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ABSTRACT. Angiogenesis plays an important role in the proliferation and metastasis mechanisms
of malignant tumors. Vascular endothelial growth factor (VEGF), a group of cytokines that
contribute to angiogenesis and vasculogenesis. This study aimed to investigate the serum

VEGF-A concentrations in dogs with various proliferative diseases. A total of 202 dogs that were
histopathologically diagnosed with proliferative diseases were included in the study. Serum

VEGF-A concentrations were measured using enzyme-linked immunosorbent assay. Median serum
VEGF-A concentrations in dogs were as follows: healthy dogs, 4 pg/ml [0-21 pg/ml]; hepatocellular
carcinoma, 30 pg/ml [0-158 pg/ml, P=<0.001]; hepatocellular adenoma, 32 pg/ml [0-49 pg/ml,
P=0.003]; hepatic nodular hyperplasia, 18 pg/ml [0-51 pg/ml, P=0.595]; adrenal pheochromocytoma,
32 pg/ml [0-187 pg/ml, P=<0.001]; adrenocortical carcinoma, 32 pg/ml [3-161 pg/ml, P=0.002];
adrenocortical adenoma, 27 pg/ml [0-106 pg/ml, P=0.005]; colorectal adenocarcinoma, 36 pg/ml

J. Vet. Med. Sci. [0-75 pg/ml, P=0.002]; colorectal adenoma, 43 pg/ml [0-48 pg/ml, P=0.144]; inflammatory colorectal
84(5): 720725, 2022 polyps, 37 pg/ml [0-111 pg/ml, P=<0.001]; pulmonary adenocarcinoma, 35 pg/ml [4-107 pg/ml,
P=0.002]; pulmonary histiocytic sarcoma, 35 pg/ml [0-131 pg/ml, P=0.016]; and follicular thyroid
carcinoma, 35 pg/ml [0-106 pg/ml, P=0.009]. The serum VEGF-A concentrations were significantly
higher in dogs with neoplastic lesions compared to healthy dogs, except for colorectal adenoma.
High serum VEGF-A concentrations were observed in dogs with proliferative diseases. The present
study suggests that angiogenesis-inhibiting therapy, which targets VEGF-A, may be useful for canine
neoplastic diseases.
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Angiogenesis plays an important role in the proliferation and metastasis mechanisms of malignant tumors. The growth of solid
carcinoma is always accompanied by angiogenesis in the vicinity of the tumor [10]. Metastatic cancer cells receive signals to
proliferate, create new blood vessels (angiogenesis), and then successfully grow into a measurable metastatic lesion [2]. Vascular
endothelial growth factor (VEGF), a group of cytokines that contribute to angiogenesis and vasculogenesis, includes VEGF-A,
VEGF-B, VEGF-C, VEGF-D, and VEGF-E. Of the VEGF family, VEGF-A promotes angiogenesis by binding to VEGF receptors
(VEGFR)-1 and VEGFR-2, which are both expressed in vascular endothelial cells and are thought to be the most important factor
in tumor proliferation and metastasis [28].

Previous studies have shown that blood VEGF-A concentration is higher in humans with colorectal cancer [18, 20, 41],
hepatocellular carcinoma [16, 21, 27], breast cancer [1], and prostate cancer [39] than in healthy individuals. Additionally, it has
been demonstrated that blood VEGF-A concentration is correlated with prognosis and stage in patients with colorectal cancer [4,
18, 20, 41], hepatocellular carcinoma [16, 21, 29, 42], non-small cell lung cancer [9], breast cancer [1, 24], and non-Hodgkin’s
lymphoma [35]. Furthermore, molecular-targeted therapy, which uses antibodies to inhibit the angiogenesis and proliferation of
tumor tissues by specifically binding to VEGF-A and selectively inhibiting VEGFR-1 and VEGFR-2 binding, has been used for
colorectal cancer [7, 15, 34] and non-small cell lung cancer [36].

Canine VEGF and VEGFR have similar amino acid sequences to those in humans, and it has also been shown that the VEGF
signal transduction pathways in dogs and humans are remarkably similar [38]. Additionally, a correlation between VEGF-A and
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VEGFR expression in canine tumor tissues and microvessel density has been reported in mammary tumors [30, 32], seminomas
[31], and squamous cell carcinomas [23], and high ascitic and urinary VEGF concentrations have been observed in canine
malignant tumors [5, 26]. Serum VEGF-A concentrations have been reported to be higher in dogs with mammary tumors [17],
angiosarcomas [6, 12], and lymphomas [13], relative to those in healthy dogs. Furthermore, serum VEGF-A concentrations are
known to decrease following surgical resection in cases of soft tissue sarcoma [8]. Although VEGF-A-targeting treatment shows
anti-tumor effects in mice xenografted with canine osteosarcoma cells and hemangiopericytomas [25, 37], its effectiveness is still
unclear for canine proliferative diseases in clinical settings. The proliferative disease with high serum VEGF-A concentration may
be a candidate for VEGF-A-targeting treatment. Thus, the present study aimed to investigate serum VEGF-A concentrations in
dogs with proliferative diseases and conduct a comparative analysis.

MATERIALS AND METHODS

Animals

A total of 202 dogs undergoing surgical treatment for diseases relating to hepatic, adrenal, colorectal, pulmonary, and
thyroid tumors in Animal Medical Center, Nihon University from February 2012 to October 2018 were included in this study.
Histopathological diagnoses were reviewed by one veterinary pathologist (YK). Dogs with other systemic diseases or multiple
type of proliferative diseases were excluded from this study. Additionally, 13 healthy adult beagles without any specific diseases
suspected on physical examination, complete blood count, blood chemistry, and radiography, were used as healthy group. These
dogs were managed in accordance with the Nihon University College of Bioresource Sciences animal experiment guidelines and
procedures, and the present study was conducted with the approval of the Nihon University animal experiment ethics committee
(number AP18BRS041-1).

Blood serum collection methods and processing

Blood sampling of dogs with proliferative diseases was conducted from the initial diagnosis to surgery. Venous blood collection
was conducted either through the jugular vein or lateral saphenous vein in both dogs with proliferative diseases and those in the
healthy group. The collected blood samples were left to stand for 30 min in vacuum-sealed blood collection tubes (Venoject®Il
vacuum-sealed blood collection tubes, Terumo, Tokyo, Japan). The samples were then centrifugally separated at 3,000 rpm for 10
min, after which blood sera were dispensed and cryopreserved at —80°C until analysis.

Measurement methods

Serum VEGF-A concentrations were measured using enzyme-linked immunosorbent assay (Canine VEGF Quantikine ELISA
kit, R&D Systems Inc., Minneapolis, MN, USA). This assay recognizes natural and recombinant canine VEGF-A. No significant
cross-reactivity of other recombinant VEGF family was observed. A microplate reader (Multiskan GO, Thermo Fisher Scientific,
Inc., Waltham, MA, USA) was used for absorbance, with measurements made at 450 nm and optical error correction conducted at
540 nm. Results were the average of two wells’ worth of measurements for each sample. The calibration curve was created using a
four-parameter logistical regression equation.

Statistical analysis

The ages and serum VEGF-A concentrations of dogs in each group were expressed as medians [ranges]. Differences according to
sex were determined using a y? test. The Mann—Whitney U test was used for comparisons between two groups, the Kruskal-Wallis
test for comparisons between three or more groups, and the Dunn method as a post hoc test in cases where statistical significance
was determined. The threshold for statistical significance was set at P<0.05. Box-and-whisker plots were used to visualize the
distribution comparison of the data belonging to the three or more groups for serum VEGF-A concentration. Box indicates median
and interquartile range with whiskers depicting minimum and maximum values for the entire group. All analyses were conducted
using GraphPad Prism 9 software (GraphPad Software, Inc., San Diego, CA, USA).

RESULTS

Clinical information

The age of dogs in the proliferative disease group was 11.6 years [3.4—15.7 years], with 83 castrated males, 27 non-castrated
males, 81 spayed females, and 11 non-spayed females when sorted by sex. The age of dogs in the healthy canine group was 2.4
years [1.5-2.6 years], with 6 non-castrated males, and 7 non-spayed females when sorted by sex. The proliferative disease canine
group was significantly older than the healthy canine group, but no differences according to sex were observed in each group. The
clinical information of dogs is shown in Supplementary Table.

Histopathological diagnosis

The histopathological diagnoses of the proliferative diseases were as follows: hepatocellular carcinoma (n=43), hepatocellular
adenoma (n=14), hepatic nodular hyperplasia (n=6), adrenal pheochromocytoma (n=30), adrenocortical carcinoma (n=14),
adrenocortical adenoma (n=12), colorectal adenocarcinoma (n=20), colorectal adenoma (n=5), inflammatory colorectal polyps
(n=15), pulmonary adenocarcinoma (n=21), pulmonary histiocytic sarcoma (n=6), and follicular thyroid carcinoma (n=16).
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Serum VEGF-A concentration

A comparative analysis of serum VEGF-A concentration was conducted between the proliferative disease and healthy canine
groups (Table 1).

The average serum VEGF-A concentration of dogs with hepatic tumors were significantly higher than that of healthy dogs, but
not significantly different from that of dogs with hepatic nodular hyperplasia. The average serum VEGF-A concentration of dogs
with colorectal adenocarcinoma and inflammatory colorectal polyp were significantly higher than that of healthy dogs, but not
significantly different from that of dogs with colorectal adenoma. The average serum VEGF-A concentrations in dogs with adrenal
tumors, pulmonary tumors, and follicular thyroid carcinoma were all significantly higher than that of healthy dogs.

Serum VEGF-A concentrations in tumors according to the site (organ) of occurrence were 28 pg/ml [0—158 pg/ml] for hepatic
tumors, 31 pg/ml [0-187 pg/ml] for adrenal tumors, 37 pg/ml [0—111 pg/ml] for colorectal tumors, and 35 pg/ml [0—131 pg/ml]
for pulmonary tumors (Fig. 1). These values in these proliferative disease groups were significantly higher than that of the healthy
group, but Serum VEGF-A concentrations were not significantly different among each site (organ) of occurrence.

Serum VEGF-A concentrations compared between dogs with benign disease and those with malignant tumors were 34 pg/ml
[0-111 pg/ml] for the benign disease group and 35 pg/ml [0-187 pg/ml] for the malignant tumor group (Fig. 2). These values were
not significantly different between both groups but were significantly higher than those in the healthy group.

Table 1. Serum vascular endothelial growth factor-A concentrations of proliferative
disease canine group and the healthy canine group

Median Range

Grou, Histopathological diagnosis P value*
P s e (pg/mD) _ (pg/ml)
Healthy control 4 0-21
Hepatic tumor Hepatocellular carcinoma 30 0-158 <0.001
Hepatocellular adenoma 32 0-49 0.003
Hepatic nodular hyperplasia 18 0-51 0.595
Adrenal tumor Adrenal pheochromocytoma 32 0-187 <0.001
Adrenocortical carcinoma 32 3-161 0.002
Adrenocortical adenoma 27 0-106 0.005
Colorectal tumor  Colorectal adenocarcinoma 36 0-75 0.002
Colorectal adenoma 43 0-48 0.144
Inflammatory colorectal polyps 37 0-111 <0.001
Pulmonary tumor  Pulmonary adenocarcinoma 35 0-131 0.002
Pulmonary histiocytic sarcoma 35 4-107 0.016
Thyroid tumor Follicular thyroid carcinoma 35 0-106 0.009
*Results compared with healthy control by the Dunn’s test.
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Fig. 1. Box-and-whisker plots depicting serum vascular endothelial Fig. 2. Box-and-whisker plots depicting serum vascular endo-
growth factor-A concentrations categorized by tumor occurrence thelial growth factor-A concentrations of dogs categorized
site (liver, adrenal gland, colorectal, lung, and thyroid gland). into a benign disease group and a malignant tumor group.
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DISCUSSION

In the present study, serum VEGF-A concentrations were measured in 202 dogs with various proliferative diseases. Overall,
serum VEGF-A concentrations tend to be higher in dogs with proliferative diseases compared to normal control dogs. The serum
VEGF-A concentrations were significantly higher in dogs with neoplastic lesions compared to healthy dogs, except for colorectal
adenoma.

Compared with non-epithelial tumors, epithelial tumors are considered to have high serum VEGF-A concentrations due to
their abundant blood vessels. In fact, in canine epithelial tumors, a correlation between VEGF-A expression in tumor tissues and
microvessel density have been reported [23, 31, 32].

Needle biopsy sensitivity for hepatic lesions in canines is reportedly 34.8% [3], and identification of hepatic tumors with needle
biopsy alone is difficult in many cases. There are virtually no useful biomarkers for the differential diagnosis of hepatic tumors, and
diagnosis methods using CT contrast examinations [19] or histopathological diagnoses based on excisional biopsy are necessary,
but both must be implemented under anesthesia. Humans with hepatocellular carcinoma have higher serum VEGF-A concentrations
relative to patients with benign tumors [42]. Furthermore, the blood VEGF-A concentration of patients with hepatocellular
carcinoma is correlated with cancer progression or stage [21, 29], hence it is used as a prognosis indicator. Serum VEGF-A
concentrations were also significantly higher in dogs with hepatocellular carcinoma and adenoma relative to healthy dogs in our
study, but no significant difference in hepatic nodular hyperplasia was observed between both groups. Therefore, the measurement
of serum VEGF-A concentration may be useful for the differentiation between hepatic neoplastic and hyperplastic lesions in dogs.

Although no clear differences in serum VEGF-A concentration according to histopathological diagnoses were observed in the
adrenal tumor group, the recorded serum VEGF-A concentrations in all groups were significantly higher than those in the healthy
canine group. The results suggest that serum VEGF-A concentration cannot be used to distinguish different types of adrenal tumors,
such as pheochromocytoma, adrenocortical adenoma and carcinoma. However, molecular-targeted therapy, which targets VEGF-A,
can be useful regardless of histopathological diagnosis in adrenal tumor cases.

The colorectal tumor group in this study included many cases of inflammatory polyps, and significantly higher serum VEGF-A
concentrations were observed with inflammatory polyps and adenocarcinomas relative to the healthy canine group. Medical
reports have indicated a correlation between inflammatory diseases and VEGF [11]. Furthermore, inflammatory colorectal polyp
of miniature dachshund has been reported to show severe vascularization [40], and may develop concurrent lesions of adenoma
and adenocarcinoma [ 14, 33]. The present study results suggest that molecular VEGF-A-targeted therapy can be useful in canine
colorectal tumors. Additionally, similar to hepatic tumors, the measurement of serum VEGF-A concentration may support clinical
diagnosis of colorectal adenocarcinoma and inflammatory colorectal polyps since no significant differences were observed in serum
VEGF-A concentration between dogs with colorectal adenoma and healthy dogs.

Pulmonary adenocarcinoma in dogs is thought to correspond to non-small cell lung cancer in humans [36], for which anti-VEGF
antibody treatment is an indication. Since pulmonary adenocarcinoma had high serum VEGF-A concentrations in the present
study, anti-VEGF-antibody-based molecular-targeted therapy may be effective for treatment, just as it is in humans. Additionally,
target diseases of anti-VEGF-antibody-based molecular-targeted therapy in the medical fields are all epithelial tumors, and
interestingly, reports from veterinary fields have indicated that serum VEGF concentrations are high in non-epithelial tumors such
as angiosarcomas [6, 12] and lymphomas [13]. Furthermore, given the novel result of high serum VEGF-A concentrations in
pulmonary histiocytic sarcomas in the present study, further analyses may show that non-epithelial tumors can be targeted as well.

Surgical treatment or radiation therapy is chosen for follicular thyroid carcinoma in dogs, depending on the invasion of critical
structures in the neck [22]. Additionally, the partial remission rate is 30-50% in cases where chemotherapy is used when distant
metastasis has occurred or when surgical treatment and radiation therapy cannot be chosen [22]. Therefore, highly effective
chemotherapy regimens against follicular thyroid carcinoma in dogs have been sought, and given the high serum VEGF-A
concentrations observed in canine follicular thyroid carcinomas in the present study, similar to other proliferative diseases,
molecular VEGF-A-targeted therapy may be a suitable form of treatment.

The present study showed that serum VEGF-A concentrations were significantly higher in dogs with hepatic, adrenal, colorectal,
and pulmonary tumors, as well as follicular thyroid carcinomas, relative to healthy canines. No reports have indicated the serum
VEGF-A concentrations of these proliferative diseases in dogs; we present novel study on high serum VEGF-A concentrations
observed in these cases. Furthermore, the present study results suggest that the measurement of serum VEGF-A concentration in
hepatic and colorectal tumors can be useful for differential diagnosis.

There were several limitations in this study. Serum VEGF-A concentrations in dogs with proliferative disease were only
evaluated at one time point, and postoperative changes were not examined. In addition, expression of VEGF receptor was not
concurrently investigated. Therefore, the functional association between the proliferative lesions and serum VEGF-A was not
confirmed. Another limitation was that the healthy control group was comprised of dogs of a same breed (i.e. beagle) that were
significantly younger than the proliferative disease group, which might result in age and breed biases.

Further studies on the role of VEGF-A for tumor proliferation and its metastasis mechanisms are required to pursue the potential
of anti-angiogenesis therapy using VEGF-A. In addition, a future large-scale study on the relationship between VEGF-A and
individual tumors are necessary to identify malignant tumors which targeted by the anti-angiogenesis therapy in dogs. The present
study suggests that angiogenesis-inhibiting therapy based on molecular-targeted therapy, which targets VEGF-A, can be applied in
clinical settings.
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