.3 £ 5%
Male CPBMF-223 (n=7) 159+6 12,1 £ 2% 31.5£7*
5FU(n=7) 122+ 6 9.9 £ 2~ 36.5 £ 4~

CPBMF-223: 50 mg/kg/day, 5 days/week, 3 weeks; 5-fluorouracil (5-FU):
30 mg/kg/day, every other day,3 weeks; by intraperitoneal route. Vascular
endothelial growth factor (VEGF): angiogenesis marker, Ki-67: cell proliferation
marker, hematoxylin-eosin (HE): histological analysis of blood vessel number.
Data were expressed as the mean + standard error of the mean. Statistical
analysis was performed by one-way analysis of variance followed by Dunnet’s
post-test.

" p < 0.05 significantly different from vehicle group (negative control).

" p < 0.01 significantly different from vehicle group (negative control).

" p < 0.001 significantly different from vehicle group (negative control).

Table 3

Changes in circulating alanine aminotransferase (ALT), aspartate aminotrans-
ferase (AST), and gamma-glutamyl transferase (GAMMA-GT) in female and male
nude mice.

Experimental group AST activity ALT activity GAMMA-GT
(U/L) (U/L) activity (U/L)

Female Vehicle (n = 4) 27.9 £9.6 7+14 15.7 £ 0.8
CPBMF-223 16 + 2.4 5.8+1.2 17.8+1.3
(n=15)
5-FU (n = 5) 22.24+5.1 6.4+1.2 17.1 £ 0.6
Tumor free 88+1 4.6 +£ 0.5 17 £ 1.4
control (n = 4)

Male Vehicle (n = 7) 13.2+1.1 4.6 £0.3 186 +£2
CPBMF-223 141 +238 41+0.3 1771
n=7)
5-FU (n =6) 105+ 1.6 3.3+ 0.1%* 17.8+ 1.4
Tumor free 7.8+ 0.6 39+03 16.2+1.6

control (n =5)

The animals received CPBMF-223 (50 mg/kg/day, 5 days/week) and 5-fluoro-
uracil (5-FU; 30 mg/kg, every other day) by intraperitoneal (i.p.) route for 3
weeks. Serum levels of ALT, AST and GAMMA-GT were expressed as the
mean + standard error of the mean. Statistical analysis was determined by a
one-way analysis of variance, followed by Dunnet’s post-test. n=4-7 animals per
group.

" p < 0.01 significantly from the vehicle group (negative control).

of the experiment for both male and female mice. Moreover, no apparent
toxicological variations were observed in body weight and in hepatic
enzyme AST, ALT, and GAMMA-GT levels. It is noteworthy that our
results indicated that CPBMF-223 was effective in both sexes, following
US National Institute of Health policies for excluding possible sex bias
[32].

Afterward, the CPBMF-223 ability to reduce cell migration in vitro
was also evaluated. The migration assay has been used to test com-
pounds in endothelial cells for pro-migratory or anti-migratory activity
[33]. Migration capacity of cancer cells is an essential process to tumor
invasion, angiogenesis and metastasis [34]. The results indicated that
CPBMF-223 (100 e 250 uM) and TPI (100 uM) were able to reduce the
migration process in human colorectal cancer cells after 48 h. In view of
this interesting result, further studies are needed to better investigate the
possible effects of CPBMF-223 on invasion and metastasis process.

Seeking to determine whether the compound was able to alter the
expression levels of promoters of angiogenesis and cell proliferation
factors, VEGF and Ki-67 immunohistochemistry was performed. In
addition, the density of vessels in the tumor tissue was also assessed. Our
results demonstrated that CPBMF-223 was not able to alter the immu-
nolabeling of VEGF; however, it was effective to reduce the vessels and
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cell proliferation (male Ki-67) in the colorectal tumor model. These re-
sults are in agreement with those pointed in the glioblastoma xenograft
model induced by U-87 MG cells, indicating a reduction of blood vessel
density mediated by this hTP inhibitor [17].

Several hTP inhibitors have already shown to be effective in pre-
clinical models [35-39]. In an important study, TPI treatment was able
to inhibit 30.8% of the tumor growth in the mice xenograft model using
human KB epidermoid carcinoma cells. Interestingly, in this model, TPI
was not able to inhibit the angiogenesis through the microvessels den-
sity evaluation. Similarly, results presented in the xenograft model
induced by colorectal adenocarcinoma (HT-29) showed that TPI
reduced the tumor volume and weight, increasing the apoptotic cells,
but with no reduction of VEGF expression (immunohistochemistry and
mRNA (RT-PCR)) and microvessel density [40].

Considering the vessel density reduction exhibited by 5-FU, has been
described that this chemotherapy drug or others 5-FU-based drugs [41],
could reduce angiogenesis in colorectal and breast cancer by induction
of the thrombospondin-1 protein, which is known as an endogenous
angiogenesis inhibitor [41,42]. It is important to mention that the dif-
ferences found in CPBMF-223 treatments (glioblastoma and colorectal
cancer), were that the glioblastoma model showed not only a reduction
in the number of vessels, but also reduction in VEGF immunostaining,
possibly due to different types of tumors. Different cell types may ex-
press different levels of hTP, possibly linked to the diverse genetic
profile [10,17,43]. These findings suggest that another angiogenic factor
(beyond VEGF) might be involved in the angiogenesis process in
CPBMF-223 inhibition. In addition, as suggested for TPI [37],
CPBMF-223 may play an important role in initial stages of tumor
angiogenesis through the remodeling of the pre-existing vasculature and
the other angiogenic factors might be involved in angiogenesis after
reaching a certain tumor volume. It is important to mention that pro-
tocols were different in the time of treatment (14 and 21 days) and
cancer cells used (U-87 MG and HCT-116).

To determine the toxicity profile of the new hTP inhibitor, toxico-
logical studies were accomplished with CPBMF-223 in a panel of safety
evaluations. Interestingly, the Ames assay showed that the compound
did not induce base-pair substitution mutation, as observed by no
increasing his+ revertant colonies in all S. typhimurium strains. More-
over, CPBMF-223 did not induce gene mutation in prokaryotic cells in
the Ames test, until the concentration of 2000 pug/plate. These findings
are in agreement with previous reports showing a lack of genotoxic ef-
fects for CPBMF-223 in the comet assay [17]. Similarly, TPI was found
no mutagenic effects in the S. typhimurium strains TA100, TA9S,
TA1535, and TA 1537 and E. coli WP2uvrA in concentrations up to
5000 ug/mL, with or without metabolic activation [44].

Cardiotoxicity is one of the major concerns for oncological treat-
ments. Many chemotherapeutic agents are potentially directly car-
diotoxic, as a 5-FU (CCR drug treatment), which has been reported to
cause drug-induced cardiac ischemia in patients [45]. Our results sug-
gested the possible cardiac alterations at high concentrations of
CPBMF-223, which reduced the heartbeat rate of zebrafish (Danio rerio)
at 2 dpf (250 and 500 uM). The cardiac effects were partially reverted
when observed at 5 dpf as only the highest dose was able to reduce the
above rate. This reversal may be correlated to the adaptative capacity of
the zebrafish heart induced by improved development of animals at 5
dpf [46]. Furthermore, Zebrafish larvae are capable of free swimming
from 3 dpf, together with brain development and the central nervous
system [47]. Therefore, locomotor patterns and behaviors were evalu-
ated at 5 dpf after acute exposition to CPBMF-223. Our results demon-
strated that exposure to CPBMF-223 altered the locomotor activity in the
early stages of zebrafish development, with a decrease in the distance
traveled and the mean speed at all concentrations (50, 250, and
500 pM), but there is no difference between the groups. In addition, the
absolute body turn angle during movement was increased in animals
treated with the highest concentration. In contrast, nothing was
observed in the analyzed behavioral pattern. It is to highlight that the
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Table 4
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Induction of his" revertants in S. typhimurium strains by CPBMF-233 with and without metabolic activation (S9 mix).

S. typhimurium strains

Substance Concentration (ug/ TA98 TA97a TA100 TA1535 TA102
plate)
Rev/plate’ MI"  Rev/plate’ MI°  Rev/plate” MI”  Rev/plate” i Rev/plate” i
Without metabolic activation (—S9)
NC° - 35.7 £ 10.0 - 113.0 +£ 16.5 - 79.0 £ 5.6 - 57+21 - 345.0 + 20.2 -
CPBMF- 100 39.7 +£5.8 1.11 132.3 + 26.7 1.17 77.0 £13.3 0.97 7.0+ 1.0 1.23 453.0 + 50.3 1.31
223
250 38.3+95 1.07 138.3 + 35.6 1.22 82.3+14.4 1.04 4.7 +£0.6 0.82 342.0 £ 59.2 0.99
500 38.0+7.1 1.06 125.5 + 46.0 1.11 83.5 +14.7 1.06 9.7+15 1.70 383.0+79 1.11
1000 240+1.4 0.67 114.3 + 385 1.01 89.3 +£23.7 1.13 7.8+ 0.6 1.37 327.7 £ 37.8 0.95
2000 22.3+5.9 0.62 89.0 £13.9 0.79 88.3+9.8 1.12 5.7+ 0.6 1.00 360.0 + 16.6 1.04
pc! 0.5 (4-NQO) 1 87.5+13.4 2.45 335.5 + 54.5 2.97 720.5 + 31.8 9.12 876.5 + 61.5 153.8 2407.0 + 213.5 6.98
(NaNg) sk sk Sedesk Stk sk
With metabolic activation (+S9)
NC° - 31.0+7.2 - 77.5+6.4 - 109.3 +£19.0 - 9.3+35 - 445.3 + 28.5 -
CPBMF- 100 35.3+83 1.14 63.0 £ 2.8 0.81 102.7 + 14.4 0.94 9.3+25 1.00 444.3 + 21.0 1.00
223
250 33.0+26 1.06 65.3 £18.5 0.84 84.3 £ 25.6 0.77 7.0+1,7 0.75 368.0 + 21.7 0.83
500 33.3+£85 1.07 91.7 £ 8.5 1.18 70.3 £11.9 0.64 11.7 £ 6.0 1.26 381.0 £ 62.1 0.86
1000 26.0 +£5.3 0.84 81.7 £ 35.8 1.05 75.7 £ 4.7 0.69 83+31 0.89 402.3 + 56.9 0.90
2000 343+ 35 1.11 65.7 £13.5 0.85 66.0 £ 18.5 0.60 9.5+0.7 1.02 328.0 £ 15.6 0.74
PC’ 2 (2-AA) 5.50 3.86 4.26 69.0 + 7.1%%* 7.42 3.21

170.5 £ 26.2 299.5 £ 41.7

465.5+7.8 1428.0 &+ 55.7

Statistical analysis was performed in relation to the negative control using a one-way analysis of variance followed by Dunnet’s post-test.
@ Number of revertants/plate: mean of two independent experiments =+ standard deviation.
Y MI: mutagenic index (no. of his* induced in the sample/no. of spontaneous his" in the negative control).
¢ NC: negative control (10 pL dimethylsulfoxide used as a solvent for the CPBMF-223).
d pc: positive control (—S9) sodium azide (NaN3) to TA100 and TA1535; 4-nitroquinoline-oxide (4-NQO) to TA97a, TA98 and TA102; (+-S9) 2-aminoanthracene (2-

AA).
" p <0.001.

concentrations used in zebrafish assays were based on cytotoxicity and
genotoxicity tests previously reported by our group [17]. As shown
below, these concentrations are far above the maximum concentrations
of CPBMF-223 already found in pharmacokinetic assays and very above
concentrations needed to inhibit hTP activity.

Regarding the results of acute oral toxicity, the dose of 300 mg/kg
was responsible for the death of one animal, which is acceptable by the
OECD protocol. For the other animals tested at doses of 300 and
2000 mg/kg, no changes in the general activity, awareness, and sensi-
tivity of the mice were observed. The mice in the treated groups did not
show weight changes when compared to the vehicle control group after
14 days, which confirms the low toxicity profile of CPBMF-223. In
addition, no significant changes were observed in the liver, kidney, or
spleen weights. The acute oral toxicity uses pre-defined doses and allows
to classify the test compound according to the Globally Harmonized
System (GSH) for the classification of the chemical. Based on the ob-
tained results, CPBMF-223 was classified as category 5, where median
lethal oral dose (LDsg) is above 2000 mg/kg [28]. A similar result was
found for the TPIL; no mortality was observed after a single dose in female
and male rats, and showed LDs greater than 2000 mg/kg [48].

The oral and i.p. bioavailability determined for CPBMF-223 were low
and high, respectively. The F value for i.p. is consistent with that pre-
sented by the TPI, both seem to have bioavailability greater than 100%
through this route of administration in mice [49]. The i.p bioavailability
F determined for CPBMF-223 may be related to loss of substance during
the i.v. route of administration. Accordingly, the loss can occur before
the substance reaches the bloodstream because drugs administered by i.
v. route can be extensively metabolized by the lungs, and consequen-
tially, reduce the drug availability (plasma drug concentration) [50].
Theoretically, a drug administered by the i.v. route has 100%
bioavailability, however studies have been shown that the bioavail-
ability by the i.v. route is not always complete [50,51], corroborating
with our results. Future investigations need to be conducted to observe
potential factors underlying the i.p bioavailability of CPBMF-223

observed in mice.

Post-i.v. clearance (CL) was found to be rapid, indicating the prob-
ability of low oral bioavailability F and compatibly short half-life (t; 2),
which was confirmed by our results. The i.v. and oral results for Ke and
t1/2 here presented, together with previously reported by pharmacoki-
netic results about i.p. route and metabolic stability, confirm the rapid/
moderate elimination rate of this compound [17].

Thus, we show that treatment with CPBMF-223, the most effective
noncompetitive inhibitor of hTP described in the literature, was able to
reduce the growth of the colorectal tumor in nude mice. Interestingly,
the compound showed a reduction in HCT-116 migration cell, reduction
in cell proliferation markers and in the number of blood vessels in the
tumor. In addition, the treatment does not show any alteration in body
weight or in liver injury enzymes. Moreover, the CPBMF-223 exhibited
no mutagenesis in Salmonella/microsome assay and the absence of acute
oral toxicity. Using zebrafish for toxicity assays, some cardiac and lo-
comotor changes were observed in high concentrations of compound,
which were above the maximum concentrations already found in mouse
plasma. Further studies to evaluate the mechanism of action and using
the oral route for CPBMF-223 alone or in combination will be needed.
Finally, our results shed new light on the role of hTP enzyme in the
colorectal tumor model, pointing out CPBMF-223 as a promising drug
candidate for cancer management.

Funding

This work was supported by Banco Nacional de Desenvolvimento
Economico e Social (BNDES/FUNTEC) (Grant number 14.2.0914.1),
National Institute of Science and Technology on Tuberculosis (Decit/
SCTIE/MS-MCTCNPq-FNDTC-CAPES-FAPERGS) (Grant number
421703/2017-2) and Coordenacao de Aperfeicoamento de Pessoal de
Nivel Superior-Brasil (CAPES) Financial Code 001. A.P.D.S., J.N.P, C.D.
B, C.V.B., L.A.B. and P.M are research career awardees of the CNPq.



N.D.M. Sperotto et al. Biomedicine & Pharmacotherapy 139 (2021) 111672

(A) 2 dpf (B) 5 dpf

200- 200- .
=0.001 <0. p=028 p=0. <0.001
p=037 P o p *tlgm , 00
c —_— - -
£ 150- £ 150-
S =
2 1001 S 1004
£ Ke]
§ £
£ (]
T 504 2 50
0- . o :
S . &
40 6DQ 40 Q)Q
CPBMF-223 CPBMF-223
(C) 5 dpf (D) 5 dpf
501 0.20+
404 B p=0.02 — _ ) p=0.04
‘é‘ p <0.001 P —&007 * % 0.15- P _,8;?02 p ;2.002 *
(&) *k%k
:; S0x .- o -
g 2 0.104
.g 20 §
 10- < 0.05-
0 ' 0.00- :
@ S S s N N o
’(\\0 Q QQ ‘\\0 QQ QQ QQ
E© ) ‘OQ & S ,lf) o’Q
(E) CFEMR-223 (F) CPBMF-223
S dpf 5 dpf
400000+ 300+ .
C = m p =098 p =099 p>0.
o P 5;004 % Zof
D 300000- e ©
© : p=052 & 200
1T
£ ()]
5 200000- °
o [7]
5 § 100
: -
S 100000+ °
3 E
< [=
0- ] o :
& N ¥ N & N o o
3 Vv ) E© o S
CPBMF-223 CPBMF-223

Fig. 4. Effect of CPBMF-223 (50-500 pM) acute treatment in early stages of heartbeat, exploratory behavior, and neurotoxicity in zebrafish larvae. The heartbeat was
evaluated in 2 and 5 days postfertilization (dpf) (A and B), while distance (C), velocity (D), angular velocity (E) and frequency outside area (F) were evaluated in 5
dpf. Data are expressed mean =+ standard error of the mean from 18 (Heartbeat) or 30 animals tested individually for each group and were analyzed by one-way

analysis of variance, followed by Tukey post-test. *p < 0.05, **p < 0.01, and ***p < 0.001 significantly from vehicle group (negative control).
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Table 5
Acute toxicity evaluation of CPBMF-223 in mice.

Biomedicine & Pharmacotherapy 139 (2021) 111672

Experimental group Body weight (g) Organ weight/body weight (mg/g)

Day 0 Day 14 Kidney Liver Spleen
Vehicle (n = 8) 25+ 0.9 27.4+1.4 13+£0.6 45.7 £1.7 3.7+£03
CPBMF-223 300 mg/kg (n = 5) 24.5+£0.9 26.8 £ 0.7 13.6 +£ 0.5 47.4 £2 44+04
CPBMF-223 2.000 mg/kg (n = 6) 25.7 £ 0.5 288+1 13.5+0.5 47.6 £0.9 47+03

Effects of CPBMF-223 on body weight and kidney, liver and spleen weights of CF1 mice, after a single oral administration of 300 mg/kg or oral administration of
2.000 mg/kg in two doses (4 h interval between doses). Data representing the mean =+ standard error of the mean.

Conflict of interest statement

The authors have no conflict of interest.

Acknowledgments

We would like to thank Janaina Pasetti Nunes for her valuable
technical assistance in histological processing and Dr. Luciana Cintra
from Sociedade Beneficente Israelita Brasileira Albert Einstein for the
kind donation of nude mice.

Appendix A. Supplementary material

Supplementary data associated with this article can be found in the

online version at doi:10.1016/j.biopha.2021.111672.

References

[1]

[2]

[3]

[4]
[5]
[6]

71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

E. Dekker, P.J. Tanis, J.L.A. Vleugels, P.M. Kasi, M.B. Wallace, Colorectal cancer,
Lancet 394 (2019) 1467-1480, https://doi.org/10.1016/50140-6736(19)32319-0.
F. Bray, J. Ferlay, 1. Soerjomataram, R.L. Siegel, L.A. Torre, A. Jemal, Global cancer
statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36
cancers in 185 countries, CA Cancer J. Clin. 68 (2018) 394-424, https://doi.org/
10.3322/caac.21492.

A. Lopez, K. Harada, M. Vasilakopoulou, N. Shanbhag, J.A. Ajani, Targeting
angiogenesis in colorectal carcinoma, Drugs 79 (2019) 63-74, https://doi.org/
10.1007/s40265-018-1037-9.

L. Mousa, M.E. Salem, S. Mikhail, Biomarkers of angiogenesis in colorectal cancer,
Biomark. Cancer 7 (2015) 13-19, https://doi.org/10.4137/bic.s25250.

J. Folkman, Tumor angiogenesis: therapeutic implications, N. Engl. J. Med. 285
(1971) 1182-1186, https://doi.org/10.1056/NEJM197111182852108.

D. Hanahan, R.A. Weinberg, Hallmarks of cancer: the next generation, Cell 144
(2011) 646-674, https://doi.org/10.1016/j.cell.2011.02.013.

A. Moghaddam, R. Bicknell, Expression of platelet-derived endothelial cell growth
factor in Escherichia coli and confirmation of its thymidine phosphorylase activity,
Biochemistry 31 (1992) 12141-12146, https://doi.org/10.1021/bi00163a024.

K. Usuki, J. Saras, J. Waltenberger, K. Miyazono, G. Pierce, A. Thomason, C.

H. Heldin, Platelet-derived endothelial cell growth factor has thymidine
phosphorylase activity, Biochem. Biophys. Res. Commun. 184 (1992) 1311-1316,
https://doi.org/10.1016/50006-291X(05)80025-7.

M.H. Iltzsch, M.H. el Kouni, S. Cha, Kinetic studies of thymidine phosphorylase
from mouse liver, Biochemistry 24 (1985) 6799-6807, https://doi.org/10.1021/
bi00345a011.

A. Bronckaers, F. Gago, J. Balzarini, S. Liekens, The dual role of thymidine
phosphorylase in cancer development and chemotherapy, Med. Res. Rev. 29
(2009) 903-953, https://doi.org/10.1002/med.

Y.Y. Elamin, S. Rafee, N. Osman, K.J. O'Byrne, K. Gately, Thymidine phosphorylase
in cancer; enemy or friend? Cancer Microenviron. 9 (2016) 33-43, https://doi.org/
10.1007/s12307-015-0173-y.

C. Blanquicett, G.Y. Gillespie, L.B. Nabors, C.R. Miller, S. Bharara, D.J. Buchsbaum,
R.B. Diasio, M.R. Johnson, Induction of thymidine phosphorylase in both
irradiated and shielded, contralateral human U87MG glioma xenografts:
implications for a dual modality treatment using capecitabine and irradiation, Mol.
Cancer Ther. 1 (2002) 1139-1145.

M. Haraguchi, K. Mlyadera, K. Uemura, T. Sumizawa, T. Furukawa, K. Yamada,
S. Akiyama, Angiogenic activity of enzymes, Nature 368 (1994) 198, https://doi.
org/10.1038/368198a0.

R. Ikeda, T. Furukawa, M. Kitazono, K. Ishitsuka, H. Okumura, A. Tani,

T. Sumizawa, M. Haraguchi, M. Komatsu, H. Uchimiya, X.Q. Ren, T. Motoya,

K. Yamada, S.I. Akiyama, Molecular basis for the inhibition of hypoxia-induced
apoptosis by 2-deoxy-D-ribose, Biochem. Biophys. Res. Commun. 291 (2002)
806-812, https://doi.org/10.1006/bbrc.2002.6432.

H.C. Jeung, X.F. Che, M. Haraguchi, T. Furukawa, C.L. Zheng, T. Sumizawa, S.
Y. Rha, K.R. Jae, S.I. Akiyama, Thymidine phosphorylase suppresses apoptosis
induced by microtubule-interfering agents, Biochem. Pharmacol. 70 (2005) 13-21,
https://doi.org/10.1016/j.bcp.2005.04.017.

11

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]
[30]

[31]

[32]

[33]

M. Fukushima, N. Suzuki, T. Emura, S. Yano, H. Kazuno, Y. Tada, Y. Yamada,

T. Asao, Structure and activity of specific inhibitors of thymidine phosphorylase to
potentiate the function of antitumor 2'-deoxyribonucleosides, Biochem.
Pharmacol. 59 (2000) 1227-1236, https://doi.org/10.1016/50006-2952(00)
00253-7.

N.D.M. Sperotto, C. Deves Roth, V.S. Rodrigues-Junior, C. Ev Neves, F. Reisdorfer
Paula, A. Da Silva Dadda, P. Bergo, T. Freitas De Freitas, F. Souza Macchi,

S. Moura, A.P. Duarte De Souza, M.M. Campos, C. Valim Bizarro, D.S. Santos, L.
A. Basso, P. Machado, Design of novel inhibitors of human thymidine
phosphorylase: synthesis, enzyme inhibition, in vitro toxicity, and impact on
human glioblastoma cancer, J. Med. Chem. 62 (2019) 1231-1245, https://doi.org/
10.1021/acs.jmedchem.8b01305.

N. Percie Du Sert, V. Hurst, A. Ahluwalia, S. Alam, M.T. Avey, M. Baker, W.J.
Browne, A. Clark, I.C. Cuthill, U. Dirnagl, M. Emerson, P. Garner, S.T. Holgate, D.
W. Howells, V. Hurst, N.A. Karp, K. Lidster, C.J. Maccallum, M. Macleod, E.J. Pearl,
O. Petersen, F. Rawle, P. Reynolds, K. Rooney, E.S. Sena, S.D. Silberberg, T.
Steckler, H. Wiirbel, Reporting Animal Research: Explanation and Elaboration for
the ARRIVE Guidelines 2019, 2019. (https://doi.org/10.1101/703355).

B.A. Yousef, H.M. Hassan, L.Y. Zhang, Z.Z. Jiang, Pristimerin exhibits in vitro and
in vivo anticancer activities through inhibition of nuclear factor-kB signaling
pathway in colorectal cancer cells, Phytomedicine 40 (2018) 140-147, https://doi.
org/10.1016/j.phymed.2018.01.008.

P. Zhang, Z.L. Lai, H.F. Chen, M. Zhang, A. Wang, T. Jia, W.Q. Sun, X.M. Zhu, X.
F. Chen, Z. Zhao, J. Zhang, Curcumin synergizes with 5-fluorouracil by impairing
AMPK/ULK1-dependent autophagy, AKT activity and enhancing apoptosis in colon
cancer cells with tumor growth inhibition in xenograft mice, J. Exp. Clin. Cancer
Res. 36 (2017) 1-12, https://doi.org/10.1186/513046-017-0661-7.

L.G. Hutchinson, H.J. Mueller, E.A. Gaffney, P.K. Maini, J. Wagg, A. Phipps,

C. Boetsch, H.M. Byrne, B. Ribba, Modeling longitudinal preclinical tumor size data
to identify transient dynamics in tumor response to antiangiogenic drugs, CPT
Pharmacomet. Syst. Pharmacol. 5 (2016) 636-645, https://doi.org/10.1002/
psp4.12142.

N.D.M. Sperotto, L. Steffens, R.M. Verissimo, J.G. Henn, V.F. Péres, P. Vianna, J.A.
B. Chies, A. Roehe, J. Saffi, D.J. Moura, Wound healing and anti-inflammatory
activities induced by a Plantago australis hydroethanolic extract standardized in
verbascoside, J. Ethnopharmacol. 225 (2018) 178-188, https://doi.org/10.1016/j.
jep.2018.07.012.

D.M. Maron, B.N. Ames, Revised methods for the Salmonella mutagenicity test,
Mutat. Res. 113 (1983) 173-215, https://doi.org/10.1016/0165-1161(83)90010-
9.

K. Mortelmans, E. Zeiger, The Ames Salmonella/microsome mutagenicity assay,
Mutat. Res. 455 (2000) 29-60, https://doi.org/10.1016/S0027-5107(00)00064-6.
M. Westerfield. ZFIN: Zebrafish Book: Contents, Zebrafish Book. A Guide for the
Laboratory Use of Zebrafish (Danio rerio), 4th ed., Univ. Oregon Press, Eugene,
2000. (https://zfin.org/zf_info/zfbook/zfbk.html).

L.K.B. Martinelli, M. Rotta, A.D. Villela, V.S. Rodrigues, B.L. Abbadi, R.V. Trindade,
G.O. Petersen, G.M. Danesi, L.R. Nery, I. Pauli, M.M. Campos, C.D. Bonan, O.N. De
Souza, L.A. Basso, D.S. Santos, Functional, thermodynamics, structural and
biological studies of in silico-identified inhibitors of Mycobacterium tuberculosis
enoyl-ACP(CoA) reductase enzyme, Sci. Rep. 7 (2017) 1-15, https://doi.org/
10.1038/srep46696.

S. Altenhofen, D.D. Nabinger, M.T. Wiprich, T.C.B. Pereira, M.R. Bogo, C.D. Bonan,
Tebuconazole alters morphological, behavioral and neurochemical parameters in
larvae and adult zebrafish (Danio rerio), Chemosphere 180 (2017) 483-490,
https://doi.org/10.1016/j.chemosphere.2017.04.029.

OECD, Test No 423: Acute Oral Toxicity-Acute Toxic Class Method, Organisation
for Economic Co-operation and Development (OECD)-Guidelines for the Testing of
Chemicals, 2001, pp. 1-14. (https://doi.org/10.1787/9789264070943-en).

G.K. McEvoy, American Hospital Formulary Service-Drug Information, 93 ed.,
American Society of Hospital Pharmacist, INC, Bethesda, MD, 1993.

N.L Sax. Dangerous Properties of Industrial Materials Reports, 8th ed., Van
Nostrand Reinhold Company, New York, 1987.

S. Schelhaas, K. Heinzmann, D.J. Honess, D.M. Smith, H. Keen, S. Heskamp, T.
H. Witney, L. Besret, S. Doblas, J.R. Griffiths, E.O. Aboagye, A.H. Jacobs, 3'-Deoxy-
3'-[18F]fluorothymidine uptake is related to thymidine phosphorylase expression
in various experimental tumor models, Mol. Imaging Biol. 20 (2017) 194-199,
https://doi.org/10.1007/5s11307-017-1125-3.

J.A. Clayton, F.S. Collins, NIH to balance sex in cell and animal studies, Nature 509
(2014) 282-283, https://doi.org/10.1038/509282a.

P. Nowak-Sliwinska, K. Alitalo, E. Allen, A. Anisimov, A.C. Aplin, R. Auerbach, H.
G. Augustin, D.O. Bates, J.R. van Beijnum, R.H.F. Bender, G. Bergers, A. Bikfalvi,
J. Bischoff, B.C. Bock, P.C. Brooks, F. Bussolino, B. Cakir, P. Carmeliet,


https://doi.org/10.1016/j.biopha.2021.111672
https://doi.org/10.1016/S0140-6736(19)32319-0
https://doi.org/10.3322/caac.21492
https://doi.org/10.3322/caac.21492
https://doi.org/10.1007/s40265-018-1037-9
https://doi.org/10.1007/s40265-018-1037-9
https://doi.org/10.4137/bic.s25250
https://doi.org/10.1056/NEJM197111182852108
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1021/bi00163a024
https://doi.org/10.1016/S0006-291X(05)80025-7
https://doi.org/10.1021/bi00345a011
https://doi.org/10.1021/bi00345a011
https://doi.org/10.1002/med
https://doi.org/10.1007/s12307-015-0173-y
https://doi.org/10.1007/s12307-015-0173-y
http://refhub.elsevier.com/S0753-3322(21)00454-6/sbref12
http://refhub.elsevier.com/S0753-3322(21)00454-6/sbref12
http://refhub.elsevier.com/S0753-3322(21)00454-6/sbref12
http://refhub.elsevier.com/S0753-3322(21)00454-6/sbref12
http://refhub.elsevier.com/S0753-3322(21)00454-6/sbref12
https://doi.org/10.1038/368198a0
https://doi.org/10.1038/368198a0
https://doi.org/10.1006/bbrc.2002.6432
https://doi.org/10.1016/j.bcp.2005.04.017
https://doi.org/10.1016/S0006-2952(00)00253-7
https://doi.org/10.1016/S0006-2952(00)00253-7
https://doi.org/10.1021/acs.jmedchem.8b01305
https://doi.org/10.1021/acs.jmedchem.8b01305
https://doi.org/10.1101/703355
https://doi.org/10.1016/j.phymed.2018.01.008
https://doi.org/10.1016/j.phymed.2018.01.008
https://doi.org/10.1186/s13046-017-0661-7
https://doi.org/10.1002/psp4.12142
https://doi.org/10.1002/psp4.12142
https://doi.org/10.1016/j.jep.2018.07.012
https://doi.org/10.1016/j.jep.2018.07.012
https://doi.org/10.1016/0165-1161(83)90010-9
https://doi.org/10.1016/0165-1161(83)90010-9
https://doi.org/10.1016/S0027-5107(00)00064-6
https://zfin.org/zf_info/zfbook/zfbk.html
https://doi.org/10.1038/srep46696
https://doi.org/10.1038/srep46696
https://doi.org/10.1016/j.chemosphere.2017.04.029
https://doi.org/10.1787/9789264070943-en
http://refhub.elsevier.com/S0753-3322(21)00454-6/sbref27
http://refhub.elsevier.com/S0753-3322(21)00454-6/sbref27
http://refhub.elsevier.com/S0753-3322(21)00454-6/sbref28
http://refhub.elsevier.com/S0753-3322(21)00454-6/sbref28
https://doi.org/10.1007/s11307-017-1125-3
https://doi.org/10.1038/509282a

N.D.M. Sperotto et al.

[34]

[35]

[36]

[37]

[38]

[39]

[40]

D. Castranova, A.M. Cimpean, O. Cleaver, G. Coukos, G.E. Davis, M. De Palma,
A. Dimberg, R.P.M. Dings, V. Djonov, A.C. Dudley, N.P. Dufton, S.M. Fendt,

N. Ferrara, M. Fruttiger, D. Fukumura, B. Ghesquiére, Y. Gong, R.J. Griffin, A.

L. Harris, C.C.W. Hughes, N.W. Hultgren, M.L. Iruela-Arispe, M. Irving, R.K. Jain,
R. Kalluri, J. Kalucka, R.S. Kerbel, J. Kitajewski, I. Klaassen, H.K. Kleinmann,

P. Koolwijk, E. Kuczynski, B.R. Kwak, K. Marien, J.M. Melero-Martin, L.L. Munn, R.
F. Nicosia, A. Noel, J. Nurro, A.K. Olsson, T.V. Petrova, K. Pietras, R. Pili, J.

W. Pollard, M.J. Post, P.H.A. Quax, G.A. Rabinovich, M. Raica, A.M. Randi,

D. Ribatti, C. Ruegg, R.O. Schlingemann, S. Schulte-Merker, L.E.H. Smith, J.

W. Song, S.A. Stacker, J. Stalin, A.N. Stratman, M. Van de Velde, V.W.M. van
Hinsbergh, P.B. Vermeulen, J. Waltenberger, B.M. Weinstein, H. Xin, B. Yetkin-
Arik, S. Yla-Herttuala, M.C. Yoder, A.W. Griffioen, Consensus guidelines for the use
and interpretation of angiogenesis assays, Angiogenesis 21 (2018) 425-532,
https://doi.org/10.1007/510456-018-9613-x.

X. Wang, C.C. Decker, L. Zechner, S. Krstin, M. Wink, In vitro wound healing of
tumor cells: inhibition of cell migration by selected cytotoxic alkaloids, BMC
Pharmacol. Toxicol. 20 (2019) 1-12, https://doi.org/10.1186/540360-018-0284-
4.

S. Takao, S.I. Akiyama, A. Nakajo, H. Yoh, M. Kitazono, S. Natsugoe, K. Miyadera,
M. Fukushima, Y. Yamada, T. Aikou, Suppression of metastasis by thymidine
phosphorylase inhibitor, Cancer Res. 60 (2000) 5345-5348.

S. Liekens, A. Bronckaers, M. Belleri, A. Bugatti, R. Sienaert, D. Ribatti, B. Nico,
A. Gigante, E. Casanova, G. Opdenakker, M.-J. Perez-Perez, J. Balzarini, M. Presta,
The thymidine phosphorylase inhibitor 5'-O-tritylinosine (KIN59) is an
antiangiogenic multitarget fibroblast growth factor-2 antagonist, Mol. Cancer Ther.
11 (2012) 817-829, https://doi.org/10.1158/1535-7163.MCT-11-0738.

S. Matsushita, T. Nitanda, T. Furukawa, T. Sumizawa, A. Tani, K. Nishimoto,

S. Akiba, K. Miyadera, M. Fukushima, Y. Yamada, H. Yoshida, T. Kanzaki, S.

I. Akiyama, The effect of a thymidine phosphorylase inhibitor on angiogenesis and
apoptosis in tumors, Cancer Res. 59 (1999) 1911-1916.

H. Lu, R.S. Klein, E.L. Schwartz, Antiangiogenic and antitumor activity of 6-(2-
aminoethyl)amino-5-chlorouracil, a novel small-molecule inhibitor of thymidine
phosphorylase, in combination with the vascular endothelial growth factor-trap,
Clin. Cancer Res. 15 (2009) 5136-5144, https://doi.org/10.1158/1078-0432.CCR-
08-3203.

T. Miyatani, N. Kurita, T. Utsunomiya, T. Iwata, M. Nishioka, K. Yoshikawa,

J. Higashijima, H. Kashihara, C. Takasu, M. Fukushima, M. Shimada, Platelet-
derived endothelial cell growth factor/thymidine phosphorylase inhibitor
augments radiotherapeutic efficacy in experimental colorectal cancer, Cancer Lett.
318 (2012) 199-205, https://doi.org/10.1016/j.canlet.2011.12.010.

T. Miyatani, N. Kurita, T. Utsunomiya, T. Iwata, M. Nishioka, K. Yoshikawa,

J. Higashijima, H. Kashihara, C. Takasu, M. Fukushima, M. Shimada, Platelet-
derived endothelial cell growth factor/thymidine phosphorylase inhibitor

12

[41]

[42]

[43]

[44]

[45]
[46]

[47]

[48]

[49]

[50]

[51]

Biomedicine & Pharmacotherapy 139 (2021) 111672

augments radiotherapeutic efficacy in experimental colorectal cancer, Cancer Lett.
318 (2012) 199-205, https://doi.org/10.1016/j.canlet.2011.12.010.

A. Ooyama, T. Oka, H. Ye Zhao, M. Yamamoto, S. Ichi Akiyama, M. Fukushima,
Anti-angiogenic effect of 5-fluorouracil-based drugs against human colon cancer
xenografts, Cancer Lett. 267 (2008) 26-36, https://doi.org/10.1016/j.
canlet.2008.03.008.

H.-Y. Zhao, A. Ooyama, M. Yamamoto, R. Ikeda, M. Haraguchi, S. Tabata,

T. Furukawa, X.F. Che, S. Zhang, T. Oka, M. Fukushima, M. Nakagawa, M. Ono,
M. Kuwano, S.I. Akiyama, Molecular basis for the induction of an angiogenesis
inhibitor, thrombospondin-1, by 5-fluorouracil, Cancer Res. 68 (2008) 7035-7041,
https://doi.org/10.1158/0008-5472.CAN-07-6496.

1.V. Bijnsdorp, F. Capriotti, F.A.E. Kruyt, N. Losekoot, M. Fukushima, A.

W. Griffioen, V.L. Thijssen, G.J. Peters, Thymidine phosphorylase in cancer cells
stimulates human endothelial cell migration and invasion by the secretion of
angiogenic factors, Br. J. Cancer 104 (2011) 1185-1192, https://doi.org/10.1038/
bjc.2011.74.

Food and Drug Administration, Pharmacology Review(s): Lonsurf, Washington,
2015. (https://www.accessdata.fda.gov/drugsatfda_docs/nda/2015/207
9810rigls000TOC.cfm). (Accessed 27 January 2020).

R.A. Hong, T. limura, K.N. Sumida, R.M. Eager, Cardio-oncology/onco-cardiology,
Clin. Cardiol. 33 (2010) 733-737, https://doi.org/10.1002/clc.20823.

J.M. Gonzélez-Rosa, C.E. Burns, C.G. Burns, Zebrafish heart regeneration: 15 years
of discoveries, Regeneration 4 (2017) 105-123, https://doi.org/10.1002/reg2.83.
A.V. Kalueff, D.J. Echevarria, A.M. Stewart, Gaining translational momentum:
more zebrafish models for neuroscience research, Prog. Neuro-Psychopharmacol.
Biol. Psychiatry 55 (2014) 1-6, https://doi.org/10.1016/j.pnpbp.2014.01.022.
European Madicine Agency, Assessment Report, London, 2016. (https://www.ema.
europa.eu/en/documents/assessment-report/lonsurf-epar-public-assessment-repo
rt_en.pdf).

P. Reigan, P.N. Edwards, A. Gbaj, C. Cole, S.T. Barry, K.M. Page, S.E. Ashton, R.W.
A. Luke, K.T. Douglas, 1.J. Stratford, M. Jaffar, R.A. Bryce, S. Freeman,
Aminoimidazolylmethyluracil analogues as potent inhibitors of thymidine
phosphorylase and their bioreductive nitroimidazolyl prodrugs, J. Med. Chem. 48
(2005) 392-402, https://doi.org/10.1021/jm049494r.

P.L. Toutain, A. Bousquet-Mélou, Bioavailability and its assessment, J. Vet.
Pharmacol. Ther. 27 (2004) 455-466, https://doi.org/10.1111/j.1365-
2885.2004.00604.x.

K.W. Ward, L.B. Hardy, J.R. Kehler, L.M. Azzarano, B.R. Smith, Apparent absolute
oral bioavailability in excess of 100% for a vitronectin receptor antagonist (SB-
265123) in rat. II. Studies implicating transporter-mediated intestinal secretion,
Xenobiotica 34 (2004) 367-377, https://doi.org/10.1080/
0049825042000205540.


https://doi.org/10.1007/s10456-018-9613-x
https://doi.org/10.1186/s40360-018-0284-4
https://doi.org/10.1186/s40360-018-0284-4
http://refhub.elsevier.com/S0753-3322(21)00454-6/sbref33
http://refhub.elsevier.com/S0753-3322(21)00454-6/sbref33
http://refhub.elsevier.com/S0753-3322(21)00454-6/sbref33
https://doi.org/10.1158/1535-7163.MCT-11-0738
http://refhub.elsevier.com/S0753-3322(21)00454-6/sbref35
http://refhub.elsevier.com/S0753-3322(21)00454-6/sbref35
http://refhub.elsevier.com/S0753-3322(21)00454-6/sbref35
http://refhub.elsevier.com/S0753-3322(21)00454-6/sbref35
https://doi.org/10.1158/1078-0432.CCR-08-3203
https://doi.org/10.1158/1078-0432.CCR-08-3203
https://doi.org/10.1016/j.canlet.2011.12.010
https://doi.org/10.1016/j.canlet.2011.12.010
https://doi.org/10.1016/j.canlet.2008.03.008
https://doi.org/10.1016/j.canlet.2008.03.008
https://doi.org/10.1158/0008-5472.CAN-07-6496
https://doi.org/10.1038/bjc.2011.74
https://doi.org/10.1038/bjc.2011.74
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2015/207981Orig1s000TOC.cfm
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2015/207981Orig1s000TOC.cfm
https://doi.org/10.1002/clc.20823
https://doi.org/10.1002/reg2.83
https://doi.org/10.1016/j.pnpbp.2014.01.022
https://www.ema.europa.eu/en/documents/assessment-report/lonsurf-epar-public-assessment-report_en.pdf
https://www.ema.europa.eu/en/documents/assessment-report/lonsurf-epar-public-assessment-report_en.pdf
https://www.ema.europa.eu/en/documents/assessment-report/lonsurf-epar-public-assessment-report_en.pdf
https://doi.org/10.1021/jm049494r
https://doi.org/10.1111/j.1365-2885.2004.00604.x
https://doi.org/10.1111/j.1365-2885.2004.00604.x
https://doi.org/10.1080/0049825042000205540
https://doi.org/10.1080/0049825042000205540

	Targeting thymidine phosphorylase inhibition in human colorectal cancer xenografts
	1 Introduction
	2 Materials and methods
	2.1 Drugs and cell culture
	2.2 Mice
	2.3 Tumor growth in mice
	2.3.1 Tumor xenograft model
	2.3.1.1 Criteria of inclusion and exclusion


	2.4 Cell migration assay
	2.5 Immunohistochemistry and histological analysis
	2.6 Liver injury enzymes
	2.7 Toxicity assays
	2.7.1 Salmonella/microsome mutagenicity assay (Ames assay)
	2.7.2 Zebrafish: animal maintenance and treatment
	2.7.2.1 Cardiotoxicity and cardiac evaluation
	2.7.2.2 Neurotoxicity and exploratory behavior evaluation

	2.7.3 Acute oral toxicity

	2.8 Data analysis

	3 Results
	3.1 CPBMF-223 reduces the tumor growth in HCT-116 colorectal cancer xenograft mice
	3.2 CPBMF-223 reduce HCT-116 cell migration in vitro
	3.3 Effect of CBPMF-223 on VEGF, Ki-67, and vessel density
	3.4 CPBMF-223 did not increase the liver enzyme levels
	3.5 CPBMF-223 shows acceptable safety profile from in vitro and in vivo evaluations
	3.6 CPBMF-223 pharmacokinetic profile

	4 Discussion
	Funding
	Conflict of interest statement
	Acknowledgments
	Appendix A Supplementary material
	References


