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Supplementary Figure 1: Chemical structure of berberine
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Supplementary Table 1: Potential activity of berberine against various types of cancer

Type of cancer Key findings Reference

Berberine's effect on MDA-MB-231 cells was studied, and the results revealed a dose-dependent reduc-
tion in cell viability and increased LDH release. BBR decreased colony formation and cell migration as
well. Furthermore, it dramatically decreased the release of proinflammatory cytokines such as IL-1, IL-6,
and TNF-. Furthermore, BBR therapy reduced expression of several proteins and mRNAs implicated in
the NLRP3 inflammasome cascade, including P2X7, NLRP3, pro-caspase-1, ASC, caspase-1 p20, IL-
18, and IL-1.

The study explored the impact of BBR on the survival of Triple-Negative Breast Cancer (TNBC) cells at
both cellular and molecular levels. The experimental model involved eight TNBC cell lines: MDA-MB-
468, MDA-MB-231, HCC70, HCC38, HCC1937, HCC1143, BT-20, and BT-549. BBR exhibited cytotoxic
effects on all treated TNBC cell lines, with HCC70 (ICso = 0.19 uM), BT-20 (ICs0 = 0.23 yM), and MDA-

Breast cancer MB-468 (ICso = 0.48 uM) being the most sensitive ones. BBR induced cell cycle arrest at G1 and/or
G2/M phases and also triggered significant apoptosis. Remarkably, while BBR demonstrated cytotoxicity
against TNBC cells, it had no effect on the viability of normal human breast cells (MCF10A) cultured in a
3D matrigel model.

BBR exhibited a concentration-dependent suppression of cell proliferation in MDA-MB-468 (0, 3, 6, and

12 uM) and MDA-MB-231 (0, 6.25, 12.5, and 25 uM) cell lines. However, this inhibitory effect did not re-

sult from inducing cell apoptosis, necrosis, or autophagy. Cell cycle analysis revealed that BBR treat-

ment led to an increased S+G2/M fraction in MDA-MB-231 and MDA-MB-453 cells, while in BBR-treated Lin et al., 2019
MDA-MB-468 and BT-549 cells, an increased G0/G1 fraction was observed. Further investigation

demonstrated that BBR decreased the expression of Cyclin A and CDK1 in MDA-MB-231 and MDA-MB-

453 cells.

Yao et al., 2019

El Khalki et al., 2020
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Type of cancer

Liver cancer

Key findings

Asymmetric division of cell and polarized growth are regulated by the Par-3 Family Cell Polarity Regula-
tor (PARD3) protein. PARD3 has a requisite role in mediating hepatic tumorigenesis. Overexpression of
PARD3 accelerates liver tumor progression and positively correlates with high tumor stage as well as
poor prognosis in cancer patients. PARD3 overexpressing activates the Sonic Hedgehog (SHH) signal-
ing pathway through phosphorylation of SOX2, aPKC and Gli1, which associate with PARD3-overex-
pression. The report demonstrated that BBR is a potent tumorigenesis suppressor and preventive agent
for hepatocellular cancer by inhibiting PARD3 expression.

The study proved that the chemotherapeutics-induced tumor cell apoptosis can also change the tumor
microenvironment by activating the LOX pathway and subsequently release inflammatory factors such
as LTB4, which can stimulate the adhesion and migration of the small number of surviving cells. BBR
can reverse the adhesion and migration of HepG2 cells by inhibiting the expression of LOX-5 and reduc-
ing the LTB4 production in the tumor microenvironment.

BBR can suppress the expression of Cyclin D1 in human hepatic carcinoma cells both in vitro and in
vivo. BBR inhibits Cyclin D1 expression in a dose- and time-dependent manner, and induces Cyclin D1
phosphorylation at Thr286 site, leading to its nuclear export and proteasomal degradation. BBR also re-
cruits the SCFB-TrCP complex to facilitate Cyclin D1 ubiquitin-proteasome dependent proteolysis.
Knockdown of B-TrCP blocks Cyclin D1 turnover induced by BBR, and blocking the protein degradation
induced by BBR in HepG2 cells increases tumor cell resistance to BBR. The authors suggested that
BBR has potential as an anti-tumor agent for clinical cancer therapy.

The study demonstrated notable anti-proliferative effects of BBR on Hep3B and BEL-7404 cells in in
vitro tests. It achieved this by inhibiting SLC1AS5, a transporter responsible for glutamine uptake. The in-
creased expression of SLC1A5 led to enhanced glutamine uptake and improved resistance to BBR
treatment. Berberine's inhibitory action on c-Myc was responsible for suppressing SLC1A5 expression.
Additionally, in vivo experiments showed that BBR effectively suppressed tumor xenograft growth while
also downregulating SLC1A5 and c-Myc expression. Notably, high SLC1A5 expression in hepatocellular
carcinoma (HCC) tissues correlated with a poorer prognosis.

The study found that BBR deactivates the Akt pathway, which suppresses the S-phase kinase-associ-
ated protein 2 (Skp2) expression and enhances the expression and translocation of Forkhead box O3a
(FoxO3a) into the nucleus. The translocated FoxO3a promotes the transcription of cyclin-dependent ki-
nase inhibitors (CDKIs) p21Cip1 and p27Kip1, and represses Skp2 expression, leading to up-regulation
of p21Cip1 and p27Kip1, causing GO/G1 phase cell cycle arrest in HCC.

Reference

Wu et al., 2024a

Zhao et al., 2020

Wang et al., 2016

Zhang et al., 2019

Li et al., 2018
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Type of cancer

Colorectal cancer

Colon cancer

Lung cancer

Esophageal cancer

Key findings

The study indicated that BBR treatment suppressed colorectal cancer cell viability by promoting apopto-
sis. LncRNA CASC2 was found to be upregulated in BBR-treated cells, and its knockdown reversed the
BBR-induced apoptosis. Moreover, BBR treatment and IncRNA CASC2 suppressed the anti-apoptotic
gene Bcl-2, leading to pro-apoptotic effects. The study further revealed that IncRNA CASC2 interacts
with AUF1, sequestering it from binding to Bcl-2 mRNA, and thus inactivating Bcl-2 translation.

BBR treatment demonstrated a suppressive effect on colon cancer cell viability and induced apoptosis
along with increased caspase-3 activity in the human colon carcinoma HCT116 cell line. In this study, it
was found that BBR downregulated miR-21 expression while promoting ITGB4 and PDCD4 protein ex-
pression in HCT116 cells. Interestingly, overexpressing miR-21 counteracted the anti-cancer effects of
BBR, leading to reduced cell viability, decreased apoptosis, and lower caspase-3 activity in the HCT116
cell line. However, overexpressing miR-21 also resulted in suppressed ITGB4 and PDCD4 protein ex-
pression in the same cell line.

This study demonstrated the regulatory effect of BBR on the intestinal microbiota and inhibition of colon
cancer cell growth in vitro (HT29) and in vivo (nude mouse xenograft model) with HT29 colon cancer
cells. The authors revealed that the inflammatory cytokine IL-10 levels (P < 0.05) were downregulated
and DNMT1, c-Myc, and DNMT3B levels were reduced (P < 0.05) after berberine treatment, which sig-
nificantly can lead to suppressed HT29 colon cancer cells proliferation. The report suggested that the
inhibitory effect of BBR on colon cancer is related to metabolic function, DNMT regulation and intestinal
microbiota.

The study reported that BBR demonstrated potent suppression of NSCLC cell growth by triggering apop-
tosis in a dose- and time-dependent manner. It was evidenced by caspase-3 cleavage, cytochrome ¢
release, and mitochondrial membrane depolarization in NSCLC cells. The induction of apoptosis by BBR
was directly related to its concentration, and this effect involved sustained activation of c-jun-NH2-kinase
(JNK). BBR-induced apoptosis was significantly reduced by the JNK inhibitor (SP600125).

BBR does effectively suppress NSCLC cell proliferation and colony formation in vitro. In addition, it inhib-
ited the growth of NSCLC tumors in subcutaneously transplanted tumor models, leading to extended
survival in tumor-bearing mice. The anticancer effects of BBR were attributed to its ability to repress
DNA repair and replication processes, as evidenced by the downregulation of genes involved in these
pathways, such as RRM1, RRM2, LIG1, and POLEZ2, as revealed by cDNA microarray analysis.

BBR inhibited the growth of esophageal cancer cells in a dose-dependent and time-dependent manner.
KYSE-70 cells were more susceptible to the inhibitory activities of BBR than SKGT4 cells were. BBR
treatment resulted in p21 up-regulation in KYSE-70 cells, inhibited the phosphorylation of Akt and
p70S6K, and enhanced AMP-activated protein kinase phosphorylation in a sustained manner.

Reference

Dai et al., 2019

La et al., 2018

Wang et al., 2023

Chen et al., 2022

Ni et al., 2022

Jiang et al., 2017
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Type of cancer Key findings Reference

The study explored the potential cytotoxic effect of BBR on nasopharyngeal carcinoma (S18, C666-1,
and 5-8F) cells, when the concentration of BBR is higher than 80 uM. BBR (= 80 uM) significantly in-
creases lactate dehydrogenase (LDH) values, and shows a significant inhibitory effect in the prolifera-
tion, migration and invasive capacity in nasopharyngeal carcinoma cells. BBR induces autophagy by po-
tentiating EGFR transcription. EGFR activates and regulates RAS—-RAF 1-MEK1/2—ERK1/2 signaling
pathway via a specific super enhancer (SE) induction. Additionally, the knockdown of specific super en-
hancer markedly inhibits the expression of EGFR and phosphorylated EGFR (EGFR-p) in vitro, thereby
reversing the inhibitory activity of BBR on nasopharyngeal carcinoma cells.

Ferroptosis process is a type of cell death and a critical pathway in tumor metastasis. BBR induces na-

sopharyngeal carcinoma cell death via ferroptosis. BBR is targeting and suppressing Xc-/GSH/GPX4

axis-driven system. For the first time, this study revealed that BBR induced ferroptosis in Nasopharyn-

geal carcinoma cells by increasing cellular Fe?*, reactive oxygen species, and lipid peroxidation. Moreo- Wu, et al., 2024c
ver, downregulation of GPX4 can directly or indirectly cause ferroptosis as a result of the inhibition of li-

pid peroxidation inhibitors. GPX4, lipid peroxidation key inhibitor is found to be significantly suppressed

in BBR-treated Nasopharyngeal carcinoma cells.

In this study, CCK8 assay, transwell assay, and wound healing assay were used to detect the prolifera-

tive capacity of SKOV3 cell invasion and estimate cell migration respectively. Quantitative real-time poly:

merase chain reaction (QRT-PCR) was employed to analyze the mRNA expression of miR-145 and

MMP16. Western blot analysis was utilized to determine the protein level of MMP16. Furthermore, lucif-
Ovarian cancer erase reporter assays were conducted to confirm miR-145's targeting of MMP16. The findings indicated Li et al., 2021

that BBR effectively suppressed proliferation, migration, and invasion while enhancing miR-145 expres-

sion and reducing MMP16 expression in SKOV3 and 3AO cells. MiR-145 was confirmed to target

MMP16. Furthermore, the observed reduction of MMP16 contributed to the inhibitory effects of BBR on

proliferation, migration, and invasion.

Wu et al., 2024b

Naso-pharyngeal
cancer
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Type of cancer

Brain cancer

Gastric cancer

Prostate cancer

Key findings

This study reveals the potent anti-inflammatory effects of BBR on glioma cells. BBR inhibits Caspase-1
activation through ERK1/2 signaling, resulting in reduced production of IL-1B and IL-18 by glioma cells.
Furthermore, BBR treatment leads to decreased cell motility and subsequent cell death in U251 and U87
cells. Additionally, this research is the first to demonstrate that BBR can reverse epithelial-mesenchymal
transition, a crucial marker of tumor invasion.

The study revealed that BBR demonstrated significant inhibition of cell viability and proliferation in U251
and U87 glioblastoma cell lines, with 1Cso values of 32 and 42 ymol/L, respectively. In addition, BBR at a
concentration of 50 umol/L reduced cell migration of HUVEC by 73 %. In an ectopic xenograft model,
treatment with 50 mg/kg of BBR led to a substantial decrease in tumor weight (401.2+71.5 mg vs.
860.7+117.1 mg in the vehicle group). BBR also significantly reduced hemoglobin content (28.81+3.64
pg/mg vs. 40.84+5.15 pug/mg in the vehicle group), and CD31 mRNA expression in tumor tissue. Moreo-
ver, BBR effectively inhibited the phosphorylation of VEGFR2 and ERK (p < 0.001).

The paper investigates that BBR inhibits the proliferation, migration, and invasion of gastric cancer cells
and suppresses tumor growth in vivo through the AMPK/HNF4a/WNT5A pathway. The knockdown of
HNF4a in SGC7901 cells slowed cell proliferation, induced S phase arrest, and dramatically attenuated
gastric cancer cells' metastasis and invasion. The anti-gastric cancer mechanism of BBR might be in-
volved in the AMPK-HNF4a-WNT5A signaling pathway.

BBR induced growth inhibition of gastric cancer cells without toxicity to human peripheral blood mononu-
clear cells. Treatment with BBR triggered cell autophagy, which confirmed the anti-cancer role of au-
tophagy induced by BBR. Mechanistic studies showed that BBR inhibited mTOR, Akt and MAPK (ERK,
JNK and p38) pathways, thereby inducing autophagy and cytotoxicity. Furthermore, inhibition of autoph-
agy reversed BBR down-regulation, mTOR, Akt and MAPK. In xenografts, the BBR induced autophagy
leads to suppression of tumor proliferation with no side-effect.

The study explored berberine's potential as a therapeutic agent to delay the progression of castrate-re-
sistant prostate cancer by targeting Aldo-keto reductase family 1 member C3 and reducing androgen
synthesis. BBR effectively inhibited the proliferation of 22Rv1 prostate cancer cells and reduced cellular
testosterone formation in a dose-dependent system. Notably, berberine's action was through inhibiting
Aldo-keto reductase family 1 member C3 enzyme activity rather than affecting mRNA and protein ex-
pressions. Through a molecular docking study, it was observed that BBR could bind to the active center
of Aldo-keto reductase family 1 member C3 and establish 1r-17 interactions with specific amino acid resi-
dues, namely Phe306 and Phe311. This structural interaction accounted for the suppression of Aldo-
keto reductase family 1 member C3 enzyme action and the inhibiting growth of cell 22Rv1 prostate can-
cer by reducing cellular androgen production.

Reference

Tong et al., 2019

Jin et al., 2018

Hu et al., 2018

Zhang et al., 2020

Tian et al., 2016
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Type of cancer

Pancreatic cancer

Skin cancer

Key findings Reference

BBR demonstrated a dose-dependent inhibition of cell growth by inducing cell cycle arrest and apopto-
sis. The treatment with BBR resulted in a 10 % increase in the G1 phase of PANC-1 cells and a 2 % in-
crease in the G1 phase of MIA-PaCa2 cells, whereas gemcitabine primarily caused S-phase arrest for
its antiproliferative effects. BBR-induced apoptosis in PANC-1 and MIA-PaCa2 cells was 7 % and 2 %
higher than control cells, respectively. Notably, the apoptotic effect of BBR is more pronounced in
PANC-1 cells compared to gemcitabine. Additionally, when PANC-1 and MIA-PaCa2 cells treated with
BBR at its half-maximal inhibitory concentration (ICso), apoptosis is induced through the generation of
reactive oxygen species (ROS), rather than caspase 3/7 activation.

Through using bioinformatics analyses, mechanisms of BBR, and pharmacological activity investigation

in silico, in vitro, and in vivo, BBR demonstrated that Berberine chloride suppresses proliferation of pan-

creatic adenocarcinoma (PAAD) via targeting four inflammatory related genes (PTGS2, CAPS3, ICAM1, Ruan et al., 2024
and CXCR4). Four key targets docked well with BBR, revealed by using molecular docking-simulation.

BBR exhibits a potential tumor-suppressive effect in xenografts.

This study explores the anti-metastasis effects of BBR on human melanoma cancer A375.S2 cells and

A375.S2/PLX resistant cells in vitro. BBR was tested at low concentrations (0, 1, 1.5, and 2 yuM) and was

found to decrease in viable cell count, induce cell morphological changes, and inhibit mobility, migration,

and invasion of A375.S2 cells. The study reported a slight inhibition of MMP-9 activity in A375.S2 cells Liu et al., 2018
due to BBR treatment. Furthermore, western blotting results indicated that BBR significantly reduced the

expression of, MMP-13, E-cadherin, N-cadherin, p-ERK1/2, NF-kB, RhoA, ROCK1, SOS-1, MMP-1,

GRB2, Ras, p-c-Jun, p-FAK, p-AKT, and uPA after 24 hours of treatment.

The study found that BBR reduced the migration and invasion abilities of B16 cells and induced signifi-

cant changes in epithelial-mesenchymal transition (EMT) factors related to pluripotency. BBR treatment Kou et al., 2016
decreased RARa, p-AKT, and p-PI3K expression while increasing RARB and RARy expression.

Park et al., 2015
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