
Academic Editor: José M. Matés

Received: 7 July 2026

Revised: 23 August 2026

Accepted: 28 August 2026

Published: 31 August 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Berberine Chloride Suppresses Growth of Canine Osteosarcoma
Cells via Regulating MMP2/AKT/β-Catenin Pathway
Minha Jeong 1, Juhyeong Seo 1, Sunwoo Park 2,* and Jiyeon Ham 1,*

1 Department of Animal Science & Biotechnology, College of Agriculture and Life Sciences, Chungnam
National University, Daejeon 34134, Republic of Korea; 202550625@o.cnu.ac.kr (M.J.);
202650483@o.cnu.ac.kr (J.S.)

2 Department of GreenBio Science, Gyeongsang National University, Jinju-si 52725, Republic of Korea
* Correspondence: sw.park@gnu.ac.kr (S.P.); jyham@cnu.ac.kr (J.H.); Tel.: +82-55-772-3566 (S.P.);

+82-42-821-5778 (J.H.)

Abstract

Canine osteosarcoma is an aggressive primary bone malignancy associated with a poor
prognosis and a high propensity for lung metastasis. Due to the limitations and side effects
of conventional chemotherapy, there remains a pressing need for alternative therapeutic
strategies and adjuvants. In this study, we examined the effects of berberine chloride
(BBRC), a bioactive isoquinoline alkaloid derived from the dried roots of Coptidis Rhizoma,
on canine osteosarcoma D-17 and DSN cell lines. BBRC reduced the viability and migratory
capacity of D-17 and DSN cell lines in three-dimensional (3D) spheroid cultures. Addi-
tionally, BBRC induced calcium ion overload in the mitochondrial matrix but not in the
cytoplasm, in both osteosarcoma cell lines. BBRC also triggered excessive generation of re-
active oxygen species (ROS) in both cell lines. Furthermore, Western Blot analysis revealed
that BBRC downregulated the MMP2/AKT/β-catenin signaling pathways in both BBRC
in D-17 and DSN cells. In addition, BBRC downregulated Cyclin D1 and Survivin, known
downstream targets of the β-catenin pathway. We also confirmed that BBRC suppressed
the transcription of genes involved in cell cycle regulation. Overall, our findings indicate
that BBRC inhibits osteosarcoma cell growth by modulating calcium-redox homeostasis
and the MMP2/AKT/β-catenin pathway.
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1. Introduction
Canine osteosarcoma is the most prevalent primary malignant bone tumor. It arises

from malignant transformation of immature bone-forming cells and is associated with
a poor overall survival rate [1]. While osteosarcoma also primarily affects children and
adolescents, it is also common in dogs, occurring approximately ten times more frequently
in canines than in humans [1]. Canine osteosarcoma is characterized by aggressive clinical
behavior, notably its high metastatic potential, with the lungs being the most common
site of secondary spread [2]. Tumor localization in anatomical sites such as the proximal
humerus, distal femur, and proximal tibia is associated with a higher risk of metastasis and,
consequently, increased mortality [3,4]. The exact etiology of osteosarcoma in canine mod-
els remains poorly understood, where comprehensive molecular investigations are limited.
Current standard treatment strategies for canine typically involve multimodal approaches
combining surgical removal of tumor or adjuvant chemotherapy [5]. Although these
regimens can prolong survival, their efficacy is limited by systemic toxicities, including
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nephrotoxicity from platinum-based compounds and cardiotoxicity from doxorubicin [6].
Moreover, conventional therapies are hindered by critical limitations, notably the devel-
opment of chemoresistance in tumor cells and a severe decline in canine quality of life
(QOL) due to treatment-associated toxicities [7]. Therefore, various efforts are underway to
identify novel therapeutic candidates that can overcome the limitations of conventional
chemotherapy, maximize the anti-tumor effects and suppression of metastasis in canine
osteosarcoma, while minimizing toxicity to normal cells. In this context, oncology re-
search has increasingly focused on compounds derived from natural products, which
offer excellent biocompatibility and favorable safety profiles. Owing to their multi-target
properties, natural products possess the potential to simultaneously modulate various
oncogenic mechanisms—such as inhibiting cancer cell proliferation and suppressing both
angiogenesis and metastasis—even as single agents. Furthermore, when administered
in combination with conventional chemotherapeutics, they represent a highly promising
strategy to overcome drug resistance through synergistic effects, thereby allowing for
dose reduction and subsequent mitigation of adverse side effects in canine osteosarcoma
models [8].

Among these natural compounds, berberine has emerged as a promising candidate.
Berberine is an isoquinoline alkaloid extracted from the dried roots of Coptidis Rhizoma.
It exhibits antibacterial, anti-inflammatory, antidiabetic, antiangiogenic, and cholesterol-
lowering properties, as well as anticancer properties [9,10]. However, berberine exhibits
extremely low oral bioavailability, estimated at approximately 0.68% [11]. To address
this limitation, berberine chloride (BBRC), also known as berberine hydrochloride, was
developed to enhance water solubility, absorption, and overall bioavailability [12]. BBRC,
with its improved absorption characteristics, has demonstrated enhanced inhibitory effects
on cancer cell migration and proliferation [13]. Specifically, berberine hydrochloride has
demonstrated multiple biological activities, including anticancer and anti-inflammatory
effects in organs such as the liver, lungs, and stomach [14–16]. Moreover, the chloride salt
form could improve its aqueous solubility, thereby positively affecting its potential for
higher bioavailability [12,17]. Additionally, a recent study demonstrated that berberine
derivatives reduced cell viability and induced cell death in canine mammary gland tumor
cells via inhibition of the Wnt/β-catenin signaling pathway [18]. These findings suggest
that berberine derivatives are effective in canine cancer models, thereby expanding their
potential applicability to a broader range of cancers, including osteosarcoma.

Therefore, in this study, we investigated the in vitro mechanism of action of BBRC
in D-17 and DSN cell lines to explore its therapeutic potential as an adjunctive therapy
for canine osteosarcoma, focusing on viability, migration, calcium and redox homeosta-
sis, the MMP/AKT/β-catenin signaling pathway, and transcriptional regulation of cell
cycle progression.

2. Materials and Methods
2.1. Cell Culture

Canine osteosarcoma cell lines D-17 (CVCL#1916, CCL-183) and DSN (CVCL#1919,
CRL-9939), which were obtained from poodle, were purchased from the American Type Cul-
ture Collection (ATCC; Manassas, VA, USA) and cultured in Minimum Essential Medium
(MEM; catalog no.: SH30024.01, HyClone, Logan, UT, USA) supplemented with 10% fetal
bovine serum (FBS) at 37 ◦C in a humidified 5% CO2 incubator. Cells were cultured in
100 mm2 tissue culture dishes until reaching 70% confluency, serum-starved for 24 h, and
subsequently treated with varying concentrations of BBRC. For assays, cells were seeded
into 6-well plates at a density of 2 × 105 cells/well and maintained until reaching 70%
confluency. Cells were then serum-starved in serum-free medium for 24 h and treated
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with BBRC at concentrations of 0, 25, 50, and 75 µM for 48 h. Following treatment, both
supernatants and adherent cells were collected by centrifugation for subsequent analysis.

2.2. Chemicals

BBRC (Berberine chloride; catalog no.: 00900585) and dimethyl sulfoxide (DMSO)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). N-acetyl-l-cysteine (NAC)
(catalog no.: A7250) was purchased from Sigma-Aldrich. All compounds are > 95% pure
by HPLC analysis.

2.3. MTT Assay for Measurement of Cell Viability

Cell viability was assessed using an MTT assay kit (catalog no. 11465007001; Roche,
Indianapolis, IN, USA) following the manufacturer’s instructions. D-17 and DSN cells were
seeded into 96-well plates and incubated in serum-free medium for 24 h. Cells were then
treated with BBRC at concentrations of 0, 25, 50, or 75 µM and incubated for either 48 or
72 h. After incubation, 10 µL of MTT reagent was added to each well under light-protected
conditions. The cells were further incubated for 4 h to allow the formation of purple
formazan crystals. After crystal formation, 100 µL of detergent reagent was added to each
well. The plates were incubated overnight, and absorbance was measured at 570 nm the
next day using an ELISA reader.

2.4. Spheroid Culture

D-17 and DSN cells were suspended at a concentration of 1 × 106 cells/mL. Treatment
solutions were prepared by adding either DMSO alone (vehicle control) or BBRC (75 µM)
to the cell suspension. A 25 µL aliquot (6000 cells/drop) of each suspension was carefully
dispensed vertically onto the inner surface of a sterile 100 mm2 Petri dish lid. Phosphate-
buffered saline (PBS) was added to the bottom of the dish to prevent evaporation. The
cells were incubated at 37 ◦C in a humidified 5% CO2 atmosphere for five days to allow
cell aggregation and spheroid formation. Spheroid formation in the vehicle and BBRC
(75 µM) treatment groups was monitored daily at the same time using an EVOS M5000
imaging system.

2.5. Wound-Healing Assay

The migratory capacity of D-17 and DSN cells was assessed using an ibidi culture-
insert 2-well dish (catalog no.: 81176). Cells were seeded into each well at a density of
1 × 106 cells/mL and incubated until confluence. After the insert chambers were removed,
media containing either vehicle control or BBRC (75 µM) were added. Images were captured
at 0, 6, and 24 h using an EVOS M5000 imaging system (Thermo Fisher Scientific, Waltham,
MA, USA). For quantitative analysis, the wound closure area between cell monolayers was
measured using ImageJ software (version 1.54f).

2.6. Analysis of Relative Calcium Ion Levels in the Cytosol and Mitochondrial Matrix

To measure cytosolic calcium levels, 3 µM Fluo-4 AM (Invitrogen, Carlsbad, CA, USA)
was prepared and added to the cells at 500 µL per well. The cells were incubated for 20 min
at 37 ◦C in a 5% CO2 humidified incubator. After staining, the cells were washed twice
with PBS and prepared for flow cytometry analysis. Mitochondrial calcium levels were
assessed using Rhod-2 AM (3 µM) diluted in Hank’s Balanced Salt Solution (HBSS; Gibco)
and added to the cells. Cells were incubated at 4 ◦C for 30 min in the dark. After staining,
Rhod-2 AM-labeled cells were washed with HBSS and incubated again at 37 ◦C for 10 min.
Finally, cells were resuspended in buffer and analyzed via flow cytometry.
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2.7. Western Blot Analysis

Protein concentrations were determined using the Bradford assay, with bovine serum
albumin (BSA) as the standard. Proteins (25 µg/well) were denatured, separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and transferred onto nitro-
cellulose membranes. Protein bands were visualized using an enhanced chemiluminescence
detection system (SuperSignal West Pico), and band intensities were quantified under ul-
traviolet illumination using an Amersham ImageQuant 800 system (Cytiva). Primary
antibodies used in this study are listed in Table 1. Goat anti-rabbit and goat anti-mouse
polyclonal antibodies were employed as secondary antibodies. Each immunoblot was
normalized to total protein or β-actin as a loading control. All antibodies were purchased
from Cell Signaling Technology.

Table 1. List of antibodies used for Western Blot.

Primary Antibodies Supplier Catalog Number Species Dilution RRID Number

MMP2 Cell Signaling Technology 4022 Rabbit 1:1000 AB_2266622
Phospho-AKT (Ser473) Cell Signaling Technology 4060 Rabbit 1:1000 AB_2315049

Total AKT Cell Signaling Technology 9272 Rabbit 1:1000 AB_329827
Phospho-β-catenin (Ser552) Cell Signaling Technology 9566 Rabbit 1:1000 AB_1031116

Total β-catenin Cell Signaling Technology 37447 Mouse 1:1000 AB_3246427
Cyclin D1 Cell Signaling Technology 2922 Rabbit 1:1000 AB_2228523
Survivin Cell Signaling Technology 2808 Rabbit 1:1000 AB_2063948
β-Actin Santa Cruz Biotechnology sc-47778 Mouse 1:1000 AB_626632

KPL Anti-Rabbit IgG Sera Care 474-1506 Goat 1:2500 AB_2721171
KPL Anti-Mouse IgG Sera Care 474-1806 Goat 1:2500 AB_2307348

2.8. Determination of Cellular Reactive Oxygen Species (ROS)

Intracellular reactive oxygen species (ROS) levels were measured by the conversion
of 2′,7′-dichlorofluorescin diacetate (DCFH-DA; Sigma-Aldrich) into the fluorescent com-
pound 2′,7′-dichlorofluorescin (DCF). Adherent cells were detached using trypsin-EDTA,
collected by centrifugation, and washed with PBS. Cells were incubated with 10 µM DCFH-
DA at 37 ◦C for 30 min in the dark. After incubation, cells were washed twice with PBS,
and DCF fluorescence intensity was analyzed using a CytoFLEX flow cytometer (Beckman
Coulter, Brea, CA, USA).

2.9. Immunofluorescence for β-Catenin

To assess the nuclear translocation of β-catenin, immunofluorescence microscopy was
performed in DSN and D-17 cells. Both cells were seeded at confocal dish as concentration
of 1.5 × 104 cells per dish. Then, cells were treated for 1 h with or without NAC (2 mM),
followed by BBRC (75 µM) treatment for 24 h. Cells were probed with an anti-β-catenin an-
tibody (catalog no. 37447, Cell Signaling Technology, Danvers, MA, USA) at a final dilution
of 1:4200 and a goat anti-mouse IgG Alexa 594 (catalog no. A-11005, Invitrogen, Carlsbad,
CA, USA) at 6 µg/mL at room temperature for 1 h. Then, both cell lines were washed with
0.1% BSA in PBS and overlaid with 4′,6-diamidino-2-phenylindole (DAPI). Images were
captured using an LSM-880 Carl Zeiss microscopy GmbH (Oberkochen, Germany).

2.10. Quantitative Real-Time Polymerase Chain Reaction (PCR) Analysis

To assess target gene expression at the mRNA level, total RNA was extracted from D-
17 and DSN cells treated with either DMSO (vehicle control) or 75 µM BBRC for 24 h using
TRIzol reagent (catalog no. 1023537). Complementary DNA (cDNA) was synthesized from
the extracted RNA using a SimpliAmp thermal cycler (Applied Biosystems, Singapore). In
detail, extracted RNA (1 µg) with random primer and oligo dT were incubated at 70 ◦C
for 5 min. And then AccuPower® RT PreMix (Bioneer, catalog no. K-2041) was added.
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After that, the mixtures were incubated at 42 ◦C for 60 min, and 94 ◦C for 5 min in thermal
cycler. Quantitative real-time PCR (qRT-PCR) was conducted using the CFX Duet system.
Amplification was carried out with an initial denaturation at 95 ◦C for 3 min, followed by
40 cycles of 95 ◦C for 30 s, 60 ◦C for 30 s, and 72 ◦C for 30 s. The Ct values obtained from
the technical triplicates were averaged and used to calculate relative mRNA expression
using the 2−∆∆Ct method. The primers used in this study are listed in Table 2. GAPDH was
used as the internal reference gene for normalization.

Table 2. List of primer sequences used for quantitative real-time PCR.

Gene GenBank Accession No. Primer Sequence (5′ → 3′)

KRAS XM_038438710.1 Forward: TCTTCAGCGCCAGTCTTAGG
Reverse: TGGGGCATGTAGAAGGTAGG

MYC NM_001003246.2 Forward: CACCCATCAGCACAACTACG
Reverse: TCTACCACTGTCCAACCTCG

JAK2 XM_038655369.1 Forward: TCAGATGTCTGGAGCTTTGG
Reverse: TCATCTGTCCTTGCTTGTCG

STAT3 XM_038676446.1 Forward: GGCCCAATGGAATCAGCTACAG
Reverse: CGAAGAATCAAGCAGTTCCTTC

CCNE1 XM_038657660.1 Forward: GTTTGCCATGGTCATTAGGG
Reverse: ATGTTGTGTGCGTCTTCAGC

CCNT2 XM_038426137.1 Forward: ACAAGAAGCCAGTGGAGACC
Reverse: CACTTAACAGCGAGTCCAGC

CDK9 XM_038678497.1 Forward: CCTCATCGACAAGTTGCTGG
Reverse: ACTCGAACATGGACGTCAGG

CDK4 XM_038679138.1 Forward: GTGAAGTGGCATTGCTGAGG
Reverse: TTCTCAGGTCTTGGTCCACG

GAPDH NM_001003142.2
Forward: CACAGTCAAGGCTGAGAACG
Reverse: TACTCAGCACCAGCATCACC

2.11. Statistical Analysis

Data from proliferation assays and Western Blot analyses were analyzed by one-
way analysis of variance (ANOVA) using the general linear model (PROC-GLM) in SAS
9.4 software (SAS Institute, Cary, NC, USA) to evaluate the effects of treatment on signal
transduction pathways in D-17 and DSN cells. All experiments were performed in triplicate,
and the resulting data were used for statistical analysis. Differences were considered
statistically significant at p < 0.05. Data are shown as the mean ± SD of three independent
biological replicates unless otherwise specified.

3. Results
3.1. Berberine Chloride (BBRC) Suppresses the Viability of Canine Osteosarcoma D-17 and
DSN Cells

To investigate the therapeutic effects of BBRC on canine osteosarcoma cells (D-17 and
DSN), cells were treated with increasing concentrations of BBRC (0, 25, 50, and 75 µM) for
48 and 72 h. Treatment with 75 µM BBRC significantly reduced the viability of D-17 cells
to 61% and 52% at 48 and 72 h, respectively (Figure 1A). Similarly, in DSN cells, viability
gradually decreased, reaching approximately 67% at 48 h and 56% at 72 h following 75 µM
BBRC treatment (Figure 1B). To further validate the antiproliferative effects of BBRC, we
employed three-dimensional (3D) spheroid cultures of D-17 and DSN cells. Cells were
treated with 75 µM BBRC and cultured for 4 to 5 days, with images captured every 24 h for
analysis (Figure 1C,D). After 4–5 days of incubation, vehicle-treated cells formed dense,
compact spheroids, whereas BBRC-treated D-17 and DSN cells failed to aggregate and
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remained dispersed (Figure 1C,D). Collectively, these results indicate that BBRC inhibits
the proliferation of canine osteosarcoma cells.

Figure 1. Suppressive effects of BBRC on canine osteosarcoma cell lines. (A,B) Cell viability was
measured D-17 and DSN cells using the MTT assay after treatment with BBRC (0, 25, 50, and 75 µM)
for 48 and 72 h. (C,D) In 3D spheroid cultures, BBRC (75 µM) inhibited spheroid formation in both
cell lines, indicating reduced proliferative activity. Asterisks indicate statistically significant treatment
effects (* p < 0.05, ** p < 0.01, and *** p < 0.001).

3.2. BBRC Inhibits Migration in D-17 and DSN Cells

To assess cell migration, D-17 and DSN cells were treated with BBRC (75 µM) for
24 h, and wounds were analyzed. At 6 h post-treatment, both vehicle- and BBRC-treated
cells showed no significant difference in wound closure in either cell lines (Figure 2A,B).
However, after 24 h, BBRC-treated cells in both lines exhibited delayed wound closure
compared to vehicle-treated cells. In D-17 cells, approximately 70% of the wound area was
closed in the vehicle group, whereas only 31% closure was observed in the BBRC-treated
group (Figure 2A). Similarly, in DSN cells, the vehicle group showed 50% wound closure
after 24 h, whereas the BBRC-treated group exhibited only 30% wound closure (Figure 2B).

Figure 2. Inhibition of canine osteosarcoma cell migration by BBRC. (A,B) Wound-healing assays
were conducted to assess the migratory capacity of D-17 and DSN cells treated with BBRC (75 µM)
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for 24 h. Compared with the vehicle group, BBRC-treated cells exhibited delayed wound closure in
both cell lines. Wound areas were quantified using ImageJ software (version 1.54f). Comparisons
were made between vehicle groups over time, BBRC-treated groups over time, and between vehicle
and treated groups at the same time points (* p < 0.05, ** p < 0.01, and *** p < 0.001).

3.3. BBRC Disrupts Calcium Homeostasis in D-17 and DSN Cells

We next examined calcium accumulation in the cytosol and the mitochondrial matrix
of D-17 and DSN cells. In D-17 cells, cytosolic calcium levels decreased by approximately
44%, while DSN cells exhibited a sharp reduction to about 47% following 75 µM BBRC
treatment (Figure 3A,B). In D-17 cells, mitochondrial calcium levels increased more than
1.9-fold following dose-dependent BBRC treatment (Figure 3C). In DSN cells, mitochondrial
calcium levels increased by 4.4- and 4.2-fold following 50 and 75 µM BBRC treatments,
respectively (Figure 3D). Collectively, BBRC caused a marked reduction in cytosolic calcium
levels and an abnormal increase in mitochondrial matrix calcium levels in osteosarcoma
cells. These findings suggest that BBRC-induced disruption of calcium homeostasis may
contribute to mitochondrial dysfunction.

Figure 3. Disruption of calcium homeostasis by BBRC in canine osteosarcoma cells. (A,B) Cytosolic
calcium levels in D-17 and DSN cells were assessed using Fluo-4 AM staining following BBRC
treatment (0, 25, 50, 75 µM). BBRC significantly reduced cytosolic calcium levels in both cell lines.
(C,D) Mitochondrial calcium levels were measured using Rhod-2 AM staining. BBRC treatment led to
a dose-dependent increase in mitochondrial calcium accumulation in D-17 and DSN cells. Asterisks
indicate statistically significant treatment effects (* p < 0.05, ** p < 0.01, and *** p < 0.001).

3.4. BBRC Regulates MMP2/AKT/β-Catenin Pathway in Canine Osteosarcoma Cells

To investigate intracellular signaling pathways affected by BBRC in osteosarcoma cells,
we performed Western Blot analysis focusing on the MMP2/AKT/β-catenin pathways,
which are associated with cell viability and cell cycle progression (Figure 4). BBRC treatment
(0, 25, 50, and 75 µM) reduced MMP2 expression to 0.49-fold compared to the untreated
control in D-17 cells (Figure 4A). Similarly, MMP2 expression was reduced to 0.77-fold
in DSN cells following BBRC treatment (Figure 4B). Phosphorylation of AKT was also
significantly inhibited, decreasing to less than 0.5-fold in both D-17 and DSN cells following
BBRC treatment (Figure 4C,D). β-catenin phosphorylation levels were suppressed in a dose-
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dependent manner in both cell lines (Figure 4E,F). In addition, expression of Cyclin D1 and
Survivin significantly decreased in a dose-dependent manner in both BBRC-treated D-17
and DSN cells (Figure 4G–J). Collectively, these findings indicate that BBRC suppresses the
MMP2/AKT/β-catenin signaling pathway in canine osteosarcoma cells.

Figure 4. Suppression of the MMP2/AKT/β-catenin signaling pathway by BBRC in canine osteosar-
coma cells. Western Blot analysis of MMP2, phosphorylated AKT (p-AKT, Ser473), β-catenin, Cyclin
D1 and Survivin in D-17 and DSN cells treated with BBRC (0, 25, 50, and 75 µM) for 24 h. (A,B) MMP2
levels in D-17 and DSN cells. (C,D) Phosphorylated AKT (p-AKT) levels in D-17 and DSN cells.
(E,F) Phospho-β-catenin (Ser552) levels in D-17 and DSN cells. (G,H) Cyclin D1 levels in D-17 and
DSN cells. (I,J) Survivin levels in D-17 and DSN cells. Total proteins and β-actin were used as loading
controls. Asterisks indicate statistically significant effects of treatment (* p < 0.05, ** p < 0.01, and
*** p < 0.001).

3.5. BBRC Generates Excessive Oxidative Stress in Osteosarcoma Cells

To evaluate whether BBRC treatment induces oxidative stress, we measured intracellu-
lar ROS levels. In D-17 cells, ROS levels increased in a dose-dependent manner, reaching an
8.1-fold elevation at 75 µM BBRC treatment (Figure 5A). In DSN cells, BBRC treatment led
to a 9.3-fold increase in intracellular ROS levels (Figure 5B). To confirm the role of oxidative
stress in BBRC-mediated effects, cells were co-treated with BBRC and the ROS scavenger
N-acetylcysteine (NAC). ROS levels were visualized by measuring green fluorescence
intensity using an EVOS microscope (Figure 5C). Consistent with flow cytometry results,
BBRC (75 µM)-treated cells exhibited more than a two-fold increase in green fluorescence
compared to vehicle-treated cells in both D-17 and DSN cells (Figure 5D). NAC treatment
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(2 or 5 mM) did not induce substantial changes, except in the 2 mM NAC-treated DSN
cells. In D-17 cells, NAC co-treatment (2 and 5 mM) reduced BBRC-induced ROS levels
to 131% and 159%, respectively. Additionally, in DSN cells, NAC co-treatment restored
BBRC-induced ROS levels to near-baseline levels (Figure 5D).

Figure 5. BBRC induces oxidative stress in canine osteosarcoma cells. (A,B) Intracellular ROS levels
were measured by flow cytometry in suspension cultures of D-17 and DSN cells treated with BBRC
(0, 25, 50, and 75 µM) for 1 h. ROS-positive cells were detected using DCFH-DA staining. (C) DCF,
the oxidized product of ROS, was visualized as green fluorescence. Images were captured using an
EVOS M5000 system. (D) Relative fluorescence intensities were quantified using the software built
into the EVOS M5000. Scale bar: 150 µm. Asterisks indicate statistical significance between vehicle
and treated groups (* p < 0.05, ** p < 0.01, and *** p < 0.001). Crosshatches indicate the significance
between BBRC and BBRC with NAC co-treatment group (### p < 0.001).

3.6. BBRC Induces Mild Cytosolic Redistribution of Total-β-Catenin in Canine Osteosarcoma Cells

As a transcription factor, β-catenin can translocate to the nucleus upon phosphoryla-
tion at Ser552. Therefore, we further investigated the effects of BBRC on the subcellular
localization of β-catenin using an immunofluorescence (IF) assay. Furthermore, to de-
termine whether this effect is mediated by BBRC-induced oxidative stress, cells were
pre-treated with NAC (2 mM). In the vehicle group, β-catenin was predominately local-
ized in the nucleus; however, upon exposure to BBRC, a mild cytosolic redistribution
of β-catenin was observed in both D-17 and DSN cells, although a considerable amount
still remained in the nucleus (Figure 6A,B). Notably, pre-treatment with NAC effectively
maintained the strong nuclear accumulation of β-catenin, counteracting the BBRC-induced
changes (Figure 6A,B). In D-17 cells, the nuclear/cytoplasmic β-catenin ratio decreased
significantly to 0.72-fold compared to the control group following BBRC treatment and
recovered to 1.24-fold with NAC pre-treatment (Figure 6C). Similarly, in DSN cells, the
nuclear/cytoplasmic ratio decreased to approximately 0.8-fold upon exposure to BBRC
but recovered significantly to its basic level with NAC pre-treatment (Figure 6D). Taken
together, these findings suggest that BBRC partially restricts the nuclear translocation of
β-catenin through an ROS-dependent mechanism.
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Figure 6. BBRC partially restricts the nuclear translocation of β-catenin in D-17 and DSN cells.
(A,B) Immunofluorescence images indicate the subcellular localization of β-catenin in the nucleus
and cytosol of canine osteosarcoma cells. Both cells were treated with BBRC (75 µM) for 24 h
with or without pre-treatment of NAC (2 mM) for 1 h. Nuclei were counterstained with DAPI
(blue) for co-localization, and β-catenin were labeled with Alexa594 (Red). Scale bar = 30 µm.
(C,D) Relative nuclear/cytoplasmic β-catenin ratio (red fluorescence intensity) was analyzed using
Image J software. Asterisks indicate statistical significance between vehicle and treated groups
(* p < 0.05, and *** p < 0.001). Crosshatches indicate the significance between BBRC and BBRC with
NAC co-treatment group (# p < 0.05, and ### p < 0.001).

3.7. BBRC Regulates Cell Cycle Progression at the Transcriptional Level in Osteosarcoma Cells

qRT-PCR was performed to evaluate the mRNA expression of genes related to tumor
growth, metastasis, and cell cycle progression in canine osteosarcoma cells. Treatment with
75 µM BBRC reduced KRAS mRNA expression to 27% in D-17 cells, whereas expression
increased 1.3-fold in DSN cells (Figure 7A). In addition, MYC expression decreased by
approximately 50% in D-17 cells and 78% in DSN cells (Figure 7B). JAK2 and STAT3
mRNA expression significantly decreased in D-17 cells, but not in DSN cells (Figure 7C,D).
CCNE1 expression decreased by approximately 51% in D-17 cells and 67% in DSN cells
(Figure 7E). CCNT2 expression decreased in D-17 cells, whereas no significant change
was detected in DSN cells (Figure 7F). CDK9, a member of the cyclin-dependent kinase
(CDKs) family, showed a 72–73% reduction in mRNA expression in both BBRC-treated
D-17 and DSN cells (Figure 7G). CDK4 mRNA levels were also reduced by approximately
20% following BBRC treatment, with statistical significance observed only in DSN cells
(Figure 7H). Collectively, these findings demonstrate that BBRC modulates the transcription
of genes involved in cell proliferation and cell cycle regulation in osteosarcoma cells, thereby
inhibiting tumorigenesis.
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Figure 7. Modulation of proliferation and cell cycle-related gene expression by BBRC. (A–H) qRT-PCR
analysis of mRNA expression in D-17 and DSN cells treated with BBRC (75 µM) for 24 h. Genes
analyzed include KRAS, MYC, JAK2, STAT3, CCNE1, CCNT2, CDK9, and CDK4. Asterisks indicate
statistically significant treatment effects (* p < 0.05, ** p < 0.01, and *** p < 0.001). ‘ns’ indicates
non-significant differences.

4. Discussion
In this study, berberine chloride significantly reduced cell viability and suppressed

the migration of canine osteosarcoma cell lines D-17 and DSN. In addition, it increased
intracellular ROS levels, reduced cytosolic calcium concentrations, and inactivated the
MMP2/AKT/β-catenin signaling pathway, leading to downregulation of Cyclin D1 and
Survivin expression (Figure 7). These findings suggest that BBRC inhibits cell proliferation
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of canine osteosarcoma cells by promoting mitochondrial dysfunction, enhancing oxidative
stress, and suppressing key survival signaling pathways.

Osteosarcoma is the most common primary malignant bone tumor in both humans and
dogs, accounting for approximately 85% of all skeletal tumors in canines [19]. It consists of
malignant mesenchymal cells and is characterized by highly aggressive biological behavior
and significant metastatic potential [2]. And berberine has been reported to induce cytotox-
icity, DNA damage, and nuclear fragmentation in the human osteosarcoma cell line MG-63,
suggesting that it could be a promising candidate for suppressing cancer growth and
metastasis [20]. Previous studies have demonstrated that berberine hydrochloride exerts
anti-proliferative and anti-metastatic effects in various cancer models, such as non-small
cell lung cancer, nasopharyngeal carcinoma, and gallbladder cancer [15,21,22]. Although
several studies have demonstrated the anticancer effects of berberine in human models, its
therapeutic efficacy in dogs remains inadequately established. Despite significant genetic
homology between humans and dogs, species-specific differences in cellular responses
may influence drug efficacy [23]. Given this research gap, we investigated the anticancer
mechanisms of BBRC in canine osteosarcoma cell lines.

Mitochondria are essential organelles that regulate various cellular metabolic functions,
including ATP production, calcium homeostasis, cytotoxicity, and redox homeostasis [24–26].
In our study, mitochondrial calcium uptake was observed and was presumed to originate
primarily from cytosolic calcium [27]. The endoplasmic reticulum (ER) and mitochondria
are the principal calcium reservoirs, and excessive calcium accumulation in the ER can
trigger ER stress [28]. However, our results showed decreased cytoplasmic calcium ion
levels, whereas an increase in mitochondrial matrix (Figure 3). Plus, activation of the ER
stress was not detected by BBRC. Therefore, mitochondrial calcium sequestration is likely
to involve the uptake of calcium ions from the cytosol, which is triggered by external
stimuli such as BBRC [29]. Mitochondrial calcium accumulation can lead to cytochrome
c release and activation of the intrinsic apoptotic pathway, resulting in programmed cell
death [30,31]. Consistent with these findings, we observed a decrease in the cytosolic
calcium levels and a corresponding increase in mitochondrial calcium levels using flow
cytometry. These results suggest that BBRC induces calcium influx from the cytosol into
the mitochondria, thereby disrupting calcium homeostasis in canine osteosarcoma cells.

In parallel with mitochondrial dysfunction, we also observed dysregulated redox
homeostasis, a major function of mitochondria [32]. Cancer cells typically exhibit higher
basal levels of ROS than normal cells. However, excessive ROS generation following BBRC
treatment can trigger cell death even in cancer cells [33]. ROS overproduction can lead
to mitochondrial dysfunction and inhibition of cell proliferation [34,35]. Furthermore,
co-treatment with NAC, a ROS scavenger, reversed BBRC-induced ROS accumulation.
These findings suggest that BBRC exerts its antiproliferative and antimetastatic effects on
D-17 and DSN cells in a ROS-dependent manner.

In this study, we confirmed that berberine chloride modulates the MMP/AKT/β-
catenin signaling pathway. AKT promotes several cellular metabolic processes, including
cell survival, proliferation, and metabolic regulation [36]. In the present study, BBRC
inhibited AKT pathway activity, thereby suppressing the survival and proliferation of
canine osteosarcoma cells. Activated AKT also phosphorylates β-catenin at the Ser552
residue [37]. Phosphorylation at this site regulates the transcriptional activity of β-catenin,
which functions as a transcription factor that translocate to the nucleus and promotes gene
expression [38]. This transcriptional activity induces epithelial-to-mesenchymal transition
(EMT) and upregulates expression of metastasis-associated proteins such as MMP-2 and
MMP-9. MMP-2 and MMP-9 are metastasis-promoting enzymes that degrade the extracellu-
lar matrix (ECM), facilitating cancer cell invasion and migration [39–41]. In our study, BBRC
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mildly suppressed nuclear translocation of β-catenin and MMP2 protein expression as well
as cell migration capacity. In addition to regulating migration, β-catenin activates Cyclin
D1 and Survivin. Cyclin D1 promotes the G1-to-S phase transition by phosphorylating the
retinoblastoma protein (Rb), thereby facilitating cell cycle progression [42]. Survivin is an
anti-apoptotic protein that regulates the cell cycle progression and promotes cell survival.
BBRC inhibits β-catenin, thereby suppressing Cyclin D1 and Survivin expression, which in
turn disrupts cell cycle progression and cell survival, consistent with our results in Figures 1
and 6. Thus, BBRC modulates the MMP/AKT/β-catenin pathway, thereby inducing cell
cycle arrest and subsequent inhibition of cell growth, proliferation, and metastasis.

To further clarify the mechanism of cell cycle arrest, we analyzed changes in mRNA
expression of genes related to the cell cycle and proliferation using qPCR. Frequent mu-
tations in the MAPK/PI3K signaling cascade, including the prominent oncogene KRAS
responsible for promoting tumor growth and proliferation, have been identified via whole-
genome sequencing as a major pathogenic mechanism of canine osteosarcoma [43,44].
The Wnt/β-catenin signaling pathway is also present in canine osteosarcoma, and sim-
ilar oncogenic expression patterns of KRAS and β-catenin have been observed in both
human and canine breast cancers [45,46]. MYC is a transcription factor that plays a key
role in tumor initiation and sustained growth by regulating the cell cycle and promoting
metastasis [47]. In particular, Myc is widely known to be frequently overexpressed in
human osteosarcoma, and it is a representative target gene whose expression is induced
when β-catenin translocate to the nucleus and binds to TCF/LEF. This finding is consistent
with our immunofluorescence analysis of β-catenin and our qPCR data. The JAK2/STAT3
pathway promotes cell proliferation and differentiation in both canines and humans [48,49].
Cyclin E1, encoded by CCNE1, forms a complex with CDK2 that phosphorylates Rb and
plays a central role in regulating the G1-to-S phase transition. Overexpression of CCNE1
shortens the G1 phase and accelerates entry into the S phase, thereby increasing tumorigenic
potential [50]. A genome-wide association study (GWAS) of canine osteosarcoma has also
demonstrated that mutations in these cell cycle regulators are involved in the onset of the
disease [51]. Cyclin T2, encoded by CCNT2, forms a complex with CDK9 known as Positive
Transcription Elongation Factor B (P-TEFb), which regulates transcriptional elongation and
contributes to cell proliferation [52]. CDK9 is also overexpressed in human osteosarcoma
cells, and its inhibition reduces cell proliferation and induces apoptosis [53]. CDK4, another
member of the cyclin-dependent kinase (CDK) family, forms a complex with Cyclin D1 to
regulate the cell cycle and promote progression, growth, and proliferation in osteosarcoma
cells [54,55]. It has been reported that such CDK4 overexpression, abnormal regulation
of Rb, and abnormalities in the G1/S and G2/M checkpoints occur in both canine and
human [56]. The differential transcriptional responses of upstream signaling molecules,
notably KRAS and JAK2/STAT3, between D-17 and DSN cells can be attributed to their
distinct genetic backgrounds. D-17 originates from metastatic osteosarcoma, whereas DSN
is a genetically modified derivative of D-17, serving as a helper cell line designed to express
viral core genes (gag, pol, env, and Tn5 Neo) [57]. The stable expression of these retroviral
genes may indirectly affect cellular susceptibility to cytotoxic stress and transcriptional
regulation. Importantly, despite these disparate upstream responses, the expression of
master downstream effectors—MYC, CCNE1, and CDK9 —was consistently and signifi-
cantly suppressed in both cell lines. This suggests that BBRC can effectively block common
downstream execution steps, ultimately inhibiting cell viability and metastasis, regardless
of the complex upstream mutations present in individual cell lines.

Although most research on berberine’s anticancer effects has focused on human
cancers, this study is notable as one of the few investigating its mechanism of action in
canine osteosarcoma cells. Given the similarities in tumor biology between dogs and
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humans, these findings highlight BBRC’s potential as a therapeutic agent in veterinary
oncology. Therefore, BBRC may serve as a promising natural compound as an adjunctive
therapy to complement conventional osteosarcoma treatments.

A primary limitation of our study is that it was confined to in vitro experiments.
Additionally, this research relies on D-17 and its derivative, DSN, which share a common
genetic origin (Poodle). Given the profound intra- and inter-tumoral heterogeneity of
canine osteosarcoma across different breeds, the generalizability of BBRC’s efficacy must
be further validated. Without preclinical animal models, we could not directly confirm
whether BBRC exhibits lower in vivo toxicity compared to conventional anticancer drugs,
nor could we assess its potential metabolic toxicity. Furthermore, we were unable to provide
definitive evidence demonstrating that BBRC has higher bioavailability than berberine.
Therefore, further preclinical studies are essential to verify the in vivo efficacy of BBRC and
to investigate its use in combination therapies.

5. Conclusions
In conclusion, this study demonstrated that berberine exhibits significant anticancer

activity against canine osteosarcoma cells (D-17 and DSN). Berberine inhibited cell mi-
gration and proliferation, increased intracellular ROS production, and reduced cytosolic
calcium levels, leading to the loss of mitochondrial membrane potential. Furthermore, it
inactivated the MMP/AKT/β-catenin signaling pathway, resulting in the downregulation
of Cyclin D1 and Survivin, which are mainly involved in cell survival and proliferation.
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