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N o U e W

Simple Summary: Mammary gland tumors are most frequent in non-castrated female dogs and repre-
sent an interesting model for understanding tumor biology of human breast cancer. Ciclooxigenase-2
(COX-2) is an enzyme associated with the inflammatory process and different studies have implied
the association of COX-2 expression with patient’s prognosis. However, few studies have investigated
the effects of drugs that block COX-2 enzyme. In this context, we performed in vitro and in vivo
experiments to understand the effect of COX-2 blockers on mammary cancer cells that overexpress
COX-2. We found an induction of mammary cancer cell apoptosis after treatment with COX-2
inhibitors indicating the role of COX-2 enzyme in mammary cancer cell maintenance. Moreover,
COX-2 inhibitors can represent therapeutic effects on triple-negative mammary cancer.

Abstract: This study aimed to investigate the pro-apoptotic effects of NSAID (Previcox®) in vitro
and in vivo. Two CMT cell lines, one from the primary tumor and one from bone metastasis, were
treated with firocoxib and MTT assay was performed to determine the half-maximal inhibitory
concentration (ICsg) value. The firocoxib ICsq for the cell lines UNESP-CM5 and UNESP-MM1 were
25.21 uM and 27.41 uM, respectively. The cell lines were then treated with the respective firocoxib ICs
concentrations and annexin V/propidium iodide (PI) assay was performed, to detect the induction
of apoptosis in both cells (Annexin+/PI+). We conducted an in vivo study involving female dogs
affected by CMT and divided them into control and treatment groups. For both groups, a biopsy was
performed on day 0 (D0) and a mastectomy was performed on day 14 (D14). In the treatment group,
after biopsy on DO, the patients received Previcox® 5 mg/kg PO once a day until mastectomy was
performed on D14. COX-2/caspase-3 double immunostaining was performed on samples from DO
and D14, revealing no difference in the control group. In contrast, in the treatment group Previcox®
increased the number of COX-2 positive apoptotic cells. Therefore, firocoxib can induce apoptosis in

®

CMT cells in vitro and in vivo, and Previcox™ can be a potential neoadjuvant treatment for patients

with mammary cancer.

Keywords: cyclooxygenase-2; caspase-3; chemotherapy; nonsteroidal anti-inflammatory drug

1. Introduction

Breast cancer is one of the most common cancers in women worldwide, and the last
global estimate expected more than 2 million new cases in 2018 [1]. Breast cancer in women
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is divided into HER2-enriched, luminal A, luminal B, and basal-like subtype [2]. The basal-
like tumor group is also called triple-negative breast cancer (TNBC) because these tumors
usually lack estrogen receptor (ER), progesterone receptor (PR), and human epidermal
growth factor receptor 2 (HER2) expression [2]. TNBC is more aggressive than other breast
cancer subtypes and represents 10-20% of breast cancer diagnoses in human patients [3,4].
Traditional prognostic predictors, such as tumor size and nodal status, are not precise
for overall survival prediction in TNBC [3,5]. This tumor subgroup is therapeutically
challenging, and patients are usually treated with radiation therapy and chemotherapy.

Mammary gland tumors are the most commonly diagnosed tumors in non-spayed
female dogs and represent an important model for human breast cancer [6-8]. As canine
mammary gland tumors develop spontaneously and are related to aging and hormonal
imbalance, dogs can be an interesting model for comparative studies [9-11]. The triple-
negative tumor subgroup seems to be frequent in veterinary medicine, and few previous
studies have used this classification to associate clinical or pathological features with
different tumor subtypes [6-8]. A recent study evaluating a large number of samples, dogs
with triple-negative canine mammary tumors (TNCMTs) experienced a shorter survival
time than those with luminal A and luminal B tumors [6]. These authors also demonstrated
a high incidence of triple-negative tumors in female dogs, which is interesting from a
comparative oncology perspective.

In both humans and dogs, cyclooxygenase-2 (COX-2) expression is associated with
more aggressive tumor subtypes. Few studies have evaluated the association between
TNBC and COX-2 expression in humans [12], and no previous study has evaluated the
association between triple-negative tumors and COX-2 expression. COX-2 inhibitors have
been claimed to have antitumor effects mostly based on in vitro studies [13]. However,
there is limited evidence from in vivo studies [13-17]. Although COX-2 inhibitors have
been claimed as potential treatment for female dogs affected by mammary gland tumors, no
previous studies have described the potential antitumor effect of these drugs. Among the
potential antitumor effects of COX-2 inhibitors, it is proposed the antiangiogenic potential,
the proliferative effect, and induction of cancer cell apoptosis [12]. COX-2 is considered a
membrane-bound enzyme, responsible for the inflammatory cascade, playing an impor-
tant role on the synthesis of several inflammatory mediators such as prostaglandins and
thromboxane [7].

In dogs, some studies have investigated the role of COX-2 in patient’s prognosis; how-
ever, no prospective studies investigating the COX-2 antitumor effect on canine mammary
gland tumors were found. Therefore, this study aimed to evaluate the pro apoptotic effect
of firocoxib on two different canine mammary gland tumor cell lines and on female dogs
naturally affected by triple-negative mammary gland tumors.

2. Materials and Methods
2.1. Cell Lines

Two triple-negative canine mammary gland tumor cell lines, one from a triple-negative
mammary gland tumor and the other from bone metastasis, and from a previously charac-
terized TNCMT (UNESP-CM5 and UNESP-MM1) [9], were used in this study. Both the
cell lines tested negative for mycoplasma contamination. Paraffin blocks from tumors that
originated from both cell lines were also retrieved, and immunofluorescence for COX-2
was performed on both tumors according to Costa et al. [18]. To confirm COX-2 expression
in UNESP-CM5 and UNESP-CM1 cells, COX-2 immunofluorescence (IF) was performed,
as described by Kobayashi et al. [19]. Briefly, for IF assay, the primary polyclonal goat
anti-human COX-2 antibody (Santa Cruz Biotechnology, Dallas, TX, USA) was used. Tissue
samples were submitted to antigen retrieval using citrate pH 6.0 buffer on a commercial
pressure cocker (Dako, Carpinteria, CA, USA) and the tissue samples were incubated with
primary antibody at 1:100 dilution, overnight. Then, the slides were washed and incubated
and Alexa Fluor 594 (BioLegend, San Diego, CA, USA) was applied at a 1.5 pg/mL dilution
in PBS for 60 min at room temperature. The slides were counterstained with 4’-6-diamidino-
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2-phenylindole (DAPI; Sigma, Portland, OR, USA) and evaluated under a laser scanning
confocal microscope (Leica Biosystems, Wetzlar, Germany).

2.2. Evaluation Cell Line Metabolic Activity and ICsy after Firocoxib Treatment

Evaluation of metabolic activity after firocoxib treatment and determination of half-
maximal inhibitory concentration (ICsp) were performed using an assay based on the
cleavage of a tetrazolium yellow salt MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-dipheny] tetra-
zolium bromide], according to the previous literature [20]. The 10* of UNESP-CM5 and
UNESP-MM1 cell lines were seeded in a 96-well plate containing Dulbecco’s Modified
Eagle Medium /Nutrient Mixture F-12 (DMEM:F12) (Lonza, Basel, Switzerland) supple-
mented with 10% fetal bovine serum (FBS) (Lonza, Basel, Switzerland) and 1% penicillin
and streptomycin mixture (Lonza, Basel, Switzerland), and incubated for 24 h in a humid
atmosphere at 37 °C, before addition of firocoxib to the medium. The cells were then
cultured and incubated in medium without FBS and treated with 1 uM, 5 uM, 10 uM,
50 uM, 100 uM, 500 uM, and 1000 pM concentrations of firocoxib for 24 h. Each experiment
was performed in triplicate, with three plates per experiment (3 x 3). After incubation,
100 pL of MTT labeling reagent was added to each well, and the plate was incubated
at 37 °C for 4 h. After incubation with MTT, the salt was solubilized with DMSO and
the spectrophotometric absorbance of the samples was measured using a microtiter plate
reader (Thermofisher, Waltham, MA, USA) at 570 nm. The ICs; values for each cell line
were determined based on the previous literature [21]. The experiments were performed in
biological and technical triplicate.

2.3. Annexin V/Propidium lodide (PI) Apoptosis Assay

To evaluate necrosis and apoptosis induced by firocoxib ICsg treatment, the annexin
V/propidium iodide (PI) apoptosis assay (Sigma-Aldrich, Saint Louis, MO, USA) was
performed using flow cytometry, as described by Crowley et al. [22]. Briefly, cell lines were
treated with a firocoxib ICsy dosage for 24 h, and the cells were harvested and counted.
Subsequently, 1 x 10° cells were added in 200 uL of Annexin V binding buffer containing
4 pL of 0.5 mg/mL PI and 2 pL of Annexin V-FITC and incubated for 15 min at room
temperature in the dark. The cells were then subjected to flow cytometry according to
the procedure described by Crowley et al. [22]. As a negative control, a cell line treated
only with DMSO (diluent for firocoxib) was used. To interpret the results, viable cells were
considered annexin V and PI negative, cells expressing annexin V and negative for PI were
considered early apoptotic, cells positive for both annexin V and PI were considered late
apoptotic, and cells negative for annexin V and positive for PI were considered necrotic [22].

2.4. In Vivo Experiment

All procedures performed in this study were in accordance with national and inter-
national guidelines for the use of animals in research. The in vivo experiments included
client-owned dogs referred to the Sdo Paulo State University Teaching Hospital between
January and December 2017. The procedures were approved by the Institutional Ethics
Committee of Animal use in Research (CEUA #0208/2016) and the owners signed an
informed consent allowing the use of the obtained samples in research.

Twenty-five female dogs with triple-negative mammary gland tumors were random-
ized into two groups: control (n = 12) and treatment (n = 13). In both groups, an incisional
biopsy was performed for histopathological diagnosis (D0). After incisional biopsy, all
patients (n = 25) were treated with Firocoxib for three days, followed by four days free of
any treatment. At day seven (D7), all patients had no sign of local inflammation and the
patients from the control group received only necessary medical treatment and those from
the treatment group received firocoxib at 5 mg/kg/day, orally for seven days (completing
a total of 14 days after initial biopsy (D14)). After this period (D14), all the dogs underwent
radical unilateral mastectomy and histopathological analysis. Therefore, tissue samples
for immunohistochemistry were achieved from incisional biopsy at the D0 and total mas-
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tectomy on D14. Histopathological evaluation was performed according to Goldsmith
et al. [23], and tumor grading was performed according to Karayannopoulou et al. [24].
The molecular phenotypes were evaluated as described by Abadie et al. [6]. Although this
was not the goal of this study, the Response Evaluation Criteria for Solid Tumors in dogs
was applied to assess the tumor volume [25]. Tumor size was measured using a digital
caliper.

2.5. Inclusion and Exclusion Criteria

Only subjects with mammary gland carcinomas presenting epithelial malignant prolif-
eration (simple subtype) and no mesenchymal proliferation (benign or malignant) were
included in this study. Owing to mammary gland tumor heterogeneity, subjects with
discrepancies between histopathological analyses (D0 and D14) were excluded from this
study. Subjects with comorbidities and those who had received previous anti-inflammatory
treatments were excluded. Side effects were evaluated and graded according to the Vet-
erinary Cooperative Oncology Group-Common Terminology Criteria for Adverse Events
recommendations [26].

2.6. COX-2/Cleaved Caspase-3 Double Immunostaining

The protocol for COX-2/cleaved caspase-3 double staining was performed according
to a previous study [27]. Double staining analysis was performed on tumor samples by
comparing D0 and D14 for each patient. Briefly, a 2-color double immunostaining was
performed using COX-2 (DAB, brown staining) and cleaved caspase-3 (AEC, red staining).
Antigen retrieval was performed using citrate solution (pH 6.0) in a pressure chamber
(Pascal, Dako, Carpinteria, CA, USA) for 30 s at 125 °C, and then for 25 min at 94 °C.
Endogenous peroxidase was blocked using a commercial solution (Dako, Carpinteria, CA,
USA) for 10 min, and non-specific protein binding was blocked with a commercial solution
(Protein block®, Dako, Carpinteria, CA, USA) for 30 min. A polyclonal anti-human COX-2
antibody (Santa Cruz Biotechnology, Dallas, TX, USA) was then applied at a 1:100 dilution
overnight. Then, a secondary antibody was applied for 60 min (Envision, Dako, Carpinteria,
CA, USA) and 3 3’-diaminobenzidine was used as the chromogen. The second primary
antibody applied was rabbit monoclonal anti-human cleaved caspase-3 (Cell Signaling,
Danvers, MA, USA) at 1:300 dilution overnight [28]. Then, a polymer system was used as a
secondary antibody for 60 min (Envision, Dako, Carpinteria, CA USA), and the 3-amino-9-
ethylcarbazole chromogen (AEC) (Dako, Carpinteria, CA, USA) was applied. The slides
were counterstained with Harris hematoxylin for 1 min and topped with a coverslip using
an aqueous method (Dako, Carpinteria, CA, USA).

With respect to immunohistochemical interpretation, COX-2 antibody is expressed
in the cell cytoplasm and cleaved caspase-3 in the nucleus. Therefore, brown cytoplasmic
expression was considered to be COX-2 immunolocalization, red-nuclear staining, cleaved
caspase-3 expression, and blue staining was interpreted as negative expression. Canine
kidney and lymph node were used as positive control for COX-2 and cleaved caspase-3 ex-
pression, respectively. The negative control was performed using isotype immunoglobulin
at the same concentration as the respective primary antibodies.

Regarding the cells analysis, the whole immunohistochemistry slide were evaluated
and the hot spot areas were selected. Then a total of 1000 cells were counted and we used
for analysis only the double-stained cells.

2.7. Statistical Analysis

The median tumor size was evaluated and the difference in tumor size between the
treatment and control groups was compared using the Mann-Whitney U test. The mean
value and standard deviation were used for descriptive analysis and the Mann-Whitney U
test was used to evaluate the differences in the number of double-stained cells (COX-2/
Caspase-3) between the control and treatment groups.
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3. Results
3.1. Cell Line Characteristics

UNESP-CMS5 is a cell line that originated from a tubulopapillary grade Il mammary
gland tumor with a triple-negative basal-like phenotype. COX-2 immunoexpression in the
tissue samples revealed COX-2 expression in more than 75% of cancer cells (Figure 1A). The
cultured cells showed fibroblastic to polygonal morphology in the culture flasks (Figure 1C),
with COX-2 expression. The UNESP-MM1 cell line originated from a metastatic bone lesion
of solid carcinoma with a triple-negative basal-like phenotype. The tissue sample that
the cell line originated from showed COX-2 expression in more than 75% of the cancer
cells (Figure 1B), and the cell line in the culture flask presented a polygonal morphology
(Figure 1D). Culture of UNESP-MM1 cells also showed COX-2 expression in over than 50%
of cancer cells with cytoplasmic expression.

UNESP-CM5 UNESP-MM1

Figure 1. COX-2 expression and morphological characteristics of UNESP-CM5 and UNESP-MM1
from tumor samples and cancer cell lines. (A): primary tumor that caused the UNESP-CM5 cancer
cell line presenting COX-2 positive immunofluorescence (red color). (B): tumor sample that caused
UNESP-MM1 cell line presenting COX-2 overexpression (red color) by immunofluorescence. (C):
fibroblastoid to polygonal morphology of UNESP-CMS5 cell line (20 x). (D): polygonal morphology
of UNESP-MMI1 cell line (20 x).

3.2. Firocoxib-Induced Apoptosis in CMT Cell Lines

The UNESP-CMS5 cell line was sensitive to firocoxib, showing an ICsj of 25.21 uM,
and the UNESP-MML1 cell line had an ICsg of 27.41 uM (Figure 2A,B). The cell lines were
treated with their respective ICsp concentrations and cellular apoptosis was evaluated. The
UNESP-CMS cell line had 33.1% of the cells positive for both annexin V and PI (cells in late
apoptosis) and 45.9% of the cells negative for both markers. The UNESP-MML1 cell line had
74.9% of the cells positive for annexin V and PI (cells in late apoptosis) and 6.6% of the cells
negative for annexin V and PI (Figure 2 and Table 1).
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Figure 2. Cell culture experiments of UNESP-CM5 and UNESP-MM1 cancer cell lines. (A): cellular
viability of canine UNESP-CMS5 cell line under different firocoxib concentrations. (B): UNESP-MM1
cell line viability after treatment with different firocoxib concentrations. (C): Annexin V (AN) and
propidium iodide (PI) assay in a pool of both cell lines (UNESP-CM5 and UNESP-MM1) without
treatment as a negative control. The control cells presented more than 85% viability (PI—-/AN—). (D):
UNESP-CMS5 cell line presenting 33.1% of the cells with PI+/ AN+ and 45.9% of the cells negative
for both. (E): UNESP-MML1 cell line showing more than 74% of the cells positive for PI and AN
(PI+/AN+). The asterisk (*) means statistical difference compared with control group.

Table 1. Evaluation of the number of cells positive for annexin V (AN) and propidium iodide (PI) in
control, UNESP-CM5, and UNESP-MM1 groups.

Apoptosis Analysis Control UNESP-CM5 UNESP-MM1
PI+/AN— 0.8% 10.5% 3.4%
PI+/AN+ 6.6% 33.1% 74.9%
PI—-/AN+ 85.9% 45.9% 6.6%
PI-/AN— 6.6% 10.5% 15.2%

Annexin V: AN; propidium iodide: PI; positive: +; negative: —; PI+/AN—: necrotic cells; PI+/AN+: late apoptosis;
PI—/AN-+: early apoptosis; PI—/AN—: viable cells.

3.3. Firocoxib Increased Apoptosis in TNCMT

Twenty-five dogs were randomly included in this study, with 12 female dogs in the
control group and 13 in the treatment group. The clinical and demographic information for
each patient is shown in Table 2. The median tumor volume (in cm3) of the control and
treatment groups at DO were 20.4 (1-172.5) and 10.5 (1.16-160), respectively. After seven
days of treatment, no significant changes were observed. Therefore, all the patients were
considered to have stable disease.
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Table 2. Clinical information of the 25 canine patients used in the in vivo experiment.

Identification Breed (\2 g:s) Weight VohTrL::(()zm3) LK/III;I;:; g ;)i:e Necrosis  Ulceration Diagnosis Grade 8?1 ‘;51.;31;1
Control group
Case 1 MBD 12 18.2 28 Yes No No Comedocarcinoma Grade 3 35
Case2 MBD 11 14.7 172.5 No Yes Yes Solid carcinoma Grade 2 90
Case 3 MBD 11 15 108 Yes No Yes Carcinoma in mixed tumor Grade 2 365
Case 4 Sheep dog 9 28 15.75 No No No Micropapillary Grade 3 1095
Case 5 Rottweiler 10 27.2 156 No No No Solid carcinoma Grade 2 485
Case 6 Poodle 8 8.9 1.9 No No No Tubulopapillary carcinoma Grade 1 2531
Case 7 Beagle 9 18.3 1.6 No No No Carcinoma in mixed tumor Grade 2 1610
Case 8 Poodle 5 4.5 3 No Yes No Complex carcinoma Grade 2 90
Case 9 German Shepherd 7 31 35 No Yes No Solid carcinoma Grade 2 880
Case 10 Poodle 6 41 25 No No No Tubulopapillary carcinoma Grade 2 2737
Case 11 Saint Bernard dog 5 57 1 No No No Carcinoma in mixed tumor Grade 1 1095
Case 12 Poodle 5 3.8 1.25 No No No Complex carcinoma Grade 1 3650
Treatment group
Case 13 Brazilian Bullmastiff 12 44 5.95 No No No Adenosquamous carcinoma - 425
Case 14 MBD 8 3.7 3 No No No Carcinoma in mixed tumor Grade 2 1670
Case 15 MBD 12 6.9 25 No No No Solid carcinoma Grade 2 180
Case 16 MBD 14 12 12 Yes No Yes Anaplastic carcinoma - 47
Case 17 Pinscher 12 2.6 10.5 No No No Complex carcinoma Grade 1 240
Case 18 Teckel 13 9.6 6 No Yes No Complex carcinoma Grade 1 1395
Case 19 MBD 8 7.5 3.08 No No No Complex carcinoma Grade 2 695
Case 20 Teckel 11 7.5 45.5 Yes No No Solid carcinoma Grade 2 395
Case 21 MBD 11 6.5 12.25 No No No Tubulopapillary carcinoma Grade 3 300
Case 22 Labrador 4 31.9 35 No No No Complex carcinoma Grade 2 1987
Case 23 MBD 10 34 160 No No Yes Tubulopapillary carcinoma Grade 2 455
Case 24 German Shepherd 7 18 3 No No Yes Tubulopapillary carcinoma Grade 2 270
Case 25 MBD 8 3.2 1.16 No No No Complex carcinoma Grade 1 1885

MBD: mixed breed dog.
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None of the patients experienced side effects of Previcox®. The COX-2 expression
did not show statistical difference compared with both groups at D0. Moreover, when
compared with the COX-2 expression at DO versus D14 in the treated group, no statistical
difference was found (Supplementary Table S1). In the control group, the mean number
of COX-2/caspase-3 double-stained cells in the biopsy sample was 7.9 & 2.26 on D0 and
9.5 + 2.08 on D14. In the treatment group, the mean number of COX-2/caspase-3 double-
stained cells was 8.7 & 2.36 prior treatment on D0 and 18.15 £ 4.62 after treatment on D14
(Figure 3). No statistical difference was observed in the number of double-stained cells in
the control group between D0 and D14. However, in the group of patients treated with
firocoxib, a higher number of apoptotic cells was observed after treatment with Previcox®
(P =0.0007). Thus, firocoxib treatment increased the apoptosis of COX-2 positive cells.

Figure 3. Double immunostaining of COX-2 (cytoplasmic staining—brown) and cleaved caspase-3
(nuclear staining—red) in canine mammary gland tumor samples. (A,B): COX-2/caspase-3 double
immunostaining at D0. (C): COX-2/caspase-3 double staining of the control group tissue samples, on
D14. No difference was found when the tissue samples from patients on DO were compared with
those on D14. (D): increased number of double-stained cells in a sample on D14, compared with those
on D0. Harris hematoxylin counterstain, 3 3’-diaminobenzidine chromogen, and 20x magnification.

4. Discussion

COX-2 expression has been well-described in canine epithelial cancers, and COX-2
inhibitors have been proposed as a treatment option for COX-2 overexpression tumors [14].
However, most studies have evaluated only COX-2 expression in tissue samples (with-
out treatment with COX-2 inhibitors), or COX-2 inhibitors are used in chemotherapeutic
protocols with no assessment of COX-2 expression and its association with antitumor
response [15-17,29-31]. Gregorio et al. [14] performed an interesting meta-analysis of
COX-2 values as a prognostic factor and identified 272 published manuscripts evaluating
COX-2 expression in canine and feline cancers. Among these studies, only 18 investigated
COX-2 expression associated with the patients’ overall survival. Moreover, of the 18 se-
lected studies, only three included COX-2 inhibitors in the patients’ treatment protocol [14].
Therefore, although COX-2 inhibitors have been claimed to exhibit antitumor effects, no
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previous studies have demonstrated the antitumor mechanism involved in clinical use of
the inhibitors.

In the previous meta-analysis, seven studies have investigated the COX-2 prognostic
value in CMT [14]. In the past studies, authors have evaluated COX-2 expression in canine
CMT tissue samples, associating with overall survival, in a retrospective perspective. This
is a very important point, since retrospective studies have a heterogeneous population and
several variables can interfere in the results. According to Gregorio et al. [14], six previous
studies in the veterinary literature provided sufficient evidence that COX-2 overexpression
is associated with patient’s overall survival. However, these authors highlighted that only
two studies have performed adjustments for variables of confusion [14]. Thus, the other
four related studies can present their results secondary to other aspects. We performed a
prospective study investigating the role apoptosis associated with a COX-2 inhibitor, using
a strong inclusion and exclusion criteria, providing a strong evidence of the pro-apoptotic
effect of Firocoxib on CMT cancer cells positive for COX-2.

On the other hand, our study has some limitations that we tried to assess and minimize
prior the study conduction. The first limitation is related with the sample size. We used
25 female dogs divided into two groups. To address the limitation, we performed a power
analysis to ensure the reliability of our study and it is important to highlighted that prospec-
tive clinical studies using this approach are very rare in the literature because of the need to
perform tumor biopsy prior and after the treatment. The second important limitation is the
heterogeneity of CMT. To minimize this heterogeneity, we included only triple-negative
tumors. The last and important limitation was associated with the inflammation provided
by tumor biopsy prior treatment, since it can induce tumor inflammation and increase
COX-2 expression and cancer cell apoptosis. To address this limitation, both groups were
submitted to tissue biopsy in the same moment and patients were treated with COX-2
inhibitors to avoid inflammation related to the biopsy.

Firocoxib is a COX-2 specific nonsteroidal anti-inflammatory drug previously tested
in dogs, with minimal side effects. Previously, firocoxib was tested in geriatric dogs over
a period of 90 days, with minimal biochemical changes and adverse drug events [29].
Therefore, it is not surprising that no side effects were observed in this study. Because we
evaluated dogs for a shorter period, we used Previcox® within its safety range. Considering
that cancer occurs among older dogs, firocoxib is an excellent candidate as an adjuvant
drug in cancer chemotherapy. However, Previcox® is primarily prescribed as a pain reliever
to treat inflammation associated with osteoarthritis, with no direct indication for treating
dogs with cancer. Therefore, we performed a clinical study on female dogs with CMT. A
tissue biopsy was performed on DO, the dogs were treated with Previcox® at 5 mg/kg PO
for seven days, and the patients were then subjected to radical mastectomy [30,31]. COX-2
expression was assessed on D0 and D14, and no statistical difference was found between
the results from D0 and D14, indicating that Previcox® did not decrease COX-2 expression
in cancer cells in a short period of evaluation.

Our results indicate that COX-2 inhibitors did not decrease COX-2 expression in cancer
cells in vivo in a short period of administration, raising some questions regarding in vivo
COX-2 inhibition. We hypothesized that COX-2 inhibitors do not decrease COX-2 expres-
sion at the cellular level in cancer cells, but rather that COX-2 inhibition induces apoptosis
in cancer cells positive for COX-2, and higher COX-2 expression could be associated with a
higher proapoptotic effect. To confirm this hypothesis, we selected two CMT cancer cell
lines originating from TNCMT and evaluated apoptosis in both of them after treatment
with firocoxib at ICsp. Our cell culture experiments confirmed the induction of apoptosis
in both cell lines after firocoxib treatment, supporting the results of Previcox® treatment
in vivo.

On the other hand, we believe that a long-term use can induce COX-2 downregulation.
In a previous case report published by our research group [32], we treated with Firocoxib
for eight months a dog with intranasal carcinoma and we performed tumor biopsy prior
and after treatment and assessed COX-2 expression in both moments. In this case report, we
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identified a reduction in COX-2 expression after eight months of continuous Firocoxib ad-
ministration [32]. Therefore, in a long-term use, Fircoxib can induce COX-2 downregulation
by cancer cells.

In vivo experiments did not reveal any statistical difference in the number of apoptotic
cells on DO. However, in the samples from the treatment group on D14, we found a higher
number of apoptotic cells positive for COX-2, indicating apoptosis secondary to Previcox®
treatment. Since patients treated with Previcox® comprised a higher number of COX-2
positive cells with increased cleaved caspase-3 expression, we suggest that COX-2 inhibitors
induce apoptosis in vivo. Therefore, patients with COX-2 positive tumors may benefit
from treatment with Previcox®. Since surgery is the gold standard treatment for CMT, we
recommend the use of Previcox® for patients after surgery as an adjuvant treatment for
COX-2 overexpression tumors or in the palliative treatment of COX-2 positive CMT.

The Firocoxib plasma concentration after 32 h of administration is 100 ng/mL [32].
Another recent study showed that Firocoxib plasma concentration range drastically in
the first hours after administration, ranging to 100 up to 1000 ng/mL in the first hours.
Therefore, our concentrations identified in the in vitro study, is in accordance with the
maximum plasma concentration in vivo, allowing the use of the Firocoxib in the clinical
practice for female dogs affected by CMT.

Apoptosis mediated by anti-inflammatory drugs is widely studied in human can-
cers [33-38], including colorectal cancer [34], ovarian cancer [35], hepatocellular carci-
noma [36,37], and prostate [38]. The exact mechanism involved in apoptosis induced
by COX-2 inhibitors in under debate [36,37]. However, it is well-established that COX-2
overexpression by cancer cells is associated with resistance to apoptosis. Thus, blocking
COX-2 in cancer cells is directly associated with induction of apoptosis. Thus, in human
cancers, association of anti-inflammatory drugs with maximum tolerance chemotherapy
can enhance tumor apoptosis.

5. Conclusions

Overall, our results strongly suggest that firocoxib induces apoptosis in CMT cancer
cells, and female dogs bearing COX-2 overexpressing tumors can benefit from Previcox®
treatment. Further studies including a higher number of patients and evaluating patient’s
overall survival can increase the understanding of COX-2 inhibitors in cancer apoptosis.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article /10.3390/ani13010060/s1, Table S1: Number of double-stained cells for
COX-2 and Caspase-3 in canine mammary gland tumors.

Author Contributions: Conceptualization, A.B. and C.E.F-A.; methodology, A.B., Pd.FL., L.5.d.C.,
MM.PR, LEM. and C.E.F-A.; validation, C.d.O.M.S.G., R.L.-A. and C.E.E-A.; formal analysis, A.B.,
Pd.FL., FE.LS.d.C.,, MM.PR, LEM. and C.E.F-A.; investigation, A.B. and C.E.F.-A.; resources,
C.E.F-A,; data curation, FE., A.B. and C.E.F-A.; writing—original draft preparation, A.B. and
C.E.F-A,; writing—review and editing, Pd.FL., L.5.d.C., MM.PR,, LEM.,, C.d.OM.S.G. and RL.-A.;
supervision, C.E.E-A.; project administration, C.E.F.-A.; funding acquisition, C.E.F.-A. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was financially supported by the Sao Paulo Research Foundation (FAPESP
2015/25400-7; FAPESP 2016/21474-9) and Conselho Nacional de Pesquisa—CNPq (306055/2011-2).

Institutional Review Board Statement: The procedures were approved by the Institutional Ethics
Committee of Animal use in Research (CEUA #0208/2016) approved on 15 March 2016 and the
owners signed an informed consent allowing the use of the obtained samples in research.

Informed Consent Statement: Informed consent was obtained from all owners involved in the study.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.


https://www.mdpi.com/article/10.3390/ani13010060/s1
https://www.mdpi.com/article/10.3390/ani13010060/s1

Animals 2023, 13, 60 11 0f 12

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Bray, E; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of
incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer | Clin. 2018, 68, 394—424, Erratum in CA Cancer .
Clin. 2020, 70, 313. [CrossRef]

Cancer Genome Atlas Network. Comprehensive molecular portraits of human breast tumours. Nature 2012, 490, 61-70. [CrossRef]
Dai, D.; Zhong, Y.; Wang, Z.; Yousafzai, N.A ; Jin, H.; Wang, X. The prognostic impact of age in different molecular subtypes of
breast cancer: A population-based study. Peer] 2019, 7, €7252. [CrossRef]

Tian, Q.; Du, P; Li, S.; Bai, Z.; Yang, Y.; Zeng, J. Effect of antitumor treatments on triple-negative breast cancer patients: A
PRISMA-compliant network meta-analysis of randomized controlled trials. Medicine 2017, 96, €8389. [CrossRef]

Kaya, V.; Yildirim, M.; Yazici, G.; Gunduz, S.; Bozcuk, H.; Paydas, S. Effectiveness of Platinum-Based Treatment for Triple
Negative Metastatic Breast Cancer: A Meta-Analysis. Asian Pac. ]. Cancer Prev. 2018, 19, 1169-1173. [CrossRef]

Abadie, J.; Nguyen, E; Loussouarn, D.; Pefia, L.; Gama, A.; Rieder, N.; Belousov, A.; Bemelmans, I; Jaillardon, L.; Ibisch, C.;
et al. Canine invasive mammary carcinomas as models of human breast cancer. Part 2: Immunophenotypes and prognostic
significance. Breast Cancer Res. Treat. 2018, 167, 459-468. [CrossRef]

Pu, D,; Yin, L.; Huang, L.; Qin, C.; Zhou, Y.; Wu, Q.; Li, Y.; Zhou, Q.; Li, L. Cyclooxygenase-2 Inhibitor: A Potential Combination
Strategy With Immunotherapy in Cancer. Front. Oncol. 2021, 11, 637504. [CrossRef]

Dos Anjos, D.S,; Vital, A.F.; Lainetti, P.F,; Leis-Filho, A.F; Dalmolin, F; Elias, F.; Calazans, S.G.; Fonseca-Alves, C.E. Deregulation
of VEGFR-2 and PDGFR Expression and Microvascular Density in a Triple-Negative Model of Canine Malignant Mammary
Tumors with Lymph Node or Lung Metastasis. Vet. Sci. 2019, 6, 3. [CrossRef]

de Faria Lainetti, P.; Brandi, A.; Leis Filho, A.F; Prado, M.C.M.; Kobayashi, PE.; Laufer-Amorim, R.; Fonseca-Alves, C.E.
Establishment and Characterization of Canine Mammary Gland Carcinoma Cell Lines With Vasculogenic Mimicry Ability in vitro
and in vivo. Front. Vet. Sci. 2020, 7, 583874. [CrossRef]

Prado, M.C.M.; Macedo, S.A.L.; Guiraldelli, G.G.; de Faria Lainetti, P; Leis-Filho, A.E,; Kobayashi, P.E.; Laufer-Amorim, R,;
Fonseca-Alves, C.E. Investigation of the Prognostic Significance of Vasculogenic Mimicry and Its Inhibition by Sorafenib in
Canine Mammary Gland Tumors. Front. Oncol. 2019, 9, 1445. [CrossRef]

Franzoni, M.S.; Brandi, A.; de Oliveira Matos Prado, J.K.; Elias, F.; Dalmolin, F.; de Faria Lainetti, P.; Prado, M.C.M.; Leis-Filho,
A.F,; Fonseca-Alves, C.E. Tumor-infiltrating CD4+ and CD8+ lymphocytes and macrophages are associated with prognostic
factors in triple-negative canine mammary complex type carcinoma. Res. Vet. Sci. 2019, 126, 29-36. [CrossRef] [PubMed]

Tian, J.; Hachim, M.Y.; Hachim, 1.Y.; Dai, M.; Lo, C.; Raffa, FA.; Ali, S.; Lebrun, ].J. Cyclooxygenase-2 regulates TGF3-induced
cancer stemness in triple-negative breast cancer. Sci. Rep. 2017, 7, 40258. [CrossRef] [PubMed]

Saito, T.; Tamura, D.; Asano, R. Usefulness of selective COX-2 inhibitors as therapeutic agents against canine mammary tumors.
Oncol. Rep. 2014, 31, 1637-1644. [CrossRef] [PubMed]

Gregorio, H.; Magalhaes, T.R.; Pires, I.; Prada, J.; Carvalho, M.I.; Queiroga, F.L. The role of COX expression in the prognostication
of overall survival of canine and feline cancer: A systematic review. Vet. Med. Sci. 2021, 7, 1107-1119. [CrossRef] [PubMed]
Gregorio, H.; Raposo, T.; Queiroga, FL.; Pires, I.; Pena, L.; Prada, J. High COX-2 expression in canine mast cell tumours is
associated with proliferation, angiogenesis and decreased overall survival. Vet. Comp. Oncol. 2017, 15, 1382-1392. [CrossRef]
Carvalho, M.I; Pires, I; Prada, J.; Raposo, T.P.; Gregoério, H.; Lobo, L.; Queiroga, F.L. High COX-2 expression is associated
with increased angiogenesis, proliferation and tumoural inflammatory infiltrate in canine malignant mammary tumours: A
multivariate survival study. Vet. Comp. Oncol. 2017, 15, 619-631. [CrossRef]

Aratjo, M.R.; Campos, L.C.; Damasceno, K.A.; Gamba, C.O.; Ferreira, E.; Cassali, G.D. HER-2, EGFR, Cox-2 and Ki67 expression
in lymph node metastasis of canine mammary carcinomas: Association with clinical-pathological parameters and overall survival.
Res. Vet. Sci. 2016, 106, 121-130. [CrossRef]

Costa, C.D.; Justo, A.A; Kobayashi, PE.; Story, M.M.; Palmieri, C.; Laufer Amorim, R.; Fonseca-Alves, C.E. Characterization of
OCT3/4, Nestin, NANOG, CD44 and CD24 as stem cell markers in canine prostate cancer. Int. J. Biochem. Cell Biol. 2019, 108,
21-28. [CrossRef]

Kobayashi, PE.; Lainetti, P.E; Leis-Filho, A.F; Delella, EX.; Carvalho, M.; Cury, S.S.; Carvalho, R.F.; Fonseca-Alves, C.E.; Laufer-
Amorim, R. Transcriptome of Two Canine Prostate Cancer Cells Treated With Toceranib Phosphate Reveals Distinct Antitumor
Profiles Associated With the PDGFR Pathway. Front. Vet. Sci. 2020, 7, 561212. [CrossRef]

Leis-Filho, A.F; de Faria Lainetti, P.; Emiko Kobayashi, P.; Fonseca-Alves, C.E.; Laufer-Amorim, R. Effects of Lapatinib on
HER2-Positive and HER2-Negative Canine Mammary Carcinoma Cells Cultured In Vitro. Pharmaceutics 2021, 13, 897. [CrossRef]
Negri, ] M.; McMillin, D.W.; Delmore, J.; Mitsiades, N.; Hayden, P; Klippel, S.; Hideshima, T.; Chauhan, D.; Munshi, N.C.; Buser,
C.A,; et al. In vitroanti-myeloma activity of the Aurora kinase inhibitor VE-465. Br. . Haematol. 2009, 147, 672—676. [CrossRef]
[PubMed]

Crowley, L.C.; Marfell, B.J.; Scott, A.P.; Waterhouse, N.J. Quantitation of Apoptosis and Necrosis by Annexin V Binding, Propidium
Iodide Uptake, and Flow Cytometry. Cold Spring Harb. Protoc. 2016, 2016, pdb-prot087288. [CrossRef] [PubMed]

Goldschmidt, M.; Pefia, L.; Rasotto, R.; Zappulli, V. Classification and grading of canine mammary tumors. Vet. Pathol. 2011, 48,
117-131. [CrossRef] [PubMed]

Karayannopoulou, M.; Kaldrymidou, E.; Constantinidis, T.C.; Dessiris, A. Histological grading and prognosis in dogs with
mammary carcinomas: Application of a human grading method. J. Comp. Pathol. 2005, 133, 246-252. [CrossRef]


http://doi.org/10.3322/caac.21492
http://doi.org/10.1038/nature11412
http://doi.org/10.7717/peerj.7252
http://doi.org/10.1097/MD.0000000000008389
http://doi.org/10.22034/APJCP.2018.19.5.1169
http://doi.org/10.1007/s10549-017-4542-8
http://doi.org/10.3389/fonc.2021.637504
http://doi.org/10.3390/vetsci6010003
http://doi.org/10.3389/fvets.2020.583874
http://doi.org/10.3389/fonc.2019.01445
http://doi.org/10.1016/j.rvsc.2019.08.021
http://www.ncbi.nlm.nih.gov/pubmed/31425936
http://doi.org/10.1038/srep40258
http://www.ncbi.nlm.nih.gov/pubmed/28054666
http://doi.org/10.3892/or.2014.3010
http://www.ncbi.nlm.nih.gov/pubmed/24503782
http://doi.org/10.1002/vms3.460
http://www.ncbi.nlm.nih.gov/pubmed/33751829
http://doi.org/10.1111/vco.12280
http://doi.org/10.1111/vco.12206
http://doi.org/10.1016/j.rvsc.2016.03.020
http://doi.org/10.1016/j.biocel.2019.01.002
http://doi.org/10.3389/fvets.2020.561212
http://doi.org/10.3390/pharmaceutics13060897
http://doi.org/10.1111/j.1365-2141.2009.07891.x
http://www.ncbi.nlm.nih.gov/pubmed/19751238
http://doi.org/10.1101/pdb.prot087288
http://www.ncbi.nlm.nih.gov/pubmed/27803250
http://doi.org/10.1177/0300985810393258
http://www.ncbi.nlm.nih.gov/pubmed/21266722
http://doi.org/10.1016/j.jcpa.2005.05.003

Animals 2023, 13, 60 12 of 12

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Nguyen, S.M.; Thamm, D.H.; Vail, D.M.; London, C.A. Response evaluation criteria for solid tumours in dogs (v1.0): A Veterinary
Cooperative Oncology Group (VCOG) consensus document. Vet. Comp. Oncol. 2015, 13, 176-183. [CrossRef]

LeBlanc, A K.; Atherton, M.; Bentley, R.T.; Boudreau, C.E.; Burton, ].H.; Curran, K.M.; Dow, S.; Giuffrida, M.A; Kellihan, H.B,;
Mason, N.J.; et al. Veterinary Cooperative Oncology Group-Common Terminology Criteria for Adverse Events (VCOG-CTCAE
v2) following investigational therapy in dogs and cats. Vet. Comp. Oncol. 2021, 19, 311-352. [CrossRef]

Fonseca-Alves, C.E.; Bento, D.D.; Torres-Neto, R.; Werner, J.; Kitchell, B.; Laufer-Amorim, R. Ki67 /KIT double immunohistochem-
ical staining in cutaneous mast cell tumors from Boxer dogs. Res. Vet. Sci. 2015, 102, 122-126. [CrossRef]

Gorricho, C.M.; Tavares, M.R.; Apparicio, M.; Fonseca-Alves, C.E.; Macente, B.I.; Mansano, C.FE.M.; Toniollo, G.H. Vitrification of
cat ovarian tissue: Does fragment size matters? Reprod. Domest. Anim. 2018, 53 (Suppl. 3), 125-132. [CrossRef]

Joubert, K.E. The effects of firocoxib (Previcox) in geriatric dogs over a period of 90 days. J. S. Afr. Vet. Assoc. 2009, 80, 179-184.
[CrossRef]

Machado LH, A.; Elston, E; Elston, L.B.; Sudano, M.].; Fonseca-Alves, C.E.; Zahn, ES. Avaliagao Clinica e Imuno-Histoquimica de
Tumores Mamario em Cadelas Submetidas a Tratamento com Inibidor da Cicloxigenase-2 (FIROCOXIBE). Vet. Zootec. (LINESP)
2014, 21, 584-594. (In Portuguese)

Zahn, ES.; Elston, F.; Sudano, L.B.; Fonseca-Alves, C.E.; Machado LH, A. Clinical and Immunohistochemical Evaluation of
mammary Tumors in female Dogs Undergoing Treatment with Inhibitors of Cyclooxygenase-2 (Firocoxib). In Proceedings of the
39th World Small Animal Veterinary Association Congress, Cape Town, South Africa, 16-19 September 2014; p. 875.
Fonseca-Alves, C.E.; Corréa, A.G,; Elias, F; Calazans, S.G. Cyclooxygenase Inhibitor Associated with Carboplatin in Treatment of
Metastatic Nasal Carcinoma in Dog. Case Rep. Vet. Med. 2014, 2014, 817930. [CrossRef]

Kvaternick, V.; Malinski, T.; Wortmann, J.; Fischer, J. Quantitative HPLC-UV method for the determination of firocoxib from
horse and dog plasma. J. Chromatogr. B 2007, 854, 313-319. [CrossRef] [PubMed]

Sun, Y.; Tang, X.M.; Half, E.; Kuo, M.T,; Sinicrope, F.A. Cyclooxygenase-2 overexpression reduces apoptotic susceptibility by
inhibiting the cytochrome c-dependent apoptotic pathway in human colon cancer cells. Cancer Res. 2002, 62, 6323—-6328. [PubMed]
Totzke, G.; Schulze-Osthoff, K.; Janicke, R.U. Cyclooxygenase-2 (COX-2) inhibitors sensitize tumor cells specifically to death
receptor-induced apoptosis independently of COX-2 inhibition. Oncogene 2003, 22, 8021-8030. [CrossRef] [PubMed]

Kern, M.A.; Haugg, A.M.; Koch, A.F; Schilling, T.; Breuhahn, K.; Walczak, H.; Fleischer, B.; Trautwein, C.; Michalski, C.;
Schulze-Bergkamen, H.; et al. Cyclooxygenase-2 inhibition induces apoptosis signaling via death receptors and mitochondria in
hepatocellular carcinoma. Cancer Res. 2006, 66, 7059-7066. [CrossRef]

Wang, Q.; Lu, D.; Fan, L.; Li, Y; Liu, Y.; Yu, H.; Wang, H.; Liu, J.; Sun, G. COX-2 induces apoptosis-resistance in hepatocellular
carcinoma cells via the HIF-1«c/PKM2 pathway. Int. J. Mol. Med. 2019, 43, 475-488. [CrossRef]

Hsu, A.L.; Ching, T.T.; Wang, D.S.; Song, X.; Rangnekar, V.M.; Chen, C.S. The cyclooxygenase-2 inhibitor celecoxib induces
apoptosis by blocking Akt activation in human prostate cancer cells independently of Bcl-2. J. Biol. Chem. 2000, 275, 11397-11403.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1111/vco.12032
http://doi.org/10.1111/vco.12677
http://doi.org/10.1016/j.rvsc.2015.08.007
http://doi.org/10.1111/rda.13357
http://doi.org/10.4102/jsava.v80i3.198
http://doi.org/10.1155/2014/817930
http://doi.org/10.1016/j.jchromb.2007.04.037
http://www.ncbi.nlm.nih.gov/pubmed/17537684
http://www.ncbi.nlm.nih.gov/pubmed/12414664
http://doi.org/10.1038/sj.onc.1206837
http://www.ncbi.nlm.nih.gov/pubmed/12970750
http://doi.org/10.1158/0008-5472.CAN-06-0325
http://doi.org/10.3892/ijmm.2018.3936
http://doi.org/10.1074/jbc.275.15.11397

	Introduction 
	Materials and Methods 
	Cell Lines 
	Evaluation Cell Line Metabolic Activity and IC50 after Firocoxib Treatment 
	Annexin V/Propidium Iodide (PI) Apoptosis Assay 
	In Vivo Experiment 
	Inclusion and Exclusion Criteria 
	COX-2/Cleaved Caspase-3 Double Immunostaining 
	Statistical Analysis 

	Results 
	Cell Line Characteristics 
	Firocoxib-Induced Apoptosis in CMT Cell Lines 
	Firocoxib Increased Apoptosis in TNCMT 

	Discussion 
	Conclusions 
	References

