
Citation: Machado, M.C.;

Yamamoto, P.A.; Pippa, L.F.;

de Moraes, N.V.; Neves, F.M.F.;

Portela, R.D.; Barrouin-Melo, S.M.;

Hielm-Björkman, A.; Godoy, A.L.P.C.;

Estrela-Lima, A. Pharmacokinetics of

Carboplatin in Combination with

Low-Dose Cyclophosphamide in

Female Dogs with Mammary

Carcinoma. Animals 2022, 12, 3109.

https://doi.org/10.3390/

ani12223109

Academic Editors: Adriana Alonso

Novais, Debora Aparecida Pires de

Campos Zuccari, Luiz Gustavo de

Almeida Chuffa and Guilherme

Henrique Tamarindo

Received: 9 October 2022

Accepted: 9 November 2022

Published: 10 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

animals

Article

Pharmacokinetics of Carboplatin in Combination with Low-Dose
Cyclophosphamide in Female Dogs with Mammary Carcinoma
Marília Carneiro Machado 1, Priscila Akemi Yamamoto 2,3 , Leandro Francisco Pippa 2 ,
Natália Valadares de Moraes 2 , Fabiane Maria Fernandes Neves 4, Ricardo Dias Portela 5 ,
Stella Maria Barrouin-Melo 1 , Anna Hielm-Björkman 6 , Ana Leonor Pardo Campos Godoy 4

and Alessandra Estrela-Lima 1,6,7,*

1 Department of Veterinary Anatomy, Pathology and Clinics, School of Veterinary Medicine and Zootechny,
UFBA, Salvador 40170-110, BA, Brazil

2 Department of Pharmaceutics, College of Pharmacy, University of Florida, Orlando, FL 32827, USA
3 School of Pharmaceutical Sciences of Ribeirão Preto, University of São Paulo,

Ribeirão Preto 14040-903, SP, Brazil
4 Pharmacokinetics Laboratory, School of Pharmacy, Federal University of Bahia, Salvador 40170-115, BA, Brazil
5 Laboratory of Immunology and Molecular Biology, Institute of Health Sciences, Federal University of Bahia,

Salvador 40231-300, BA, Brazil
6 Department of Equine and Small Animal Medicine, Faculty of Veterinary Medicine, University of Helsinki,

P.O. Box 57, 00014 Helsinki, Finland
7 Research Center on Mammary Oncology NPqOM/HOSPMEV, Federal University of Bahia,

Salvador 40170-110, BA, Brazil
* Correspondence: aestrela@ufba.br; Tel.: +55-71-3283-6739

Simple Summary: This study was designed to assess the effect of metronomic cyclophosphamide on
carboplatin’s tolerability, efficacy, and pharmacokinetics in female dogs with mammary carcinoma.
Sixteen female dogs with mammary carcinoma were treated with 300 mg/m2 intravenous (i.v.) car-
boplatin therapy (n = 8) or 300 mg/m2 i.v. carboplatin which was associated with 12.5 mg/m2/day
oral cyclophosphamide (n = 8). A non-compartmental analysis was applied to calculate the PK
parameters of carboplatin in the second and fourth chemotherapy cycles. The carboplatin pharma-
cokinetics showed high interindividual variability with 10-fold variation in the area under the plasma
concentration–time curve (AUC) in the animals receiving carboplatin only. The systemic plasma expo-
sure (AUC and Cmax) to carboplatin was equivalent in both of the treatments (carboplatin alone and
carboplatin + cyclophosphamide). Carboplatin + metronomic cyclophosphamide was well-tolerated
by all of the animals. Our results demonstrated that adding low daily doses of cyclophosphamide to
the carboplatin therapy increased the survival rate of the female dogs with mammary cancer.

Abstract: This prospective study aimed to evaluate the effect of metronomic cyclophosphamide on
carboplatin’s tolerability, efficacy, and pharmacokinetics in dogs with mammary carcinoma. Sixteen
female dogs with mammary carcinoma were divided into groups: 300 mg/m2 intravenous (i.v.)
carboplatin therapy (G1 = 8) or 300 mg/m2 i.v. carboplatin which was associated with 12.5 mg/m2

oral cyclophosphamide in a metronomic regimen (G2 = 8). The investigated animals underwent a
clinical evaluation, a mastectomy, a carboplatin chemotherapy, and serial blood sampling for the phar-
macokinetic analysis. The adverse events and survival rates were monitored. A non-compartmental
analysis was applied to calculate the pharmacokinetic parameters of carboplatin in the 2nd and
4th chemotherapy cycles. Carboplatin PK showed high interindividual variability with a 10-fold
variation in the area under the plasma concentration–time curve (AUC) in G1. The systemic plasma
exposure to carboplatin was equivalent in both of the treatments considering the AUC and maximum
plasma concentration (Cmax) values. Although the red blood cells (p < 0.0001), platelets (p = 0.0005),
total leukocytes (p = 0.0002), and segmented neutrophils (p = 0.0007) were reduced in G2, the survival
rate increased (p = 0.0044) when it was compared to G1. In conclusion, adding low daily doses
of cyclophosphamide to a carboplatin therapy showed promising outcomes in female dogs with
mammary tumors.
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1. Introduction

Mammary tumors account for 42% of all diagnosed tumors and 82% of reproductive
tumors in female dogs according to the Veterinary Society of Surgical Oncology (VSSO) [1].
Due to the lack of effective adjuvant chemotherapy protocols for malignant or metastatic
mammary tumors, antineoplastic agents can be combined to attack as many neoplastic cells
as possible [2,3]. Doxorubicin, cyclophosphamide, 5-fluorouracil, cisplatin, and carboplatin
are commonly used in maximally tolerated doses to prevent micrometastasis and solid
tumor relapses [4]. Most chemotherapy drugs act by regulating cell division or damaging
the DNA. Normal cells cannot be distinguished from malignant cells by chemotherapy.
Thus, the tissues with rapidly dividing cells, mainly the bone marrow and gastrointestinal
epithelial cells, are particularly sensitive to chemotherapy [2]. Because no study with
maximum tolerated dose chemotherapy has proven to have efficacy on median the survival
time for dog with carcinomas, the development of new therapeutic strategies with reduced
toxicity and better efficacy is a significant challenge in cancer therapy.

In conventional chemotherapy, drug toxicity that is associated with high doses requires
a rest period for the normal tissues to recover with increased cell proliferation rates [5].
In contrast, the metronomic administration of cytotoxic drugs involves a continuous or
more frequent schedule at a much lower dose, thereby reducing the risk of adverse drug
reactions [6]. Metronomic chemotherapy is emerging as a promising alternative that results
in fewer adverse reactions and lower stress levels [6]. However, in veterinary medicine,
there are still few studies related to its effectiveness, whether it is isolated or associated
with conventional chemotherapy, especially in the case of mammary tumors in female
dogs [7–10]. Nevertheless, the clinical implementation of new treatment combinations with
low-dose chemotherapy requires studies to select effective treatment combinations for each
tumor type and population [8,11–13].

Carboplatin is an alkyl anticancer medicine that was developed for human medicine. It
is one of the drugs that are used for the adjuvant treatment of mammary neoplasm in female
dogs, resulting in a significant increase in the survival rates and quality of life, mainly, when
it is associated with naltrexone in low doses or cyclooxygenase inhibitors [7,14]. Carboplatin
is less nephrotoxic than cisplatin is, and vomiting and diarrhea are less frequent and intense
during a carboplatin treatment [15]. We aimed to investigate the effect of metronomic
cyclophosphamide on the efficacy and tolerability of conventional carboplatin therapy
in canine mammary cancer. Female dogs with mammary carcinomas were treated with
300 mg/m2 intravenous (i.v.) carboplatin or with i.v. carboplatin which was combined
with an oral daily treatment of 12.5 mg/m2 cyclophosphamide. The combined therapy was
assessed in carboplatin PK in terms of the plasma, disease progression, survival rate, and
adverse drug reactions.

2. Materials and Methods
2.1. Animals

Female dogs with mammary carcinoma were recruited according to the following
inclusion criteria: (a) the presence of a tumor larger than three centimeters; (b) clinical
staging IV or mammary carcinoma with grade histopathological II or III; (c) having no
other concomitant disease at the time of the assessment. The local Ethics Commission for
the Use of Experimental Animals approved this research protocol, and all of the procedures
were conducted according to the Brazilian College of Animal Experimentation (COBEA).
All of the animal owners provided informed consent. The animals were prospectively
recruited in a controlled, randomized clinical trial and allocated into groups considering the
tumor size, clinic stage, diagnosis, and histological grades: a conventional i.v. carboplatin
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chemotherapy (300 mg/m2) group (G1), and a group with carboplatin chemotherapy which
was combined with the oral administration of 12.5 mg/m2/day cyclophosphamide (G2).

2.2. Clinical Evaluation and Mastectomy

All of the animals were submitted to a clinical assessment, including a cancer survey,
three-view thoracic radiography, a total abdomen ultrasound to assess the metastasis, and
blood tests including a complete blood count, serum urea, creatinine, alkaline phosphatase,
alanine aminotransferase, ionized calcium, and glucose concentrations. Malignant tumors
were classified according to the TNM staging system, including the tumor size (T), the
involvement of the regional lymph nodes (N), and the presence or absence of distant
metastasis (M) [16]. All of the animals underwent a total unilateral mastectomy to remove
the inguinal lymph node. The tumor samples were classified according to the World Health
Organization (WHO) criteria, as described by Cassali et al. [4].

2.3. Chemotherapy Treatment

Twenty days after the surgery, the carboplatin chemotherapy was initiated in six
sessions with an interval of twenty-one days between the sessions. The dogs received an
intravenous 5 min infusion of carboplatin (300 mg/m2) through the cephalic vein. Only the
animals in G2 orally received 12.5 mg/m2/day cyclophosphamide for eight months after
starting the carboplatin chemotherapy. The cyclophosphamide tablet was administered
approximately two hours after the first carboplatin session and daily for eight months in
the morning. The blood samples were collected in the 2nd and 4th chemotherapy cycles
before the carboplatin dosing and after 5, 15, 30, 45, 60, 120, and 240 min to evaluate the
carboplatin PK. The blood samples were centrifuged at 3000× g for 5 min. The plasma
samples were separated in aliquots and stored in cryotubes at −80 ◦C until the analysis.

Fourteen days after the carboplatin administration (nadir) and approximately 48 h
before each session, the biological samples were collected for the urinalysis, total blood
count, and serum biochemistry analysis. The laboratory tests attested to the condition of
the animals to perform the chemotherapeutic carboplatin-based procedure. Ondansetron
(0.2 mg/kg), ranitidine (2 mg/kg), and promethazine (0.1 mg/kg) were administered sub-
cutaneously. All of the animals in all of the groups received these agents using this protocol.
These drugs were prescribed orally for three consecutive days after the chemotherapy,
except for promethazine, which was prescribed as a single dose.

2.4. Chemotherapy Adverse Reactions

All of the animals were screened weekly by phone calls during the chemotherapy
and evaluated every fifteen days through a clinical exam focusing on the potential adverse
drug reactions. For the evaluation of the adverse reactions caused by the chemotherapy
protocol, we followed the criteria that were established by the Veterinary Cooperative
Oncology Group-Common terminology criteria for adverse events (VCOG-CTCAE) [17].
This consensus recommends a grading scale (from 1 to 5) for the intensity of the adverse
reactions caused by the chemotherapy (vomiting and diarrhea) in dogs and cats based on the
following distinctions: grade 1 (mild): asymptomatic or mild symptoms, only diagnostic
observations, no indication of therapeutic intervention; grade 2 (moderate): moderate
limitation of daily activities, requires minimal or noninvasive outpatient intervention;
grade 3 (severe or clinically significant, but not immediately fatal): significant limitation
in daily activities, hospitalization is indicated; grade 4 (life-threatening): requires urgent
therapeutic intervention; grade 5: death related to adverse drug reactions [17]. Dog owners
provided the information by phone and filled out weekly reports indicating the possible
adverse drug reactions. The Wilcoxon signed-rank test was performed to compare the
adverse reaction scores in pairs between the groups in each chemotherapy session according
to the chemotherapy protocol for female dogs with mammary carcinoma.
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2.5. Analysis of Carboplatin in Dog Plasma

The carboplatin concentrations in the plasma were quantified by a fully validated
high-performance liquid chromatography (HPLC) with UV detection at 229 nm. Chromato-
graphic analysis was performed using a C18 reverse-phase column (250 × 4.6 mm). The
mobile phase consisted of a mixture of 0.1 M potassium dihydrogen phosphate and 1 mM
dipotassium edetate pH 3 (A) and acetonitrile (B). The mobile phase composition started
with 100% A for 2 min, 95% A and 5% B from 2 to 10 min, and 100% A from 10 to 11 min.

The plasma samples (150 µL) were prepared by protein precipitation using 200 µL of
acetonitrile. The samples were shaken for 15 min and centrifuged at 15,000× g for 15 min.
After evaporating the supernatants until they dried up, the residue was reconstituted in
100 µL of water. An aliquot of 20 µL was injected into the HPLC system. The method
was linear in the range of 1–75 µg/mL of the plasma, and the lower limit of quantifica-
tion (LLOQ) was 1 µg/mL. The within-run precision, which was assessed as the relative
standard deviation (RSD) for 5 sample replicates, was within 10.75% for the LLOQ and
low (3 µg/mL), medium (40 µg/mL), and high (60 µg/mL) quality control levels. For the
between-run precision, all of the quality control levels showed an RSD of up to 13.84%.
The within- and between-run accuracy, which were assessed as the relative error (RE) for
5 replicates, were within ±15%, except for the LLOQ which had an RE of up to ±20%.
Carboplatin was stable in the canine plasma samples for several stability assays such as the
short-term stability (4 h at 24 ◦C), the long-term stability (70 days at −70 ◦C), and the post-
processing ones (42 h at 18 ◦C), and up to 3 freeze/thaw cycles (room temperature/−70 ◦C)
(Supplementary Material, Table S1).

2.6. PK Analysis of Carboplatin in Plasma

A non-compartmental analysis (NCA) was performed using Phoenix 64 WinNon-
lin software v.8.3.4.295 (Certara, Princeton, NJ, USA). The terminal slope of the plasma
concentration–time profile was selected to derive the elimination half-life (λz). The area
under the plasma concentration–time curve was calculated from the time of the dosing
to the last observation time (AUC0–t) using the linear/log trapezoidal method. AUC0–∞
was calculated by adding AUC0–t to the ratio of the final measured concentration (Clast)/λz.
The PK parameters’ mean residence time (MRT), half-life (t1/2), total clearance (CL), and
the volume of distribution were estimated according to the standard NCA equations. If
the percentage of the AUC-extrapolated area was greater than 20%, the total AUC0–∞
was considered to be unreliable. Paired and unpaired t-tests of the log-transformed data
were used to compare the pharmacokinetic parameters between the phases and groups,
respectively, once the normality was assessed using the Shapiro–Wilk test. p values that
were lower than 0.05 were considered to be significant. The descriptive statistics for the PK
parameters in each group were shown as the geometric means and geometric coefficients
of the variation. If the geometric means ratio had a 90% confidence interval (90% CI) that
was within the interval of 0.8–1.25, the treatments were considered to be equivalent [18].
The statistical analysis was conducted using R software v.4.3.1 [19], and the plots were
generated using the ggplot2 package v.3.3.6 [20].

2.7. Follow-Up and Survival Rate

The clinical and laboratory tests were performed every 15 days. The thoracic radio-
logical examinations and the total abdominal ultrasounds were performed monthly. One
month after the completion of the conventional carboplatin chemotherapy cycle with carbo-
platin (six sessions) and at the end of metronomic chemotherapy with cyclophosphamide
(eight months), the animals were evaluated clinically evaluated by laboratory tests, and their
neutrophil, platelet, and red cell parameters were within the normal range. This follow-up
was maintained until the end of the experiment or the animal’s death. The overall survival
time was defined as the period (in days) between the surgical excision of the primary tumor
and the date of death due to the disease or the date of completion of the study. The overall
survival of the animals was verified by phone calls at the end of the experiment.
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All of the animals were screened weekly during the chemotherapy and monthly after
the end of chemotherapy until the end of the study. The medical team assessed the need
for humanitarian euthanasia and carried it out with the owners’ consent [21]. The patients
who died during the follow-up period were necropsied to determine the cause of the death
and to identify the possible metastases or chemotherapy-induced lesions. The survival and
disease-free interval curves were estimated by the Kaplan–Meier method and compared by
the Log-rank (Mantel–Cox) or Cox test in a univariate or multivariate analysis, respectively.
The analyses were performed using Prism software v5.0 (GraphPad, San Diego, CA, USA).
For all of the evaluations, the statistical significance was set at 5% (p < 0.05).

3. Results
3.1. Clinical and Pathological Features

From 50 eligible animals with mammary tumors, 16 female dogs of mixed breeds
were included in the current investigation. The presence of other types of tumors, in
situ mammary carcinoma, concomitant diseases at the time of the assessment and their
non-attendance on the day of the chemotherapy procedure were considered to be the
exclusion criteria. The included female dogs were aged from seven to fifteen years old,
and they weighed from 7 to 15 kg. Despite the different histological types of mammary
tumors, a homogenous distribution was observed between the groups (Table 1). Invasive
areas were used for the histopathological grading of the tumors, with fourteen tumors
being classified as grade II and two tumors being classified as grade III. According to the
clinical staging evaluation, the dogs were classified as stages II, III, or IV. The female dogs
that died presented confirmed metastatic foci after necropsy, and the histopathological
evaluation of the organs were reclassified to stage V due to a worse prognosis, regardless
of the regional metastasis.

Table 1. Clinical and pathological characteristics of female dogs with mammary neoplasms. Sixteen
animals were evaluated.

Case Age
Years

Body
Condition T N M TNM

Stage Survival Histological Types and Grade

Carboplatin

1 11 lean 3–5 cm N0 M0 II 240 Solid carcinoma Grade 2
2 8 normal 3–5 cm N0 M0 II 240 Solid carcinoma Grade 2
3 14 normal >5 cm N0 M0 III 383 Papillary carcinoma Grade 2
4 12 normal >5 cm N0 M0 III 422 Mixed tumor carcinoma Grade 2
5 11 normal >5 cm N0 M0 III 374 Mixed tumor carcinoma Grade 2
6 15 obese >5 cm N1 M0 IV 245 Solid carcinoma Grade 3
7 10 normal 3–5 cm N1 M0 IV 390 Mixed tumor carcinoma Grade 2
8 7 normal >5 cm N1 M0 IV 386 Mixed tumor carcinoma Grade 2

Carboplatin + Cyclophosphamide

9 12 obese >5 cm N1 M0 IV 485 Solid carcinoma Grade 3
10 8 normal 3–5 cm N1 M0 IV 600 Mixed tumor carcinoma Grade 2
11 14 normal >5 cm N0 M0 III 570 Mixed tumor carcinoma Grade 2
12 13 lean >5 cm N0 M0 III 517 Papillary carcinoma Grade 2
13 10 normal >5 cm N0 M0 III 360 Solid carcinoma Grade 2
14 12 normal >5 cm N0 M0 III 368 Solid carcinoma Grade 2
15 9 normal >5 cm N0 M0 III 557 Mixed tumor carcinoma Grade 2
16 12 normal >5 cm N1 M0 IV 613 Mixed tumor carcinoma Grade 2

T: tumor size; N: involvement of regional lymph nodes (N0: absence; N1: presence); M: presence or absence of
distant metastases. Stages II, III, and IV were defined based on TNM system that has been previously described
by Owen [14].

3.2. Adverse Effects

Regarding chemotherapy, 81.25% (13/16) of the female dogs completed the six ses-
sions with intervals of 21 days between them, as predicted in the established protocol. A
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total average time of up to five days was observed for the recovery of the hematological
parameters, regardless of the treated group. However, for the animals that presented more
significant hematological changes during the treatment, the time required for hematological
recovery was, on average, seven days for the carboplatin group and ten days for the carbo-
platin + cyclophosphamide group. In these cases, for two animals of the metronomic group
and one animal of the carboplatin treatment group, we needed to increase the interval
between the sessions to 28 days with the objective to reach a complete clinical recovery.
Among the adverse events of the treatment, 18.75% (3/16) of the female dogs presented
vomiting up to two days after the chemotherapy session and in the drug nadir, and 12.5%
(2/16) of them showed diarrhea, mainly in G2. Regardless of the chemotherapy session
and treatment group allocation, most of the evaluated dogs did not show adverse drug
reactions or had mild reactions without the indication of an intervention occurring. There
was no difference in the degree of adverse reactions between the groups (Figure 1; Table 2).
The major hematological adverse drug events included anemia, thrombocytopenia, and
neutropenia. Thrombocytopenia was the most critical finding in both of the groups. A
marked reduction in the red blood cells (p < 0.0001) and platelets (p = 0.0005) was observed
in G2 when it was compared to G1 (Figure 2A,B). Neutropenia was observed in both
groups, being more frequent in G2, with a lower numbers of total leukocytes (p = 0.0002)
and segmented neutrophils (p = 0.0007) (Figure 2C,D). No significant differences were
observed between the experimental groups in the clinical biochemistry and urinalysis
parameters. No animal that underwent the treatment with cyclophosphamide presented
with cystitis.
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Figure 1. Comparison of adverse reaction levels in each chemotherapy (CT) session according to the
chemotherapy protocol in female dogs with mammary carcinoma. The classification herein follows
the one that has been described by the VCOG [15]. The Wilcoxon signed-rank test was performed in
pairs and showed no significant difference (p < 0.05) between groups in all chemotherapy sessions.
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Table 2. There was vomiting and diarrhea in female dogs with mammary carcinoma after each
chemotherapy (CT) session, according to the chemotherapy protocol. The numbers describe the
number of vomiting and diarrhea events that each animal experienced from each group presented after
21 days of each chemotherapy session in carboplatin and carboplatin + cyclophosphamide treatment
groups. Other adverse clinical events that have been described by the VCOG classification [15] were
not significantly evident in these animals.

Carboplatin (G1) Carboplatin + Cyclophosphamide (G2)

Case
Nº

1st
CT

2nd
CT 3rd CT 4th

CT 5th CT 6th CT 1st
CT

2nd
CT 3rd CT 4th CT 5th CT 6th CT

Vomiting

1 0 0 0 0 0 0 0 0 0 0 0 1
2 0 0 0 0 0 0 0 3 0 0 3 3
3 0 0 0 3 3 3 0 0 0 0 1 1
4 0 0 0 0 0 0 0 3 3 11 5 4
5 0 0 0 0 0 0 0 0 0 0 0 1
6 0 0 0 0 0 0 0 3 3 11 4 3
7 0 0 0 0 0 0 0 0 0 0 1 0
8 0 3 0 11 3 3 0 0 0 0 3 3

Diarrhea

1 0 0 0 0 0 0 0 0 0 2 0 0
2 0 0 0 0 0 0 0 0 0 0 0 0
3 0 0 0 0 0 0 0 0 0 0 0 0
4 0 0 0 0 0 0 0 0 0 0 0 0
5 0 0 0 0 0 0 0 0 0 0 0 0
6 0 0 0 0 0 0 0 0 0 0 0 0
7 0 0 0 0 0 0 0 0 0 0 1 0
8 0 0 0 0 0 0 0 0 0 0 0 0

3.3. Pharmacokinetic Analysis of Carboplatin

A method for the analysis of carboplatin in the canine plasma by HPLC was developed
and validated. The method showed suitable linearity, precision, accuracy, stability, and
confidence limits and was successfully applied to determine the plasma concentrations of
carboplatin in the dogs (Table S1). Two animals from G1 were excluded from the statistical
analysis because they did not meet the criteria of the extrapolated AUC area being lower
than 20%. The data were considered to be normally distributed after the log-transformation
(Supplemental Table S2), and they are presented as boxplots (Figure S1). The carboplatin
PK showed high interindividual variability. A 10-fold variation in the AUC was observed
in the animals that were treated with carboplatin only. The geometric mean AUC0–∞ were
525.1 and 941.7 µg·min/mL at the 2nd and 4th cycles, respectively (Table 3, Figure 3). The CL
values were 34.3 and 19.1 L/h/m2 in the 2nd and 4th cycles, respectively, in the animals re-
ceiving carboplatin only. The animals receiving carboplatin and cyclophosphamide showed
a CL of 25.8 in the 2nd cycle and 18.3 L/h/m2 in the 4th cycle (Table 3). No differences were
observed in the other PK parameters. The systemic plasma exposure to carboplatin was
considered to be equivalent in both of the treatments. The dogs that were treated with the
combined therapy showed carboplatin AUC0–∞ values of 698.4 and 984.2 µg·min/mL in
the 2nd and 4th doses, respectively (Table 3). When we were comparing the 2nd with the
4th cycle, the Cmax of carboplatin increased in the 4th cycle only in the animals receiving the
carboplatin + cyclophosphamide protocol. The AUC0-t and AUC0–∞ were similar across the
2nd and 4th cycles for both of the groups (Supplementary Material, Table S3).
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Figure 2. Comparing hematological biomarkers of therapeutic toxicity in chemotherapy (CT) with car-
boplatin (G1) or carboplatin + cyclophosphamide treatments (G2). (A) Total erythrocytes, (B) platelets,
(C) total leukocytes, and (D) neutrophil granulocytes. Approximately 48 h before the beginning of
chemotherapy, biological samples were collected for urine analysis, total blood count, and serum
biochemical analysis. In 1st CT, these values were considered the baseline for all analyzes. The
Wilcoxon signed-rank test was performed in pairs and showed significant differences between the
groups for all hematological biomarkers, with p < 0.05.
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Table 3. PK parameters of carboplatin in the presence and absence of cyclophosphamide.

Parameter

2nd Cycle 4th Cycle

Carboplatin
Carboplatin +

Cyclophos-
phamide

GMR a p-Value Carboplatin
Carboplatin +

Cyclophos-
phamide

GMR a p-Value

AUC0-t
(µg/mL·min)

423.4 (176.7)
[159.1–1127.0]

557.2 (53.5)
[398.2–779.7]

1.32
[0.49–3.56] 0.61 754.0 (125.3)

[339.1–1676.7]
831.1 (61.9)

[567.4–1217.3]
1.10

[0.48–2.54] 0.83

AUC0-∞
(µg/mL·min)

525.1 (155.3)
[211.1–1306.5]

698.4 (50.6)
[507.2–961.5]

1.33
[0.53–3.36] 0.58 941.7 (99.6)

[475.7–1864.2]
984.2 (56.2)

[693.0–1397.7]
1.05

[0.51–2.15] 0.91

Cmax
(µg/mL)

12.9 (109.6)
[6.2–26.9]

15.2 (53.3)
[10.9–21.3]

1.18
[0.55–2.51] 0.70 17.7 (108.3)

[8.6–36.4]
27.3 (33.0)
[22.0–33.8]

1.55
[0.74–3.22] 0.29

CL
(L/h/m2)

34.3 (155.3)
[13.8–85.3]

25.8 (50.6)
[18.7–35.5] - - 19.1 (99.6)

[9.7–37.8]
18.3 (56.2)
[12.9–26.0] - -

t1/2 (min) 39.1 (55.1)
[26.8–57.1]

46.9 (81.4)
[29.1–75.6] - 49.5 (58.8)

[31.6–77.5]
32.9 (45.8)
[24.5–44.0] - -

MRT (min) 52.3 (52.4)
[36.4–75.1]

61.8 (86.3)
[37.5–101.9] - 70.0 (58.4)

[44.9–109.4]
44.3 (47.9)
[32.7–60.1] - -

Vdz (L/m2)
36.7 (78.9)
[22–61.1]

29.4 (49.2)
[21.6–40.2] - 23.0 (111.9)

[11.0–48.4]
14.5 (43.7)
(11–19.2) - -

Vdss (L/m2)
34.0 (81.8)
[20.1–57.5]

26.9 (53.7)
[19.2–37.7] - 22.6 (108)

[11–46.7]
13.6 (45.4)
[10.1–18.1] - -

Data are presented as geometric means (geometric percentage of coefficient of variation) at 90% confidence
interval. GMR a: geometric mean ratio (90% confidence interval). AUC0–t: area under the plasma concentration–
time curve calculated from the time of dosing up to the last observation time. AUC0–∞: area under the plasma
concentration–time curve from the time of dosing extrapolated to infinity. Cmax: maximum plasma concentration.
CL: total clearance. MRT: mean residence time. Vdz: volume of distribution. Vdss: volume of distribution at
steady state.
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Figure 3. Carboplatin pharmacokinetic (PK) profiles in female dogs with mammary carcinoma in the
second and fourth chemotherapy cycles. Female dogs were treated with 5 min intravenous (i.v.) infu-
sion of 300 mg/m2 carboplatin in six chemotherapy sessions with twenty-one-day intervals between
sessions without (blue) and with (red) association to 12.5 mg/m2/day oral cyclophosphamide in a
metronomic regimen. PK profiles are shown as solid lines for median values and shaded areas for
5th–95th percentiles.

3.4. Survival Time

The minimum survival time that was observed was 240 days for a female dog receiving
carboplatin only, who died due to lung metastasis, which was confirmed by a histopatholog-
ical evaluation. The maximum survival time was 613 days after the mastectomy, which was
attributed to a dog from the group that received carboplatin + cyclophosphamide and who
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is still being monitored. The median survival rate in the carboplatin-treated group (G1) was
398 days, while that of the carboplatin + cyclophosphamide group (G2) did not reach the
median value (Figure 4). There were significant differences between the carboplatin + cy-
clophosphamide group (G2) survival curves and the carboplatin group (G1). A higher
number of deaths were observed in G1 due to the progression of the cancer (metastasis)
(n = 5/8; 62.5%, p = 0.0117, HR 10.06 and IC 95% 1.839–54.99) (Figure 4). After necropsy,
the most frequent distant metastasis sites observed were the lungs, skin, and liver, and the
principal cause of mortis was acute respiratory failure. In G2, only one death was detected
due to advanced heart failure which was unrelated to the chemotherapy. No animal was
censored as it was possible to monitor all of the animals during the study period.
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4. Discussion

Due to their high incidence in female dogs, mammary carcinomas require safe and
effective multimodal pharmacological strategies. Our data show that adding low doses
of oral cyclophosphamide to a carboplatin treatment significantly reduces the values of
the hematological parameters. However, these effects were not enough to trigger clinical
outcomes or impact the dogs’ quality of life. Similar results were observed in the dogs
with osteosarcoma that were treated with metronomic cyclophosphamide, presenting mild
laboratory alterations without there being any associated clinical findings [13].

Adverse drug reactions of carboplatin include renal alterations, gastrointestinal effects
(such as anorexia, emesis, and constipation), and liver toxicity [7]. The renal and hepatic
functions of the female dogs in both of the groups were not affected by the chemother-
apy throughout the study period. No changes in the serum biochemistry parameters—
creatinine, urea, and alanine aminotransferase—were reported in the female dogs with
mammary tumors receiving doxorubicin and cyclophosphamide [7]. Myelosuppression,
which is mainly characterized by neutropenia and thrombocytopenia, was reported approx-
imately from 14 to 21 days after the carboplatin treatment [22]. Coffee and colleagues [23]
described a relationship between decreasing weight and the risk of chemotherapy-induced
myelosuppression. In the current investigation, this relationship was not observed as the
hematological parameters did not change according to the body weight of the female dogs.

Increased survival was observed for carboplatin + cyclophosphamide-treated dogs,
regardless of the presence or absence of metastasis. Similarly, the female dogs that were
treated with carboplatin + metronomic thalidomide and cyclophosphamide showed pro-
longed survival when they were compared to those in the carboplatin + cyclophosphamide
group [24]. Five female dogs that were treated only with carboplatin died due to the dis-
ease’s progression (5/16). These animals were necropsied, and the distant metastases in the
lung, skin, and liver were observed. Acute respiratory failure was identified as the cause of
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death. Considering the cause of death and the presence of late metastases, similar results
were described by Costa-Santos et al. [25]. In the current study, the histological analyses of
the affected organs confirmed the presence of metastases.

This study describes for the first time the effect of metronomic cyclophosphamide
on the kinetic disposition of carboplatin in dogs. A previous study investigated drug
toxicity in combined metronomic therapy and maximal-tolerated dose chemotherapy
in dogs with osteosarcoma, but the authors did not report the carboplatin PK data [8].
Another study investigating the effectiveness of metronomic cyclophosphamide with
adjuvant meloxicam in dogs with appendicular osteosarcoma following a limb amputation
and carboplatin chemotherapy did not report on the carboplatin PK [13]. Metronomic
chemotherapy provides a lower metastasis index and reduces the adverse drug reactions,
thus improving the dogs’ quality of life and well-being [26,27].

Previous studies have reported carboplatin PK in dogs that were treated with a dose
range of 30–580 mg/m2 [15,22,28,29]. Carboplatin presents a linear PK when it is admin-
istered in therapeutic doses to dogs [28]. It does not bind immediately and reversibly to
mouse, dog, or human plasma proteins [30]. Unlike cisplatin, carboplatin binds slowly
to the plasma proteins (24–50%) [28,31]. Renal excretion is the main pathway of carbo-
platin elimination in humans (57–82%) and dogs (46–70%) [32–34]. Carboplatin clearance
is highly correlated with the glomerular filtration rate in humans [32]. Our results show
that the carboplatin PK is not affected by the coadministration of low doses of cyclophos-
phamide in female dogs with mammary carcinoma. The animals that were treated with
carboplatin + cyclophosphamide showed equivalent systemic exposure results, which were
assessed by the plasma Cmax and AUC values in the 2nd and 4th chemotherapy cycles. The
total systemic exposure (AUC) to carboplatin was similar across the 2nd and 4th cycles
(Table S3). The carboplatin Cmax increased in the 4th cycle only in the animals receiving
carboplatin + cyclophosphamide. Though the cyclophosphamide PK parameters were
not explored, we can anticipate that the increased carboplatin Cmax may be related to the
cumulative effect that is had on the blood count parameters over time.

Combined chemotherapy treatments increase the survival of animals with neoplasms
as they have different action mechanisms and reach a larger number of neoplastic cells,
thereby increasing the effectiveness of the treatment. The mechanism of action of carboplatin
occurs by connecting within and between the DNA chains and inhibits protein synthesis in
a non-specific cell cycle phase [35]. Carboplatin is activated intracellularly to react with the
platinum complexes that bind to nucleophilic groups, which will produce inter and intra-
pilgrims in the DNA and inhibit their replication, RNA transcription, and protein synthesis.
This results in apoptosis and the inhibition of the growth of the neoplastic cells [36].

Cyclophosphamide has a strong antiangiogenic and immunomodulatory capacity, and
gradually, it contributes to control neoplasias [12]. When they are exposed to cyclophos-
phamide, the endothelial cells in the tumor vasculature are directly affected by the cytotoxic
drugs [37–39] through a selective induction of apoptosis and the selective inhibition of
proliferation and migration [40–42]. These cells are also indirectly affected by a modula-
tion of the angiogenic factors—the upregulation of the anti-angiogenic factors (e.g., en-
dostatin and thrombospondin-1 [TSP-1]) and the downregulation of the pro-angiogenic
factors (e.g., vascular endothelial growth factor [VEGF], basic fibroblast growth factor
[bFGF], hypoxia-inducible factor-1α [HIF-1α], and the angiopoeitin family) [2,39]. Among
the immunomodulatory functions of cyclophosphamide, we can mention: the stimulation of
interferon gamma, the increase in natural killer T lymphocytes, the maturation of dendritic
cells, and increase in the lifetime of memory T cells. This drug also acts by decreasing the
concentration of immunosuppressive cytokines, such as TGF-b, IL-10, and IL-2, and reduc-
ing the count of regulatory T lymphocytes [26]. Thus, the combination of the carboplatin
mechanism that is associated with cyclophosphamide produces an antineoplastic effect by
different mechanisms, cytotoxic, antiangiogenic, and immunomodulators, which result in
the control of neoplastic growth progression and a more prolonged survival for the patient.
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The clinical biochemistry and blood counts in the dogs that were treated with car-
boplatin + cyclophosphamide were not associated with adverse drug reactions or other
clinical outcomes. Therefore, the carboplatin + metronomic cyclophosphamide therapy
was superior to the carboplatin only one in the female dogs with regional lymph node
metastasis or moderate/high-grade mammary carcinoma. However, studies evaluating
the isolated cyclophosphamide effect on the metronomic regimen on dog survival with
mammary carcinoma are still needed.

5. Conclusions

Our results showed that the systemic plasma exposure to carboplatin was equivalent in
animals in both of the chemotherapy regimens. Considering the increased survival rate, carbo-
platin + metronomic cyclophosphamide is a complementary therapeutic alternative for female
dogs with high-grade or metastatic mammary carcinomas. Further prospective, randomized,
larger-scale clinical trials are required to evaluate this promising combination therapy.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ani12223109/s1, Table S1: Validation of the HPLC-UV method for analysis of
carboplatin in canine plasma; Table S2: Shapiro–Wilk tests for raw and log-transformed values; Table S3:
PK parameters of carboplatin in the 2nd and 4th chemotherapy cycles; Figure S1: Boxplots of the PK
parameters of carboplatin in the presence and absence of cyclophosphamide.

Author Contributions: Conceptualization, A.E.-L., A.L.P.C.G., M.C.M. and N.V.d.M.; data cura-
tion, M.C.M., A.E.-L., A.L.P.C.G. and N.V.d.M.; formal analysis, M.C.M., A.E.-L., P.A.Y., N.V.d.M.,
A.L.P.C.G. and L.F.P.; Funding acquisition, A.E.-L.; Investigation, M.C.M., P.A.Y. and F.M.F.N.;
Methodology, A.E.-L., A.L.P.C.G., M.C.M. and N.V.d.M.; Project administration, A.E.-L. and A.L.P.C.G.;
Supervision, A.E.-L. and A.L.P.C.G.; Validation, M.C.M., A.E.-L., P.A.Y., N.V.d.M. and A.L.P.C.G.;
Visualization, M.C.M., A.E.-L., A.L.P.C.G., N.V.d.M., P.A.Y., L.F.P., F.M.F.N., R.D.P., S.M.B.-M. and
A.H.-B.; Writing—original draft preparation, M.C.M., A.E.-L., A.L.P.C.G. and N.V.d.M.; Writing—
review and editing, M.C.M., A.E.-L., A.L.P.C.G., N.V.d.M., P.A.Y., L.F.P., F.M.F.N., R.D.P., S.M.B.-M.
and A.H.-B. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Foundation for Research Support of the State of Bahia
(FAPESB), n◦ 023/2014 PROINTER and the Coordenação de Aperfeiçoamento de Pessoal de Nível
Superior-Brasil (CAPES)—Finance Code 001. AEL (Proc. 310248/2021-3), SMBM (Proc. 312022/2021-2),
and RDP (Proc. 313350/2019-1) are supported by research productivity and technological development
fellowships by the National Council for Scientific and Technological Development (CNPq).

Institutional Review Board Statement: The research procedures that are presented herein were
approved by the Ethics Committee on the Use of Animals of the School of Veterinary Medicine of the
Federal University of Bahia (protocol no. 90/2017). All procedures listed in this study were conducted
according to the guidelines set by the Brazilian College of Animal Use on Experiments (COBEA).
All animals were domiciliated, and dog guardians were informed about the details of the research
project by means of a signed Free and Informed Consent Form.

Informed Consent Statement: Not applicable.

Data Availability Statement: The corresponding author’s data supporting this study’s findings are
available upon reasonable request.

Conflicts of Interest: The authors declare that the research was conducted without any commercial
or financial relationships that could be a potential conflict of interest.

References
1. Veterinary Society of Surgical Oncology. Mammary Tumors—Canine. 2019. Available online: https://vsso.org/mammary-tumors-

canine/ (accessed on 8 October 2022).
2. Biller, B. Metronomic Chemotherapy in Veterinary Patients with Cancer. Vet. Clin. N. Am. Small Anim. Pract. 2014, 44, 817–829.

[CrossRef] [PubMed]
3. Fares, J.E.; El Tomb, P.; Khalil, L.E.; Atwani, R.W.; Moukadem, H.A.; Awada, A.; El Saghir, N.S. Metronomic chemotherapy for

patients with metastatic breast cancer: Review of effectiveness and potential use during pandemics. Cancer Treat. Rev. 2020,
89, 102066. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ani12223109/s1
https://www.mdpi.com/article/10.3390/ani12223109/s1
https://vsso.org/mammary-tumors-canine/
https://vsso.org/mammary-tumors-canine/
http://doi.org/10.1016/j.cvsm.2014.05.003
http://www.ncbi.nlm.nih.gov/pubmed/25174901
http://doi.org/10.1016/j.ctrv.2020.102066
http://www.ncbi.nlm.nih.gov/pubmed/32769038


Animals 2022, 12, 3109 13 of 14

4. Cassali, G.D.; Jark, P.C.; Gamba, C.; Damasceno, K.; Estrela-Lima, A.; Nardi, A.; Ferreira, E.; Horta, R.; Firmo, B.; Sueiro, F.; et al.
Consensus Regarding the Diagnosis, Prognosis and Treatment of Canine and Feline Mammary Tumors–2019. Braz. J. Vet. Pathol.
2020, 13, 555–574. [CrossRef]

5. Klahn, S. Chemotherapy Safety in Clinical Veterinary Oncology. Vet. Clin. N. Am. Small Anim. Pract. 2014, 44, 941–963. [CrossRef]
[PubMed]

6. Kareva, I.; Waxman, D.J.; Klement, G.L. Metronomic chemotherapy: An attractive alternative to maximum tolerated dose therapy
that can activate anti-tumor immunity and minimize therapeutic resistance. Cancer Lett. 2014, 358, 100–106. [CrossRef] [PubMed]

7. Lavalle, G.E.; De Campos, C.B.; Bertagnolli, A.C.; Cassali, G.D. Canine malignant mammary gland neoplasms with advanced
clinical staging treated with carboplatin and cyclooxygenase inhibitors. In Vivo 2012, 26, 375–379. [PubMed]

8. Bracha, S.; Walshaw, R.; Danton, T.; Holland, S.; Ruaux, C.; Obradovich, J. Evaluation of toxicities from combined metronomic
and maximal-tolerated dose chemotherapy in dogs with osteosarcoma. J. Small Anim. Pract. 2014, 55, 369–374. [CrossRef]

9. Rossi, F.; Sabattini, S.; Vascellari, M.; Marconato, L. The impact of toceranib, piroxicam and thalidomide with or without
hypofractionated radiation therapy on clinical outcome in dogs with inflammatory mammary carcinoma. Vet. Comp. Oncol. 2018,
16, 497–504. [CrossRef]

10. Alonso-Miguel, D.; Valdivia, G.; José, P.G.S.; Alonso-Diez, A.; Clares, I.; Portero, M.; Peña, L.; Pérez-Alenza, M.D. Clinical outcome
of dogs diagnosed with canine inflammatory mammary cancer treated with metronomic cyclophosphamide, a cyclooxygenase-2
inhibitor and toceranib phosphate. Vet. Comp. Oncol. 2022, 20, 179–188. [CrossRef]

11. Banys-Paluchowski, M.; Schütz, F.; Ruckhäberle, E.; Krawczyk, N.; Fehm, T. Metronomic Chemotherapy for Metastatic Breast
Cancer—A Systematic Review of the Literature. Geburtshilfe Frauenheilkd. 2016, 76, 525–534. [CrossRef]

12. Gaspar, T.B.; Henriques, J.; Marconato, L.; Queiroga, F.L. The use of low-dose metronomic chemotherapy in dogs-insight into a
modern cancer field. Vet. Comp. Oncol. 2018, 16, 2–11. [CrossRef] [PubMed]

13. Matsuyama, A.; Schott, C.R.; Wood, G.A.; Richardson, D.; Woods, J.P.; Mutsaers, A.J. Evaluation of metronomic cyclophosphamide
chemotherapy as maintenance treatment for dogs with appendicular osteosarcoma following limb amputation and carboplatin
chemotherapy. J. Am. Vet. Med. Assoc. 2018, 252, 1377–1383. [CrossRef] [PubMed]

14. Machado, M.C.; Da Costa-Neto, J.M.; Portela, R.; D’Assis, M.J.M.H.; Martins-Filho, O.A.; Barrouin-Melo, S.M.; Borges, N.F.;
Silva, F.L.; Estrela-Lima, A. The effect of naltrexone as a carboplatin chemotherapy-associated drug on the immune response,
quality of life and survival of dogs with mammary carcinoma. PLoS ONE 2018, 13, e0204830. [CrossRef] [PubMed]

15. Villarino, N.; Cox, S.; Yarbrough, J.; Martiãn-Jimãnez, T. Determination of carboplatin in canine plasma by high-performance
liquid chromatography. Biomed. Chromatogr. 2009, 24, 908–913. [CrossRef] [PubMed]

16. Owen, L.N.; World Health Organization. Veterinary Public Health Unit & WHO Collaborating Center for Comparative Oncology;
Owen, L.N., Ed.; TNM Classification of Tumours in Domestic Animals; World Health Organization: Geneva, Switzerland, 1980.
Available online: https://apps.who.int/iris/handle/10665/68618 (accessed on 14 July 2022).

17. Veterinary Cooperative Oncology Group. Common terminology criteria for adverse events (VCOG-CTCAE) following chemother-
apy or biological antineoplastic therapy in dogs and cats v1.1. Vet. Comp. Oncol. 2016, 14, 417–446. [CrossRef]

18. Clinical Pharmacology; Therapeutics Editorial Team. Statistical Guide for Clinical Pharmacology & Therapeutics. Clin. Pharmacol.
Ther. 2010, 88, 150–152. [CrossRef]

19. R Core Team. R: A Language and Environment for Statistical Computing. 2020. Available online: https://www.r-project.org/
(accessed on 8 October 2022).

20. Wickham, H. Ggplot2: Elegant Graphics for Data Analysis; Springer: New York, NY, USA, 2016. Available online: https://ggplot2
.tidyverse.org/ (accessed on 8 October 2022).

21. Underwood, W.; Anthony, R. AVMA Guidelines for the Euthanasia of Animals: 2020 Edition. Retrieved on 30 March 2001–2020.
2013. Available online: https://www.avma.org/sites/default/files/2020-01/2020-Euthanasia-Final-1-17-20.pdf (accessed on
8 October 2022).

22. Page, R.L.; McEntee, M.C.; George, S.L.; Williams, P.L.; Heidner, G.L.; Novotney, C.A.; Riviere, J.E.; Dewhirst, M.W.; Thrall, D.E.
Pharmacokinetic and Phase I Evaluation of Carboplatin in Dogs. J. Vet. Intern. Med. 1993, 7, 235–240. [CrossRef]

23. Coffee, C.; Roush, J.K.; Higginbotham, M.L. Carboplatin-induced myelosuppression as related to body weight in dogs. Vet. Comp.
Oncol. 2020, 18, 804–810. [CrossRef]

24. DE Campos, C.B.; Lavalle, G.E.; Monteiro, L.N.; Pêgas, G.R.A.; Fialho, S.; Balabram, D.; Cassali, G.D. Adjuvant Thalidomide and
Metronomic Chemotherapy for the Treatment of Canine Malignant Mammary Gland Neoplasms. In Vivo 2018, 32, 1659–1666.
[CrossRef]

25. Costa-Santos, K.; Damasceno, K.; Portela, R.D.; Santos, F.L.; Araújo, G.C.; Martins-Filho, E.F.; Silva, L.P.; Barral, T.D.; Santos, S.A.;
Estrela-Lima, A. Lipid and metabolic profiles in female dogs with mammary carcinoma receiving dietary fish oil supplementation.
BMC Vet. Res. 2019, 15, 401. [CrossRef]

26. Penel, N.; Adenis, A.; Bocci, G. Cyclophosphamide-based metronomic chemotherapy: After 10 years of experience, where do we
stand and where are we going? Crit. Rev. Oncol. Hermatol. 2012, 82, 40–50. [CrossRef] [PubMed]

27. Janssens, T.; Brouwers, E.E.M.; De Vos, J.P.; De Vries, N.; Schellens, J.H.M.; Beijnen, J.H. Inductively coupled plasma mass-
spectrometric determination of platinum in excretion products of client-owned pet dogs. Vet. Comp. Oncol. 2015, 13, 124–132.
[CrossRef] [PubMed]

http://doi.org/10.24070/bjvp.1983-0246.v13i3p555-574
http://doi.org/10.1016/j.cvsm.2014.05.009
http://www.ncbi.nlm.nih.gov/pubmed/25174909
http://doi.org/10.1016/j.canlet.2014.12.039
http://www.ncbi.nlm.nih.gov/pubmed/25541061
http://www.ncbi.nlm.nih.gov/pubmed/22523289
http://doi.org/10.1111/jsap.12228
http://doi.org/10.1111/vco.12407
http://doi.org/10.1111/vco.12760
http://doi.org/10.1055/s-0042-105871
http://doi.org/10.1111/vco.12309
http://www.ncbi.nlm.nih.gov/pubmed/28317239
http://doi.org/10.2460/javma.252.11.1377
http://www.ncbi.nlm.nih.gov/pubmed/29772973
http://doi.org/10.1371/journal.pone.0204830
http://www.ncbi.nlm.nih.gov/pubmed/30286124
http://doi.org/10.1002/bmc.1385
http://www.ncbi.nlm.nih.gov/pubmed/20041399
https://apps.who.int/iris/handle/10665/68618
http://doi.org/10.1111/vco.283
http://doi.org/10.1038/clpt.2010.113
https://www.r-project.org/
https://ggplot2.tidyverse.org/
https://ggplot2.tidyverse.org/
https://www.avma.org/sites/default/files/2020-01/2020-Euthanasia-Final-1-17-20.pdf
http://doi.org/10.1111/j.1939-1676.1993.tb01013.x
http://doi.org/10.1111/vco.12622
http://doi.org/10.21873/invivo.11429
http://doi.org/10.1186/s12917-019-2151-y
http://doi.org/10.1016/j.critrevonc.2011.04.009
http://www.ncbi.nlm.nih.gov/pubmed/21641231
http://doi.org/10.1111/vco.12025
http://www.ncbi.nlm.nih.gov/pubmed/23714139


Animals 2022, 12, 3109 14 of 14

28. Gaver, R.; George, A.; Deeb, G. In vitro stability, plasma protein binding and blood cell partitioning of 14C-carboplatin. Cancer
Chemother. Pharmacol. 1987, 20, 271–276. [CrossRef] [PubMed]

29. Chen, C.; Wang, W.; Zhou, H.; Huang, J.; Liu, P.; Song, T.; Sun, M. Pharmacokinetic Comparison between Systemic and Local
Chemotherapy by Carboplatin in Dogs. Reprod. Sci. 2009, 16, 1097–1102. [CrossRef] [PubMed]

30. Browder, T.; Butterfield, C.E.; Kräling, B.M.; Shi, B.; Marshall, B.; O’Reilly, M.S.; Folkman, J. Antiangiogenic scheduling of
chemotherapy improves efficacy against experimental drug-resistant cancer. Cancer Res. 2000, 60, 1878–1886. [PubMed]

31. Oguri, S.; Sakakibara, T.; Mase, H.; Shimizu, T.; Ishikawa, K.; Kimuram, K.; Smyth, R.D. Clinical pharmacokinetics of carboplatin.
J. Clin. Pharmacol. 1988, 28, 208–215. [CrossRef]

32. O’Dwyer, P.J.; Stevenson, J.P.; Johnson, S.W. Clinical Pharmacokinetics and Administration of Established Platinum Drugs. Drugs
2000, 59, 19–27. [CrossRef]

33. Samimi, G.; Safaei, R.; Katano, K.; Holzer, A.K.; Rochdi, M.; Tomioka, M.; Goodman, M.; Howell, S.B. Increased Expression of the
Copper Efflux Transporter ATP7A Mediates Resistance to Cisplatin, Carboplatin, and Oxaliplatin in Ovarian Cancer Cells. Clin.
Cancer Res. 2004, 10, 4661–4669. [CrossRef]

34. Holzer, A.K.; Manorek, G.H.; Howell, S.B. Contribution of the Major Copper Influx Transporter CTR1 to the Cellular Accumulation
of Cisplatin, Carboplatin, and Oxaliplatin. Mol. Pharmacol. 2006, 70, 1390–1394. [CrossRef]

35. Larson, C.A.; Blair, B.G.; Safaei, R.; Howell, S.B. The role of the mammalian copper transporter 1 in the cellular accumulation of
platinum-based drugs. Mol. Pharmacol. 2009, 75, 324–330. [CrossRef]

36. Dilruba, S.; Kalayda, G.V. Platinum-based drugs: Past, present and future. Cancer Chemother. Pharmacol. 2016, 77, 1103–1124.
[CrossRef] [PubMed]

37. Mutsaers, A.J. Metronomic chemotherapy. Top. Companion Anim. Med. 2009, 24, 137–143. [CrossRef] [PubMed]
38. Mross, K.; Steinbild, S. Metronomic anti-cancer therapy—An ongoing treatment option for advanced cancer patients. J. Cancer

Ther. Res. 2012, 1, 1–32. [CrossRef]
39. Loven, D.; Hasnis, E.; Bertolini, F.; Shaked, Y. Low-dose metronomic chemotherapy: From past experience to new paradigms in

the treatment of cancer. Drug Discov. Today 2013, 18, 193–201. [CrossRef]
40. Bocci, G.; Nicolaou, K.C.; Kerbel, R.S. Protracted low-dose effects on human endothelial cell proliferation and survival in vitro

reveal a selective antiangiogenic window for various chemotherapeutic drugs. Cancer Res. 2002, 62, 6938–6943.
41. Blansfield, J.A.; Caragacianu, D.; Alexander, H.R., III; Tangrea, M.A.; Morita, S.Y.; Lorang, D.; Schafer, P.; Muller, G.; Stirling, D.;

Royal, R.E.; et al. Combining agents that target the tumor microenvironment improves the efficacy of anticancer therapy. Clin.
Cancer Res. 2008, 14, 270–280. [CrossRef]

42. Pasquier, E.; Kavallaris, M.; André, N. Metronomic chemotherapy: New rationale for new directions. Nat. Ver. Clin. Oncol. 2010,
7, 455–465. [CrossRef]

http://doi.org/10.1007/BF00262576
http://www.ncbi.nlm.nih.gov/pubmed/3319277
http://doi.org/10.1177/1933719109341999
http://www.ncbi.nlm.nih.gov/pubmed/19657143
http://www.ncbi.nlm.nih.gov/pubmed/10766175
http://doi.org/10.1002/j.1552-4604.1988.tb03134.x
http://doi.org/10.2165/00003495-200059004-00003
http://doi.org/10.1158/1078-0432.CCR-04-0137
http://doi.org/10.1124/mol.106.022624
http://doi.org/10.1124/mol.108.052381
http://doi.org/10.1007/s00280-016-2976-z
http://www.ncbi.nlm.nih.gov/pubmed/26886018
http://doi.org/10.1053/j.tcam.2009.03.004
http://www.ncbi.nlm.nih.gov/pubmed/19732732
http://doi.org/10.7243/2049-7962-1-32
http://doi.org/10.1016/j.drudis.2012.07.015
http://doi.org/10.1158/1078-0432.CCR-07-1562
http://doi.org/10.1038/nrclinonc.2010.82

	Introduction 
	Materials and Methods 
	Animals 
	Clinical Evaluation and Mastectomy 
	Chemotherapy Treatment 
	Chemotherapy Adverse Reactions 
	Analysis of Carboplatin in Dog Plasma 
	PK Analysis of Carboplatin in Plasma 
	Follow-Up and Survival Rate 

	Results 
	Clinical and Pathological Features 
	Adverse Effects 
	Pharmacokinetic Analysis of Carboplatin 
	Survival Time 

	Discussion 
	Conclusions 
	References

