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Abstract

PI3K inhibitor for the treatment of CMTs.

Canine mammary gland tumors (CMTs) are the most common and lethal cancers in female dogs. Dysregulated
phosphoinositide 3-kinases (PI3K)/AKT pathway reportedly was involved in the growth and metastasis of CMTs.
However, there are few studies on therapeutic strategies for targeting the PI3K pathway in CMTs. In this study, we
aimed to determine whether palmatine, a natural isoquinoline alkaloid with anti-cancer properties, could inhibit
the growth of CMTs and whether the inhibitory effect was mediated through the PI3K/AKT pathway. Our in vitro
experiments on CMT-U27, a CMT cell line, showed that palmatine reduced cell proliferation and induced cell death.
Western blotting results revealed that palmatine decreased the protein expression of PI3K, PTEN, AKT, and mecha-
nistic target of rapamycin in the PI3K/AKT pathway, which was supported by the results of immunocytochemistry.
Additionally, palmatine suppressed the migration and tube formation of canine aortic endothelial cells as well

as the migration of CMT U27 cells. Our in vivo results showed that palmatine inhibited tumor growth in a CMT-U27
mouse xenograft model. We observed a decreased expression of proteins in the PI3K/AKT pathway in tumor tissues,
similar to the in vitro results. Furthermore, palmatine significantly disrupted the tumor vasculature and inhibited
metastasis to adjacent lymph nodes. In conclusion, our findings demonstrate that palmatine exerts anti-cancer effects
against CMTs by inhibiting PI3K/AKT signaling pathway, suggesting that palmatine has potential as a canine-specific
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Introduction

Canine mammary gland tumors (CMTs) are the sec-
ond most common tumor in dogs. They are most com-
mon in female dogs, accounting for more than 40% of
the cases, and 50% are malignant [1-4]. Surgery is the
common treatment for CMTs, especially for non-met-
astatic tumors. Dogs with benign tumors and 50% with
malignant tumors can be treated with surgery alone [5].
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However, the remaining 50% are impossible to operate on
because the tumors are excessively large and metastatic
[6]. Several chemotherapeutic agents for humans, such as
doxorubicin and 5-fluorouracil, have traditionally been
used to treat canine patients with inoperable CMTs [7].
However, when applied to dogs, these anti-cancer drugs
have not shown significant effectiveness in the treatment
of tumors [8, 9]. Despite these uncertainties, chemo-
therapy remains a major therapeutic option for dogs with
CMTs [10], which have a poor prognosis, high recur-
rence rate, and short survival times after surgery [11, 12].
Therefore, there is an urgent need to identify effective
canine-specific therapeutic agents for CMTs.
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The phosphoinositide 3-kinases (PI3K)/AKT path-
way, consisting of PI3K, phosphatase and tensin homo-
logue (PTEN), AKT (known as protein kinase B), and
the mechanistic target of rapamycin (mTOR), is one of
the most important pathways that regulates cell death,
proliferation, motility, metabolism, and tumor vascular
growth and maintenance, known as angiogenesis [13, 14].
The key enzyme in this pathway is PI3K, which regulates
the expression of sub-signals by phosphorylating phos-
phatidylinositol 4,5-bisphosphate (PIP2) into phosphati-
dylinositol (3,4,5)-trisphosphate (PIP3) [15]. Moreover,
mutations in PI3KCA, a PI3K gene, increase downstream
signaling pathways and promote tumor growth in various
tumors [16—19]. Therefore, PI3K is considered an impor-
tant therapeutic target, and research on PI3K inhibitors
has been actively conducted over the last decade. This
research has led to the discovery of PI3K inhibitors, such
as alpelisib, which have been approved by the FDA and
are used for treatment, showing effectiveness in humans
[20]. Interestingly, recent studies have revealed similari-
ties between human breast cancer (HBC) and CMTs in
several areas, such as estrogen receptors and p53, sug-
gesting that CMTs are an appropriate model for study-
ing HBC [21-24]. Furthermore, PI3K mutations occur in
approximately 40% of all cases in both HBC and CMTs,
and the hotspot is the H1047R amino acid [20, 25].
Despite their obvious similarities, there are differences in
the mechanisms underlying CMTs and HBC. For exam-
ple, unlike HBC, the relationship between the clinical
benefit of HER2 amplification and HER2 overexpression
is not clear in CMTs [26, 27]. Thus, there is no guarantee
that the currently used human-targeted PI3K inhibitors
will have the same effect in canines; therefore, efforts are
needed to discover canine-specific PI3K inhibitors.

Palmatine is a naturally occurring isoquinoline alka-
loid derived from Tinospora cordifolia, Corydalis yan-
husuo, and Phellodendron amurense [28—30]. It has been
registered as an anti-inflammatory drug in the Chinese
Pharmacopoeia and has been used to treat inflamma-
tory disorders, gastrointestinal infections, gynecologi-
cal inflammation, and liver diseases [31, 32]. Interest in
palmatine has grown over the past few years and ongoing
research has revealed its neuroprotective, antibacterial,
antiviral, and anti-cancer properties, demonstrating its
potential as a therapeutic agent against a variety of dis-
eases [33, 34]. In studies related to its anti-cancer effect,
palmatine showed considerable growth inhibition in sev-
eral human cancer cell lines, such as the HepG2 human
liver cancer cell line, CEM T lymphoblast cell line, K III
and Lewis lung carcinoma cell lines, and MCF-7 human
breast cancer cell line [35, 36]. In addition, it exhibited
an anti-proliferative effect in human ER +/HER2- breast
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cancer cell lines, regardless of the tumor type, and sup-
pressed metastasis to the lungs of the 4T1 triple-negative
breast cancer cell line [37, 38]. Moreover, it induced cell
death by inhibiting the PI3BK/AKT pathway in human
acute myeloid leukemia cell lines [39]. Although pal-
matine has proven effective in humans, few studies have
been conducted in canines. Therefore, if palmatine exerts
anti-cancer effects on CMTs as a PI3K inhibitor, as pre-
viously shown in humans, it could be used as a canine-
specific inhibitor for the treatment of CMTs.

In this study, we demonstrated that palmatine exerts
an anti-cancer effect on CMT-U27 by performing the
in vitro assays including cell viability assay, migration
assay, western blotting, and immunofluorescence assay.
Furthermore, we validated these effects in the in vivo
experiments using CMT nude mouse xenograft models.
Our findings elucidated the mechanisms of the inhibi-
tory effect of palmatine on tumor development. In detail,
palmatine regulates the PI3K/AKT pathway, which plays
a crucial role in tumor cell proliferation. This regulation
was confirmed in both in vitro and in vivo experiments.
In addition, palmatine inhibited angiogenesis, a key
requirement in tumor growth and metastasis. The results
of tube formation assay on canine aortic endothelial cells
(CnAOECs) and immunofluorescence analysis on tumors
demonstrated the reduction in both the formation of new
blood vessels and the number of pre-existing tumor vas-
culature during palmatine treatment. Additionally, by
analyzing immunofluorescent images of lymph nodes
adjacent to the tumor in the xenograft models, we con-
firmed that palmatine reduced metastasis. In conclusion,
this study provides evidence demonstrating the anti-
proliferative, anti-angiogenic, and anti-metastatic prop-
erties of palmatine against CMTs by targeting the PI3K/
AKT pathway. These effects are similar to those of PI3K
inhibitors, suggesting that palmatine has the potential to
be used effectively as a PI3K inhibitor for the treatment
of CMTs.

Materials and methods

Cell culture and reagents

CMT-U27 cells were purchased from the American Type
Culture Collection (Manassas, VA, USA) and cultured in
Roswell Park Memorial Institute 1640 medium (HyClone,
Logan, UT, USA) supplemented with 10% fetal bovine
serum (FBS; Atlas Biologicals, Fort Collins, CO, USA).
Penicillin (100 unit/mL) and streptomycin (100 pg) were
purchased from Sigma-Aldrich (St. Louis, MO, USA).
CnAOECs and their growth medium were purchased
from Cell Applications, Inc. (San Diego, CA, USA). All
the cells were incubated at 37°C in 5% CO,. Palmatine
and dimethyl sulfoxide (DMSO) were purchased from



Yoo et al. BMIC Veterinary Research (2023) 19:223

Sigma-Aldrich. Palmatine was prepared as a stock solu-
tion at concentrations of 200 mM in DMSO for in vitro
experiments and at a concentration of 100 mg/mL in
DMSO for in vivo experiments.

Tumor model and palmatine treatment

Nude mice (BALB/c Slc-nu/nu, 6 weeks old) were
obtained from the Central Lab, Animal Inc. (Seoul,
Korea). To create a xenograft model, a small incision was
made between the fourth nipple and midline of the mice
using scissors. Suspensions of CMT-U27 cells (5x10°
cells in 50 pl phsphate-buffered saline (PBS)) were then
injected into the fourth mammary fat pad. Two weeks
after cell injection, the mice were divided into two groups:
palmatine-treated (n=3) and untreated (n=3). The
treated group received intraperitoneal injections of 50
mg/kg palmatine in PBS daily for 21 days. The untreated
group was injected with the same amount of DMSO in
PBS. Tumor volume was measured every two days using
the following formula: length x width X widthx0.5 [40].
The mice were sacrificed by cervical dislocation after
being anesthetized with CO, gas, and tissues were har-
vested for further experiments.

3-(4,5-dimethylthia-
zol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sul-
fophenyl)-2H-tetrazolium (MTS) assay

To evaluate the effect of palmatine on cell viability, we performed
a 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS) assay using the CellTiter 96®
AQueous One Solution Cell Proliferation Assay (Promega Cor-
poration, Wisconsin, USA). CMT-U27 cells were seeded at 810>
cells in a 96-well plate with 100 pl of medium and incubated at
37°C for 24 h. Then, palmatine was treated for 18 h at each con-
centration. Following treatment, 20 pl of CellTiter 9%6® AQueous
One Solution Reagent was added to each well and incubated for
2 h at 37°C. Absorbance was measured at 490 nm using a micro-
plate reader (Spectramax M2; Molecular Devices, CA, USA).

Lactate Dehydrogenase (LDH) release assay

We measured the levels of lactate dehydrogenase (LDH)
released from damaged CMT-U27 cells using the Cyto-
Tox 96° Non-Radioactive Cytotoxicity Assay (Promega
Corporation, Wisconsin, USA). CMT-U27 cells were cul-
tured at a density of 15x 10* cells/well in 24-well plates,
incubated for 24 h, and then treated with palmatine for 18
h. Subsequently, 50 pl of supernatant and 50 pl of Cyto-
Tox 96® Reagent were loaded to each well in a 96-well
plate and incubated for 30 min at room temperature in
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the dark room. The absorbance was measured at 570 nm
using a microplate reader (Molecular Devices).

Annexin-V / Propidium lodide (PI) staining

Cell death was evaluated by flow cytometry using an
Annexin V assay (Santa Cruz Biotechnology, Inc., Dal-
las, TX, USA) according to the manufacturer’s protocol.
Annexin V content was estimated by measuring fluo-
rescence at 488 nm (excitation) and 525 nm (emission)
using the Guava easyCyte HT system (Millipore, Biller-
ica, MA, USA).

Western blotting

CMT-U27 cells were homogenized in cold lysis buffer
containing a protease inhibitor cocktail (Sigma-Aldrich).
Proteins were separated using sodium dodecyl sul-
fate—polyacrylamide gel electrophoresis and transferred
onto nitrocellulose membranes. The membranes were
blocked by 5% skim milk and incubated with the follow-
ing primary antibodies in a blocking buffer overnight at
4°C: Rabbit polyclonal anti-AKT (9272; Cell Signaling
Technology, Inc., Beverly, MA, USA), rabbit polyclonal
anti-p-AKT (9271; Cell Signaling), rabbit monoclonal
anti-mTOR (2983; Cell Signaling), rabbit monoclonal
anti-p-mTOR (5536; Cell Signaling), Rabbit polyclonal
anti-p-PI3K (AF3242; Affinity biosciences, Cincinnati,
OH, USA), rabbit polyclonal anti-PTEN (bs0686-R; Bioss,
Inc., Beijing, China), mouse monoclonal anti-p-PTEN
(sc-377573; Santacruz Biotechnology, CA, USA), and
mouse monoclonal anti-p-actin (A5441; Sigma-Aldrich).
The membranes were then incubated with horseradish
peroxidase (HRP)-conjugated secondary antibodies for
1 h at room temperature. The chemiluminescent signals
were enhanced using an HRP substrate (Millipore) and
detected using a Fusion FX7 acquisition system (Vilbert
Lourmat, Eberhardzell, Germany). The density of each
band was measured using the software Quantity One
(version 4.6.6) and normalized to B-actin. The relative
intensity was expressed as compared to the control.

Immunocytochemistry

The CMT-U27 cells were cultured on coverslips coated
with 1% gelatin. Cells were fixed with 2% paraformal-
dehyde for 20 min at 4°C and permeabilized with 0.5%
Triton X-100 in PBS for 10 min. The cells were blocked
with 5% animal serum (donkey or goat) in 2% bovine
serum albumin in PBS for 1 h at room temperature. Sub-
sequently, the cells were incubated with primary anti-
bodies against anti-p-PI3K (Affinity Biosciences) and
p-PTEN (Santa Cruz Biotechnology) in blocking solu-
tion at 4°C overnight. Then, the cells were incubated with
Dylight® 488 conjugated goat anti-rabbit IgG (Bethyl
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Laboratories) and Cy3-conjugated donkey anti-mouse
IgG (Jackson ImmunoReasearch). Nuclei were stained
with 4,6-Diamidino-2-Phenylindole (DAPI). The cells
were then mounted with mounting medium (Dako,
Carpinteria, CA, USA), and images were captured using
a confocal microscope (Carl Zeiss, Inc., Jena, Germany).
We used the software Image]J (version 1.52a) to measure
the mean fluorescence intensity of each channel in three
different regions. The relative fluorescence intensity was
represented as compared to the control.

In vitro migration assay

CMT-U27 cells and CnAOECs were cultured in 6-well
plates. After reaching 100% confluence, the cells were
scratched manually using a sterile 1000-ul pipette tip.
Subsequently, the culture medium was replaced with
1 ml of fresh medium containing 1% FBS, and different
concentrations of palmatine were added to each well. At
the indicated times after treatment, images were cap-
tured using a microscope (Nikon Eclipse TS100; Nikon
Corporation, Tokyo, Japan).

In vitro tube formation assay

Matrigel ™ (Corning Inc, New York, NY, USA) was
thawed overnight at 4°C for the tube formation assay.
The Matrigel was dispensed into a 24-well plate and incu-
bated at 37°C for 60 min for solidification. CnAOECs
were seeded at a density of 1.2x10° cells/well in fresh
medium with or without palmatine and incubated at
37°C for 2 h. Tube formation of CnAOECs was photo-
graphed under a microscope (Nikon Corporation) and
quantified by counting the number of tubes from three
different sections.

Immunohistochemistry

For frozen block immunohistochemistry, tumor tis-
sues and inguinal lymph nodes were fixed in 4% para-
formaldehyde for 4 h and dehydrated overnight in 20%
sucrose solution. The tissues were then embedded in a
tissue-freezing medium (Leica, Wetzlar, Germany). Fro-
zen blocks were sectioned at 20 pum, and samples were
blocked with 5% goat serum in 0.03% Triton X-100 in
PBS. Samples were then stained overnight at 4°C with
the following primary antibodies: Armenian hamster
monoclonal anti-CD31 (MAB1398Z; Millipore), mouse
monoclonal FITC-conjugated anti-a-SMA (F3777; Sigma-
Aldrich), mouse multiclonal anti-pan-cytokeratin (ab961;
Abcam, Cambridge, MA, USA), and rabbit polyclonal
anti-LYVE-1 (11-034; AngioBio, Del Mar, CA, USA).
After primary antibody staining, samples were incubated
for 2 h at room temperature with the following secondary
antibodies: Cy-3 conjugated goat anti-hamster IgG, Cy-3
conjugated donkey anti-mouse IgG (both from Jackson
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ImmunoResearch), and Dylight® 488 conjugated goat
anti-rabbit IgG (Bethyl Laboratories). The nuclei were
stained with DAPI. The samples were then mounted with
mounting medium (Dako), and images were captured
using a confocal microscope (Carl Zeiss). The mean fluo-
rescence intensity for each antibody was measured with
Image] software on three different images. The value was
represented as the percent intensity by total fluorescence
intensity.

Statistical analysis

All data are presented as mean + standard deviation (SD).
Statistical significance between groups was determined
using the unpaired Student’s -test. One-way analysis
of variance (ANOVA), followed by Bonferroni post hoc
tests, was conducted to determine significant differences
among multiple groups. Statistical analyses were per-
formed using the GraphPad Prism software. Statistical
significance was set at p<0.05, * p<0.05, ** p<0.01, and
** p<0.001.

Results

Palmatine inhibits tumor growth in CMT-U27 cell-derived
xenograft (CDX) model

To confirm the tumor growth-inhibitory effects of pal-
matine, we used an in vivo nude mouse xenograft model.
After palmatine treatment for 21 days, the tumors in
the treatment group were smaller than those in the con-
trol group (Fig. 1A). In addition, the volume difference
between the treatment and control groups gradually
increased over the 21 days of injection, reaching signifi-
cance (p<0.01) at day 17. The tumor volume in the con-
trol group was 184.63 mm?® and that of the treatment
group was 68.15 mm?®. Moreover, on the 21° day, the
tumor volume in the control group was 2.8 times larger
(»<0.001) than that in the treatment group (Fig. 1B).
However, there was a difference in the average value (80
mg in the control group and 34.3 mg in the treatment
group), though no significant difference appeared on the
graph (Fig. 1C). These results show that palmatine inhib-
ited tumor growth in an in vivo nude mouse model.

Palmatine induces cell death and inhibits cell proliferation
in CMT-U27

Morphological observations and MTS assays were
performed to confirm whether palmatine suppresses
cell proliferation of CMT-U27. Morphological images
showed that CMT-U27 cells became round in a dose-
dependent manner (Fig. 2A). Palmatine greatly sup-
pressed (p<0.001) cell proliferation in all treatment
groups, and it was 70%, 58%, and 55% less compared to
the control group at 50 uM, 100 pM, and 200 uM, respec-
tively (Fig. 2B). In addition, lactate dehydrogenase (LDH)
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Fig. 1 Palmatine suppresses tumor progression in an in vivo CMT-U27 mouse xenograft model. A Tumor development at 21 days

after intraperitoneal injection of Palmatine (50 mg/kg) and DMSO in PBS (control) in BALB/c nude mice. The dotted lines in the magnified images
demarcate CMT masses. B Comparison of tumor volume in treatment group and control group over 21 days. C Comparison of the weight of tumors
harvested from treatment and control group after 21 days of injection. Unless otherwise denoted: n=5 each group. Values are mean +SD. **

p<0.01; *** p<0.001 versus control. Con., control; Pal., palmatine

and annexin V-PI assays were performed to determine
the effects of palmatine on cell death in CMT-U27 cells.
The LDH assay showed an increase of 2.1% at 50 pM
(p<0.01), 11.5% at 100 uM (p<0.001), and 68.4% at 200
UM (p<0.001) compared with the control group, with
a noticeable difference at 100 pM (Fig. 2C). In addition,

(See figure on next page.)

annexin V-PI assay confirmed that palmatine treatment
increased total cell death in a dose-dependent manner
compared to control group (Fig. 2D). When percentage,
cells in early apoptosis were about 0.55%, 8.2%, 8.4%,
and 9.16% for 0 uM, 50 uM, 100 uM (p <0.05) and 200
UM (p<0.05), respectively, and cells in late apoptosis

Fig. 2 Palmatine induces cell death of CMT-U27 cells. A Images showing morphological changes on CMT-U27 cells after palmatine-treatment.
Magnification, 100x. Scale bar, 50 pm. B, C Dose-dependent comparison of CMT-U27 cell proliferation and LDH activity. Values are mean + SD. **
p<0.01;** p<0.001 versus untreated cells by one-way ANOVA followed by Bonferroni post-hoc test. D Apoptosis in CMT-U27 cells was measured
by flow cytometry with Annexin V-FITC staining. E Percentage of CMT-U27 cells in early, late apoptosis, necrosis, and total cell death when treated
with palmatine by concentration. Values are mean £ SD. * p <0.05; *** p <0.001 versus untreated cells by one-way ANOVA followed by Bonferroni

post-hoc test
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were about 0.66%, 39.6% (p<0.001), 45.3% (p<0.001),
and 59.7% (p <0.001), respectively. Cells in necrosis were
about 0.99%, 5.6%, 6.1%, and 3.3% for 0 uM, 50 uM, 100
uM and 200 pM, respectively. Collectively, the total cell
death was approximately 2.2%, 53,4%, 59.8%, and 72.2%,
respectively. Among them, the cells belonging to late
apoptosis and total cell death increased dose-depend-
ent manner with highly significant differences (Fig. 2E).
These results indicate that palmatine suppresses cell pro-
liferation and induces cell death in CMT-U27 cells.

Palmatine exerts anti-cancer effects on CMT-U27 by inhib-
iting PI3K/AKT pathway

To confirm how palmatine inhibits cell proliferation and
induces cell death, the PI3BK/AKT pathway was iden-
tified by western blotting and immunocytochemistry
in vitro. Western blot analysis showed that the protein
expression levels of PI3K, AKT, and mTOR and the com-
ponents of the PI3K/AKT pathway, except for p-PTEN,
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decreased in a dose-dependent manner. Particularly, at
200 pM, the expression of p-PI3K (84 kDa) and p-PI3K
(54 kDa) was sharply reduced (p<0.001) by about 20%
and 22%, respectively, compared with the control group
(Fig. 3A). AKT expression was remarkably reduced
(p<0.001) by approximately 16% in all treatment groups
compared with the control group. Furthermore, p-AKT
expression was significantly reduced by approximately
25% at 200 pM (p<0.001) compared with that in the
control group (Fig. 3C). The expression of mTOR was
reduced by approximately 8% at 50 uM (p<0.05), 10%
at 100 uM (p <0.01) and 16% at 200 uM (p <0.001) com-
pared with the control group. And the expression of
p-mTOR was notably decreased (p<0.001) by 15% and
39% at 100 uM and 200 pM, respectively, compared with
the control group (Fig. 3D). Similar to the downregula-
tion of these proteins, PTEN expression decreased by
approximately 20% at 50 uM (p<0.01), 17% at 100 uM
(p<0.05), and 16% at 200 uM (p <0.05) compared with
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Fig. 3 Palmatine regulates the PI3K/AKT S|gnallng pathway in CMT-U27 cells. A-D CMT-U27 cells grown in 6-well plates and then cultured in fresh
media containing various concentrations of palmatine for 18 h at 37°C. After treatment, the cells were harvested for western blotting to quantify

the expression of p-PI3K (A), PTEN, p-PTEN (B), AKT, p-AKT (C), mTOR, p-mTOR (D)

,and B-actin. E-H CMT-U27 cells grown in 24-well plates and then

cultured in fresh media containing various concentrations of palmatine for 18 h at 37°C. After treatment, immunocytochemistry was performed
to quantify the expression of p-PI3K (E) and p-PTEN (G). Scale bar, 50 um. Values are mean+SD. * p<0.05, ** p<0.01, *** p<0.001 versus untreated

cells by one-way ANOVA followed by Bonferroni post-hoc test
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the control group. In contrast, the expression of p-PTEN
was increased (p <0.001) in a dose-dependent manner by
10%, 18%, and 31%, respectively, at 50 uM, 100 uM, and
200 pM compared with the control group (Fig. 3B). Sub-
sequently, we performed immunocytochemistry to con-
firm the western blotting results for PI3K and p-PTEN.
p-PI3K expression decreased by 38% and 55% at 100 uM
(p<0.01) and 200 uM (p < 0.001), respectively, compared
with the control group, confirming a significant decrease,
as shown in the western blot results (Fig. 3E, F). In
addition, p-PTEN expression significantly increased
(p<0.001) by 60% at 200 pM compared with the control
group, and a significant increase was observed as shown
in the western blot (Fig. 3G, H). To confirm whether the
inhibitory action of palmatine on the PI3K/AKT path-
way occurs equally in vitro and in vivo, western blot-
ting was performed using tumor tissues from CMT-U27
nude mouse xenograft models. Western blotting analy-
sis showed that the in vitro and in vivo results were
similar. Specifically, p-PI3K expression in the treatment
group was noticeably reduced by 17% and 26% at 84 kDa
(p<0.001) and 54 kDa (p < 0.001), respectively, compared
with that in the control group (Fig. 4A). p-AKT expres-
sion was significantly decreased (p <0.001) by 25% com-
pared with that in the control group (Fig. 4C). Similarly,
the expression of p-mTOR was reduced by approxi-
mately 26% in the treatment group compared with that
in the control group (p <0.001) (Fig. 4D). The expression
of p-PTEN increased by approximately 7% in the treat-
ment group compared with that in the control group,
but the difference was not significant (Fig. 4B). These
results showed that palmatine inhibits the PISK/AKT
pathway both in vivo and in vitro.

A B
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Palmatine inhibits angiogenesis of canine mammary gland
tumors

To confirm whether palmatine inhibited angiogenesis in
CMTs, immunohistochemistry was performed using tumors
from in vivo CMT-U27 nude mouse xenograft models. Con-
focal microscopy revealed that more blood vessels were
formed in the tumors of the control group than in those of
the treatment group (Fig. 5A). Similarly, the expression of
CD31 and a-SMA, which are vascular factors, was signifi-
cantly decreased (p<0.01) in the treatment group. CD31 was
expressed by approximately 14% and 5% in the control and
treatment groups, respectively, and a-SMA was expressed
by approximately 13% and 3.5% in the control and treatment
groups, respectively (Fig. 5B, C). We also performed migra-
tion and tube formation assays using CnAOECs to determine
whether palmatine affected angiogenesis and metastasis in
canines. The migration assay results showed that the numbers
of migrated cells were 161, 117, 75, and 29 at 0 uM, 50 uM,
100 uM (p<0.05), and 200 uM (p<0.05), respectively. Thus,
CnAOECs migration decreased in a dose-dependent man-
ner (Fig. 5D, E). In the tube formation assay, it was observed
that 43, 34, 21, and 12 tubes were formed at 0 £M, 50 M, 100
UM (p<0.001), and 200 uM (p<0.001), respectively, which
decreased in a dose-dependent manner similar to migra-
tion (Fig. 5F, G). Collectively, palmatine appears to have an
anti-angiogenic function, because it inhibits the migration
and tube formation of CnAOECs and angiogenesis in in vivo
CMT-U27 nude mouse xenograft models.

Palmatine inhibits the metastasis of canine mammary
gland tumor cells

A migration assay was performed to confirm whether
palmatine inhibits the migration of CMT-U27 cells
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Fig. 4 Palmatine inhibits PI3K/AKT pathway and increases PTEN activity in an in vivo CMT-U27 xenograft models. Tumors of CMT-U27 xenograft
model injected with palmatine (treatment group) or DMSO in PBS (control group) for 21 days were collected and western blotting was performed.
A-D Images and quantification of the protein expression of p-PI3K (A), p-PTEN (B), p-AKT (C), p-mTOR (D) and -actin in tumors. Values are

mean +SD. *** p<0.001 versus control by unpaired Student’s t-test. Con., control; Pal., palmatine
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in vitro. Microscopic observation revealed that migra- this, approximately 460 cells at 0 puM, 430 cells at 50
tion decreased in a concentration-dependent man- pM, 348 cells at 100 uM (p<0.01), and 321 cells at 200
ner at both 12 and 24 h (Fig. 6A). When we quantified pM (p<0.01) migrated at 12 h after palmatine treatment
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(Fig. 6B). After 24 h of treatment, approximately 1007
cells migrated at 0 pM, 651 cells at 50 uM (p <0.001),
484 cells at 100 uM (p<0.001), and 445 cells at 200 uM
(p<0.001) (Fig. 6C). In summary, palmatine significantly
inhibited migration at 100 uM after 12 h of treatment
and effectively inhibited migration at 50 pM after 24 h.
Next, immunohistochemistry was performed on the
inguinal lymph nodes adjacent to the tumor to confirm
whether migration to other tissues was inhibited in the
in vivo CMT-U27 xenograft model. Under the micro-
scope, more cytokeratin, a tumor factor, was observed
in the lymph nodes of the control group than in those of
the treatment group (Fig. 6D). In addition, in the treat-
ment group, most cytokeratin was present around the
lymphatic vessels, whereas in the control group, it was
present not only around the lymphatic vessels but also in
the cortex of the lymph nodes (Fig. 6E). When we evalu-
ated the cytokeratin expression in the control and treat-
ment groups, a significant difference was found in both
the medulla (p<0.01) and cortex (p <0.05), as the control
group had more than twice as many metastases than the
treatment group (Fig. 6F, G). Based on these results, pal-
matine is considered to inhibit the metastasis of canine
mammary gland tumor cells.

Discussion

Palmatine is a natural isoquinoline alkaloid found in tra-
ditional Chinese medicines, such as Tinospora cordifolia,
Corydalis yanhusuo, Phellodendron amurense, Tinospora
sagittate, and Stephania yunnanensis [28-30, 41, 42].
Previous studies have revealed that palmatine has sev-
eral therapeutic properties including neuroprotective,
anti-cancer, antibacterial, and anti-inflammatory activi-
ties [43—46]. In the anti-cancer field, which is the focus
of our study, palmatine has been reported to have anti-
cancer effects on various cancer cells [35, 36]. However,
no such studies have been conducted on canine cancer.
Furthermore, the effects of palmatine have not been veri-
fied in vivo. Therefore, this study aimed to investigate
the anti-cancer effects and the underlying mechanisms
of action of palmatine in canine cancers on in vitro and
in vivo. Our results demonstrated that palmatine inhibits

(See figure on next page.)
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the PIBK/AKT pathway, leading to an anti-cancer effect
in CMTs.

Our findings indicated that palmatine inhibited tumor
growth in CMT-U27 xenograft nude mouse models,
reducing their volume and weight in vivo (Fig. 1). In addi-
tion, palmatine induced cell death and inhibited the pro-
liferation of CMT-U27 cells in vitro (Fig. 2). Annexin-V
/ PI staining results showed that cells in early and late
apoptosis increased by a significant difference, while
necrotic cells did not. The total number of cell death also
increased by a significant difference, confirming that
palmatine induced apoptosis in CMT-U27, resulting in
a decrease in the number of cells. These results are con-
sistent with those of previous studies and were further
validated in additional experiments. Based on these find-
ings, we propose that palmatine exerts similar effects on
CMT-U27 cells as on human cancer cells.

Next, we determined the mechanism by which pal-
matine exerts its anti-cancer effects. Previous studies
have shown that palmatine inhibits the mTORC1 path-
way in human prostate cancer cells. However, it is unclear
whether this occurs via the PI3BK/AKT pathway [47].
Hence, in this study, we explored the effect of palmatine
on the PI3K/AKT signaling pathway, which is located
upstream of mTOR signaling, and on the mTOR pathway.
We also measured the expression of PTEN, the primary
negative regulator of the PI3K/AKT pathway. The PI3K/
AKT pathway is involved in tumor metabolism includ-
ing proliferation, cell cycle, and apoptosis [48]. Conse-
quently, PI3K/AKT pathway inhibitors have been used
as therapeutic agents to impede tumor growth [16]. Our
results showed that palmatine decreased the expression
of PI3K, AKT, and mTOR in CMT-U27 cells (Fig. 3A, B,
and D). Furthermore, in vivo experiments confirmed that
the protein expression in the tumor tissue of the treat-
ment group was lower than that in the tumor tissue of the
control group (Fig. 4A, C, and D). In addition, in in vitro
experiments, the expression of PTEN decreased, while
that of p-PTEN increased (Fig. 3B). In in vivo experi-
ments, p-PTEN levels also increased (Fig. 4B). Inter-
estingly, our results showed that palmatine decreased
the expression of PTEN and increased the expression
of p-PTEN, although PTEN is a widely known negative

Fig. 6 Palmatine restrains the migration and metastasis of CMT cells. A-C CMT-U27 cells grown in 6-well plates and scratched by 1000 ul tip. Then,
CMT-U27 cells cultured in fresh media containing various concentrations of palmatine for 24 h at 37°C. Images showing CMT-U27 cells migration
after palmatine treatment in a dose- and time-dependent manner and quantification of the number of migrated cells over time. Magnification,
40x. Values are mean+SD. ** p<0.01, *** p<0.001 versus untreated cells by one-way ANOVA followed by Bonferroni post-hoc test. D Fluorescent
images showing the lymph nodes of treatment and control groups stained for cytokeratin and LYVE-1. Scale bar, 400 um. E-G Magnified

images and quantification of lymph node metastases in the cortex and medulla regions in the control and treatment groups. The dotted lines
demarcate the margin of the lymph node. Scale bar, 50 um. Values are mean+SD. * p<0.05, ** p <0.01 versus control by one-way ANOVA followed

by Bonferroni post-hoc test. Con., control; Pal.,, palmatine
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regulator of PI3K. However, in accordance with previous
studies, it determined that the results of decreased PTEN
expression and increased p-PTEN expression, along with
decreased p-PI3K expression were not contradictory.
Mukherjee R et al., showed that PTEN expression was
reduced when treated with a PI3K inhibitor. Additionally,
it demonstrated that PTEN expression is regulated by
mTOR-dependent translation [49]. Another study iden-
tified the upregulation of both p-PTEN expression and
PTEN gene when treated with PI3K or AKT inhibitors
and demonstrated that p53 is involved in the regulation
of PTEN expression [50]. Consistent with, our results
might be a possible consequence of treatment with pal-
matine, as a PI3K inhibitor. However, the exact mecha-
nism of PTEN regulation will need to be studied in the
future.

Tumors require a sufficient supply of oxygen and
nutrients for proliferation and survival. Although
the host can initially provide some supply, it quickly
becomes insufficient to meet the demands of the tumor.
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Thus, tumors develop their own blood vessel networks
through a process known as angiogenesis [51]. Angio-
genesis is necessary for tumor growth and metasta-
sis [52]. The knockout of angiogenesis suppressors has
been shown to increase tumor angiogenesis and metas-
tasis [53, 54]. Moreover, angiogenesis and metastasis
are reduced by the application of PI3K/AKT pathway
inhibitors, demonstrating that this pathway regulates
them [55-57]. While a previous study demonstrated
that the alkaloids noscapine and sinomenine have anti-
angiogenic effects [58, 59], the effect of palmatine on
angiogenesis has yet to be studied. In this study, we
confirmed the effect of palmatine on angiogenesis and
metastasis by reducing the expression of the PI3K/
AKT pathway in in vivo CMT-U27 xenograft tumor tis-
sue and CnAQOECs in vitro. In the in vivo experiment,
we found that the expression of CD31 and a-SMA,
which are vascular markers, was decreased in the pal-
matine-treated group. Furthermore, in vitro, palmatine
inhibited CnAOECs migration and tube formation in

]
PIP2 J
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PIP3 -|-
; .
AKT Palmatine
& -
E o oo
Proliferation l Angiogenesis l Metastasis l

Tumor suppression

Fig. 7 Schematic diagram of the mechanism of anti-cancer effect of palmatine
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a dose-dependent manner. The inhibition of angiogen-
esis by palmatine was consistent with previous studies
on the anti-angiogenic effects of PI3K/AKT pathway
inhibitors [60, 61]. In addition, the inhibitory effect of
palmatine on CnAOECs indicated that palmatine might
also have an inhibitory effect on canine angiogenesis.
Next, we measured the expression of cytokeratin, a
tumor factor, in the inguinal lymph nodes adjacent to
the tumor in an in vivo CMT-U27 xenograft model to
evaluate the degree of metastasis. These results showed
that cytokeratin was expressed at lower levels in the
lymph nodes of the treatment group than in those of
the control group, indicating that the treatment group
had fewer metastases than the control group. Consist-
ent with studies that demonstrate that palmatine is an
inhibitor of the PI3K/AKT pathway [57, 62], our find-
ings also indicate that palmatine inhibits proliferation,
angiogenesis and metastasis by suppressing the PI3K/
AKT signaling pathway in tumor tissues (Fig. 7).

A limitation of our paper is that we only confirmed the
efficacy of palmatine against CMT-U27 among canine
mammary gland tumor cell lines. Therefore, further stud-
ies on its efficacy in other cell lines are needed.

Conclusion

In conclusion, this study investigated the anti-can-
cer effects of palmatine on canine tumor cells and its
mechanism of action. Our results demonstrated that
palmatine has anti-cancer effects on CMT-U27 cells,
including the induction of cell death and inhibition of
angiogenesis and metastasis, which are exerted through
inhibition of the PI3K/AKT pathway. Furthermore, the
effects of palmatine are similar to those of PI3K/AKT
pathway inhibitors in humans. Therefore, we suggest
that palmatine can be used as a PI3K/AKT pathway
inhibitor to treat CMTs.
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