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Abstract

Berberine (BBR), a traditional Chinese phytomedicine extracted from various parts of

Berberis plants, is an isoquinoline alkaloid used for centuries to treat diabetes,

hypercholesterolemia, hypertension, and so forth. It has recently received immense

attention worldwide to treat cancer due to its potent pro‐apoptotic, antiprolifera-

tive, and anti‐inflammatory properties. BBR efficiently induces tumor apoptosis,

replicative quiescence and abrogates cell proliferation, epithelial–mesenchymal

transition, tumor neovascularization, and metastasis by modulating diverse molecu-

lar and cell signaling pathways. Furthermore, BBR could also reverse drug resistance,

make tumor cells sensitive to current cancer treatment and significantly minimize

the harmful side effects of cytotoxic therapies. This review comprehensively

analyzed the pharmacological effects of BBR against the development, growth,

progression, metastasis, and therapy resistance in wide varieties of cancer. Also, it

critically discusses the significant limitations behind the development of BBR into

pharmaceuticals to treat cancer and the future research directions to overcome

these limitations.
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1 | BREAST CANCER

Globally in 2020, nearly 6,85,000 females lost their lives due to this

main and dreadful form of cancer.[1] The primary reasons behind the

high mortality of breast cancer patients are late‐stage diagnosis,

recurrence, and therapy resistance.[2,3] Intriguingly, berberine (BBR)

can inhibit all of the above characteristics of breast cancer and

improve the response of breast cancer cells to various chemo/

radiotherapies via diverse mechanisms. This section discusses the

pro‐apoptotic, antiproliferative, antimetastatic, and chemosensitizing

potential of BBR against multiple types of breast tumors.

Apoptosis is one of the potential events triggered by BBR to

retard the growth of breast tumors. It promotes programmed cell

death by upregulating either the extrinsic apoptotic pathway or

intrinsic apoptotic pathway or both by modulating the activity of

crucial proteins/molecules involved in these events. It was reported

that BBR‐induced double‐strand breaks stimulate the release of

cytochrome C and trigger caspase‐9/cytochrome C mediated
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apoptosis in MDA‐MB‐231 (in vivo) and BT549 triple‐negative breast

cancer (TNBC) cell lines.[4] Likewise, in MCF‐7 and MDA‐MB‐231

breast cancer cells, BBR augmented reactive oxygen species (ROS)

generation activates mitochondria‐dependent apoptotic pathways.[5]

Importantly, BBR triggers intrinsic apoptotic pathways specifically in

MCF‐7 cancer cells without causing any harm to MCF‐12F, normal

breast epithelial cells.[6] In the T47D human ductal breast epithelial

tumor cell line, BBR induced apoptosis by reducing the amount of

Cyclooxygenase‐2 (COX‐2) and survivin.[7] In MCF‐7 and MDA‐MB‐

231 cells, BBR promotes apoptosis in HER‐2 negative breast tumors

while it retard the growth in the case of HER‐2 positive breast tumors

by attenuating HER‐2/PI3K/Akt signaling pathway and also promot-

ing their apoptosis.[8] Furthermore, BBR could even act against

dimethylbenz[a] anthracene‐induced ductal carcinoma and invasive

carcinoma in Sprague Dawley rats by decreasing the elevated levels

of enzymatic antioxidants (Catalase and Superoxide Dismutase),

nonenzymatic antioxidants (vitamin C and glutathione), pro‐

inflammatory cytokines (TNF‐α, IL‐6, and IL‐1β), lipid peroxides,

and NF‐κB.[9]

Accumulating studies show that BBR is highly effective in

treating metastatic breast cancers. It acts by suppressing the

synthesis of various molecules involved in metastasis' actual events,

including cell adhesion, migration, angiogenesis, EMT, and so forth.

Kim et al. conducted multiple studies to investigate the antimetastatic

properties of BBR on breast tumors and have come out with

fascinating results. In highly metastatic MDA‐MB‐231 cells, BBR

attenuates activator protein‐1 (AP‐1) DNA binding activity to achieve

cell invasion through TNF‐α and MMP‐9.[10] Furthermore, tumor

growth and metastasis were significantly reduced upon using MDA‐

MB‐231 cells and BBR in female athymic mice xenografted. Also, on

treating BBR to HCC1806 TNBC cells, downregulation of TGF‐β1/

SMAD3 signaling events and cell motility occurred due to the

reduced expression of MMP‐2.[11] In MCF‐7 cells, BBR exerts its

antimetastatic potential by decreasing MMP‐1 and MMP‐9 levels via

suppression of tumor promoter (TPA)‐induced PKC‐α phosphoryl-

ation. Also, it inhibits tumor neovascularization in these cells by

attenuation of PI3K/Akt pathway, thereby inhibiting TPA‐induced

vascular endothelial growth factor (VEGF) as well as VEGF‐induced

fibronectin.[12] Furthermore, BBR attenuates TPA‐induced degrada-

tion of p53[13] and reduces the gene expression of chemokine

receptors, including CCR6, CCR9, CXCR 1, and CXCR 4 in MCF‐7

cells.[14]

IL‐8 is a CXC chemokine that acts as the critical driver of

activities underlying cancer metastasis. In extraordinarily metastatic

MDA‐MB‐231 cells, BBR hydrochloride attenuates cell invasion via

lowering the extent of IL‐8 and reducing the expression of epidermal

growth factor (EGF), MMP‐2, basic Fibroblast Growth Factor, E‐

cadherin, and fibronectin. Furthermore, BBR hydrochloride activates

p38 MAPK and JNK pathways and deactivates JAK2/PI3K/NF‐κB/

AP‐1 pathways to arrest the G2/M phase of the cell cycle and induce

apoptosis.[15] Likewise, BBR significantly inhibits cell invasion

and growth in MCF‐7 and Hs578T TNBC cells by decreasing

IL‐8 levels.[16] Vasodilator‐stimulated phosphoprotein is an

actin‐associated protein that stimulates actin filament elongation

and cell migration. The ability of BBR to bind to VASP and inhibit cell

migration was illustrated through studies done in vitro using

MDA‐MB‐231 cells and MCF‐7 cells and in vivo using MDA‐MB‐

231 nude mouse xenografts.[17] Ephrin B2, a potent regulator of

endothelial cell behavior, is crucially involved in cell migration

and angiogenesis. However, BBR attenuates ephrin B2 levels to

efficiently inhibit ZR‐75‐30 breast tumor cells.[18]

Mounting evidence shows that BBR could sensitize breast tumor

cells to wide varieties of chemotherapies and radiotherapy and thus

reverse drug resistance. It radiosensitizes MCF‐7 and MDA‐MB‐468

cells by promoting replicative quiescence and decreasing the activity

of RAD51, an enzyme that repairs double‐strand breaks in DNA.[19]

Pan et al. conducted several studies to investigate if BBR could

improve the response of various breast cancer cells to doxorubicin,

the conventionally used chemotherapeutic drug. A study focusing on

drug resistance was conducted on MCF‐7 cells in which the cells

were exposed to hypoxic conditions for 1 week to induce drug

resistance. After induction, these cells were co‐treated with a range

of concentrations of doxorubicin and BBR. At lower concentrations,

BBR augmented the response of MCF‐7 cells to doxorubicin by

downregulating the AMP‐activated protein kinase (AMPK)/HIF‐1α/

P‐glycoprotein pathway. Astonishingly, at higher concentrations, BBR

unaided by doxorubicin induces apoptosis by suppressing the AMPK/

HIF‐1α pathway and thus activating p53. More interestingly, the

same results obtained in in vitro studies have also been observed in in

vivo studies conducted in athymic mice xenografted with drug‐

resistant MCF‐7 cells.[20] Furthermore, Pan et al.[21] conducted

another similar study in vitro and in vivo using multidrug‐resistant

MCF‐7/MDR human breast cancer cells, which showed the same

results. More importantly, BBR derivative 1,13‐cycloprotoberberine

also attenuates the activity of DNA topoisomerase I and II and

arresting cells at the G2/M phase to retards the growth of MCF‐7

and doxorubicin‐resistant MCF‐7/ADrR cells.[22] Doxorubicin admin-

istration induces cardiotoxicity in the majority of cancer patients. Lv

et al. investigated the effect of BBR on DOX‐induced cardiotoxicity

and uncovered the molecular mechanism of the same in both in vitro

and in vivo. For the in vitro study, MCF‐7 cells and rat cardiomyo-

cytes were cocultured together and then treated with doxorubicin

and BBR. Astonishingly, BBR conferred protection against cardio-

toxicity without impairing the antitumor efficacy of doxorubicin. In

vivo studies were conducted by treating the male Sprague Dawley

rats with either doxorubicin/BBR or both. Fascinatingly, BBR

effectively inhibited the apoptosis of cardiomyocytes and improved

the survival in rats challenged with doxorubicin by protecting

mitochondria and inhibiting the rise in AMP/ATP ratio, AMPKα

phosphorylation, and Bcl‐2 expression.[23] Moreover, BBR better the

growth inhibitory ability of tamoxifen in both tamoxifen‐sensitive and

tamoxifen‐resistant MCF‐7 cells via triggering apoptosis and G1

phase cell cycle arrest.[24] BBR chemosensitized the MCF‐7 cells to

cisplatin therapy by inducing DNA breaks and apoptosis.[25] In

lapatinib‐resistant BT‐474LapR cells, combinational treatment with

lapatinib and BBR treatment induced apoptosis by suppressing
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c‐Myc, upregulating ROS, and reversing lapatinib resistance.[26] Apart

from chemosensitizing breast cancer cells to lapatinib treatment, BBR

could also effectively replace lapatinib for breast cancer treatment

due to its multikinase inhibitory potential.[27] In TRAIL‐resistant

MDA‐MB‐468 TNBC cells, BBR co‐treatment improves their

response to TRAIL therapy by way of stimulating apoptosis via

downregulating p38 MAPK pathway.[28,29]

2 | LUNG CANCER

Lung cancer is a dreadful type of cancer with a rapid mortality rate.

With the global death toll reaching 1.8 million in 2020, lung cancer

has been ranked first among cancer‐related deaths.[30] Despite

effective treatment with numerous medications, the survival rate of

lung cancer patients is incredibly low.[31] Hence, there is a need to

develop potent treatment alternatives for lung cancer. Extensive

experiments by various research groups clearly show that BBR is

highly effective in combating multiple pathological lung cancer

events.

Mounting evidence illustrates that BBR may suppress lung

tumors' expansion, survival, and proliferation by promoting replica-

tive quiescence, programmed cell death, and autophagy by modulat-

ing various signaling pathways. In different nonsmall lung cancer cells,

including H1299, PC9, H1650, and A549, BBR retarded cell growth,

induced replicative quiescence, and promoted apoptosis by upregu-

lating p38α MAPK pathway and augmenting the synthesis of p53 and

FOXO3. FOXO3 successively elevated the amount of p21, a master

effector of multiple tumor suppressor pathways in these cells.[32]

Likewise, BBR hydrochloride suppressed proliferation and triggered

apoptosis in A549 cells by attenuating JAK2/VEGF/NF‐κB/AP‐1

signaling pathways.[33] Also, BBR induced phototoxicity in A549 cells

by augmenting ROS production and mitochondrial permeabilization

and activating the caspase‐9/caspase‐3 complex.[34] Furthermore,

BBR attenuated cyclin D1 expression in PG human pulmonary giant

cell carcinoma and inhibited their proliferation by downregulating the

AP‐1 pathway and decreasing the interactions between transcription

factors and CCND1 AP‐1 motif.[35] In the NCI‐H2452 human

malignant pleural mesothelioma cell line, BBR exerted its antitumor

potential by (i) suppressing cell proliferation time and dose

dependently, (ii) promoting caspase‐9 mediated apoptosis, and (iii)

inducing protective autophagy by increasing the accrual of LC3‐II

(autophagy marker) and reducing the expression of p62 (autophagy

marker).[36] p53 is a potent tumor suppressor protein that could

effectively subject the tumor cells to apoptosis‐mediated death.

Katiyar et al. analyzed the impact of BBR on p53‐mediated apoptosis

using p53‐positive (A549 cells) and p53‐deficient (H1299) cells in

vitro and in vivo. Fascinatingly, BBR apoptosed A549 cells more

effectively than H1299 cells. However, the apoptotic potential of

BBR was drastically reduced in A549 cells exposed to p53 inhibitor

and A549 cells transfected with p53 antisense oligodeoxynucleotide.

These findings clearly prove that BBR‐mediated suppression of cell

proliferation and apoptosis occurs by upregulation of p53. BBR

triggered apoptosis of both H1299 and A549cells by disrupting

mitochondrial membrane potential, decreasing the expression of

anti‐apoptotic proteins (Bcl‐2, Bcl‐xL), elevating the expression of

pro‐apoptotic proteins (Bax, Bak) and upregulating caspase‐3.[37]

Likewise, studies done by James et al.[38] using p53 proficient and

p53 deficient lung tumor xenografts also show that p53 actively

participates in tumor growth retardation by BBR.

BBR is a good choice for combination chemotherapy in lung

cancer because it can act synergistically with a wide variety of

pharmacological agents to improve the therapeutic outcome, over-

come drug resistance, and confer protection to normal cells. Meng

et al. investigated the combinational effects of BBR and cinnamalde-

hyde in vitro using A549 nonsmall cell lung cancer cells and in vivo

using a mice model system. In vivo studies involved urethane

treatment‐induced lung carcinogenesis in ICR mice and interestingly,

they found that synergistic administration of BBR and cinnamalde-

hyde significantly attenuated the urethane‐induced lung carcinogen-

esis in these mice by reversing urethane‐induced AMPK, mTOR,

AQP‐1, and NF‐κB expression patterns. In vitro, BBR and cinnamal-

dehyde together triggered A549 cell apoptosis, inhibited autophagy,

cell proliferation, and wound healing, augmented the expression of

AMPK, and reduced the expression of AQP‐1. Taken together, the

combinational therapy with BBR and cinnamaldehyde ultimately led

to the starvation of the lung cancer cells due to restrictions in their

acquisition of both primary and adaptive nutrients via AMPK‐reduced

AQP‐1 expression.[39] Yuan et al. treated gefitinib‐resistant H1650

and H1975 NSCLC cell line and BEAS‐2B regular epithelial cell line

with BBR. They determined its intracellular distribution in these cells

using an ultra‐performance liquid chromatography‐tandem mass

spectrometer. Fascinatingly, they observed a tremendously high

intracellular accumulation of BBR in NSCLC cells than in BEAS‐2B

cells which in turn provides direct evidence on its potential to exert

cytotoxic effects selectively on cancer cells.[40] DNA

methyltransferase‐1 (DNMT‐1) is a crucial enzyme needed for DNA

methylation. Any defect in DNMT‐1 is associated with augmented

tumor transformation and progression. In A549 and H1975 cells, BBR

and metformin effectively inhibited DNMT1 gene expression by

suppressing SP‐1 and PDPK1 expression.[41]

Furthermore, BBR also enhanced the pharmacological effects of

doxorubicin in lung tumors through the inactivation of STAT3.[42]

More importantly, BBR supplementation augmented the response of

lung tumor cells cultured in vitro and xenografted in vivo to

radiotherapy by inducing autophagy.[43] Radiotherapy causes severe

lung injury in lung cancer patients. However, BBR co‐treatment along

with radiotherapy in 90 nonsmall cell lung cancer patients protected

the lung from radiation‐induced damages and enhanced its physio-

logical functions as well.[44]

Apart from acting as a potent pro‐apoptotic, antiproliferative,

and chemosensitizing drug, BBR could also serve as a promising

antimetastatic drug and impede the metastatic events of lung cancer

via multiple mechanisms. In highly metastatic A549 cells, BBR

exerted its antimetastatic potential by decreasing the levels of ECM

proteinases including MMP‐2 and urokinase‐plasminogen activator
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(u‐PA) through the regulation of Tissue inhibitor of

metalloproteinase‐2 and urokinase‐plasminogen activator inhibi-

tor.[45] Also, BBR attenuated the metastasis of A549 cells both in

vitro and in vivo (murine A549 xenografts) by suppressing TGF‐β1‐

induced EMT.[46] In female C57BL/6CrAlc mice whose lung

parenchyma were orthotopically implanted with Lewis lung carci-

noma (LLC) cells, BBR treatment dose‐dependently inhibited the

tumor metastasis to mediastinal lymph nodes. However, BBR did not

affect the tumor growth at the primary tumor site. Synergistic

administration of BBR with a chemotherapeutic drug, CPT‐11

significantly retarded both the growth of a primary tumor and also

its metastasis to lymph modes. Moreover, BBR also repressed the

invasion of LLC cells by upregulating the levels of anti‐activator

protein‐1 (anti‐AP‐1) and downregulating the expression of u‐PA.[47]

Apart from inhibiting the metastasis of lung cancer cells to other

organs, BBR is also very effective in preventing the metastasis of

different types of cancer cells to the lungs.[11,47]

3 | COLORECTAL CANCER

Colorectal carcinoma (CRC), the third major cause of cancer‐related

deaths, had accounted for 9,16,000 mortalities globally in 2020.[1]

Despite tremendous efforts worldwide from clinicians and cancer

scientists, no effective treatment is available to date to treat this

dreadful disease. Diet and lifestyle greatly influence the pathogenesis

of CRC. Hence, BBR supplementation would be an ideal approach to

prevent the development of CRC and facilitate the pathological

consequences of CRC once developed. The details of this section on

the therapeutic efficacy of BBR against CRC development and

progression are explained.

Accumulating evidence strongly suggests that BBR could

efficiently inhibit proliferation and tumorigenesis and promote

apoptosis in various CRC cell lines and colorectal carcinogenesis

mouse models by modulating different proteins/signaling pathways

critically involved in disease pathogenesis. In SW 620 human colonic

carcinoma cells, BBR triggered the caspase‐dependent apoptotic

cascade and augmented cell death by upregulating JNK/p38 signaling

pathways and increasing ROS generation.[48] In SW480 human colon

cancer cells, BBR exerted its antitumor potential by (i) inducing G2/M

phase arrest via p21 overexpression, (ii) promoting apoptosis by

activating mitochondrial apoptotic events, and (iii) inhibiting neovas-

cularization by modulating the expression of TRAIL, VEGF, and

survivin.[49] In HCT 116 human CRC cells, BBR reduced cell viability

and induced apoptosis by suppressing the expression of microRNA‐

21, an oncogenic microRNA, and augmenting the expression of

ITGβ4 and PDCD4.[50] Furthermore, BBR also inhibited inflammation

and thus colon tumor growth by suppressing COX‐2 activity.[51] Li

et al.[52] investigated the therapeutic efficacy of BBR against

colorectal carcinogenesis initiated and induced in mice models by

azoxymethane and dextran sulfate, respectively, and have found that

BBR could significantly decrease tumor size by attenuating the

expression of Ki‐67, COX‐2, inhibiting the phosphorylation of mTOR

and p65 and promoting caspase‐3 cleavage. The in vitro studies using

HCT116, SW680, and LOVO colon cancer cell lines also show that

BBR could suppress proliferation and trigger apoptosis via AMPK‐

dependent downregulation of mTOR activity AMPK independent

downregulation of NF‐κB. Likewise, studies done using an

azoxymethane‐induced rat colon tumor model[53] and 1,2‐dimethyl

hydrazine‐induced rat colon tumor model[54] show that BBR could

suppress neoplastic transformation through stimulation of an anti‐

oxidant defense system and caspase‐dependent apoptosis. Apart

from inducing caspase‐dependent tumor apoptosis, BBR could also

trigger the apoptosis of colon cancer cells in a caspase‐independent

manner.[55] In mouse immorto‐Min colonic epithelial (IMCE) cells

carrying Apcmin mutation and normal young adult mouse colon

epithelial cells, BBR selectively induced caspase‐independent apo-

ptosis by activating apoptosis‐inducing factor via consecutively

augmented production of ROS, secretion of cathepsin B, and

upregulation of PARP action. Likewise, BBR triggered apoptosis in

HCT116 and DLD‐1 colon cancer cells by inducing autophagy

through the following mechanisms: (i) augmenting activating tran-

scription factor 6 (ATF6) mediated upregulation of glucose‐regulated

protein 78 (GRP78), (ii) attenuating GRP78 degradation, and (iii)

increased formation of autophagosome via augmented interaction

between GRP78 and VPS34.[56] Huang et al. developed cell cultures

from colon tissues of 1‐week‐old neonatal rats, induced malignancy

in these cells in vitro with TGF‐β, and treated them with BBR for 24 h.

Interestingly, BBR upregulated the expression of DNMTs including

DNMT 1, DNT3A, DNMT3B, and its corresponding downstream

targets including miR‐152, miR‐429, and miR‐29a in rat colon cells in

vitro. This, in turn, provides direct evidence for the potential of BBR

to treat colon cancer through the modulation of epigenetic

mechanisms as well.[57]

Wnt/β‐catenin signaling pathway is an oncogenic pathway

implicated in various cancers. Activation of this pathway by losing its

negative regulator, adenomatous polyposis coli (APC), is the hallmark

pathogenic event in human CRC. Emerging studies demonstrate that

BBR is highly capable of ameliorating the pathological events of CRC

by downregulating the Wnt/β‐catenin signaling pathway.[58–60] EGF

receptor (EGFR) is a tumor promoter that is overexpressed in colonic

precancerous lesions. However, BBR could down‐regulate EGFR

expression in IMCE cells harboring APCmin mutation and HT‐29 cells

and inhibit their growth via consecutive activation of ubiquitin ligase

Cbl, its interaction with EGFR and EGFR ubiquitinylation.[61] Likewise,

in dextran sulfate sodium‐treated Apcmin/+ mice, BBR attenuated

inflammation‐induced EFGR signaling and suppressed the develop-

ment of colitis‐associated tumorigenesis.[62] Furthermore, BBR could

combat the growth of hypoxic colon cancer cells by impeding

hyperactive glucose uptake and glycolysis via inhibition of mTOR‐

mediated HIF‐1α synthesis.[63] Arylamine N‐acetyl Transferase (NAT),

a detoxification‐associated enzyme, is overexpressed in several cancer

types, and its overexpression is reported to promote tumor survival

and chemoresistance. Fascinatingly, BBR impeded NAT activity and

thus reduced the viability of colo 205 colon cancer cells in a dose‐

dependent manner.[64]

4 of 21 | DEVARAJAN ET AL.

 10990461, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jbt.23278 by A

nna U
niversity, W

iley O
nline L

ibrary on [02/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



The majority of deaths resulting from CRC occur due to the

metastatic spread of cancer cells. Fortunately, accumulating studies

show that BBR could act as an effective anti‐metastatic drug and

abrogate the metastatic events in CRC. It attenuated the migration of

SW480 and HCT 116 cells and impeded their metastatic potential by

activating AMPK and subsequently downregulating the integrin β1

signaling pathway.[65] Also, BBR suppressed the invasion and

metastasis of CRC cells by attenuating the COX‐2/PGE2‐induced

JAK2/STAT3 pathway.[66]

Furthermore, BBR could also disrupt the interaction between

colon cancer cells and normal colon epithelial cells. Huang et al. co-

cultured SW480 colon cancer cells with HCoEpiCs normal colon

epithelial cells using a transwell coculture system and conditioned

medium from SW480. Interestingly, SW480 cells induced EMT and

promoted migration of HCoEpiCs by downregulating TGF‐βII, Smad2,

and p‐Smad3. However, treatment of these cocultured cells with BBR

reversed the SW480 induced EMT like transition and also inhibited

the migration of HCoEpiCs by upregulating the expression of TGF‐

βII, Smad2, and p‐Smad3.[67]

4 | PROSTATE CANCER

Prostate cancer, the most dreadful form of cancer that affects men

above 50 accounts for nearly 1.41 million cases globally in 2020.[1]

Prostate cancer shows no symptoms at the early stage, and hence,

this dreadful disease is mainly diagnosed at the late phase.[68]

Emerging reports show that BBR is highly effective in preventing and

treating prostate cancer in men. Several research papers show that

BBR could act as a promising chemopreventive and chemoprotective

drug against prostate cancer. It acts selectively on prostate cancer

cells and inhibits tumor proliferation and growth via induction of

replicative quiescence and augmentation of apoptosis, both dose, and

time‐dependently.

Mantena et al. intensively studied the chemotherapeutic efficacy

of BBR against DU 145 and PC3 (androgen‐insensitive), LNCaP

(androgen‐sensitive) prostate cancer cells, and PWR‐1E (nontumori-

genic human prostate epithelial cells). BBR did and time‐dependently

inhibited the proliferation and triggered the apoptosis of DU 145,

PC3, and LNCaP cells by arresting cells at the G1 phase and

activating the caspase‐dependent apoptotic pathway, respectively,

without affecting the viability of PWR‐1E cells. In DU 145 cells, BBR

stopped the cell cycle by attenuating the expression of cyclins D1,

cyclin D2, cyclin E, Cdk2, Cdk4, and Cdk6 proteins, enhancing the

expression of Cdk inhibitory proteins (Kip1/p27 and Cip1/p21) and

increased interaction between Cdk and its inhibitors. In DU 145 and

LNCaP cells, BBR promoted apoptosis by increasing Bax/Bcl‐2 ratio,

disrupting mitochondrial membrane potential, and activating caspase‐

9, caspase‐3, and PARP. Taken together, these study results show

that BBR exerts its cytotoxic potential specifically on prostate cancer

cells without causing any harm to normal prostate epithelial cells.[69]

Fascinatingly, studies done by Choi have also yielded results similar

to that of Mantena et al. wherein BBR selectively retarded the

growth of LNCaP cells in dose (0–50 µM) and time (0–48 h)

dependent manner without affecting the growth of PWR‐1E cells.

Furthermore, insights into the molecular mechanisms underlying the

anticancer potential of BBR in vitro have shown that BBR could act

more effectively against p53 expressing LNCaP cells than p53 lacking

LNCaP cells in vitro. Also, BBR treatment decreased the tumor

weight and volume more efficiently in LNCaP‐bearing nude mice than

in PC3 cells‐bearing nude mice. These observations show that BBR

selectively represses prostate tumor progression by inducing G0/G1

phase arrest and triggering apoptosis in p53 dependent manner.[70]

However, in another study, BBR suppressed the proliferation of

LNCaP and PC3 cells by promoting apoptosis and cell cycle both time

and dose‐dependently by attenuating the EGFR signaling path-

way.[71] Also, BBR attenuated the migration, invasion, and EMT in

these highly metastatic cells by suppressing EMT‐related genes,

including NODAL, bone morphogenetic protein, and Snail.[72] In PC3

cells, BBR induced dose‐dependent apoptosis by augmenting ROS

generation.[73] Furthermore, this phytochemical arrested PC3 cells at

the G1 phase at lower doses and the G2/M stage at higher doses.[74]

Taken together, all these studies show that BBR acts via diverse

mechanisms to induce replicative quiescence and promote apoptosis

selectively in prostate cancer cells.

Li et al. performed a high throughput metabolomics investigation

using UPLC‐Q/TOF‐MS/MS technique both in vitro and in vivo to

elucidate the molecular targets of BBR in prostate tumors compre-

hensively. In vitro metabolomics study was performed by treating

22RV1 human prostate cancer cells with 10 µM BBR for 12, 24, 48,

36, 48, and 72 h. In vivo metabolomics study treated male BALB/c‐

nude mice bearing 22RV1 cells with BBR. Furthermore, it also

investigated the growth inhibitory potential of BBR in prostate cancer

cells and the tumor tissues of mice. Their study results show that BBR

could effectively repress the growth of xenograft tumors in nude

mice by decreasing the expression of prostate serum antigen,

androgen receptor (AR), COX‐2, and Bcl‐2 and increasing caspase‐3

expression. Moreover, in the blood and cell metabolomics analysis,

BBR restored the deregulated metabolic profile to a normal state and

treated prostate cancer by regulating the metabolism of purine,

linoleic acid, proline, retinol, and arginine and normalizing the

biosynthesis of retinoate and spermine.[75]

Hyperactivation of AR signaling is majorly responsible for the

development of prostate cancer, and hence, androgen deprivation

therapy is currently used for treating this dreadful disease. Prostate

tumors initially respond to this treatment; later, they resume growth

despite treatment and progress to castration‐resistant prostate

cancer (CRPC). Interestingly, BBR is highly effective in antagonizing

AR and treating CRPC. It inhibits the growth of both androgen‐

sensitive and CRPC cells by inhibiting AR signaling through the

proteasomal degradation of ARs. Apart from degrading full‐length AR,

BBR could also degrade several ligand‐binding domains truncated AR

splice variants that promote androgen‐independent growth of

prostate tumor cells. Furthermore, BBR could also attenuate AR

expression and suppress tumor growth in nude mice bearing LNCaP

xenografts.[76] In 22Rv1 prostate cancer cells, BBR significantly
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reduced intracellular androgen synthesis via suppression of Aldo‐keto

reductase family one member C3 enzyme.[77]

Emerging studies show that BBR could radiosensitize PC3

prostate cancer cells to activate ROS and MAPK/caspase‐3 and

down‐regulate radio‐resistant proteins, including HO‐1, ERK, Bcl‐2,

and NF‐κB, and which are expressed postradiation therapy.[78] Also,

BBR enabled the LNCaP and DU‐145 cells to overcome hypoxia‐

induced radioresistance and improved their sensitivity to ionizing

radiation under hypoxic conditions by repressing HIF‐1α and VEGF

expression.[79]

5 | PANCREATIC CANCER

Pancreatic cancer is the most aggressive cancer that begins

metastasis in the early stages of its development. As per reports

from Global Health Data Exchange and WHO, it accounts for

4,47,665 new cases in 2017.[80] In the majority of patients, this

cancer is diagnosed only at the late refractory stage. Hence, despite

the administration of powerful anticancer drugs like gemcitabine, the

mortality rate of pancreatic cancer patients remains high. This

pathological scenario, in turn, emphasizes the need for promising

treatment alternatives for pancreatic cancer. Fortunately, evidence

shows that BBR could act more effectively than conventional

chemotherapeutic drugs to treat pancreatic cancer. This potent

phytochemical surpassed the therapeutic potential of gemcitabine in

PANC‐1 and MIA PaCa‐2 pancreatic ductal adenocarcinoma cells

(PADCs). However, BBR and gemcitabine dose‐dependently induced

cell cycle arrest and apoptosis in these cells via different mechanisms.

While gemcitabine inhibited cell proliferation by arresting them at S‐

phase, BBR induced cell cycle arrest at the G1 phase. Likewise, in

contrast to the upregulation of caspase‐mediated death of pancreatic

cancer cells by gemcitabine, BBR augmented apoptosis by increasing

the production of ROS.[81] Apart from acting against PANC‐1 and

MIA PaCa‐2 tumor cells, BBR could impede the growth of pancreatic

cancer stem cells of these PADC. Side population cells are regarded

as cancer stem cells for in vitro study owing to their ability to efflux

Hoechst 33342 dye. BBR reduced the side populations of PADCs as

effectively as gemcitabine by decreasing the mRNA levels of stem

cell‐related genes, including SOX‐2, POU5F1, and NONOG.[82]

Furthermore, BBR could also compete with metformin to retard

the growth of PADC tumor xenografts in vivo. Unlike gemcitabine,

both BBR and metformin exert their chemotherapeutic effects dose‐

dependently via the exact mechanisms against PDAC cells. These

drugs act by downregulating mTORC1 and ERK mitogenic signaling in

AMPK dependent manner at lower concentrations and in AMPK

independent manner at higher concentrations.[83]

mRNA‐based gene expression profiling study in untreated and

BBR‐treated pancreatic cancer cells shows BBR kills the pancreatic

tumor cells by activating BRCA1‐mediated DNA damage response,

regulating G1/S and G2/M cells cycle checkpoint, and upregulating

p53 signaling pathways. BBR activates these pathways by inducing

DNA lesions, and DNA strand breaks via DNA intercalation and

inhibition of topoisomerase activity.[84] Also, BBR retards the growth

and metastasis of MIA PaCa‐2 cells by arresting them at the G1

phase, promoting senescence, autophagy, increasing caspase‐3

activity, and impairing migration and invasion.[85] Collectively, all

these studies suggest that BBR acts pleotropically and very

effectively than current chemotherapeutic agents to treat pancreatic

cancer.

6 | SARCOMA

Sarcoma is a cancer that occurs due to the malignant transformation

of connective tissues. Many connective tissues in our body include

cartilage, muscle, bone, fat, vascular, or hematopoietic tissues. Hence,

sarcoma is classified into various types based on the type of cell or

tissue the tumor originates. These include osteosarcoma, chondro-

sarcoma, Kaposi sarcoma, fibrosarcoma, and so forth.[86] Interest-

ingly, BBR is effective against the growth of all these types of

sarcomas. In MG‐63 osteosarcoma cells, BBR promotes DNA

damage,[87] induces cell cycle arrest at G1 and G2/M phase, and

triggers apoptosis via p‐53‐dependent activation of p21 and pro‐

apoptotic genes. p53 activity and subsequent cellular responses are

activated in these cells by BBR through the induction of double‐

strand breaks and thus genomic lesions.[88] Also, BBR inhibits the

growth of human Saos‐2 and MG‐63 osteosarcoma cell lines by

downregulating the caspase‐1/IL‐1β inflammatory signaling axis.[89]

Furthermore, Hsu et al.[90] found that the uptake of BBR by

osteosarcoma cells could be augmented by coupling it to heparin‐

based nanoparticles. In HTB‐94 human chondrosarcoma cells, BBR

retards cell proliferation in a dose‐dependent manner by inducing cell

cycle arrest at the G2/M phase through the upregulation of PI3K/Akt

and p38 cell signaling pathways.[91] In HT1080 fibrosarcoma cells,

BBR and its phenolic derivatives, B2 and B4, acted as potent anti‐

oxidants and exerted their cytotoxic effects by increasing the gene

expression of Superoxide dismutase.[92] Investigations on the

individual and synergistic effects of BBR and polyethylene glycol—

liposomal doxorubicin (PEG‐Lip‐DOX) in Meth A sarcoma trans-

planted BALB/c mice show that tumor growth inhibition could be

achieved very effectively by BBR combinational therapy.[93]

7 | GLIOBLASTOMA

Glioblastoma is the most aggressive form of cancer that develops in

the brain. The first‐line treatment for glioblastoma is radiotherapy

combined with a DNA alkylating agent such as temozolomide. This

combinational therapy has increased patients' 2‐year survival rate

from 10% to 27%. However, nearly all the patients under this therapy

suffer from severe adverse side effects such as leukopenia, nausea,

and so forth. Furthermore, these therapies also promote disease

progression and worsen the prognosis of glioblastoma patients.[94]

According to WHO reports, the 5‐year survival rate of patients with

grade IV tumors is less than 5%. The need for promising drugs with
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minimal toxicity to treat glioblastoma led to mounting investigations

that explored the therapeutic efficacy of BBR against this dreadful

disease. Accumulating studies show that BBR could effectively retard

glioblastoma cells' growth, survival, and progression by triggering

autophagy, replicative senescence, apoptosis, cell cycle arrest, ROS

generation, and so forth. In T98G human glioblastoma cells, BBR

dose‐dependently suppressed cell proliferation by arresting them at

the G1 phase via elevated expression of p27 and reduced expression

of CDK2, CDK4, cyclin D, and cyclin E proteins. Also, it induced T98G

cell death by increasing Bax/Bcl‐2 ratio, disrupting mitochondrial

membrane potential, and upregulating the expression of proteins

involved in caspase‐dependent apoptotic pathways, including

procaspase‐9, caspase‐9, caspase‐3, and PARP.[95] BBR activates

the intrinsic apoptotic pathway in these cells in many ways, including

(i) induction of stress in the endoplasmic reticulum (ER) via generation

of ROS, (ii) elevation in the levels of intracellular Ca2+, and (iii)

mitochondrial dysfunction. More interestingly, BBR acts via the exact

mechanism above to induce apoptosis of C6 rat glioma cells[96] which

is given in Figure 2. This evidence, in turn, suggests that BBR exerts

its cytotoxicity against glioblastoma cells by inducing cell cycle arrest

and thus programmed cell death through the augmentation of ER

stress and generation of ROS. Upregulation of EGFR is crucial for

glioblastoma proliferation. Interestingly, BBR inhibited the growth of

U87, U251, and U118 glioblastoma cells in vitro and murine U87

xenografts in vivo more effectively than temozolomide by promoting

cellular senescence through the attenuation of EGFR/RAF/MEK/ERK

signaling pathways. This, in turn, suggests that BBR could serve as a

promising drug to treat glioblastoma.[97]

Few studies show that BBR could exert its cytotoxic effects on

glioblastoma cells by inducing autophagy and targeting metabolism.

In U251 and U87 cells, BBR retarded the tumor growth and

metastasis by suppressing their metabolism and decreasing glycolytic

capacity, altering mitochondrial dynamics, and increasing autophagy

flux. It augmented autophagy in these cells by promoting the accrual

of LC3B‐II positive autophagosomes and subsequently reducing the

p62 protein levels via downregulation of the AMPK/mTOR/ULK1

pathway.[98] Likewise, BBR retarded glioblastoma growth by inducing

autophagy, reducing oxygen consumption rate, repressing mitochon-

drial aerobic oxidation, reducing the energy‐generating potency, and

decreasing metabolic activity by suppressing the activity of ERK1/2.

Moreover, BBR induced oncosis‐like death in these cells through ATP

depletion.[99] All these observations show that BBR act in a

multifaceted manner to suppress the growth and progression of

glioblastoma.

8 | GASTRIC CANCER

Gastric cancer is a deadly type of cancer that accounts for 7,69,000

deaths worldwide in 2020.[1] Being the second major cause of global

cancer‐related death, gastric cancer has received immense attention

from clinicians and cancer scientists worldwide. In most patients,

gastric cancer manifests its symptoms only at the late advanced

stage. Hence, chemotherapy is considered the mainstay treatment

for treating this dreadful disease.[100] However, the development of

drug resistance essentially limits the clinical effectiveness of

chemotherapeutic drugs in gastric cancer patients. Emerging studies

show that BBR could circumvent these limitations and could appear

as a safe and promising drug to treat gastric cancer.

Upregulation of Survivin and STAT‐3 signaling majorly contribute

to chemoresistance in gastric malignancies. However, BBR treatment

significantly reduced survivin expression and pSTAT‐3 levels in AGS

gastric cancer cells and enhanced their response to 5‐

fluorouracil.[101] Evodiamine is a potent chemotherapeutic drug

whose clinical applications are restricted due to its potential to up‐

regulate the synthesis of oncogenic proteins, including IL‐8, VCAM‐1,

and ICAM‐1. Nevertheless, BBR effectively counteracted the

deleterious effects of evodiamine in AGS cells by downregulating

the production of IL‐8, ICAM‐1, and VCAM‐1 and significantly

reducing the adhesion of evodiamine‐treated AGS cells to HU-

VECs.[102] Also, BBR sensitizes BGC‐823/DDP and SGC‐7901/DDP

cisplatin‐resistant gastric cancer cells to cisplatin‐induced apoptosis

by elevating the expression of microRNA‐203 and subsequently

repressing the expression of Bcl‐2, the anti‐apoptotic protein.[103]

Cetuximab, an antibody targeting EGFR, is used to treat colon and

head and neck cancer. However, its combination with chemotherapy

for treating EGFR overexpressing gastric cancer did not produce

satisfactory results. Erlotinib is an EGFR‐targeting small‐molecule

tyrosine kinase inhibitor. Since BBR is a potent inhibitor of EFGR in

tumors, Wang et al.[104] investigated if this phytochemical could

augment the therapeutic potential of erlotinib and cetuximab against

gastric malignancies both in vitro and in vivo. In vitro studies

were carried out by treating MKN45, BGC823, and SGC7901 gastric

cancer cells with BBR and erlotinib/cetuximab. In vivo studies were

carried out by treating BGC823 cells xenografted nude mice BBR

and cetuximab. Fascinatingly, BBR augmented the activity of erlotinib

and cetuximab in vitro and in vivo by downregulating EGFR/STAT3

signaling pathway. Taken together, this evidence strongly suggests

that BBR could overcome drug resistance in gastric cancer by

chemosensitizing the tumor cells to various conventionally used

chemotherapeutic drugs, including cisplatin, evodiamine 5‐

fluorouracil, cetuximab, and erlotinib.

Apart from acting in synergy with conventional chemo-

therapeutic agents, BBR could also work individually to suppress

the growth of gastric cancer cells. In SNU‐5 human gastric cancer cell

lines, BBR induced cytotoxicity by promoting cell cycle arrest at G2/

M phase and triggering apoptosis via upregulation of p53 expression,

a decrease of mitochondrial membrane potential, release of

cytochrome C, and activation of caspase‐3.[105] Furthermore, BBR

also promoted ROS generation in SNU‐5 cells and impeded their

migration by reducing the expression level of MMP‐1, ‐2, and ‐9.[106]

In SGC‐7901 gastric cancer cells, BBR inhibited cell proliferation by

arresting them at the G1 phase, promoting apoptosis and establishing

cross‐talk between the genes and microRNAs.[107] In MGC 803

human gastric carcinoma cell line, BBR dose‐dependently inhibited

cell proliferation and tumorigenesis in vitro and in vivo, respectively,
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by decreasing the secretion of IL‐8 via inactivation of p38 MAPK,

ERK1/2, and c‐Jun‐N‐terminal kinase.[108]

9 | CERVICAL CANCER

Cervical cancer, the fourth primary type of cancer among females,

has affected 6,04,000 women and led to 3,42,000 global deaths in

2020.[109] In more than 90% of cases, cervical cancer develops due to

human papilloma virus (HPV) infection. Two specific HPV types,

namely HPV16 and HPV18, play a significant role in developing

cervical cancer.[110] Fascinatingly, BBR possesses the potential to kill

both HPV 16 positive cervical cancer cells (SiHa cell lines) and HPV18

positive cervical cancer cells (HeLa cell lines) by effectively targeting

both the host and viral factors crucially involved in disease

pathogenesis. BBR acts on these cells by (i) selectively inhibiting

constitutively expressed AP‐1 in the dose and time‐dependent

manner and (ii) downregulating the expression of HPV oncoproteins

E6 and E7. Also, in Hela cells, BBR triggers apoptosis by activating (i)

intrinsic mitochondrial pathway, (ii) extrinsic death receptor pathway

via activation of Fas, FasL, TNF‐α, and TRAF‐1, (iii) p53 expression,

and (iv) MAPK pathways.[111] The uptake of BBR by these cells

through membrane depolarization also led to various cytotoxic

events, including modulation of HPV‐18 E6‐E7 viral oncoproteins,

disruption of the microtubule network, and augmented p53 expres-

sion. Furthermore, in SiHa cells, BBR reversed TGF‐1βmediated EMT

by increasing the levels of epithelial markers including E‐cadherin and

decreasing the expression of mesenchymal markers including N‐

cadherin and Snail‐1. More importantly, BBR retards tumor neovas-

cularization both in vitro and in vivo and inhibits the metastasis of

SiHa cells to lungs in xenograft mice models.[112] As observed in

glioblastoma cells,[96,112] BBR triggers apoptosis of CaSki cervical

cancer cells in time and dose‐dependent manner by (i) increasing the

ratio of p53 and Bax/Bcl‐2 proteins, (ii) generating ROS and

subsequently promoting ER stress and Ca2+ release, (iii) disrupting

mitochondrial membrane potential, (iv) increasing the expression of

GADD153, and (v) promoting caspase‐3 activity.[113] In HeLa229

human cervical carcinoma cells, BBR inhibits cell proliferation and

promotes apoptosis by upregulating p53 and downregulating Bcl‐2

and COX‐2 gene levels.[114] All these studies show that BBR

effectively act against cervical cancer by inhibiting the growth of

HPV 16 and HPV 18 oncovirus, promoting tumor apoptosis and

upregulating p53 expression.

10 | SKIN CANCER

Skin, the body's external organ, has a high propensity to develop

cancer due to its increased risk of exposure to various environmental

carcinogens and ultraviolet radiation. Pathologically, skin cancer is

classified as melanoma and nonmelanoma (squamous cell carcinoma

and basal cell carcinoma). Despite affecting 2–3 million people per

year globally, nonmelanoma skin cancer is easily curable and rarely

results in patient death.[115] However, melanoma is a very aggressive

type of skin cancer with an annual incidence and mortality rate of

20,00,000 and 55,000. Emerging evidence suggests that BBR could

effectively inhibit metastatic events in melanoma cells. It reversed

EMT and significantly decreased cell migration and invasion in highly

metastatic B16 melanoma cells by reducing the expression of PI3K/

Akt/RARα and increasing the expression of RARβ and RARγ.[116]

Furthermore, BBR improved the survival of B16F‐10‐bearing nude

mice by reducing the formation of tumor nodules and suppressing

these cells' metastasis to the lungs by downregulating various

signaling molecules, including CREB, ATF‐2 ERK1/2, and NF‐κB. In

vitro, BBR dose‐dependently suppressed the migration and invasion

of B16F‐10 cells.[117] Also, BBR attenuated melanogenesis in these

cells by augmenting the phosphorylation of PI3K/Akt, ERK, and GSK‐

3β.[118] More importantly, BBR increased the therapeutic effects of

doxorubicin in B16F‐10 cells and suppressed tumor growth in vitro

by reducing Kip1/p27 levels, triggering apoptosis, inducing G2/M

arrest, and downregulating Akt phosphorylation. In vivo, synergistic

administration of BBR and doxorubicin to murine B16F‐10 cells

significantly reduced the tumor volume and tumor weight.[119] In

highly metastatic A375.S2 human melanoma cells, BBR inhibited

migration and invasion by suppressing the expression of MMP‐1 and

MMP‐13 through the downregulation of metastasis‐associated

proteins, including ROCK1, RhoA, uPA, FAK, and NF‐κB. Also

interestingly, BBR significantly attenuated the mobility of

vemurafenib‐resistant A375.S2 cells (A375.S2/PLX cells), thereby

suggesting that it could act as a potent chemosensitizer.[120] Torky

et al. developed a novel topical BBR formulation with improved skin

penetrating characteristics by complexing BBR with sodium oleate via

hydrophobic ion pairing to form BBR‐oleate complex (BBR‐OL) of

nanometric particle size. Fascinatingly, BBR‐OL exerted slow and

sustained release than free BBR in vitro. Likewise, in an ex‐vivo

permeation study using rat skin, the BBR‐OL complex exhibited

superior skin penetration and deposition.[121] This evidence suggests

that BBR could be a promising drug to treat melanomas.

11 | OVARIAN CANCER

Ovarian cancer is the most dreadful gynecological cancer, with a

5‐year survival rate below 50%. More than 80% of ovarian cancers

are diagnosed only after the metastasis of cancer cells to the

abdominopelvic cavity and other distal organs. Cisplatin is the first‐

line drug used in the treatment of ovarian cancer. However, its

clinical efficacy is highly limited due to chemoresistance.[122]

Accumulating evidence shows that BBR could augment the response

of ovarian cancer cells to cisplatin therapy via various mechanisms. In

SKOV‐3 human epithelial ovarian cancer cells, BBR improved the

cytotoxic effects of cisplatin by suppressing the expression of miR‐21

and stimulating the expression of PDCD4, a potent tumor

suppressor.[123]

Furthermore, treatment of SKOV‐3 cells with BBR alone

inhibited cell growth by (i) retarding cell proliferation, (ii) inducing
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apoptosis through the upregulation of Bcl‐2 and survivin and

downregulation of BAX, and (iii) demethylating the hMLH1 promoter

and promoting the gene expression of hMLH1.[124] In A2780/DDP

cisplatin‐resistant ovarian tumor cells, BBR enhanced the apoptotic

potential of cisplatin by repressing miR‐93 expression (an important

miRNA involved in the development of cisplatin resistance in ovarian

carcinoma cells) and its associated PTEN/Akt pathways.[125] Further-

more, BBR also improved the response of ovarian cancer cells to

niraparib, a PARP inhibitor, by inducing oxidative DNA damage and

attenuating homologous recombination repair.[126] Apart from

sensitizing ovarian tumors to chemotherapy, BBR could even prevent

the recurrence of ovarian cancer by suppressing chemotherapy‐

induced repopulation of tumor cells. Zhao et al. cocultured the

surviving ovarian cancer cells in the microenvironment of VP16 drug‐

treated dying cells by using a transwell system. Interestingly, BBR

treatment inhibited the VP16‐induced AA pathway and FAK

phosphorylation by downregulating the caspase‐3/iPLA2/AA/COX‐

2/PGE2 pathway, suppressing the repopulation of ovarian cancer

cells.[127] Mechanisms underlying pro‐apoptotic and antimetastatic

mechanisms of BBR in various cancers are given in Tables 1 and 2,

respectively.

12 | OTHER CANCERS

Apart from acting against the cancers above, BBR could also

effectively inhibit the growth of other major types of cancer,

including leukemia, hepatocellular carcinoma, oral cancer retinoblas-

toma, esophageal cancer, and endometrial cancer. In promyelocytic

leukemia cells, BBR inhibits tumor growth by inducing mitochondria‐

dependent apoptosis, ROS‐dependent apoptosis, cell cycle arrest,

and inhibiting the activity of NAT.[128] In lymphocytic, lymphoblastic,

myelomonocytic, and acute myeloid leukemia cells, BBR exerts its

chemotherapeutic potential majorly by activating programmed cell

death.[129–132] Likewise, BBR employs apoptosis as an essential tool

to impede the growth of various oral cancer cells.[133] BBR

suppresses the metastatic events in retinoblastoma cells, including

cell invasion and migration, by downregulating p38 and PI3K/Akt

signaling pathways.[134] Similarly, treatment of endometrial cancer

cells, AN3 CA, and HEC‐1‐A with BBR significantly reduced tumor

growth and suppressed their invasive and migratory potential by

regulating the miR‐101/COX‐2 axis.[135] Also, in the tail vein

injection‐induced lung metastasis model, BBR treatment dramatically

decreased the tumor nodule formation in the lungs without exerting

any toxicity in the lungs.

13 | CONCLUSIONS AND FUTURE
PERSPECTIVES

Chemotherapy and radiotherapy are conventionally used to treat

cancer patients. However, an alarming rise in cancer‐related

mortalities in recent years despite these therapies strongly suggests

a need for the development of adjunct/alternative medicines to

treat this dreadful disease. The significant factors that limit the

therapeutic outcome of conventional chemo/radiotherapies in

cancer patients are the development of therapy resistance, harmful

side effects including cardiotoxicity, nephrotoxicity, and so forth,

and cancer relapse after therapy. Furthermore, conventional cancer

therapies, including targeted therapies, do not deal with the

life‐threatening events of cancer, including EMT, tumor neovascu-

larization, tumor hypoxia, and so forth. Hence, alternative/adjunct

drugs to be developed for treating cancer should possess the

potential to overcome the limitations of current therapies, including

drug resistance, harmful side effects, and cancer relapse. The

present review has put forth numerous pieces of evidence that

strongly suggests that BBR could act as a promising alternative/

adjunct medicine to treat cancer. Emerging studies show that BBR

F IGURE 1 The diverse effects of BBR on cell cycle arrest, apoptosis, autophagy and anti‐inflammation. This multipotent molecule can be
directed to do specific function by changing the underlying pathway or target of interest. For example, the direct interaction of BBR with NF‐kB
initiates anti‐inflammatory mechanisms in cells. BBR, berberine.
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could work very effectively than conventional chemotherapeutic

drugs and inhibit the growth of wide varieties of cancer cells by

promoting apoptosis, inducing cell cycle arrest, triggering autop-

hagy, and augmenting replicative senescence through the modula-

tion of diverse signaling pathways (Figure 1). Moreover, BBR acts

very effectively against metastatic cancers and circumvents the

important events preceding metastasis, including EMT, tumor

angiogenesis, and tumor hypoxia. Significantly, BBR has improved

the response of various cancer cells to conventionally used

chemotherapeutic drugs, including doxorubicin, tamoxifen, cisplatin,

sunitinib, irinotecan, temozolomide, and so forth, and also

radiotherapy.

Furthermore, BBR, a very safe drug which causes no serious side

effects even during prolonged use and acts selectively on tumor cells

without harming the normal cells. On top of exerting these

chemoprotective effects, BBR could also circumvent the harmful

side effects caused by cytotoxic therapies. Taken together, from the

present review, it is evident that BBR possesses enormous potential

to (i) promote apoptosis, autophagy, and replicative senescence, (ii)

inhibit EMT, tumor angiogenesis, tumor hypoxia, (iii) sensitize

F IGURE 2 BBR induced programmed cell death and cell cycle arrest in cells through Fas/CD95 receptor. Treatment of BBR resulted in
notable DNA damage via ROS production, ER stress, and release of Ca2+. The impairment of mitochondria caused by the imbalance between
Bax/Bcl‐2 also induced the release of cytochrome c followed by activation of caspase‐9 and ‐3 and finally apoptosis. BBR, berberine; ER,
endoplasmic reticulum; ROS, reactive oxygen species.
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drug‐resistant cancer cells to conventional therapies, (iv) act very

effectively than conventional therapies, (iv) protect the body from

harmful side effects of conventional therapies, and (v) act selectively

on tumor cells without harming the normal cells. All these

chemotherapeutic properties of BBR show that this Chinese herbal

medicine could be considered an essential, safe, and pharmaco-

logically active alternative/adjunct drug to treat cancer.

Nevertheless, the poor oral bioavailability and poor aqueous

solubility of BBR, along with its low intestinal absorption and rapid

intestinal and hepatic efflux, essentially hampers its development into

pharmaceuticals to treat cancer patients. Fortunately, emerging

research has shown that these limitations could be effectively

overcome by developing oral delivery systems of BBR, including

solid lipid nanoparticles, nanostructured lipid carriers, liposomes, gold

nanoparticles, silver nanoparticles, self‐nano emulsifying system, and

so forth. Hence, more research on the design and development of

potent BBR drug delivery systems is needed to improve its oral

bioavailability, prolonged existence, and sustained release from the

intestine and liver. Another major limitation behind the clinical

application of BBR is the lack of clinical trials to validate the results of

extensively done in vitro and in vivo studies. More clinical trials on

the chemotherapeutic and chemosensitizing potential of novel BBR

formulations in wide varieties of cancer patients will continue in deed

open new avenues to transform BBR from bench‐side research to

bedside treatments.

Furthermore, very little research has been done to date to assess

the potential of BBR to combat cancer relapse and the growth of

cancer stem cells. Cancer stem cells, the small subpopulation of cells

in tumor with self‐renewal, self‐differentiation, and tumorigenic

properties, play a crucial role in cancer recurrence and metastasis.

Moreover, they are highly resistant to chemo‐ and radiation‐

therapies. Hence, cancer stem cells are considered a high‐interest

target to improve cancer patients' survival and quality of life.

Therefore, detailed investigations on the inhibitory effects of BBR

against the growth of cancer stem cells and cancer relapse are very

much needed to prove the applications of BBR as a therapeutic

agent.

In conclusion, the strong, versatile, and diverse potential of BBR to

impede the hallmark events of cancer, overcome therapy resistance, and

minimize their harmful side effects are well documented. Hence, BBR

holds more potential to clinically emerge as a promising anti‐neoplastic

drug to treat various cancers. However, (i) development of oral delivery

systems of BBR with improved bioavailability and sustained release, (ii)

clinical evaluation of the chemotherapeutic and chemosensitizing

potential of BBR in wide varieties of cancer patients, and (iii) in‐depth

research on its potential to prevent cancer relapse and combat the

growth of cancer stem cells is highly needed to affirm its practical

application in clinical practice to treat cancer.
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