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ABSTRACT

Malignant tumors remain one of the leading causes of mortality worldwide, highlighting the urgent need to develop novel and
effective therapeutic strategies. In recent years, the scientific community has actively pursued agents that combine high ef-
ficacy with minimal adverse effects and offer the potential to induce complete remission. In this context, berberine is a natural
phytochemical derived from various Berberis species. It has garnered considerable interest due to its diverse pharmacological
properties. Berberine, known as a nutraceutical, exhibits a broad spectrum of biological activity, including anti-inflammatory,
antioxidant, and antitumor effects. /In vitro and in vivo studies have shown that berberine exerts inhibitory activity against
several cancer types, including breast, lung, liver, and colorectal cancers. Its antitumor properties are associated with several
key molecular mechanisms through which it exerts effects on tumor cells. This review provides a detailed overview of the mo-
lecular pathways through which the antitumor effects of berberine are mediated. In particular, berberine activates the caspase
cascade, leading to the induction of apoptosis in tumor cells, and inhibits cell proliferation by blocking key signaling pathways
such as PI3K/Akt/mTOR. It also modulates the expression of genes involved in cell migration and invasion, including matrix me-
talloproteinases and E-cadherin, highlighting its potential as a promising therapeutic candidate. Additionally, berberine’s anti-
inflammatory effects may contribute to cancer prevention by protecting cells from oxidative stress and chronic inflammation
associated with tumor development. These pharmacological properties make berberine a promising agent for further inves-
tigation and clinical application, both as monotherapy and in combination with standard anticancer therapies. Thus, berberine
represents a promising subject for further investigation of its molecular mechanisms of action and potential use in oncology,
which may lead to the development of more effective and safer therapeutic strategies for patients with malignant tumors.

Keywords: oncology; berberine; alkaloids; plant metabolites; autophagy; apoptosis.

To cite this article:
Timofeeva SV, Zlatnik EYu, Vashchenko LN, Enin YS, Nepomnyashchaya EM. Molecular mechanisms of berberine action on tumor cells. Kazan Medical
Journal. 2025;106(2):267-276. doi: https://doi.org/10.17816/KMJ643366

Submitted: 24.12.2024 Accepted: 13.02.2025 Published online: 24.03.2025
V-2
ECOeVECTOR The article can be used under the CC BY-NC-ND 4.0 license

© Eco-Vector, 2025


https://creativecommons.org/licenses/by-nc-sa/4.0/
https://doi.org/10.17816/KMJ643366
https://doi.org/10.17816/KMJ643366
https://crossmark.crossref.org/dialog/?doi=10.17816/KMJ643366&domain=PDF&date_stamp=2025-03-24

268

OB30PHI Ka3aHckui MeanumHcKmnin #ypHan, 2025. Tom 106, N2 2

DOI: https://doi.org/10.17816/KMJ643366
YIK 57729 616-006

MonekynspHbie MexaHU3Mbl BNMAHUA 6epbepuHa
Ha onyxosieBble KNEeTKH

C.B. TuModeena, E.H0. 3nathuk, J1.H. Bawenko, A1.C. EHnH, E.M. HenoMHsawas

HaumoHanbHbIA MeUUMHCKUIA UcCeaoBaTeNbCKuii LIeHTP OHKONorum, r. POCTOB-Ha-ﬂ,OHy, Poccus

AHHOTALMA

310Ka4eCTBEHHbIE OMYX0/M OCTAKOTCSA OAHOW U3 OCHOBHbBIX MPUYMH CMEPTHOCTM BO BCEM MUpE, YTO NOAYEPKMBAET Heobxo-
AMMOCTb pa3paboTky HOBbIX U 3D (EKTUBHBIX TepaneBTUYECKUX CTpaTeruii Ans ux iedeHus. B nocnepntue rogpl HayyHoe co-
06LLIECTBO aKTUBHO 3aHUMAETCA NOUCKOM JIEKAPCTBEHHBIX CPEACTB C MUHUMAIbHBIMU HEXENaTeNbHbIMU ABIEHUSIMU U BbICO-
Ko 3t dEeKTUBHOCTLIO, KOTOpbIE MOYT NPUBECTU K NOMHOM PEMUCCUM Y MaLMEHTOB. B 3ToM KoHTekcTe 6epbepuH, NpupoaHbIi
GUTOXMMUYECKMIA KOMMOHEHT, NONyYaeMblid M3 pa3nuuHbIX BUAO0B bapbapuca, npuenekaeT BCé bonbluee BHUMaHWe bnarofaps
CBOMM MHOr006pasHbIM apMaKonornyeckuM ceoncTeaM. bepbepuH, U3BECTHBIN KaK HYTPULIEBTUK, A€MOHCTPUPYET LUMPOKUN
CNeKTp BronoruyecKol aKTMBHOCTH, BKJIKOYas NMPOTUBOBOCMANIMTENbHBIE, aHTUOKCUMAAHTHBIE U MPOTMBOONYX0/EBble IQ(EKTHI.
WccnemoBaHus in vitro v in vivo nokasanu, yto bepbepun obnagaet MHIMOUPYIOLLMM AelicTBUEM Ha HECKONBKO TUMOB PakKa,
BKJII04as PaK MOJIOYHOM XeNesbl, EFKUX, NEYEHU U KULLEYHMKA. Ero npoTuBoonyxoneBble CBOWCTBA CBA3aHbI C HECKOJbKU-
MU KJIl04YEBBIMI MOSTEKYNIAPHBIMU MEXaHU3MaMM, Yepe3 KOTOpbIe OH BO3JEMCTBYET Ha OnyxoneBble KNeTku. B faHHoM o63ope
Mbl N0POBHO paccMOTPeNK pasnnyHble MONEKYMAPHbIE NMYTH, YepPe3 PerynsaLMio KOTOPbIX 0NocpefoBaHbl MPOTUBOONYX0/EeBbIe
abdekTbl bepbeputa. B uactHocTn, 6epbepnH akTUBMPYET KacnasHbIi Kackag, YTo NPUBOAMT K MHAYKLIMK anonTo3a B onyxorne-
BbIX KJIETKaX, a TaKKe MHrbupyeT nponndepaLmio KNeToK, brokupys KloYeBble CUrHanbHbIe NyTH, Takue Kak PI3K/Akt/mTOR.
Kpome Toro, 6epbepuH MoaynupyeT SKCMPeccuto reHoB, CBA3aHHBIX C KNETOYHON MUTpaLveli M MHBa3MeN, BKITKOYas MaTpPUKCHbIE
MeTannonpotenHassl 1 E-cadherin, uto fenaet ero MHoroobeLLaloLWmMM KaHaMAATOM Ans pa3paboTKy HOBbLIX TEpaneBTUHECKUX
noaxofoB. TakxKe CTOUT OTMETHTb, YTO bepbepuH o0bnafaeT NpoTMBOBOCNANMTENBHBIMW CBOWCTBaMM, HTO MOXKET CNocobCTBOBaTL
npenoTBpaLLEHNI0 KaHLeporeHesa, 3allmLLan KIeTKW OT OKUC/TUTENBHOMO CTPecca U BOCMaMUTeNbHbIX MPOLECCOB, CBA3aHHbIX
C pa3BMTUEM paKa. 3T1 CBOWCTBA AenatoT bepbepuH nepcnekTMBHBIM CPEACTBOM IS fallbHEWLLINX UCCTIEA0BAHMIA U KIMHWYe-
CKOro NpUMEHEHUS KaK B Ka4ecTBe MOHOTEpaniM, Tak U B KOMOMHALMK C ApYriMM NPOTUBOONYXOJIEBLIMU MPenapaTaMu. TakuM
0bpa3oM, bepbepuH npeacTaBnseT coboi UHTEPECHBIN 06BEKT ANS AaNbHENLLIEND U3Y4YEHWUS €r0 MOJIEKYNAPHBIX MEXaHW3MOB
AEeCTBUA U NOTEHLMANa UCMONb30BaHWSA B OHKOJIOMMM, YTO MOXKET MPUBECTU K Co3AaHMI0 bonee 3 deKTUBHBIX M De3onacHbIX
TepaneBTUYECKWX CTpaTerui 41 NaLMEHTOB CO 3/10KQYECTBEHHBLIMU ONYXONSMU.
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BACKGROUND

Over the years, despite the improvement in the prognosis for
patients with cancer treated with modern therapies, cancer
remains a leading cause of mortality worldwide [1-3]. Che-
motherapy, surgery, and radiotherapy are the most common
modern cancer treatment methods. Advances in molecu-
lar biology, genetics, and immunology have led to the under-
standing of the molecular mechanisms involved in cancer de-
velopment, which has resulted in the development of new
treatment methods such as gene therapy, targeted therapy,
and immunotherapy [4].

Compounds that can act on several targets can be used
as an alternative to drugs that target a defined target, having
fewer side effects and being effective against different tumors
[5, 6]. These include several plant-based products that attract
increased interest [7]. According to recent literature, various
plant-based compounds play a crucial role in inhibiting pro-
teins, enzymes, and signaling pathways of tumor cells, such as
alkaloids, flavonoids, lignans, saponins, terpenes, taxanes, and
other primary or secondary plant metabolites (SPMs) [8-10].

Clinical studies are being conducted to assess the poten-
tial effect of alkaloids when they are included in the treat-
ment of patients with cancer (ClinicalTrials.gov NCT03281096,
NCT03333265, NCT02226185, and NCT03486496).

Berberine—an SPM and natural isoquinoline alkaloid ob-
tained from various plants—has attracted considerable at-
tention from several authors. It was found in the rhizome
of Coptidis and in many species of Berberis (Berberis aqui-
folium, Berberis vulgaris L., and Berberis aristata DC), Cop-
tis (Coptis chinesis Franch. and Coptis japonica Makino),
and Hydrastis (Hydrastis canadensis L.) [11,12]. Berberine is
a benzyltetraisoquinoline alkaloid and a derivative of 5,6-di-
hydro-dibenzol[a,glquinolizinium with the chemical formula
CyoH1gNO,+. In vivo experiments showed that berberine un-
dergo rapid metabolism, resulting in the formation of over
20 metabolites in the body [13]. Current studies have evalu-
ated berberine in hypertension, coronary heart disease, gas-
troenteritis, hyperlipidemia, fatty liver disease, obesity, dia-
betes, metabolic syndrome, polycystic ovary disease, and
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Fig. 1. Some mechanisms of berberine influence on tumor growth.
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Alzheimer's disease [14—16]. Recent in vitro studies have re-
vealed the cytotoxic effect of berberine by inhibiting tumor cell
migration and proliferation through induction of apoptosis and
cell cycle arrest [17-20].

Based on a review of modern publications, the present
study presents the processes that are significant for carcino-
genesis and tumor growth and affected by berberine (Fig. 1).

The antitumor properties of berberine can be associated
with its anti-inflammatory effect, inhibition of angiogenesis,
metastasis, invasion, induction of apoptosis and autophagy,
and elimination of drug resistance [21-23].

ANTI-INFLAMMATORY EFFECT
OF BERBERINE

During inflammation, the tumor microenvironment is charac-
terized by an influx of immune cells, including macrophages,
neutrophils, and lymphocytes, which release inflammato-
ry mediators that promote tumor cell proliferation, survival,
and migration [24]. Moreover, the inflammatory environment
can induce genetic changes that lead to tumor progression
and trigger NF-kB, STAT3, and COX-2 signaling pathways
[25]. These pathways regulate the expression of genes in-
volved in cell proliferation and angiogenesis. Berberine can
inhibit the transcription of IL-1, IL-6, IL-8, IL-17, and TNF-a
genes by regulating NF-kB, MAPK, and PPAR signaling path-
ways. These factors contribute to the development of inflam-
mation and tumor progression. By reducing the levels of the
inflammatory proteins /L-1, IL-6, and TNF-a, berberine can
create an environment that is less favorable for tumor growth
and survival [26]. In 2019, Luo et al. investigated the mecha-
nisms and therapeutic prospects of berberine in mice with he-
patocellular carcinoma and found that berberine reduced the
incidence of tumors. The study showed that berberine sup-
pressed the expression of genes associated with lipogene-
sis, inflammation, fibrosis, angiogenesis, p38MAPK and ERK
phosphorylation, and COX2 expression, reducing hepatocellu-
lar carcinoma cells proliferation [27].

INHIBITION OF ANGIOGENESIS

Angiogenesis is the development of new blood vessels
through the migration, growth, and differentiation of endothe-
lial cells that line the inner walls of blood vessels [28]. Ma-
trix metalloproteinases (MMPs) are crucial in tumor angioge-
nesis, with MMP-2 promoting endothelial cell migration and
MMP-9 and other metalloproteinases promoting vascular en-
dothelial growth factor (VEGF) expression [29].

When B16F-10 melanoma cells were treated with berbe-
rine, tumor cell metastasis slowed down through the effect of
berberine on MMP-2 and MMP-9-mediated angiogenesis, as
well as the proliferation of various tumor cell types through
downregulation of transcription factors such as VEGF [30].
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Fig. 2. Proapoptotic effect of berberine. APAF-1, apoptotic protease-activating factor 1; Bak, BCL-2 homologous antagonist/killer; Bax, X-
associated with BCL2; BCL-2, B-cell lymphoma protein family; BCL-XL, BCL-2 homolog; BIM, BCL-2-like protein 11; Ca2+, calcium ion; ER,
endoplasmic reticulum; JNK, c-Jun N-terminal kinase; MMP, mitochondrial membrane potential; PUMA, p53-activated apoptosis modula-

tor; ROS, reactive oxygen species; XAF1, XIAP-associated factor 1.

EFFECT OF BERBERINE ON APOPTOSIS

Apoptosis involves the activation of a sequence of molecular
interactions that cause cell death [31]. In tumor cells, berbe-
rine can induce cell death by activating intrinsic and extrinsic
apoptotic pathways [32]. Activation of the extrinsic apoptotic
pathway is mediated by the induction of Fas (a member of the
tumor necrosis factor receptor superfamily) and subsequent
cleavage of caspase-8, caspase-9, and caspase-3 [33]. More-
over, berberine altered the mitochondrial membrane potential
through stimulating cytochrome C release from the mitochon-
dria and inhibiting the expression of the antiapoptotic proteins
BCL-2 and BCL-XL. In turn, the release of cytochrome C trig-
gers caspase activation, which eventually leads to apoptosis.
Additionally, berberine can promote the formation of reactive
oxygen species (ROS), resulting in the activation of ER protein
in response to stress [34]. Chen et al. and Yip et al. showed that
berberine induced apoptosis in non-small cell lung cancer and
liver cancer cells by activating procaspase-9 and its effector
caspases, namely, procaspase-3 and procaspase-7 [35, 36].

Agnarelli et al. studied caspase expression in MIA PaCa-2
pancreatic adenocarcinoma cells and U343 glioblastoma cells
treated with 50 pM of berberine for 48 h and found differ-
ing effects depending on the cell line: caspase-3 activity de-
creased in U343 cells and increased in MIA PaCa-2 cells [37].
Moreover, treatment of HCT-15 colorectal adenocarcinoma
cell line with berberine increased the expression of spliced

BOI: https://doi.org/10.]

caspase-3 and Bax, which significantly decreased BCL-2 ex-
pression and caused apoptosis (Fig. 2) [37].

Fig. 2 shows that the activation of the extrinsic apopto-
tic pathway is related to the induction of FAS expression and
subsequent cleavage of caspase-8, caspase-9, and cas-
pase-3. When the intrinsic pathway is activated, increased
ROS production yields more intracellular calcium, which pro-
motes caspase- 12 activation and influences the expression of
BCL-2 family proteins. Furthermore, berberine can alter mito-
chondrial membrane potential, thus stimulating the release
of cytochrome C from the mitochondria and inhibiting the ex-
pression of antiapoptotic proteins BCL-2 and BCL-XL. The
release of cytochrome C triggers caspase activation, which
eventually leads to apoptosis.

A study by Li et al. showed that berberine inhibited CD4+
T-cell proliferation and suppressed the production of pro-in-
flammatory cytokines TNF-a and IL-1 [38]. Additionally, ac-
cording to Wang et al., berberine suppressed the phospho-
rylation of signal transducer and activator of transcription 1,
inhibiting IDO1 expression caused by IFN-y [39-42].

Recent studies have shown that berberine exhibited cyto-
toxicity and induced apoptosis in a human leukemia cell line
[43, 44]. For example, when HL-60 and WEHI-3 acute myeloid
leukemia cells were treated with berberine, apoptosis was in-
duced by caspase-3 activation and mitochondrial membrane
depolarization [43, 44]. Moreover, berberine was associated
with increased ROS levels and decreased MMP expression in

7816/KMJ643366
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Table 1. Effect of berberine on autophagy signaling pathways in tumor cell cultures

Tumor Cell line Effect Reference
Liver carcinoma HepG2 Inhibition of mTOR signaling [49]
MHCC97-L GRP 78 increase
ATF6 activation
Pancreatic cancer MIA PaCa-2 Increased Becline-1 and LC3 levels [37]
Autophagosome formation
Colorectal adenocarcinoma HCT-116 GRP 78 increase [49]
DLD1 ATF6 activation
HCT-15 Activation of the p38 signaling pathway [37]
Increased ATG5 and LC3 levels
Glioblastoma U251 Increased AMPK [50]
us7 Inhibition of mTOR signaling
U343 Increased Becline-1 and LC3 levels [37]
Mesothelioma NCI-H2452 Decreased p62 expression [48]
Increased LC3-Il
Leukemia Jurkat Inhibited expression of MDM2 [44]
U937
EU-6 Inhibition of AKT/mTORC1 signaling [43]
SKW-3 Increased LC3-I, LC3-Il and Becline-1
Gastric cancer BGC-823 Inhibition of MAPK/mTOR/p70S6K and Akt [51]
signaling

Increased LC3-II and Becline-1

Decreased p62 expression

Note: mTOR, mammalian target of rapamycin; GRP78, regulated glucose 78; ATF4, activating transcription factor 6; Becline-1, cellular au-
tophagy system protein; LC3, autophagy marker; ATG5, activating transcription factor 5; AMPK, AMP-activated protein kinase; MDM2, reg-
ulator of p53 degradation; AKT/mTORC], serine/threonine protein kinase/TORC1 complex, which consists of Kog1, Lst8, and Tco89 proteins
and may include either TOR1 or TOR2; MAPK/mTOR/p70S6K, mitogen-activated protein kinase/mammalian target of rapamycin/ribosom-
al protein kinase Sé; p62, multifunctional protein that binds ubiquitin and regulates activation of the nuclear factor kappa B (NF-kB) signal-

ing pathway.

both cell lines with a dose-dependent effect. In addition, ber-
berine at 5-60 UM concentrations increased cytochrome C,
Bax, and Bad levels and decreased BCL-2 levels in both cell
lines [43, 44].

A study by Liu et al. demonstrated that berberine sup-
pressed the proliferation of the OVCAR3 continuous cell line
and primary ovarian cancer cell culture in a dose- and time-
dependent manner [45]. The combination of berberine and
cisplatin revealed a pronounced inhibitory effect on tumor cell
growth and caused GO/G1 cell cycle arrest in vitro. Further,
berberine and cisplatin suppressed the expression of proli-
ferating cell nuclear antigen and Kié7 and enhanced the ex-
pression and activation of caspase-3, caspase-8, RIPK3, and
MLKL [45].

Considering the results of the studies, notably, berberine
has a potential antitumor effect mediated through the stim-
ulation of intrinsic and extrinsic apoptotic pathways by in-
creasing the expression of the proapoptotic molecules BAX,
BAD, and BIM and inhibiting the expression of the antiapo-
ptotic molecules BCL-2, resulting in the death of tumor cells.

EFFECT OF BERBERINE ON AUTOPHAGY

Autophagy is an evolutionarily conservative mechanism that
acts as a form of type Il programmed cell death or as cell
survival under certain conditions [46]. This is a lysosomal
degradation system, wherein long-lived proteins and non-
functional or old organelles are encapsulated in a double-
membrane vesicle (autophagosome) and degraded by lyso-
somal hydrolases under physiological conditions to maintain
cellular homeostasis [47]. Recently, evidence has emerged
that autophagy is crucial in carcinogenesis, tumor growth,
and tumor growth suppression [21, 31]. A study by Yao et al.
showed that the cell death rate of NCI-H2452, a human pleu-
ral mesothelioma cell line, treated with 3-MA and berbe-
rine significantly increased compared to that of cells treat-
ed with berberine alone. The expression of LC3-II, a marker
of autophagy, and the rate of cell death increased in a con-
centration- and exposure-dependent manner with berberine.
Based on these results, Yao et al. hypothesized that ber-
berine induced autophagy could be one of the mechanisms
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Table 2. Effect of berberine on invasion and metastasis signaling pathways in tumor cell cultures

Tumor Cell line Effect Reference
Tongue squamous cell SCC-4 Inhibition of FAK, IKK, NF-KB, uPA, MMP-2, and MMP-9 [55]
carcinoma
Melanoma B16F-10 Stimulation of AMPK signaling [56]
Decreased ERK activity and COX-2 and MMP expression
A375.52 Inhibition of FAK, RhoA, ROCK1, p-AKT, NF-kB, and uPA [57]
Inhibition of MMP-1 and MMP-13
Chondrosarcoma JJ012 Suppression of integrin avf3 by protein kinase C (PKCH), [58]
c-Src, and AP-1
Prostate cancer PC-3 Inhibition of TGF-B-related signaling molecules: BMP7, [59]
NODAL - inhibition of EMT
Colorectal adenocarcinoma Lovo Downregulation of the COX-2/PGE2-JAK2/STAT3 signaling [60]
SW620 pathway
Gastric carcinoma AGS Inhibition of MMP-3 [61]
SGC7901

Note: AMPK, AMP-activated protein kinase; ERK, extracellular signal-regulated kinase; COX-2, cyclooxygenase 2; MMP, metalloproteinase;
FAK, focal adhesion kinase; RhoA, transforming protein RhoA, also known as a member of the Ras homolog A family; ROCKT, protein se-
rine/threonine kinase, also known as rho-associated, coiled-coil-containing protein kinase 1; p-AKT, phosphorylated Akt enzyme; NF-«B,
intracellular signaling pathway whose central component is a transcription factor; uPA, urokinase plasminogen activator, a human serine
protease; MMP-1, metalloproteinase 1; MMP-13, metalloproteinase 13; TGF-f, transforming growth factor beta; BMP7, bone morphogene-
tic protein 7; NODAL, nodular growth differentiation factor; EMT, epithelial-mesenchymal transition; /KK, IkB kinase; MMP-2, metallopro-
teinase 2; MMP-9, metalloproteinase 9; PKC6, protein kinase C, delta-type; c-Src, proto-oncogene tyrosine-protein kinase phosphorylates
specific tyrosine residues in other tyrosine kinases; AP-1, transcription factor activating protein; PGEZ, prostaglandin E2; JAK2, Janus ki-
nase 2; STAT3, signal transducer and activator of transcription 3; MMP-3, metalloproteinase 3.

underlying the antitumor activity leading to autophagic cell
death and used the autophagy inhibitor 3-methyladenine (3-
MA) in vitro to confirm this hypothesis. In the presence of
berberine and 3-MA, the cell death rate of NCI-H2452 cells
increased [48]. La et al. reported that berberine exposure on
colon cancer HCT-116, DLD1, and liver carcinoma HepG2 cell
lines could induce autophagy [49]. Their findings showed that
berberine increased glucose-regulated protein 78 (GRP78)
levels by suppressing the ubiquitination/proteasomal degra-
dation of GRP78 and stimulation of activating transcription
factor 6. Moreover, berberine induced autophagy by inhibi-
ting the mTOR signaling pathway and activating Beclin-1
in MHCC97-L and HepG2 cells.

In another study, berberine was shown to suppress mTOR
levels and increase AMP -activated protein kinase levels in
U251 and U87 glioblastoma cells; the authors indicated that
berberine induced mTOR-dependent autophagy in these cell
lines [50]. Li et al. showed that berberine prevented colon
cancer cell proliferation, suppressed epidermal growth factor
receptor expression, stimulated apoptosis and autophagy via
the p38 signaling pathway, and reduced the growth of human
colorectal adenocarcinoma HCT-15 cells [38].

Some studies found that berberine induced time-depen-
dent autophagy in the BGC-823 gastric cancer cell line and in-
hibited the MAPK/mTOR/p70S6 K and Akt pathways, which was
also associated with the inhibition of culture growth [51]. Fur-
thermore, berberine induced autophagy in the acute lympho-

blastic leukemia cell lines EU-6 and SKW-3b, inhibited the
AKT/mTORC1 signaling pathway, and caused cell death [43].

Table 1 summarizes the effects of berberine on the au-
tophagy-related signaling pathways in the cells of various tu-
mor lines.

Based on the presented studies, it can be deduced that
berberine acted as a potential autophagy modulator and in-
duced or suppressed autophagy in various tumor cell cultures.

EFFECT OF BERBERINE ON INVASION
AND METASTASIS

Tumor cell invasion and metastasis are key signs of malig-
nant tumors. In patients with malignant tumors, these fac-
tors are the main causes of death [9]. Studies have shown
that tumor cells can migrate and penetrate into various tis-
sues of the body through the bloodstream or lymphatic sys-
tem, forming new tumors [25, 29, 52]. The extracellular ma-
trix (ECM) functions as a mechanical barrier to cell movement;
therefore, ECM loss is critical in the metastatic cascade.
Thus, MMPs can cause degradation of the ECM, in particular
MMP-3, which controls metastasis, angiogenesis, and inva-
sion (Table 2) [53, 54].

A study in human tongue squamous cell carcinoma SCC-4
cells showed that berberine inhibited NF-kB, focal adhe-
sion kinase (FAK), urokinase-type plasminogen activator
(u-PA), IkB kinase, MMP-2, and MMP-9 and reduced in vitro

0Ol https://doi.org/10.17816/KMJ643366
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migration [55]. Hamsa et al. demonstrated the potential anti-
metastatic and anti-invasive effects of berberine using in vitro
and in vivo models in C57BL/6é mice with B16F-10 melano-
ma cells. The survival of animals with metastatic tumors in-
creased after berberine administration [56]. The expression
of various pro- and antimetastatic genes was evaluated after
berberine administration to understand the mechanism of ac-
tion of berberine in inhibiting lung metastasis at the molecular
level. Metastasis-induced expression of prometastatic genes
such as genes encoding MMP, ERK 1/2, prolyl hydroxylase, and
lysyl oxidase in the lungs was decreased after berberine ad-
ministration, indicating its in vitro antimetastatic activity [56].

In 2018, a study by Hu et al. showed that berberine had
a strong effect on the inhibition of MMP-3 protein and mRNA
sequences in SGC7901 and AGS gastric cancer cell cultures. In
an in vitro experiment using the Transwell method, increased
levels of berberine were associated with a significantly de-
creased number of invasive and metastasizing gastric can-
cer cells [61].

Berberine caused downregulation of integrin avp3 c-Src,
protein kinase C (PKC6), and AP-1, demonstrating the sup-
pression of human chondrosarcoma JJ012 cell invasion and
migration [58]. A similar effect was found in PC-3 prostate
cancer cells, where berberine inhibited TGF-B-related signal-
ing molecules that induce epithelial-mesenchymal transition,
such as bone morphogenetic protein 7 and nodular differenti-
ation factor ligand [59].
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In another study, berberine inhibited the invasion and me-
tastasis of colorectal cancer cells (i.e., SW620 and LoVo cells) by
inhibiting the COX-2/PGE2-JAK2/STAT3 signaling pathway [60].

Berberine significantly inhibited the motility, invasion, and
migration of human melanoma A375.52 cells by inhibiting me-
tastasis-associated proteins such as ROCK1, FAK, Ras Homo-
log Family Member A (RhoA), NF-kB, and u-PA, which resulted
in the inhibition of MMP-1 and MMP-13 in vitro [57]. There-
fore, several recent studies showed that berberine inhibits the
metastatic and migratory potential in the cells of various tu-
mor cultures, affecting p38 MAPK, PPAR, JNK, AKT/mTORCT,
COX-2/PGE2-JAK2/STAT3, MAPK/mTOR/p70S6K, and NF-
kB signaling pathways and suppressing the action of MMPs.

CONCLUSION

Berberine is a natural isoquinoline alkaloid that can control
molecular mechanisms in tumor cells through modulating
signaling pathways involved in proliferation, apoptosis, in-
vasion, metastasis, and autophagy, which substantiates its
known properties and indicates antitumor properties.

Although the exact mechanism underlying the action of
berberine as an antitumor agent remains unclear, nonclinical
studies with the identification of molecular targets are cru-
cial for developing new treatment approaches and establish-
ing berberine’s role in antitumor therapy protocols.

AOMO/THUTENNbHASA UHOOPMALIUA

Bknap aBTopoB. Bce aBTopbl MOATBEPK/AAIOT COOTBETCTBME CBOEIO
aBTOPCTBA MeXAyHapoaHbIM KpuTepusam ICMJE (ce aBTopbl BHEC-
7N CYLLLECTBEHHBIA BKAA B pa3paboTky KOHLENUMM, NpoBeAeHue
UCCIeI0BaHMA 1 MOATOTOBKY CTaTby, MPOYNA 1 0a0bpuv dbuHamb-
Hylo Bepcumio nepeq nybnvkauwen). Hanbonblumin BKnag pacnpege-
NéH cnepytowmm obpasom: C.B.T. — KoHUenTyanu3aums, aHanms au-
TepaTypPHbIX MCTOHHMKOB, CO3AaHME YEPHOBYKA, CO3[aHNe PUCYHKOB
ans pykonuew; EF0.3. — pepnaktupoBaHme pykonucy, obLuee pyKo-
BoacTeo; J1.H.B. — pepaktnposanue pykonmcy; A.C.E. — pecypcHoe
obecneyeHve nccnenosanus; EM.M. — yTBepxaeHne oKkoHuaTenb-
HOro Bap1aHTa CTaTby.

UcToyHuK duHaHcupoBaHua. /ccnenoBaHmWe BLINOAHEHO Ny Gu-
HaHCOBOM MOAJEpPXKe roCyAapCTBEHHOMO 3afanus «[oucK HaTy-
PabHbIX 1 CUHTETUYECKUX BTOPUYHBIX METAbONIMTOB pacTeHuid, 0b-
NafaloLmMX MPOTUBOOMYXONEBBIMU W UMMYHOKOPPUIUPYIOLLMMM
CBOWCTBaMW Ha Mofensix invitro n in vivo» (pervcTpaumoHHbIN
N2 124022100044-2 ot 2024 ropa).

KoHnuKT uHTepecoB. ABTOpbI [IEKNIAPVPYIOT OTCYTCTBME SBHBIX
W NOTEHUMANbHBIX KOHDIMKTOB MHTEPECOB, CBA3aHHLIX C NybNnKa-
LIMEeN HACTOALLEN CTaTbM.
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