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The use of nutraceuticals during cancer treatment is a long-lasting debate. Berberine (BBR) is an isoquinoline quaternary alkaloid
extracted from a variety of medicinal plants. BBR has been shown to have therapeutic effects in different pathologies, particularly in
cancer, where it affects pathways involved in tumor progression. In neuroblastoma, the most common extracranial childhood solid
tumor, BBR, reduces tumor growth by regulating both stemness and differentiation features and by inducing apoptosis. At the same
time, the inhibition of β-adrenergic signaling leads to a reduction in growth and increase of differentiation of neuroblastoma. In this
review, we summarize the possible beneficial effects of BBR in counteracting tumor growth and progression in various types of
cancer and, in particular, in neuroblastoma. However, BBR administration, besides its numerous beneficial effects, presents a
few side effects due to inhibition of MAO A enzyme in neuroblastoma cells. Therefore, herein, we proposed a novel therapeutic
strategy to overcome side effects of BBR administration consisting of concomitant administration of BBR together with β-
blockers in neuroblastoma.

1. Neuroblastoma

Neuroblastoma (NB) is the most common extracranial child-
hood solid tumor, which arises from the embryonic primary
neural crest cells during development. NB accounts for
approximately 8% of all diagnosed pediatric cancers and
causes 9-15% of all cancer-related deaths in childhood. NB
is clinically heterogeneous, with prognosis spanning from
favorable outcome in low and intermediated risk to poor out-
come in high-risk cases [1]. In addition, biological and chro-
mosomal markers are associated with NB aggressiveness,
including the amplification of the proto-oncogene MYCN,
dysregulation of anaplastic lymphoma kinase (ALK), and
genetic aberration [2, 3]. MYCN amplification occurs in
approximately 25% overall of NB cases and particularly in
40% of the high-risk cases, representing the major prognostic
marker associated with unfavorable clinical outcomes [4, 5].
Several studies have reported that MYCN overexpression in
peripheral neural crest is sufficient to initiate NB in a mouse
model [6], whileMYCN downregulation increases differenti-
ation and apoptosis, and represses proliferation and tumor

growth in vivo [7–9]. NBs with low MYCN levels have better
responses to chemotherapy and overall survival. MYCN
amplified NB tumors that were originally responsive to che-
motherapy [10], tend to have an early relapse, and then
become resistant [11]. ALKmutation occurs in approximately
14% of high-risk cases and is associated with a relapse of NB
[12, 13]. In vivo studies have demonstrated the interaction
between ALK mutation and MYCN amplification contribut-
ing to NB progression [14, 15]. Indeed, ALK induces the tran-
scription of MYCN [16], or sporadically, when coamplified
with MYCN, ALK leads to an increased expression of ALK
protein, resulting in a poor prognosis ofNB patients with both
MYCN amplification and ALK mutation or amplification
[17]. According to the INRG staging system, NB tumors are
classified in different risk groups: L1 for localized tumors that
do not involve vital structures as defined by the list of image-
defined risk factors (IDRFs); L2 for locoregional tumors with
one or more IDRFs; M for distant metastatic disease; M2 for
metastatic disease in children younger than 18 months with
metastasis confined to skin, liver, and/or bone marrow [18].
Instead, a combination of factors, including age at diagnosis,
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stage, tumor histology, tumor cell ploidy, and MYCN status,
has been used to stratify patients into three pretreatment
groups, low-, intermediate, and high-risk, according to The
Children’s Oncology Group (COG). Surgery is the main
treatment for low-risk NB with or without postsurgery
chemotherapy, with a 5-year survival rate higher than 95%.
Treatment for high-risk tumors usually includes a combina-
tion of chemotherapy, radiotherapy, bonemarrowor stem cell
transplant, surgery, immunotherapy, and administration of
oral retinoid. However, for high-risk NB, the 5-year survival
rate is still approximately 40% to 50%.

2. Beta-Adrenergic Receptors

Beta-adrenergic receptors (β-ARs) belong to the superfamily
of G-protein-coupled receptors (GPCRs) and are divided
into three receptor subtypes, β1-, β2-, and β3-AR. All three
β-ARs are known to regulate many physiopathological
processes in humans and animals, following their activation
elicited by the catecholamines, such as noradrenaline or
adrenaline [19, 20]. Examples of typical responses mediated
by β-ARs are vasodilation, cardiac functions, and thermo-
genesis. Different β-ARs are expressed in numerous cell types
and tissues, where they are able to activate downstream path-
ways that can be distinct for each subtype of β-ARs or even
overlapped. However, while the β1-AR and β2-AR are
almost ubiquitous in tissues, the β3-AR subtype has a more
restricted pattern expression in humans [21], together with
a unique pharmacology compared to β1-AR and β2-AR [22].

Due to the broad expression of β-ARs in different organs,
and their ability to regulate several biological processes, the
use of both agonists and antagonists of β-ARs has become
a widespread strategy in pharmacology. Indeed, up to date,
the FDA has approved 19 β-blockers as therapeutic agents
to different diseases: β2-AR agonist salbutamol and formo-
terol for asthma and chronic obstructive airway disease, β1-
AR antagonist metoprolol and bisoprolol for coronary heart
disease and arrhythmias, β1-AR agonists such as dobuta-
mine for acute heart failure, β1-/β2-AR antagonist carvedilol
for chronic heart failure, β3-AR agonist mirabegron for
overactive bladder syndrome, and many others [23]. High
concentrations of catecholamines and their metabolites
found in patients affected by NB, may suggest that studying
of the adrenergic system, and in particular of the β-ARs,
could represent a promising option for alternative treatments
against this cancer.

3. Beta-Adrenergic Receptors in Cancer

In 1989, Schuller and Cole reported that the nonselective β-
ARs agonist isoprenaline was able to induce proliferation of
lung adenocarcinoma cells; on the contrary, the nonselective
β-ARs antagonist propranolol counteracted the effect of β-
ARs stimulation [24]. This was the first evidence clearly
showing the role of β-ARs in tumor growth, which was
further confirmed by numerous studies on different tumor
types. To date, the relationship between stress and tumor
progression has been clearly demonstrated through numer-
ous preclinical and clinical evidences [25]. In particular,

catecholamine release by the sympathetic nervous system is
able to activate β-ARs, which sustain numerous tumor-
related signaling pathways involved in tumor progression,
metastasis, and response to treatment, including inflamma-
tion, angiogenesis, resistance to apoptosis, tumor cell inva-
sion, and epithelial to mesenchymal transition [26]. Indeed,
the three β-ARs are expressed and involved in the pathogen-
esis and/or progression of different tumors, from benign
form such as the infantile hemangioma [27, 28] to several
malignant types including breast cancer [29], ovarian cancer
[30, 31], melanoma [32, 33], colon cancer [34], and many
others. Accordingly, previous studies showed that pharmaco-
logical β-ARs blockade was efficient to suppress stress-
induced enhancement of tumor progression in melanoma
[35] as well as in breast [36], prostate [37] cancers, and leuke-
mia [38]. In several murine experimental models, in different
types of tumors, reduced tumor growth and progression
following propranolol administration suggested a role for
β1- and/or β2-ARs as key mediators of stress-induced
tumorigenic events. Specifically, propranolol was able to
affect tumor growth in numerous malignancies such as in
ovarian, prostate, pancreatic, and other cancers [39–41]. In
many of these studies, the effects observed following pro-
pranolol administration relied on the β2-AR blockade rather
than on β1-AR involvement. Therefore, until few years ago,
the β2-AR was recognized as the main β-AR subtype
involved in the regulation of tumor-related pathways [42];
however, recent studies have shown the crucial role of the
β3-AR subtype in cancer biology. In particular, β3-AR gene
polymorphisms have been associated with decreased risk or
susceptibility to some cancers including breast, endometrial,
and gallbladder cancer [43–45]. In a case series study, an
aberrant β3-AR mRNA upregulation was found related to
the neoplastic transformation of colorectal cancer [34].
Through a xenograft murine model of prostate cancer,
Magnon et al. demonstrated that genetic deletion of stromal
β2/3-ARs prevented the early phases of tumor development
and tumor cell dissemination [46]. Moreover, numerous
preclinical studies on melanoma have shown that β3-AR is
able to sustain protumoral activities in tumor cells but also
in stromal cells of the tumor microenvironment, and its
blockade exerts a crucial antitumor action by affecting multi-
ple signaling pathways [33, 47, 48]. These experimental
evidences confirmed the critical involvement of β-ARs in
regulating tumor progression in many malignancies and
suggested that β-ARs and their related pathways must be
further investigated in order to explore new therapeutic
interventions in many tumor diseases.

4. Beta-Adrenergic Receptors in NB

Patients diagnosed with NB usually have elevated hematic
and urinary concentration of catecholamines or their metab-
olites. Both urinary homovanillic and vanillylmandelic acid
(HVA and VMA) are catecholamine metabolites that have
been used as biomarkers in the diagnosis and follow-up of
patients with NB [49, 50]. Elevated levels of these metabolites
suggest, therefore, that the adrenergic system could play an
important role in regulating NB biology; indeed, recent
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findings have demonstrated that β-ARs modulation, thor-
ough the use of β-blockers, affects NB tumor growth and
progression. The effects of the nonselective β-blocker pro-
pranolol administration have been studied through in vitro
and in vivo experimental models [51]. In particular, in a
panel of fifteen human neuroblastoma cell lines, propranolol
was able to inhibit NB tumor growth, survival, and prolifera-
tion and to induce apoptosis via activation of p53 and p73
signaling. These effects were mediated by the β2-AR, but
not β1-AR, and accordingly, all analyzed cell lines expressed
the β2-AR protein. In the same study, these results were
confirmed thorough an in vivo xenograft model (NOD/SCID
mice inoculated with human SK-N-AS cells), in which
administration of propranolol (1mg/kg) resulted in a
decreased tumor growth compared to a control group.
Furthermore, propranolol was also synergistic with the topo-
isomerase I inhibitor SN-38 in reducing tumor growth of NB
in vivo [51]. Accordingly, a second study [51] showed that
the three β-blockers carvedilol (a mixed α/β-blocker),
nebivolol (a selective β1-blocker), and propranolol (nonse-
lective β-blocker) exhibited potent anticancer properties on
NB. Interestingly, in vitro, the three β-blockers potentiated
the antiangiogenic, antimitochondrial, antimitotic, and, ulti-
mately, proapoptotic effects of vincristine in humans (BE (2)
C, SHEP, SK-N-SH) and mouse-derived (NH02A) NB cell
lines. In TH-MYCN transgenic mice, the administration of
β-blockers transiently reduced tumor growth; more impor-
tantly, β-blockers used in combination with vincristine, were
able to increase the antitumor effect of vincristine compared
with this chemotherapeutic agent alone. The synergistic
effect of combining β-blockers and vincristine was associated
with an increase in tumor angiogenesis inhibition and ulti-
mately resulted in a four-fold increase in median survival,
as compared with vincristine alone [52]. In a recent study,
the β3-AR subtype, whose expression and function on NB
had not yet been investigated to date, was found as crucially
involved in NB tumor growth and progression [53]. In
particular, the expression of β3-AR was evident in human
(SK-N-BE, BE (2) C) and murine (Neuro-2A) NB cell lines,
as well as in biopsies obtained from patients affected by NB.
β3-AR blockade in vitro, using the antagonist SR59230A,
was able to decrease cell proliferation and increase neuronal
differentiation at the expense of stemness traits. Moreover,
the pharmacological blockade of β3-AR strongly affected
NB tumor growth in vivo in a syngeneic NB model, confirm-
ing the data obtained in vitro [53]. These results highlighted
for the first time the crucial role of the β3-AR subtype in
regulating tumorigenesis of NB. Taken together, all these
preclinical data suggest that β-blockers have an important
role in counteracting NB tumor growth and progression,
and thus they should be considered for the treatment of
patients diagnosed with NB either alone or in combination
with other therapeutic agents.

5. Nutraceutical Compounds and NB

Despite advances in diagnosis and therapy, NB still remains a
challenge in terms of recurrence and survival. Standard ther-
apies against NB involve radiotherapy and chemotherapy

that are able to induce significant responses or remission in
the majority of patients. However, the side effects of these
treatments due to damage and toxicity do not prevent recur-
rence in most patients with high-risk factors [54]. Therefore,
the research of novel therapeutic agents to improve treatment
outcomes in NB is deeply important. Natural compounds
derived from animals, microorganism, and in particular from
plants have been used and have demonstrated significant effi-
cacy in the prevention and treatment of various human
disease, including cancer. Various studies have demonstrated
that the combination of chemotherapeutic agents and resver-
atrol (RV), a polyphenol found in red wine with antioxidant,
anti-inflammatory [55], cardioprotective [56], and anticancer
activities [57, 58], lead to the inhibition of tumor growth and
enhanced antitumor effect compared to chemotherapy alone
[59]. Recently, in vitro and in vivo studies have reported the
effects of RV in NB proliferation and progression. van Ginkel
et al. have shown that RV treatment reduced tumor growth in
NGP and SK-N-AS xenograft model of NB, without evidence
of toxic effects and accumulation of RV in serum, liver, or
other tissues. In SK-N-AS, NGP, SH-SY5Y NB cell lines, RV
treatment induced cell cycle arrest in G1 and S phase and
caused the collapse of the mitochondrial membrane potential
with the release of cytochrome c, activation of caspase-3 and
caspase-9 protein, leading to an enhanced apoptosis and a
decreased cell viability and proliferation [60]. In B103 NB
cells, RV treatment induced cell cycle arrest in S phase via
the downregulation of the cyclin D1, and induced apoptosis
through the reduction of the antiapoptotic proteins Bcl-2,
Bcl-xL, andMcl-1, in a dose-dependentmanner [61]. Graham
et al. have demonstrated that the combined treatment with
RV and 2-Deoxy-D-glucose (2-DG) induced the activation
of caspase-3 protein and apoptotic cell death, compared to
2-DG treatment alone in NB1691RV NB cells, and decreased
2DG-induced phosphorylation and activation of Akt at T308,
T450, and S473, potentiating endoplasmic reticulum (ER)
stress, in NB1691, SH-SY5Y, SK-N-SH, and SK-N-BE2 cells
[62]. Furthermore, Soto et al. have reported the antitumor
effect of RV in combination with immunotherapy. The
cotreatment with RV and hu14.18-IL2 immunocytokine
(IC) showed tumor regression, necrosis areas, and a greater
survival in the NB animal model, as well as RV treatment
alone. In addition, RV treatment increased the levels of
GD2, a disialoganglioside expressed with high density in the
surface of NB cells, in vitro, and the infiltration of leukocytes
in the tumor microenvironment in treated mice [63]. Besides
RV, curcumin has been reported to be effective against NB.
Curcumin is a polyphenol found in the rhizome of Curcuma
longa (turmeric) with anti-inflammatory and antioxidative
effects [64–66] and has been reported to be effective in meta-
bolic syndrome [67], pain, osteoarthritis [68], and cancer [69].
Sidhar and Giri have reported the effective anticancer role of
curcumin in NB. Indeed, curcumin treatment in N2a NB cells
inhibited proliferation and induced apoptosis through the
inhibition of ERK1/2 and the proteolytic activation of
caspase-3, and poly (ADP-ribose) polymerase (PARP-1)
cleavage and inactivation. Moreover, curcumin enhanced
p53-ser15 phosphorylation and activation, which induces
the expression of pro-apoptotic genes Bex1, Bex2, Bex4, and
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Bex6 leading to the activation of the intrinsic apoptotic path-
way in N2a NB cells [70]. These data proved the important
role played by several nutraceutical compounds in regulating
NB cancer biology.

6. Berberine

Berberine (BBR) is an isoquinoline quaternary alkaloid extracted
from medicinal plants such as Hydrastis canadensis, Coptis chi-
nensis, Coptis japonica, Phellodendron chinense Schneid, Phello-
dendron amurense, and Berberis aristata [71, 72], which
displays anti-inflammatory, antioxidant, and antimicrobial
effects [73, 74]. The anti-inflammatory and antioxidative
effects of BBR were found to be important in the protection
against type 2 diabetes, hypertension, and cardiovascular dis-
eases [75, 76]. BBR exerts the anti-inflammatory activity by
the reduction of proinflammatory cytokines and acute-phase
proteins [77]. Jeong et al. have reported that BBR treatment
repressed the expression of proinflammatory genes, including
interleukin-6 (IL-6), interleukin-1beta (IL-1β), tumor
necrosis factor-alpha (TNF-α), cyclooxygenase-2 (COX2),
and matrix metalloprotease-9 (MMP-9), and decreased
mitogen-activated protein kinase (MAPK) phosphorylation,
while increased adenosine monophosphate-activated protein
kinase (AMPK) phosphorylation and activation, leading to a
decrease in pro-inflammatory responses in macrophages
and adipocytes [78]. In addition, BBR is shown to block the
activation of Toll-like receptor 4 (TLR4)/nuclear factor-
kappa B (NF-κB) and the inflammatory response in an
in vivo model of diabetic nephropathy [79]. BBR is also a
potent antioxidant agent. Indeed, BBR reduces reactive oxy-
gen species (ROS) production, enhances the phosphorylation
and activation of the endothelial nitric oxide synthase (eNOS)
due to activation of AMPK, and downregulates the expression
of nicotinamide adenine dinucleotide phosphate (NADPH)
oxidases (NOX) 4 in a dose-dependent manner, leading to
improved endothelial function in type 2 diabetes [80–82].
Moreover, BBR enhanced the expression and activity of the
glucose transporter 1 (GLUT1) leading to an increased glu-
cose consumption in an insulin-dependentmanner inHepG2
hepatocellular carcinoma cell, muscle cells, and adipocytes
[83–85]. Clinical and in vivo studies have shown that BBR
administration in patients and animalmodel of type 2 diabetic
patients, reduced plasma triglycerides, low-density lipopro-
tein (LDL), fasting blood glucose (FBG), postprandial blood
glucose (PBG), and cholesterol [86–89]. Recent findings have
suggested the efficacy of BBR in hypertension and cardiovas-
cular disease. Guo et al. have demonstrated the effect of BBR
in delaying the onset, severity, and the pathophysiology of
hypertension by activating the renin-angiotensin system
(RAS) and proinflammatory cytokines such as IL-6,
interleukin-17 (IL-17), and interleukin-23 (IL-23) in hyper-
tensive rats [90]. Clinical trials have reported that BBR treat-
ment reduced the levels of the cardiovascular risk indicators,
such as LDL, and apolipoprotein B/apolipoprotein A1 (Apo-
B/ApoA1) ratios, and improved the quality of life in conges-
tive heart failure patients in combination with conventional
therapy [91, 92].

Moreover, it has been shown that BBR could contribute to
clinical benefits for neurodegenerative diseases, including
Alzheimer’s disease [93], Huntington’s disease [94], and Par-
kinson’s disease [95]. In Alzheimer’s disease, BBR could be
effective in decreasing the generation of the beta-amyloid
(Aβ) peptide by APP processing in H4 human neuroglioma
cells, and in inhibiting the activity of beta-site APP cleaving
enzyme-1 (BACE-1) in a rabbit model of Alzheimer’s disease
[96, 97]. In Huntington disease, BBR reduces the accumula-
tion of huntingtin by autophagy, alleviatesmotor dysfunction,
and prolongs the survival of transgenic N171-82Q mice [94].
Finally, Kim et al. have showed that BBR treatment improved
memory and enhanced motor balance in Parkinson’s disease
in a mouse model, due to a reduction in dopaminergic neu-
rons in the substantia nigra and apoptosis in hippocampus
[95]. In contrast, Kwon et al. have shown no difference in
dopaminergic neuronal loss in a PC12 model of Parkinson’s
disease between the BBR treated group compared with the
untreated [98]. All these experimental evidences confirmed
the function of BBR in regulating important cell processes
and suggest new therapeutic approaches in various diseases,
alone, or in combination with current therapies.

7. Berberine and Cancer

Recent findings have demonstrated that BBR exhibits antitu-
mor activity through the inhibition of cancer cell progression
and migration and the induction of apoptosis in several types
of cancer [99–102]. Abrams et al. have reported that also BBR
derivatives exert anticancer proprieties; indeed the treatment
with a panel of BBR derivatives (NAX compounds) in three
different PDACpancreatic cancer cell lines, inhibited prolifer-
ation, and suppressed colony formation [103]. BBR directly
binds with DNA inducing double-strand breaks leading to
the inhibition of gene transcription and cell cycle arrest in var-
ious human cancer cell lines [104]. Jiang et al. have reported
that treatment with BBR enhanced cell cycle arrest in the
G2/M phase through the increased expression of the cell cycle
protein p21, in KYSE-70 human esophageal carcinoma cell
line, in a dose-dependentmanner [105]. In LoVohuman colo-
rectal adenocarcinoma cells, BBR dose- and time-dependent
treatment downregulated cell cycle protein, such as cyclin
B1, cdc25c, and cdc2, leading to cell cycle arrest in G2/M
phase and suppression of colorectal adenocarcinoma cell
growth [106]. Li et al. have demonstrated that the effect of
BBR on the suppression of the cell cycle in the G0/G1 phase
in HCC hepatocellular carcinoma cells occurred through the
enhanced expression of CDKIs p21Cip1 and p27Kip1 via
Akt/FocO3a/Skp2 axis regulation [107]. In U2OS, Saos-2,
and Hos human osteosarcoma cells, BBR induces a cell cycle
arrest in the G1 phase by a p53-dependent upregulation of
p21 and cell cycle arrest in G2/M phase in a p53- independent
manner [108]. Furthermore, Gao et al. have demonstrated
that BBR enhanced S phase cycle arrest in MDA-MB-231
breast cancer cells, leading to a higher sensitivity of cancer
cells to chemotherapy [109].

Several studies have reported the proapoptotic effect of
BBR through the disruption of the mitochondrial membrane
potential, leading to the inhibition of the mitochondrial
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respiration and mitochondrial dysfunction in various types
of cancer. Meeran et al. have showed that BBR treatment-
induced apoptosis through the alteration of mitochondrial
membrane potential and the cleavage of caspase-3,
caspase-9 protein, and PARP in PC-3 prostate cancer cells
[110]. BBR significantly induces apoptosis in MDA-MB-
468, HCC70, and BT-20 triple-negative breast cancer cells
through the cleavage of caspase-7 and caspase-8 protein in
MDA-MB-468 and BT-20 cell line, and by the cleavage of
PARP in HCC70 cells [111]. In addition, Wen et al. have
reported that the combination of BBR and tamoxifen
(TAM) induced cell cycle arrest in the G1 phase and apo-
ptosis through the induction of p21Cip-1 and the increase
of the Bax/Bcl-2 ratio in MCF7 and tamoxifen-resistant
MCF7/TAMR breast cancer cells [112]. Moreover, in
HCT-116 and HT-29 colorectal cancer cells, BBR treatment
induces apoptosis through the expression of nonsteroidal
anti-inflammatory drug-activated gene-1 (NAG-1) by PKC,
ERK, and GSK-3β pathways, and ATF3 in a p53-dependent
manner [113]. In addition, BBR regulates cell autophagy, a
programmed cell death process that plays an important role
in cellular homeostasis and survival. In HepG2 and
MHCC97-L hepatic carcinoma cells, BBR induces autophagic
cell death by the activation of Beclin-1 (BECN-1) and the inhi-
bition of m-TOR signaling through the downregulation of Akt
activity and the upregulation of P38 MAPK signaling [114].
Wang et al. have demonstrated that cotreatment with BBR
and curcumin induces accumulation of Microtubule-
associated protein 1 light chain 3 beta (LC3-II) and reduction
of p62, two markers for the determination of autophagy. To
note, the combined treatment has been shown to be more
effective than treatment with BBR or curcumin alone in
enhancing the autophagy process via the JNK/Bcl-2/Beclin-1
pathway in breast cancer cells [115]. Furthermore, in U343

and MIA PaCa-2 glioblastoma cells, BBR treatment induces
BECN1expression and LC3 upregulation leading to an
increased autophagy [116].

BBR could also interfere with tumor progression,
invasion, and metastatic processes in various cancer lines by
modulating the expression and signaling of tumor-related
protein. In triple-negative breast cancer cells, BBR suppresses
cell migration by the inhibition of TGF-β1 expression by
reduction of matrix metalloproteinase-2 (MMP-2) and
MMP-9 expression [117] and by the downregulation of EGFR
protein and by suppression of IL-8 expression due to the
inhibition of MEK and ERK phosphorylation, leading to
inhibition of the EGFR/MEK/ERK signaling and invasiveness
[118]. In PC-3 andDU145 prostate cancer cells, BBR downre-
gulates the expression of genes involved in the epithelial-
mesenchymal transition (EMT), including platelet-derived
growth factor receptor beta (PDGFR), bone morphogenetic
protein 7 (BMP7), and collagen type I alpha 2 (COL1A2),
and represses the expression of the EMT transcription factor
Snail-1, with inhibition of themigratory and invasive capabil-
ity of these cancer cells [119]. Moreover, Tsang et al. have
reported that BBR inhibited invasiveness and angiogenesis
in vivo and in vitro. In particular, BBR treatment reduced
tumor growth, extra-tumor invasion, and metastatic growth
of HCC xenografts. In addition, BBR downregulates HIF-1α
and vascular endothelial growth factor (VEGF) expression
and suppresses the transcription of Id-1 in HCC cells leading
to inhibitions of cellular growth and invasion [120]. Taken
together, all these data suggest that BBR have an important
role in contrasting cancer cell growth and progression by
affecting several processes (Figure 1) and reinforce the con-
cept that this nutraceutical compound could be considered
for the treatment of cancer patients, alone or in combina-
tion with standard therapies.
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Figure 1: Schematic representation of cancer-related processes regulated by BBR. Figure created with BioRender.
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8. Berberine and NB

Treatment of NB is challenging for the clinician, due to its
recurrence after chemotherapeutic therapies. Recent findings
suggest that targeting NB using anticancer natural com-
pounds is a promising strategy to improve treatment out-
comes. Various studies have reported the antitumor efficacy
of BBR in reducing progression and invasiveness in NB. Choi
et al. have demonstrated that BBR treatment resulted in an
enhanced apoptosis in SK-N-SH p53-expressing cells
compared to SK-N-MC p53-deficient cells and increased
the expression of the proapoptotic Bax protein, cleaved
caspase-3, and cleaved PARP, while reduced the expression
of the antiapoptotic Bcl-2 protein [121]. Moreover, BBR has
demonstrated to be effective in EMT mechanism suppres-
sion. In Neuro2A cells, BBR suppresses EMT by the inhibi-
tion of TGF-β through modulation of the TGF-β receptors
II and III, and via downregulation of the PI3K/Akt and
Ras-Raf-ERK signaling and upregulation of p38 MAPK sig-
naling. In addition, BBR inhibits EMT by the switch from
the mesenchymal markers fibronectin and vimentin to the
epithelial marker E-cadherin [122]. The combined treatment
of BBR with curcumin results to be effective in reducing NB
cell viability. The cotreatment with BBR and SLCP (solid
lipid curcumin particles) increase cell death compared to
BBR treatment alone in Neuro2A and SH-SY5Y NB cells,
without evidence of toxicity [123]. The combination with
arsenic trioxide (As2O3), as well as curcumin, and BBR has
reported to improve the cytotoxic effect in NB cancer cells.

Indeed, the cotreatment enhanced cell death, compared to
BBR alone in a dose- and time-dependent manner, induced
apoptosis through the reduction of Bcl-2, Bid, and Bcl-XL
protein, and increases intracellular ROS production and lipid
peroxidation in SH-SY5Y cells [124]. Recent literature data
have shown the involvement of BBR in decreasing cancer
stemness and promoting differentiation, representing a new
possible strategy against NB progression. BBR treatment
increases the expression of three neuronal differentiation
markers, microtubule-associated protein 2 (MAP2), β-tubu-
lin III, and neural cell adhesionmolecule (NCAM), suggesting
a role of BBR in neuronal differentiation in Neuro2A cells. In
addition, BBR strongly downregulates the expression of the
stemness marker CD133, β-catenin, notch2, MYCN, sox2,
and nestin leading to a reduction of cancer stemness [122].
As previously described, BBR exhibits also neuroprotective
effects against neurodegenerative diseases. Interestingly,
BBR has demonstrated to be effective in the inhibition of
monoamine oxidases (MAOs), one of the key enzymes impli-
cated in the pathogenesis of Alzheimer’s disease, which results
widely expressed in NB [125, 126]. MAOs are a family of
flavoproteins that catalyze the oxidation of amine substrates
in proteins, responsible for maintaining neurotransmitter
homeostasis, mitochondrial function, redox state, and are
involved in cell death mechanism. Monoamine oxidase A
(MAO A) and monoamine oxidase B (MAO B) are outer
mitochondrial membrane proteins that oxidize amines in
the corresponding imines. In particular, MAO A degrades
serotonin, norepinephrine, and dopamine, while MAO B
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Figure 2: Proposed therapeutic approach to overcome side effects due to MAO A enzyme blockade by BBR consisting in concomitant
administration of BBR with β-AR blockers. Figure created with BioRender.

6 Oxidative Medicine and Cellular Longevity



oxidizes benzylamine, dopamine, and phenylethylamine,
with the production of aldehydes and hydrogen peroxide
(H2O2), contributing to ROS generation [127]. In a very
recent study, MAO A overexpression was found to be
involved in enhancing basal ROS levels and autophagy
through phosphorylation of Bcl-2, and in increasing the activ-
ity of the complex IV of the electron transport chain (ETC)
without changes in ATP production in SH-SY5Y cells,
suggesting a relationship betweenMAOA andmitochondrial
function and identifyingMAOA as a regulator of cell survival
[126]. These experimental evidences showed the involvement
of BBR and MAO A in neurodegenerative diseases and NB
survival, suggesting that further investigations are needed in
order to explore a new therapeutic strategy in NB disease.

9. Conclusions

This review highlights the critical role of BBR as an anticancer
nutraceutical compound, regulating several signaling path-
ways related to cancer and, in particular, to NB progression.
However, despite the countless benefits, some issues regard-
ing the possible use of BBR in patients affected by NB have
to be considered. Although BBR is effective in inhibiting some
important pathways in tumor progression, its administration
to cancer patientsmay cause few side effects. In particular, due
to the MAO enzyme blockade, an increase of norepinephrine
level in cells and in the tumor microenvironment could prob-
ably occur following BBR administration. The increased level
of norepinephrine could therefore cause a stronger and
sustained activation of β-ARs present in tumor NB cells lead-
ing to prosurvival signaling. Therefore, here, we propose that
a promising strategy to overcome this undesired effect could
be the contemporaneous assumption of BBR together with
β-AR blockers (Figure 2).

In addition, as described above, the inhibition of MAO A
contributes to the lowering of mitochondrial ROS, and the
same effect has already been shown for β3-AR blockade in
melanoma and in embryonic cells [128]. Therefore, here,
we also speculate that the decrease of mitochondrial ROS
production following β3-AR blockade relies, at least in part,
on the inhibition of MAO A, and this putative synergistic
effect may boost BBR beneficial action.
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