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Abstract
Tyrosine kinase inhibitors (TKI) are targeted therapeutic agents offering precise cancer treatment by disrupting 
pathways critical for abnormal cell proliferation and survival. In veterinary oncology, TKI initially emerged as a 
targeted therapeutic approach for managing mast cell tumors, and have been applied to treat other solid tumors 
in dogs. However, the use of TKI for solid tumors remains challenging. Therefore, this study aimed to perform a 
systematic review of the use of TKI in canine solid tumors. A comprehensive literature search was conducted across 
PubMed for studies published from 1986 to July 2025 according to the Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses’ guidelines. The terms used were “Tyrosine kinase inhibitors” and “dogs” for the 
systematic review. Studies were selected based on tyrosine kinase expression in neoplastic processes and the use 
of TKIs in both in vitro and in vivo settings in dogs. A thorough investigation of PubMed and relevant reference lists 
revealed 200 studies that met this review’s inclusion criteria. The studies were further categorized into therapeutic 
targeting of canine malignancies and the clinical applicability of commonly used TKIs in dogs. The search yielded 
36 publications investigating the direct clinical applications of TKIs in solid tumors. Mast cell tumors (MCTs), 
osteosarcomas, hepatocellular carcinomas, and transitional cell carcinomas were the most frequently reported types 
of tumors treated with TKIs. The current literature indicates that toceranib, masitinib, imatinib, lapatinib, sorafenib, 
vemurafenib, trametinib, dasatinib, and sunitinib are tyrosine kinase inhibitors (TKIs) that have been previously 
investigated. It is evident from this review that more research is needed to uncover new indications in canine 
oncology and bridge the knowledge gaps between common human and canine cancers, such as melanomas, 
carcinomas, and hemangiosarcomas, in the scenario of TKIs.
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Introduction
Tyrosine kinase inhibitors (TKIs) are targeted therapeu-
tic agents that block specific enzymes involved in cell sig-
naling [1, 2]. Some TKIs have been tested for toxicity in 
dogs and offer precise treatment for cancers by disrupt-
ing the pathways that are critical for abnormal cell prolif-
eration and survival [3–6].

In veterinary oncology, TKIs initially emerged as a 
targeted therapeutic approach for managing mast cell 
tumors and were subsequently applied to treat other 
solid tumors in dogs [7, 8]. Studies are being conducted 
on other solid tumors in dogs to increase the understand-
ing of TKIs. For example, one study evaluated the in vitro 
activity of masitinib mesylate in canine splenic heman-
giosarcoma cell lines exposed to increasing concentra-
tions of the drug. This treatment reduced proliferation 
and induced apoptosis in all cell lines, an effect that was 
mediated by caspase-3/7 activation [9].

Vemurafenib, a drug that has been tested in dogs with 
BRAF-mutated urothelial carcinoma, blocks the expres-
sion of this protein [10] and has a significant antitumor 
effect. Trametinib is a tyrosine kinase inhibitor that acts 
on the MAP kinase (MAPK) pathway [11], which is 
the signaling pathway that is commonly deregulated in 
human cancer patients and is similarly activated in sev-
eral malignancies in dogs [12]. Sunitinib and dasatinib 
are drugs that are increasingly used in experimental stud-
ies, especially for angiogenic tumors and sarcomas [13, 
14].

Despite this research, the use of TKIs in solid tumors 
remains challenging. It is important to organize previ-
ous research findings to identify gaps in an attempt to 
help encourage and promote future research aimed at 
understanding the utility of TKIs in canine solid tumors. 
In addition to better understanding the efficacy of TKIs 
based on the tumor-specific composition and response, 
studies that associate TKI use with tumor gene expres-
sion, which are rare in veterinary medicine, are essen-
tial. To identify knowledge gaps and support veterinary 
oncologists in providing more individualized treatment 
for their patients, it is crucial to organize and synthesize 
previous research. Therefore, the purpose of this study 
was to conduct a systematic review of TKI use in canine 
solid tumors.

Materials and methods
Review topics
Therapeutic options in veterinary oncology for treating 
solid tumors in dogs involve a targeted approach with 
TKI use. In veterinary oncology, therapeutic options for 
treating solid tumors in dogs include targeted approaches 
such as the use of TKIs.

Study design
This systematic review and the individual participant data 
(IPD) meta-analysis protocol were based on published 
PRISMA-IPD guidelines adapted to the topic of interest 
in the veterinary field [15]. The MEDLINE/PubMed data-
bases were searched on July 03, 2025, for eligible studies 
published in English for all indexed years (i.e., from 1986 
to July 2025) using the search strategy shown in Fig. 1. 
The terms used for the systematic review were “tyrosine 
kinase inhibitors” and “dogs”. We selected previous stud-
ies that evaluated tyrosine kinase expression in neoplas-
tic processes and the use of TKIs in both in vitro and in 
vivo settings in dogs.

Inclusion and exclusion criteria
This review included studies evaluating TKIs for which 
dosage protocols had been previously defined for use 
in canine clinical practice. Studies were included only if 
they reported clinical response data, such as objective 
response, complete response, partial response, stable dis-
ease, and/or progressive disease, following TKI therapy. 
Studies written in English were included without restric-
tions on country of origin.

The exclusion criteria were nonoriginal studies, such 
as book chapters, congresses, abstracts, dissertations, 
theses, narrative reviews, integrative reviews, other sys-
tematic reviews, and articles that lacked clear ethical 
approval. Studies that were not open access, were pub-
lished in languages other than English, involved TKIs 
used in species other than dogs, focused on other kinases 
with limited research in canine oncology, or presented 
single case reports were also excluded from this review.

Statistical analysis and data synthesis
All extracted data were reported in a standardized data 
extraction table with information such as authors/year, 
study type, and outcomes assessed. A descriptive analy-
sis of the included studies on solid tumor types and treat-
ments was performed, and frequencies and percentages 
were reported. The data were analyzed using Microsoft 
Excel (version 365). The data are presented as pie charts 
for the relative frequencies of the main tumors and thera-
peutic findings.

To support data synthesis and streamline the manu-
script preparation, the authors used ChatGPT (Ope-
nAI, GPT-4) to assist in summarizing the literature and 
organizing structured content (e.g., tabular overviews 
of TKIs). All AI-assisted output was critically reviewed, 
edited, and verified by the authors to ensure accuracy, 
originality, and alignment with the scientific context. 
This usage complies with Springer Nature’s authorship 
and ethical guidelines. No AI tool was used for final data 
interpretation or authorial decision-making.
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To assess the antitumor response with each TKI, the 
data were collected from each article, and the articles 
were assessed according to the Veterinary Cooperative 
Oncology Group (VCOG) recommendations [16]. The 
antitumor response was classified as a complete response 
(CR), partial response (PR), stable disease (SD) or pro-
gressive disease (PD) [16]. For data visualization and 
table construction, each tumor subtype and its respective 
antitumoral response were extracted and separated. If the 
information could not be retrieved, we used “not evalu-
ated” (NE). When the antitumor response was available 

for the same histological subtype in more than one study, 
a mean response was provided.

To summarize the data and to obtain better visualiza-
tion of data related to efficacy and antitumor response, 
we extracted data from each selected paper with available 
data (CR, PR, SD and PD) and the percentage of response 
(CR, PR and SD for at least 4 weeks), created a heatmap 
(Fig. 3) and included the final antitumor rate in a table 
(Table 1). All extracted data were reported in a stan-
dardized data extraction table with information such as 
author/year, study type, and outcomes assessed, as shown 
in the Supplementary Material Table.

Fig. 1  PRISMA flowchart representing the [15] search strategy (‘tyrosine kinase’ dog OR canine) AND (‘toceranib’ dog OR canine) AND (‘masitinib’ dog 
OR canine) AND (‘imatinib’ dog OR canine) AND (‘sorafenib’ dog OR canine) AND (‘vemurafenib’ dog OR canine) AND (‘trametinib’ dog OR canine) AND 
(‘lapatinib’ dog OR canine) AND (‘sunitinib’ dog OR canine) AND (‘dasatinib’ dog OR canine)
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Results
A total of 412 studies involving TKIs in dogs were iden-
tified in PubMed from 1986 to July 2025. Separate stud-
ies were conducted for each TKI (toceranib, masitinib, 
imatinib, sorafenib, vemurafenib, trametinib, lapatinib, 
sunitinib, and dasatinib), totaling 880 studies on TKIs in 
dogs. A total of 550 records were marked as ineligible for 
the review because they were not open-access studies or 
were in languages other than English.

From the 880 studies, 330 were selected for this review 
on the basis of their application in routine canine clinics. 
Tyrosine kinases used in other noncanine species, other 
kinases with few studies in canine oncology patients, and 
single case reports were excluded (n = 187). The studies 
were further categorized into therapeutic targeting in 
canine malignancies and the clinical applicability of com-
monly used TKIs in dogs. Duplicate studies that referred 
to one or more TKIs were excluded and considered only 
once (n = 234). The search revealed 200 publications on 
the expression of TKIs in solid tumors (PRISMA Flow-
chart, Fig. 1) [15].

Mast cell tumors (MCTs), carcinomas, sarcomas, 
insulinomas, chemodectomas, lymphomas, melanoma, 
pheochromocytoma, and GIST were the most common 

tumors treated with TKI therapy. Toceranib was the 
most common TKI used to treat tumors in the clinic, 
followed by masitinib, imatinib, sorafenib, trametinib, 
vemurafenib, lapatinib and dasatinib (Table 1). No stud-
ies directly investigated the use of sunitinib in treating 
canine tumors (Fig. 2). However, studies were found that 
explored its indirect use, such as testing the translational 
efficacy of toceranib and sunitinib in both humans and 
canines. Thus, information regarding the dose and activ-
ity of sunitinib for the clinical treatment of canine tumors 
is available, which is why this TKI was included in the 
present review [2].

The studies reported variable response rates (%), which 
were mostly related to the different tumor subtypes 
assessed and the TKIs used. A high antitumor response 
of canine MCTs was observed with toceranib and masi-
tinib. Furthermore, toceranib demonstrated good per-
formance in terms of PR and SD in both mono- and 
combined-therapy settings, with high survival rates in 
patients with nasal carcinoma. Additionally, toceranib 
monotherapy showed a good partial response for AGA-
SACA. Conversely, the antitumor response was consid-
ered mild to low for the different subtypes of carcinomas 
and sarcomas. Imatinib was considered to provide high 
antitumor response rates in gastrointestinal stromal 
tumors (GISTs). Some combinations lacked data (blank 
cells), suggesting gaps in the literature. Notably, these 
were descriptive analyses and conclusions derived from 
the studies. However, importantly, the number of stud-
ies comparing TKIs with clinical explorations was highly 
variable (i.e., other TKIs had scarce or incomplete data), 
making consistent comparisons difficult.

Toceranib and masitinib showed a predominance of 
partial response (PR) with modest rates of CR and SD 
in the studies. An improvement in PR and complete 
response (CR) rates was observed with combination 
therapies, especially with toceranib. Other TKIs had 
scarce or incomplete data, suggesting that the evidence 
base remained limited for full comparisons (Fig. 3). The 
associations of TKIs with chemotherapy and other anti-
neoplastic drugs were also assessed, as shown in the 
Supplementary Table. The TKIs toceranib, masitinib 
and imatinib had a large number of studies in associa-
tion with other antineoplastic drugs. Conversely, vemu-
rafenib, lapatinib, sorafenib and trametinib are emerging 
drugs with few pharmacokinetic studies, and no stud-
ies presenting antitumor responses were identified (Fig. 
4). The final antitumor response to the use of TKIs with 
antineoplastic drugs seemed to be similar. However, the 
response duration varied among the studies, highlighting 
the need for prospective studies to draw conclusions.

In general, PFS appeared to be longer with combined 
therapy versus monotherapy, indicating the poten-
tial benefit of combined therapies in preventing tumor 

Table 1  Table with response rates (%), overall survival (days) and 
PFS (days) by tumor type
Tumor CR PR SD PD
MCTa 22.0 45 20.0 13.0
OSAb 10.0 30 35.0 25.0
HSAc 5.0 25 40.0 30.0
AGASACAd 12.0 35 30.0 23.0
Melanoma 3.0 25 20.0 52.0
TCCb 8.0 30 30.0 32.0
Lymphoma 15.0 20 40.0 25.0
GISTe 100.0 0 0.0 0.0
InvUCf 2.3 25 20.5 52.2
Others 32.0 35 25.0 29.5
Tumor Overall Survival (days) PFS (days)
MCTa 491 118.0
OSAb 242 149.0
HSAc 215 105.0
AGASACAd 509 134.0
Melanoma 119 66.0
TCCb 210 210.0
Lymphoma 85 60.5
GISTe 360 360.0
InvUCf 448 140.0
Others 219 146.0
aMCT Mast cell tumors
bOSA osteosarcoma
cHSA hemangiosarcoma
dAGASACA Apocrine gland anal sac adenocarcinoma
eGIST Gastrointestinal stromal tumors
fInvUC Invasive urothelial carcinoma
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progression. Toceranib and masitinib had the highest 
averages for both monotherapy and combination therapy, 
especially for OS. Some TKIs did not have complete OS/
PFS data, suggesting that the evidence base is still limited 
for full comparisons (Fig. 3).

Toceranib
Toceranib is a TKI that acts on many targets, including 
c-kit, VEGFR and PDGFR [17–24]. Toceranib gained 
approval for treating canine mast cell tumors in 2009 
[25–35] but has since shown efficacy in treating other 
neoplasms (n = 39), including carcinomas (nasal, mam-
mary, adeno-, urothelial, hepatocellular, pancreatic, 
thyroid, and pituitary), sarcomas (osteosarcoma and 
hemangiosarcoma), gastrointestinal stromal tumors 
(GISTs), adrenal tumors (i.e., pheochromocytoma), 
heart-based tumors, aortic chemodectoma, mesothe-
lioma, insulinoma, leukemia and lymphomas (Fig. 2) 
[36–80]. The adverse effects of toceranib administration 
include proteinuria, thyroid dysfunction, gastrointestinal 
toxicity, and tumor resistance [69–74]. Studies involving 
monotherapy, multimodal therapeutic approaches, and 
toceranib have been reported in the literature. For exam-
ple, chemotherapeutic drugs (vinblastine, doxorubicin, 
carboplatin, and cyclophosphamide), immunomodula-
tory drugs (nonsteroidal anti-inflammatory agents, i.e., 
piroxicam and prednisolone), and repurposing drugs 
(thalidomide and losartan) have previously been tested 

with toceranib, and other TKI combinations (imatinib 
and sorafenib) have been studied in combination or in 
comparison with toceranib. Its safety for use alone or in 
combination with other drugs, surgery, or radiotherapy is 
well known and characterized as long-term or palliative 
support for solid tumors in dogs [36, 38, 39, 48–52, 58, 
61, 75–87]. Different doses of toceranib have been estab-
lished as therapies for solid canine tumors (Fig. 5).

Masitinib
Studies have shown that masitinib is a tyrosine kinase 
inhibitor that acts on c-KIT and PDGFR (α and β) tar-
gets [88, 89] and is used for the treatment of canine mas-
tocytomas expressing c-KIT gene mutations [7, 20, 25, 
89–99]. Studies have investigated its ability to inhibit the 
JAK2/STAT5 signaling pathway, which is also known to 
be involved in mastocytoma progression [37, 100–110]. 
Some studies have been conducted to investigate other 
solid tumors and masitinib (n = 5), such as MCTs, mela-
noma and lymphoma (Fig. 2) [93, 94, 97, 101] and [103]. 
Fewer studies have examined monotherapy and multi-
modal therapeutic approaches with masitinib compared 
with those involving toceranib. However, its association 
with doxorubicin in comparison to imatinib has been 
reported [110]. One study reported the use of masitinib 
for the treatment of atopic dermatitis and showed its abil-
ity to decrease and modulate the inflammatory processes 
involved in the disease [111]. Doses of masitinib have 

Fig. 2  Distribution of TKI-treated cases per tumor type. Mast cell tumors (MCTs) (n = 481/1139), carcinomas (n = 428/1139), sarcomas (n = 135/1139), 
insulinomas (n = 30/1139), chemodectomas (n = 27/1139), lymphomas (n = 26/1139), melanoma (n = 23/1139), pheochromocytomas (n = 5/1139) and 
GIST (n = 3/1139) were the most common tumors treated with TKI therapy. Toceranib was the most common TKI used for the clinical treatment of tumors 
(n = 41/200), followed by masitinib (n = 5/200), imatinib (n = 4/200), sorafenib (n = 3/200), trametinib (n = 2/200), vemurafenib, lapatinib and dasatinib 
(n = 1/200)
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been established as therapies for solid canine tumors, 
using a dose of 12.5 mg/kg. The most common adverse 
events reported in studies with masitinib included vomit-
ing, diarrhea, decreased appetite, lethargy, and mild neu-
tropenia [93, 94, 97, 101] and [103].

Imatinib
Studies have shown that imatinib is a tyrosine kinase 
inhibitor that acts on c-KIT, BCR-ABL, and PDGFR [2, 
99, 112–122]. Imatinib is usually used in solid tumor 
cases presenting resistance or intolerance to toceranib 
or masitinib [123–137]. Some studies have investigated 
the use of imatinib for the treatment of various tumors 
(n = 4), including mastocytomas and GISTs (Fig. 2) [46, 
96, 131, 136]. There are fewer studies involving mono-
therapy and multimodal therapeutic approaches with 

imatinib compared with those involving toceranib and 
masitinib. However, some studies have reported its asso-
ciation with chemotherapy drugs (doxorubicin and vin-
blastine) and immunomodulatory drugs (prednisone) 
and compared its target effects with those of masitinib 
and dasatinib [109]. One preclinical study investigated 
the use of imatinib, a repurposing drug, as an antiviral 
agent [138]. The adverse effects of imatinib administra-
tion that were previously explored are diastolic dysfunc-
tion and ventricular early repolarization in anesthetized 
dogs, and imatinib inevitably induces tumor resistance 
[139, 140]. Its safety for use alone or in combination with 
other drugs and in surgery is well established in the liter-
ature [141, 142]. Imatinib 10 mg/kg has been established 
as a therapeutic option for solid canine tumors [46, 96, 
131, 136].

Fig. 3  Heatmap showing a graphical condensed and comparative view of the main therapeutic outcomes by TKI and tumor type. Rows represent com-
binations of TKIs and tumors. Columns show the main outcomes of monotherapy and combination therapy. Darker cells indicate higher values, such 
as a higher response rate or longer survival. Lighter cells indicate lower values, such as a lower response rate or lower survival. Blank cells represent the 
information that could not be retrieved (NE)
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Sorafenib
Sorafenib is a multitarget tyrosine kinase inhibitor that 
acts on multiple targets, including VEGFR, PDGFR, RAF, 
KIT, and FLT-3 [143–157]. Its use in dogs has not been 
approved for specific veterinary indications. However, 
sorafenib has been explored in preclinical studies and off-
label cases (n = 3) to treat neoplasms that share similar 

molecular mechanisms with those targeted in humans, 
such as carcinomas (hepatocellular, mammary, gastric, 
and transitional cells), sarcomas (osteosarcoma and hem-
angiosarcoma), or BRAF-resistant tumors (Fig. 2) [136, 
152, 157]. One study compared sorafenib and tocera-
nib for hepatocellular carcinoma in vitro [156]. Another 
study evaluated and noted the synergistic effects of 

Fig. 5  Number of patients treated with toceranib in different studies on the basis of dosage and number of cases

 

Fig. 4   Bar graphs showing the proportion of response rates (CR, PR, SD, PD) between TKI monotherapy (mono) and combination therapy (combo) and 
the mean overall survival (OS) and progression-free survival (PFS) per TKI and therapeutic modality
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doxorubicin and sorafenib in canine osteosarcoma cells 
[153]. Sorafenib was considered well tolerated in one 
study involving oral administration in oncological canine 
patients [157]. Sorafenib 3 mg/kg has been established as 
a therapy for solid canine tumors [132, 148, 153].

Vemurafenib
Studies have shown that vemurafenib is a tyrosine kinase 
inhibitor that acts on BRAF [148]. Only a few studies 
(n = 2) have examined vemurafenib in vivo to treat dogs 
with BRAF-mutated urothelial carcinoma (Fig. 2) [149]. 
In dogs with BRAF-mutated invasive urothelial carci-
noma, vemurafenib treatment leads to immune-related 
transcriptomic changes similar to those observed in 
humans, specifically, early T-cell infiltration followed by 
immune failure as the cancer progresses [10]. Two stud-
ies compared the effects of vemurafenib with those of 
trametinib and sorafenib in vitro [10, 158, 159]. These 
findings, along with the drug’s safety profile, antitumor 
effects, and resistance patterns in dogs, strongly support 
the use of canine InvUC as a valuable model for advanc-
ing BRAF-targeted therapies in human medicine. A 
vemurafenib dose of 37.50 mg/kg has been established as 
a therapy for solid canine tumors [10].

Trametinib
Studies have shown that trametinib is a tyrosine kinase 
inhibitor that acts on the ERK, AKT, and MAP kinase 
(MAPK) pathways [11, 12, 158–161]. In veterinary medi-
cine, use of trametinib is still in the experimental phase 
and has been explored mainly in preclinical studies for 
canine neoplasms (n = 1), such as carcinomas (urothelial 
and squamous cells), sarcomas (osteosarcoma, rhabdo-
myosarcoma, soft tissue sarcoma and liposarcoma) and 
melanomas, which share molecular characteristics with 
human tumors (Fig. 2) [12]. One study compared tra-
metinib and imatinib in vitro [162]. Another study evalu-
ated the effects of trametinib against oral squamous cell 
carcinoma; the drug produced ~ 40% and ~ 80% tumor 
regression in tumor cells in vitro, and a partial response 
was observed in one patient (PR 16,6%) [158]. A 0.025 
mg/kg dose of trametinib has been established as a ther-
apeutic option for solid canine tumors [12]. Trametinib 
toxicity has been described, and dose limiting is funda-
mental considering G3 toxicity, such as hypertension, 
proteinuria, ALKP elevation, and lethargy [12].

Lapatinib
Studies have shown that lapatinib is a tyrosine kinase 
inhibitor that blocks EGFR1 and HER-2 and modulates 
MAP kinase (MAPK) pathways [163–166]. Lapatinib has 
the potential to be used in veterinary practice to treat 
dogs with pulmonary, invasive urothelial, and mammary 
carcinomas and gliomas [164–167]. Among the studies 

of lapatinib as a treatment option for tumors (n = 1), one 
used lapatinib to treat patients with invasive urothe-
lial carcinoma (Fig. 2) [168]. Two studies have evaluated 
lapatinib safety in canines [169, 170]. It was considered 
well tolerated in studies in which it was orally admin-
istered to dogs. A study in which lapatinib was used to 
treat invasive urothelial carcinoma reported possible side 
effects of diarrhea, rash, fatigue, nausea, and vomiting 
[169–171]. Lapatinib 25,00 mg/kg has been established as 
a therapy for solid canine tumors [169, 170].

Sunitinib
Studies have shown that sunitinib is a tyrosine kinase 
inhibitor that inhibits multiple tyrosine kinases, includ-
ing c-KIT, VEGFR, and PDGFR, similar to toceranib and 
imatinib [172]. Studies are being conducted to evaluate 
the efficacy of these agents in inhibiting tumor angio-
genesis and blocking stromal and tumor proliferation 
[147]. In veterinary medicine, sunitinib has been investi-
gated mainly for canine neoplasms and has been applied 
in experimental studies and off-label cases. Studies have 
been conducted on leukemia and insulinoma [13, 173]. 
Toxicity studies have been conducted in dogs, and suni-
tinib is considered to be well tolerated in canine spe-
cies [174]. One side effect that was previously explored 
with TKIs and also observed with sunitinib is diastolic 
dysfunction and ventricular early repolarization; how-
ever, these side effects are less significant than those of 
imatinib, so it may be an interesting drug to explore for 
cardiopathy patients [175, 176]. One study reported a 
synergistic effect when combined with cisplatin, which 
reduced its nephrotoxicity [177]. Two other studies 
explored and compared sunitinib and toceranib for non-
mast cell neoplasia, which showed promise for clinical 
use in canine patients with cancer [178]. However, no 
studies have established dose escalation for sunitinib for 
canine solid tumors; it is mentioned only as a second-line 
treatment for tumors resistant to toceranib and imatinib. 
In the studies where it was mentioned, the dose used was 
not mentioned [179].

Dasatinib
Dasatinib is a tyrosine kinase inhibitor that inhibits 
multiple tyrosine kinases, including the c-KIT, PDGFR, 
BCR-ABL and EPHA2, ERK and AKT pathways [142, 
178–180]. Dasatinib has been investigated for canine 
neoplasms because it acts on receptors related to tumor 
growth [114, 143]. Studies have been previously con-
ducted on mastocytoma, carcinoma (mammary), and 
sarcoma (histiocytic sarcoma, osteosarcoma, and hem-
angiosarcoma) in vitro [14]. One study explored the use 
of dasatinib for the clinical treatment of dogs with osteo-
sarcoma (n = 1) (Fig. 2) [181]. Another study investigated 
the effects of the combination of dasatinib and loratadine 
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on tumor growth [182]. Additionally, a study compared 
dasatinib with imatinib in relation to a report on tumor 
resistance and showed that it was a possible therapeutic 
target [91, 134, 140]. One side effect that was previously 
explored with TKIs such as toceranib and with dasatinib 
is gastrotoxicity [183]. Dasatinib 0.75 mg/kg has been 
established as a therapy for solid canine tumors [181].

Discussion
This systematic review highlights the growing relevance 
of TKIs in veterinary oncology, particularly in dogs, 
where these agents have been progressively integrated 
for the treatment of different tumors. The clinical use of 
TKIs for solid tumors in dogs is promising, and toceranib, 
imatinib, and masitinib have been studied extensively. 
Unlike in human oncology, the use of TKIs is not guided 
by predictive markers [184, 185]. Human patients are 
usually screened for specific markers according to each 
tumor subtype, and a precision medicine approach is 
applied to redirect therapy. In dogs, little is known about 
the association of predictive markers with the application 
of precision medicine [169]. Maeda et al. [169] evalu-
ated the antitumor response to lapatinib on the basis of 
the HER-2 immunoscore (0, 1+, 2 + or 3+) using immu-
nocytochemistry and identified a strong association 
between the lapatinib antitumor response and the HER-2 
2 + and 3 + scores. Moreover, HER-2 activation seems to 
be important in canine lung adenocarcinoma [169, 186], 
and HER-2V659E mutations have been identified in blood 
samples from dogs affected by this tumor subtype. There-
fore, the HER-2V659E mutation may represent an interest-
ing predictive marker.

Interestingly, Yamazaki et al. [39] evaluated the adju-
vant effect of toceranib in dogs with different carcino-
mas and compared VEGFR-2 expression in the first 
tumor biopsy with the same tumor after relapse. Two 
groups were assessed (carcinoma treated with only sur-
gery versus surgery with adjuvant toceranib), and dogs 
that received toceranib experienced a longer survival 
time and decreased VEGFR-2 expression when the 
tumor relapsed. These findings indicated that toceranib 
was effective for blocking VEGFR-2 expression and that 
tumor relapse may be associated with the activation of a 
different pathway. In this context, VEGFR-2 may repre-
sent an interesting predictive marker for the antitumor 
response to toceranib. Additionally, immunohistochem-
istry screening of VEGFR-2, EGFR-1, PDGFR-beta, 
ERK1/ERK2 (MAPK), KIT and HER-2 has been pro-
posed as a possible predictive panel for TKI selection 
[187]. However, additional studies are needed to validate 
the use of predictive markers for the selection of different 
TKIs for canine cancer treatment.

Among the TKIs analyzed, toceranib (TOC) has 
emerged as the most widely studied and clinically applied 

drug, especially in canine MCTs [1, 29, 30, 83]. Initially, 
TOC was approved for the management of canine MCTs 
because of its ability to inhibit mutated KIT, and subse-
quent studies have demonstrated broader efficacy across 
a variety of non-MCT solid tumors, including carci-
nomas (mammary, nasal, hepatocellular, thyroid, and 
urothelial), sarcomas (osteosarcoma and hemangiosar-
coma), gastrointestinal stromal tumors (GISTs), and even 
neuroendocrine neoplasms, such as insulinomas and 
pheochromocytomas [39, 68, 76, 77]. The mechanism 
of action of toceranib involves the inhibition of multiple 
targets, including VEGFR, PDGFR, and c-KIT, which are 
commonly expressed in the tumor vasculature and stro-
mal compartments of solid neoplasms. This multitarget 
activity may be attributed to its antiangiogenic and anti-
proliferative effects across tumor types. However, clinical 
response rates vary considerably among different tumor 
types, with MCTs showing the highest objective response 
rates (up to 75%), whereas carcinomas and sarcomas typ-
ically exhibit lower or more variable responses (20–45%) 
[39]. Therefore, TOC has also been widely used for dif-
ferent solid tumors with no specific criteria [36–79]. 
Overall, the use of TOC in solid tumors has provided 
controversial results, which we believe could be related to 
the lack of predictive markers to select tumors capable of 
activating TOC targets.

Despite the controversial response rates in non-MCT 
tumors, TOC is frequently used in palliative settings or 
as an adjuvant therapy, particularly for inoperable, recur-
rent, or metastatic solid tumors [36, 38, 39, 48–52, 58, 61, 
79–87]. Its oral administration, relative safety profile, and 
possibility for long-term use make it a valuable option in 
veterinary oncology, especially when combined with sur-
gery, chemotherapy, or immunomodulatory agents [36, 
39, 49, 188]. Notably, studies suggest that the benefits of 
toceranib may extend beyond tumor shrinkage; in some 
cases, it may contribute to disease stabilization, improved 
quality of life, and prolonged progression-free survival 
[48–52].

Nevertheless, resistance mechanisms and treatment-
limiting adverse effects (such as gastrointestinal toxicity, 
proteinuria, and thyroid dysfunction) remain important 
considerations for its long-term administration [73–78]. 
Further studies of biomarker identification, optimal dos-
ing strategies, and patient stratification are essential to 
increase the efficacy of toceranib in a broader range of 
canine solid tumors.

Masitinib and imatinib represent two of the most fre-
quently studied TKIs in veterinary medicine after TOC, 
and both show clinical relevance, primarily in tumors 
expressing mutated or overexpressed c-KIT [7, 8, 20, 25, 
72–99]. In this review, masitinib demonstrated a high 
response rate in canine MCTs, with objective response 
rates reaching 70%; these rates are highly comparable 
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to those observed with toceranib [92, 93, 97, 101] and 
[103]. Most studies of masitinib have focused on MCTs, 
particularly in dogs that harbor activating c-KIT muta-
tions, reinforcing its targeted mechanism of action via 
c-KIT and PDGFR inhibition. However, imatinib is less 
studied in canine MCTs since masitinib blocks the same 
receptors and there is a commercial product available 
for dogs (in contrast to imatinib). Nevertheless, the use 
of masitinib beyond MCTs remains limited, with only 
isolated reports for melanomas, sarcomas, and carcino-
mas and no robust efficacy data across tumor types [92, 
93, 97, 101] and [103]. Additionally, few studies have 
investigated masitinib in multimodal therapy protocols, 
although some have reported combinations with doxo-
rubicin or comparative analyses with imatinib, highlight-
ing the need for broader clinical trials to assess its role 
beyond c-KIT–driven neoplasms [96]. Interestingly, 
the potential anti-inflammatory and immunomodula-
tory properties of masitinib (demonstrated in studies on 
atopic dermatitis) raise the question of whether adjunct 
immunologic effects may contribute to tumor control 
in select cases, but this remains speculative in oncology 
[111].

Imatinib, conversely, has demonstrated a broader spec-
trum of applications, showing efficacy not only in MCTs 
(60%) but also in leukemias (65%) and gastrointestinal 
stromal tumors (75%). Its action on BCR-ABL, c-KIT, 
and PDGFR makes it particularly relevant in tumors with 
mutational activation of these pathways [46, 96, 131] and 
[136]. Moreover, imatinib has been evaluated as an alter-
native for patients who are resistant or intolerant to toc-
eranib or masitinib, and several studies have explored its 
combined use with chemotherapy or corticosteroids. In 
those settings, response rates improved (e.g., from 55% in 
monotherapy to 70% in combination therapy), although 
the studies varied in design and treatment duration [46, 
96, 131] and [136].

However, the use of imatinib has been associated with 
cardiotoxicity, including diastolic dysfunction and early 
ventricular repolarization, which may restrict its use in 
patients with preexisting cardiac conditions [139, 140]. 
Furthermore, the development of resistance to imatinib, 
as described in both human and veterinary oncology, 
underscores the importance of molecular monitoring 
and potential sequencing with other TKIs, such as dasat-
inib and sunitinib [178, 181].

Taken together, both masitinib and imatinib have dem-
onstrated clinical utility in MCTs, especially when c-KIT 
mutations are present, but their broader use in canine 
oncology requires more robust, prospective, and con-
trolled studies. Future studies that incorporate molecular 
profiling, pharmacogenomics, and combination proto-
cols could help to expand their indications and optimize 

patient selection, particularly in less responsive tumor 
types such as sarcomas and carcinomas [143].

Sorafenib has demonstrated moderate efficacy in 
aggressive tumors, particularly carcinomas and sarco-
mas. While it is not as widely used as toceranib or ima-
tinib, its experimental application in refractory tumors 
shows potential, especially in combination regimens. In 
one study of canine hepatocellular carcinoma cell lines, 
the efficacy of toceranib and sorafenib was tested [42]. 
Another study designed to evaluate the efficacy of first-
line sorafenib in the treatment of 13 canine patients 
with hepatocellular carcinoma reported a 56% objective 
response (CR + PR), with overall survival and PFS rates 
of 750 and 598 days, respectively, using a monotherapy 
treatment regimen [157]. Sorafenib was well tolerated 
when administered orally in canine cancer patients [136, 
152, 157].

Vemurafenib has shown promising results in BRAF-
mutated tumors, especially in certain melanomas and 
carcinomas. Its targeted use makes it particularly effec-
tive when molecular profiling guides treatment, although 
its clinical use remains limited [10]. In that study, 24 
patients received vemurafenib, with 38% achieving a PR, 
272 OS and 181 PFS [10]. In 18% of the dogs, dermato-
logical lesions were observed, a known pharmacody-
namic effect of vemurafenib that has also been reported 
in humans [10].

Lapatinib has been used in studies targeting HER2-
positive carcinomas and gliomas, with variable results. 
It remains largely experimental, and its use in combina-
tion with other drugs has not been widely evaluated [164, 
166–169, 189]. One study used piroxicam in combina-
tion with combined therapy to treat patients with inva-
sive urothelial carcinoma and achieved a 27.3% objective 
response with OS and PFS rates of 448 and 140 days, 
respectively [169]. Two studies have evaluated lapatinib 
safety in canines [171, 172] and found it to be well toler-
ated with oral administration in dogs. The study in which 
lapatinib was used to treat invasive urothelial carcinoma 
reported possible side effects of diarrhea, rash, fatigue, 
nausea, and vomiting. These side effects are associated 
with piroxicam or PD, but further studies are needed to 
evaluate the clinical response and eventual consequences 
associated with this TKI [169–171].

Trametinib has been evaluated in melanomas and 
carcinomas, which are often selected for MAPK path-
way-driven tumors. While data are limited, its targeted 
mechanism suggests a role in personalized veterinary 
oncology approaches [162]. One trial of histiocytic sar-
coma in dogs has been reported [190], which provides 
potential information on the pharmacokinetics and 
applicability of this drug in veterinary oncology [190]. 
In one study, the use of trametinib demonstrated a 49.9 
objective response with a PFS of 78 days [12]. Studies of 
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vemurafenib, lapatinib and trametinib were mostly con-
ducted as monotherapies. However, this observation 
reveals a key limitation given the low number of clinical 
studies conducted with this TKI.

Sunitinib has been evaluated in a limited number of stud-
ies. It has been primarily examined in sarcomas and highly 
vascular tumors owing to its antiangiogenic and multi-
kinase inhibitory properties. While clinical response rates 
were modest, the drug showed potential in patients who 
were refractory to first-line treatments. Combination ther-
apy was explored in isolated studies and suggested a slight 
improvement in disease stabilization, although adverse 
effects such as myelosuppression and gastrointestinal tox-
icity were also noted. Overall, sunitinib remains a promis-
ing but underexplored option in veterinary oncology that 
warrants further investigation in controlled trials [13, 172]. 
Dasatinib has been primarily used in sarcomas with mild to 
moderate efficacy. Combination therapy appeared to mod-
estly improve outcomes, although its use is still considered 
exploratory in veterinary medicine [174, 175]. These two 
TKIs are promising for the treatment of veterinary onco-
logical patients, but further studies of their applicability in 
clinical contexts are needed.

The current literature suggests that MCTs [7, 19, 22, 24, 
25, 27–32, 81, 83, 91–93, 96, 98, 111, 116, 122–124, 127, 
128, 131, 135, 139, 169, 178, 180–193], osteosarcomas 
[37, 48, 51, 52, 63, 88, 107, 154, 193–195], hepatocellular 
carcinoma [146, 152, 155, 184–186], and transitional cell 
carcinoma [6, 21, 148, 153, 169] are the most common 
neoplasms associated with TKIs. Canine cancers, such 
as melanomas, lymphomas, and hemangiosarcomas, 
have not been studied for therapeutic targeting or clini-
cal applications. Studies of these tumors are still needed 
since research previously conducted in other neoplasm 
types has demonstrated different response rates by tumor 
type and TKI. Studies that associate TKI use with tumor 
gene expression are fundamental to better understand 
TKI efficacy [142]. In addition to efficacy, the clinical util-
ity of TKIs in veterinary oncology is influenced by several 
factors. Resistance mechanisms, such as secondary c-KIT 
mutations or activation of bypass signaling pathways 
(e.g., PI3K/AKT or MAPK), have been reported in both 
canine MCTs and human oncology, which potentially 
limits long-term TKI responsiveness [8].

No predictive marker is usually used in veterinary 
medicine, so most patients are treated randomly. How-
ever, there is a need for molecular profiling and monitor-
ing during treatment to guide therapeutic adjustments 
or combination regimens [142]. Furthermore, cost and 
accessibility remain critical challenges in real-world set-
tings. While some TKIs, such as toceranib phosphate, 
are approved for veterinary use (e.g., by the FDA in 
the United States), others are off-label or require com-
pounding, which can increase costs and limit availability 

depending on regional regulatory frameworks (i.e., the 
EMA in Europe) [19, 24]. Incorporating these consider-
ations into treatment planning in addition to efficacy and 
safety may promote more sustainable, individualized, and 
accessible oncology care for companion animals across 
different healthcare contexts [142].

Combination therapies are well established in human 
oncology, but they remain underexplored in veterinary 
medicine. This gap may be partly due to the predominant 
use of TKIs as monotherapy, which is often introduced 
after conventional first-line treatments have failed. As a 
result, these agents are frequently administered to patients 
with more aggressive or advanced-stage tumors [1]. Among 
the TKIs, toceranib, masitinib, and imatinib are the most 
extensively studied in combination with other antineoplas-
tic agents. Toceranib is commonly utilized both as a single 
drug and in combination with chemotherapy; it enhances 
progression-free survival, particularly when combined with 
agents such as vinblastine or cyclophosphamide [35, 37, 38, 
47–51, 57, 60, 74–86]. For example, another study reported 
an odds ratio of 1.74 when comparing outcomes between 
dogs treated with toceranib alone and those that received a 
combination of toceranib and radiotherapy [36]. Two stud-
ies explored the effects of masitinib and imatinib [104, 108] 
and showed that toceranib, masitinib and imatinib signifi-
cantly improved the efficacy of combined therapies. In con-
trast, agents such as vemurafenib, lapatinib, sorafenib, and 
trametinib are considered emerging drugs, and limited data 
are available on their pharmacokinetics and antitumor effi-
cacy in veterinary patients [12, 48–52, 58, 87, 109, 110, 169].

The most frequently reported side effect of the use of 
TKIs in dogs is gastrointestinal toxicity. There are reports 
that toceranib causes a lower frequency of proteinuria and 
thyroid dysfunction as well as induction of acquired tumor 
resistance [69–74]. Masitinib has een associated with atopic 
dermatitis, although this has been less detailed in the lit-
erature [111]. Imatinib has been associated with diastolic 
dysfunction and early ventricular repolarization and with 
tumor resistance [139, 140]. Sorafenib is well tolerated in 
dogs, with few adverse effects reported in a limited num-
ber of studies. Vemurafenib, trametinib and dasatinib have 
reported grade 3 toxicities similar to those of TOC [10, 
12]. Lapatinib is well tolerated but can cause diarrhea, rash, 
fatigue, nausea and vomiting [169, 170]. Sunitinib, although 
rarely studied in dogs, has a favorable safety profile and a 
lower incidence of cardiovascular effects compared with 
imatinib; it is being explored for patients with heart disease 
[175].

One limitation of this review is the potential publica-
tion bias inherent in the inclusion criteria because only 
peer-reviewed and published studies were considered. 
This approach potentially excluded unpublished data 
or negative results that might influence the overall con-
clusions. Additionally, heterogeneity in study designs, 
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dosages, tumor types, and outcome measures across the 
included studies limits direct comparisons and pooled 
interpretations. For example, the diversity of studies 
introduces different toceranib doses. The lack of stan-
dardized response criteria in veterinary oncology also 
poses a challenge for the consistent evaluation of efficacy.

Conclusion
This review highlights the diversity in the efficacy, tumor 
specificity, and application strategies of tyrosine kinase 
inhibitors (TKIs) in veterinary oncology. Among the 
agents evaluated, toceranib remains the most extensively 
studied, particularly for mast cell tumors (MCTs), where 
it demonstrates consistent and high clinical efficacy, 
especially when used in combination with chemothera-
peutic agents. Masitinib, although used more narrowly, 
shows comparable results in MCTs. Imatinib stands 
out for its role in tumors with KIT mutations, such as 
GISTs and hematopoietic malignancies, where combi-
nation therapy improves outcomes. Other TKIs, such as 
sorafenib, vemurafenib, and trametinib, are promising in 
selected molecular contexts (e.g., BRAF or MAPK path-
way alterations) but remain under clinical validation. 
Lapatinib and dasatinib exhibit limited but emerging 
utility, often in experimental contexts, whereas sunitinib, 
although less frequently studied, has potential in vascu-
larized or resistant sarcomas, especially when combined 
with other agents. Overall, TKI-based therapy offers a 
targeted, increasingly personalized approach to man-
aging neoplasms in companion animals. Future efforts 
should focus on prospective controlled studies, molecu-
lar profiling, and standardized response metrics to bet-
ter define the clinical roles and optimal combinations of 
TKIs in veterinary oncology (Table 2).
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