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ABSTRACT

Berberine, a bioactive alkaloid isolated from several herbal substances, possesses multiple
pharmacological effects, including antimicrobial, antidiabetic, anticancer activities. Meanwhile,
berberine undergoes extensive metabolism after oral administration which results in its extremely
low plasma exposure. Therefore, it is believed that the metabolites of berberine also contribute a
lot to its pharmacological effects. Along these lines, this review covers the metabolism studies of
berberine in terms of its metabolic pathways and metabolic organs based on the identified
metabolites, and it also covers the pharmacological activities of its active metabolites. In brief,
the predominant metabolic pathways of berberine are demethylation, demethylenation, reduc-
tion, hydroxylation and subsequent conjugation in vivo. Active metabolites such as columbamine,
berberrubine and demethyleneberberine also exhibit similar pharmacological effects by compari-
son with berberine, such as antioxidant, anti-inflammatory, antitumor, antimicrobial, hepatopro-
tective, neuroprotective, hypolipidemic and hypoglycemic effects. Overall, berberine together
with its metabolites formed the material basis of berberine in vivo.

Abbreviations: AMPK: AMP-activated protein kinase; AUCO-t h: the area under the concentration-
time curves from zero to t h; COX-2: cyclooxygenase-2; CYPs: cytochromes P450s; DhBBR: dihy-
droberberine; HDL: high-density lipoprotein; HepG2: HepG2 cell line; 1C50: half maximal inhibitory
concentration; IL-1B: interleukin 1f; iNOS: inducible nitric oxide synthase; i.p.: intraperitoneal
injection; IT-TOF/MS: ion trap time-of-flight mass spectrometer; LC-MS/MS: liquid chromatog-
raphy-mass spectrometer; LD50: median lethal dose; LDL-C: low-density lipoprotein cholesterol;
LPS: lipopolysaccharide; NADPH: reduced nicotinamide adenine dinucleotide phosphate; NAFLD:
nonalcoholic fatty liver diseases; NF-kB: nuclear factor-kB; NMR: nuclear magnetic resonance;
NOE: nuclear overhauser effect; PPAR o: peroxisome proliferator-activated receptors o; Q-TOF/MS:
quadrupole time-of-flight mass spectrometry; ROS: reactive oxygen species; SOD: superoxide dis-
mutase; SULTs: sulfotransferases; T2DM: type-2 diabetes mellitus; TG: triglyceride; TNF-o: tumor
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Introduction

Berberine is the principal component for many popular
medicinal plants (Table 1), such as Coptidis chinensis
Franch. (family Ranunculaceae), Phellodendron chinense
Schneid. (family Rutaceae), and Mahonia bealei (Fort.)
Carr. (family Berberidaceae). These traditional medicines
were recorded in the Pharmacopoeia of China (2015)
for their excellent efficacy, including clearing away heat,
resolving dampness, purging fire and detoxification.
Additionally, berberine is also a main bioactive sub-
stance used as a chemical marker for quality control of
many prescriptions such as Huanglian-Jie-Du-Tang
(decoction of Coptidis rhizoma, Scutellariae radix,
Phellodendri cortex and Gardeniae fructus), Gegen-
Huangqgin-Huanglian-Tang (decoction of Puerariae

lobatae radix, Scutellariae radix, Coptidis rhizoma and
Glycyrrhizae radix) and Zuo-Jin-Wan (decoction of
Coptidis rhizoma and Euodiae fructus), which have been
used in clinical treatment for centuries (Yang et al.,
2010). Nowadays, berberine is getting more attention
from investigators due to its excellent biological
activities, and a growing number of studies focused
on berberine have been conducted for its further
development.

In clinical practice, berberine is used for the treat-
ment of some clinical disorders, such as type-2 dia-
betes mellitus (T2DM) (Chen et al., 2013a; Cicero &
Tartagni, 2012; Lan et al, 2015; Ni et al., 2015; Pang
et al,, 2015), neurodegenerative diseases (Ahmed et al.,
2015; Ye et al, 2009), cancers (Diogo et al, 2011;

CONTACT Feng Qiu @ fengqiu20070118@163.com @ Tianjin University of Traditional Chinese Medicine, # 312 Anshan xi Road, Nankai District, Tianjin

300193, P.R. China
© 2017 Informa UK Limited, trading as Taylor & Francis Group

NNB Exh. 2091, p. 002


http://crossmark.crossref.org/dialog/?doi=10.1080/03602532.2017.1306544&domain=pdf

140 @ K. WANG ET AL.

Table 1. The known natural sources of berberine and their medical uses.

Natural sources

Family

Medical uses

Coptis chinensis Franch., Coptis deltoidea C. Y. Cheng et
Hsiao, Coptis teeta Wall. (Their crude drugs are known as
Coptidis rhizoma)

Hydrastis canadensis L.

Coptis japonica Makino

Berberis vulgaris L.

Berberis aetnensis C. Presl

Berberis soulieana Schneid., Berberis poiretii Schneid., Berberis
wilsonae Hemsl., and other Berberis species (Their crude
drugs are known as Berberidis radix)

Berberis koreana Palib.

Berberis thunbergii DC.

Berberis aristata DC.

Berberis lyceum Royle

Berberis asiatica Roxb.
Mahonia aquifolium (Pursh) Nutt.

Mahonia bealei (Fort.) Carr., Mahonia fortunei (Lindl.) Fedde
(Their crude drugs are known as Mahoniae caulis)

Ranunculaceae

Ranunculaceae

Ranunculaceae

Berberidaceae

Berberidaceae

Berberidaceae

Berberidaceae

Berberidaceae

Berberidaceae

Berberidaceae

Berberidaceae

Berberidaceae

Berberidaceae

Treatment of intestinal infections including acute gastro-
enteritis, cholera and bacillary dysentery (Tang et al.,
2009)

Treatment of gastrointestinal disturbances, urinary disorders,
skin, mouth and eye infections (Hwang et al., 2003)

Treatment of the inflammation-related diseases (Cho et al.,
2001)

Treatment of liver dysfunction, kidney pain, diarrhea, indi-
gestion and urinary tract diseases (Laamech et al., 2017)

Unknown (Campisi et al., 2011)

Treatment of dysentery, gastroenteritis, toothache, aptha,
sore throat, acute hepatitis, chronic cholecystitis, jaundice
and dyspepsia (Dan et al., 2011)

Treatment of fever, conjunctivitis, sour throat, diarrhea, para-
site infections and trachoma infections (Lee et al., 2010)

Treatment of enteric infections, particularly bacterial dysen-
tery (Hussain et al., 2017)

Treatment of malaria, bleeding, fever, skin and eye infec-
tions, jaundice, diarrhea and hepatitis (Balasubramani
et al.,, 2011; Potdar et al., 2012)

Treatment of diabetes, liver and digestive complaints,
coughs and colds, sore eyes, broken bones, ulcers and
wounds (Balasubramani et al., 2011; Gulfraz et al., 2008)

A substitute to Berberis aristata DC. (Balasubramani et al.,
2011)

Treatment of skin diseases and digestive disorders (Brezova
et al.,, 2004; He & Mu, 2015)

Treatment of acute dysentery, icteric hepatitis conjunctivitis,
ulcers, boils, carbuncles, toothache (He & Mu, 2015)

Phellodendron chinense Schneid., Phellodendron amurense Rutaceae Treatment of dysentery, jaundice and urinary infection
Rupr. (Their crude drugs are known as Phellodendri (Chen et al., 2010b)
cortex)

Chelidonium majus L. Papaveraceae Treatment of liver diseases, gastric ulcer, oral infections,

pain, skin eruptions and tuberculosis (Gilca et al., 2010)

Kaboli et al., 2014; Ortiz et al.,, 2014; Sun et al., 2009)
and other diseases (Ji & Shen, 2011; Lau et al., 2006;
Wu et al, 2010). Obviously, berberine is a promising
active composition from medicinal plants. However,
pharmacokinetic studies have indicated that berberine
undergoes extensive metabolism after oral administra-
tion and its plasma concentration was extremely low.
Thus, more and more researchers have focused their
attention on the metabolites of berberine, and various
studies have proven that the metabolites of berberine
play an important role in the treatment of various dis-
eases. In this review, the metabolism of berberine was
summarized in detail, including the potential meta-
bolic pathways and the main metabolic organs based
on the identified berberine-related metabolites.
Additionally, the pharmacological activities of berber-
ine’s metabolites were also reviewed.

Pharmacokinetics of berberine

In recent years, many studies focused on the pharmaco-
kinetic properties (absorption, tissue distribution,
metabolism and elimination) of berberine have
been conducted (Cui et al., 2015; Liu et al, 2010;

Ma et al., 2013; Tan et al., 2013). Berberine could be
absorbed in both rats and human gastrointestinal tract
after oral administration. However, its absolute bioavail-
ability is extremely low (Cheng et al, 2016; Liu et al.,
2016; Liu & Chen, 2012; Tan et al.,, 2013; Wu et al., 2015).
After a single oral dose of 400 mg berberine in a pilot
pharmacokinetic study (Hua et al., 2007), the mean max-
imum plasma concentration (Cpa,) in 20 volunteers was
about 0.4 ng/mL, and the area under the concentration-
time curves from zero to infinity (AUCy...) was only
about 9.18h* ng/mL. Tissue distribution studies indi-
cated that berberine could be widely distributed in rat
organs including the liver, kidneys, muscle, lungs, brain,
heart, pancreas (Tan et al.,, 2013; Wang et al., 2015a; Zuo
et al.,, 2006) and the concentration of berberine in most
of the studied tissues was higher (or much higher) than
that in plasma after 4-h administration (Tan et al., 2013).
Additionally, the excretion of berberine in rats after oral
administration (200 mg/kg) was also evaluated. After
48 h of administration, 22.8% of administered dose was
recovered from bile (9.2 x 107%%), urine (0.0939%) and
feces (22.7%) in the form of berberine (19.07%) and
major metabolites (3.76%) (Ma et al,, 2013). In human
study, only 0.013% of prototype was eliminated directly
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in the urine after oral administration of berberine
(0.2 g/day) (Yu et al., 2000). Accordingly, several conclu-
sions could be drawn from the results described earlier:
(1) berberine has poor absorption in the gut, and most
of the oral dose remained inside the gastro-intestinal
lumen, which was excreted in the feces finally. (2) After
absorption from the gastrointestinal tract, berberine
could be widely distributed in the organs, while its con-
centration in plasma is low. (3) The part of berberine
which was absorbed into body could be converted into
multiple metabolites. In fact, berberine and its metabo-
lites exist simultaneously in vivo.

Metabolism of berberine

According to the pharmacokinetic properties described
earlier, berberine goes through extensive metabolism
after oral administration. In this section, the metabolism
of berberine was reviewed in terms of metabolic path-
ways and metabolic organs based on the identified
metabolites.

Metabolites of berberine identified in plasma,
urine, feces, bile and tissues

Metabolite identification plays an important and critical
role in drug metabolism studies. A great deal of in vivo
studies have elucidated the metabolites of berberine,
and those publications contributed immensely to
understanding the metabolism of berberine in vivo,
although many metabolites have been identified by LC-
IT-TOF/MS (Ma et al., 2013; Tan et al., 2013) or LC-Q-
TOF/MS (Guo et al., 2011) system that could only ascer-
tain the chemical formula and the possible structure.
So far, more than 20 berberine-related metabolites
(Figure 1) have been identified in humans and rats.

In rat studies, plasma profiles of berberine and its
metabolites were investigated after intravenous admin-
istration (4 mg/kg, berberine). The major circulating
metabolites of berberine were berberrubine, demethy-
leneberberine and their corresponding glucuronides
(Liu et al., 2009). Recently, a total of 16 berberine-
related metabolites including 10 phase-l metabolites
and six phase-Il metabolites were identified and clari-
fied by LC-IT-TOF/MS system comparing the retention
times and MS fragments of corresponding standard
substances after oral administration (200 mg/kg berber-
ine) to rats (Ma et al., 2013). Additionally, gut microbiota
acting as a “metabolic organ” might convert berberine
into dihydroberberine (dhBBR) that was only found in
the feces of rats (Feng et al,, 2015). In human studies,
early results (0.9 g/day berberine, oral administration)
revealed that demethyleneberberine-2-O-sulfate was a
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major metabolite of berberine in urine (Pan et al., 2002).
In our research (Qiu et al,, 2008), human urine samples
were collected after oral administration (300 mg/day,
berberine chloride). A total of seven metabolites were
isolated and elucidated by enzymatic deconjugation
and their chemical structures were fully determined by
MS, NMR and nuclear overhauser effect (NOE) spectros-
copy. For comparison, five berberine-related metabo-
lites were identified in rat urine samples that were
collected after oral administration (100 mg/kg, berber-
ine chloride). The results suggested that berberine
undergoes similar biotransformation in rats and humans
(Qiu et al., 2008).

Jatrorrhizine, a major berberine-related metabolite in
vivo, could be further metabolized to its phase-l metab-
olites (such as demethylated, dehydrogenated and
hydroxylated metabolites) and phase-ll metabolites
(such as glucuronide conjugates and methylated conju-
gates) in rats (Han et al., 2006; Zhang et al., 2008).
Semiquantitative analysis results (Shi et al, 2012)
revealed that glucuronide conjugate and demethylated
products of jatrorrhizine were its major metabolites.
Moreover, some studies have also found that berberine
could be transformed into palmatine in vivo (Ma et al.,
2013). Likewise, the metabolic profile of palmatine after
oral administration to rats was also elucidated (Yang
et al., 2009).

Metabolic pathways of berberine based on the
identified metabolites

Phase-I metabolism of berberine

Based on the structure of berberine (Figure 2) and the
identified structures of metabolites (Figure 1), berberine
underwent multiple phase-I metabolic pathways in vivo
which can be summarized as follows: (1) the methoxyl
groups positioned at the D ring (C-9 or C-10) could be
demethylated. (2) The dioxymethylene five-membered
ring of the structure could be cleaved via demethylena-
tion or reduction. (3) The hydroxylation appears to
occur at the saturated carbon atom (C-5, C-6) in B ring
of the berberine or at the aromatic carbon atoms. (4)
Reduction could also take place at C=N double bond
in the C ring and finally transformed into C-N single
bond.

Demethylation is a major metabolic route for berber-
ine (Chen et al., 2013 b; Guo et al,, 2011; Li et al., 2011;
Liu et al., 2009; Tan et al., 2013; Tsai & Tsai, 2004; ),
which usually occurs at the methoxyl groups at C-9 or
C-10 positions of berberine to yield berberrubine and
thalifendine (Figure 2), as the main metabolites in
rats and humans (Spinozzi et al., 2014; Tan et al., 2013;

NNB Exh. 2091, p. 004



142 @ K. WANG ET AL.

R, R, R, Ry Ry Ry
1 Berberine -OCH,0- OCH;  OCH3 12 Berberrubine-9-0-5 OGlcUA OCH,
2 Berberrubine -OCH,0- OH OCH;, -D-glucuronide
3 Thalifendine -0CH,0- OCH;, OH 13 Thalifendine-10-0-3-D- OCH;  OGlcUA
4 Demethyleneberberine OH OH OCH; OCH, glucuronide
5 Jatrorrhizine OH OCH; OCH; OCH;
6 Columbamine OCH; OH OCH; OCH;
7 Palmatine OCH; OCH; OCH; OCH,
8 3,9-demethylpalmatine OH OCH; OH OCH;
9 3,10-demethylpalmatine OH OCH; OCH, OH
10 2,3,9-trihydroxyberberine  OH OH OH OCH;
11 2,3,10-trihydroxyberberine OH OH OCH, OH
R, R;
14 Demethyleneberberine-2,3- 0GIcUA OGIcUA
di-0-f-D-glucuronide
15 Jatrorrhizine-3-0-8-D- OGIlcUA  OCH;
glucuronide
16 Columbamin-2-0-8-D- ~ OCH;  OGkUA
R, R, R; R, glucuronide
17 Demethyleneberberine OH O0SO;H OCH; OCH,
-2-0O-sulfate HO.
18 Thalifendine-10-0-sulfate = -OCH,0- OCH; OSO;H
19 Jatrorrhizine-3-O-sulfate 0SO;H OCH; OCH; OCH; i
20 3,10-demethylpalmatine OH OCH; OCH; OSO;H p— GlcUA
-10-O-sulfate :
21 2,3,10-trihydroxyberberine OH 0SO;H OCH;  OH S
3

-2-0-sulfate

23 Glucuronide of 3,9-demethylpalmatine

0
OH %, | N
l OCH;
OCH;
24 Hydroxylated berberine 25 Dihydroberberine

Figure 1. The structures of berberine and its metabolites identified in vivo.

Zuo et al., 2006). The physicochemical results indicated
that berberrubine was more lipophilic and could be
absorbed more efficiently in intestine than berberine
(Spinozzi et al., 2014). Meanwhile, some metabolites
of berberine that reserve the methoxyl groups such as
palmatine (Yang et al., 2009; Zhu et al., 2007) and jatror-
rhizine (Zhang et al., 2008) could be further metabolized
through mono-, di- or tri-demethylation in rats.
Demethyleneberberine (Figure 2) was another main
metabolite of berberine in vivo, which was formed by
cleavage of the dioxymethylene five-membered ring via
demethylenation (Chen et al., 2013b; Guo et al., 2011;
Liu et al., 2009). Meanwhile, demethyleneberberine was
also identified as the demethylated product of jatrorrhi-
zine in rat urine, bile and feces after i.v. administration
(3.0mg/kg) (Shi et al, 2012). The di-demethylation

product with the molecular ions at m/z 324 was also
found in rat plasma, urine and feces after administration
of a single dose of palmatine (20 mg/kg) by oral gavage,
but the authors did not provide further structural
evidence to ascertain whether the di-demethylation
product of palmatine is demethyleneberberine or not
(Yang et al., 2009; Zhu et al., 2007).

Hydroxylation could occur in the structure of berber-
ine, and mono-hydroxylated berberine was identified
in rat feces after oral administration (200 mg/kg)
(Ma et al.,, 2013). Hydroxylation, di-hydroxylation or tri-
hydroxylation have also been reported as a main meta-
bolic pathway for palmatine (Yang et al, 2009; Zhu
et al, 2007) and jatrorrhizine (Han et al., 2006; Zhang
et al.,, 2008). In general, the hydroxylation of the satu-
rated aliphatic ring is easier than that of the aromatic
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3 Thalifendine
Demethylation

Demethylation

11
1 Berberine

Reduction Reduction

5 Jatrorrhizine

6 Columbamine

Figure 2. The main phase-l metabolites of berberine in vivo.

ring, especially for the saturated carbon atom near to
an ortho sp”-hybridized carbon atom. Since there are
two saturated carbon atoms (C-5 and C-6) (Figure 2) in
the B ring of berberine, the first hydroxylation position
should be the meta-saturated carbon of the nitrogen
atom at the B ring (C-5), and the subsequent hydroxyl-
ation positions might be the ortho saturated carbon of
the nitrogen atom at the B ring (C-6) and the aromatic
carbon atom in the D ring (Yang et al, 2009;
Zhang et al., 2008).

Reduction is also an important metabolic pathway of
berberine in vivo. Jatrorrhizine and columbamine, an
isomeric pair (Figure 2), were identified as two hydro-
genation metabolites of berberine in humans and rats.
They were the dioxymethylene five-membered ring
opened products (Guo et al., 2011; Qiu et al,, 2008). In
addition, dhBBR (Figure 2) is another hydrogenation
metabolite, which was found in rat feces and exhibits
an intestinal absorption rate higher than that of berber-
ine in animals (Feng et al., 2015). Further study showed

that berberine was converted to dhBBR in a reduction
reaction catalyzed by nitroreductase in 14 species of
intestinal bacteria, with H- from FMN-FMNH, system
moved to the C atom of C=N double bond in berber-
ine and finally transformed into C-N single bond.
However, dhBBR seemed unstable in solution and could
revert to berberine almost completely in intestinal tis-
sues via non-enzymatic oxidization within ten minutes
(Feng et al.,, 2015).

Phase-l metabolism was usually mediated by cyto-
chrome P450 enzymes (CYPs) in liver and intestine (Guo
et al,, 2011). Human recombinant CYPs were used to
identify the specific CYPs involved in phase-l metabol-
ism of berberine and the results indicated that CYP2D6
was the primary enzyme involved in the formation of
the demethylated and demethylenated products.
CYP1A2 produced the same metabolites at a slower
rate while CYP3A4, 2E1 and 2C19 only participated
in the formation of the demethylenated metabolite
(Guo et al.,, 2011). Accordingly, quinidine (the specific
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inhibitor of CYP2D6) and furafylline (the specific inhibi-
tor of CYP1A2) could significantly inhibit berberine
metabolism (Chen et al., 2013b). Similarly, cell-free reac-
tions also showed that CYP2D6, CYP1A2 and CYP3A4
were the dominant CYP450 isoenzymes transforming
berberine into its metabolites. CYP2D6 and CYP1A2
play a major role in transforming berberine into thali-
fendine, as well as CYP2D6, CYP1A2 and CYP3A4 for
demethyleneberberine production (Li et al., 2011).
Furthermore, based on recent publications, jatrorrhi-
zine and palmatine, two metabolites for berberine in
vivo, might be further metabolized by CYPs. In vitro
metabolism studies, CYP3A1/2 and CYP2D2 in rat liver
microsomes (Shi et al., 2012) and CYP1A2 in human liver
microsomes (Zhou et al, 2013) could catalyze the
O-demethylation of jatrorrhizine, while human recom-
binant CYP2D6 and CYP1A2 play a major role in
O-demethylation of palmatine (Vrba et al., 2015).

Phase-Il metabolism of berberine

Phase-Il reactions, known as conjugation reactions with
glucuronic acid, sulfuric acid, or methyl groups have
been reported in previous studies (Chen et al., 2010a;
Yang et al., 2009). After oral administration, berberine
was rapidly metabolized to phase-l products, which
were further conjugated with glucuronic acid or sulfuric
acid to form phase-ll metabolites rapidly and finally
excreted in the urine and bile (Ma et al., 2013).

Glucuronidation of berberine is mainly the formation
of glucuronide conjugates with its phase-l metabolites
such as berberrubine, demethyleneberberine, jatrorrhi-
zine and columbamine (Guo et al., 2011; Liu et al., 2009;
Tsai & Tsai, 2004). In general, berberine phase-l metabo-
lites are mainly converted into glucuronide conjugates.
For instance, jatrorrhizine-3-O-glucuronide is the pre-
dominant metabolite for jatrorrhizine in rat plasma after
intravenous administration (0.1, 0.3, 3.0 mg/kg), because
the glucuronidation product was the most abundant
compared with its other metabolites (Shi et al., 2012).
Glucuronidation was mediated by UDP-glucuronosyl-
transferases (UGTs) including UGT1, 2, 3 and 8 families.
Among them, UGT1 and UGT2 are the most predomin-
ant subclasses involved in drug metabolism (Chen et al.,
2014). Berberrubine and demethyleneberberine, for
instance, could be glucuronidated by UGT1A1 and
UGT2B1, while the glucuronidation of demethyleneber-
berine was favored by UGT1A1 (Liu et al, 2009).
Meanwhile, UGTTA1 and UGT1A3 in rat liver micro-
somes (Shi et al., 2012) and UGT1A1, UGT1A3, UGT1A7,
UGT1AS8, UGT1A9 and UGT1A10 in human liver micro-
somes (Zhou et al., 2013) were responsible for the glu-
curonidation of jatrorrhizine.

Generally, sulfation could terminate the biological
activity of drugs, and the solubility of these metabolites
is increased markedly, which could benefit their excre-
tion. Like glucuronidation, the sulfation of berberine
(Guo et al.,, 2011; Pan et al,, 2002) was also subsequent
conjugation with its phase-l metabolites. Sulfation is
catalyzed by sulfotransferases (SULTs), which are
located in the hepatic and intestinal cytosol (Wang &
Qiu, 2013). SULTs, divided into four families including
SULT1, 2, 4 and 6, mainly transfers a sulfo group
(SOsH™) from 3’-phosphoadenosine-5’-phosphosulfate
to substrates (Chen et al., 2014). Several sulfated metab-
olites of berberine were found in humans and rats, such
as jatrorrhizine-3-O-sulfate, demethyleneberberine-2-O-
sulfate and thalifendine-10-O-sulfate (Pan et al., 2002).
However, further investigations are needed to clarify
which kinds of SULT isoenzymes were involved.

Methylation is a common metabolic pathway for
drugs in vivo. Similarly, it is a main phase-ll metabolic
route of jatrorrhizine (Shi et al., 2012). There are two iso-
forms of catechol-O-methyltransferase (COMT) to cata-
lyze methylation in humans (Chen et al., 2014). Usually,
berberine could be metabolized to jatrorrhizine, which
could be subsequently transformed into palmatine
through methylation in vivo. Meanwhile, palmatine was
also confirmed as a metabolite after berberine oral
administration (200 mg/kg) to rats (Ma et al., 2013).

To sum up, demethylation, demethylenation, reduc-
tion and subsequent conjugation with glucuronic acid
and sulfuric acid are the major metabolic pathways for
berberine in rats or humans. The possible metabolic
pathways for berberine based on the identified metabo-
lites in humans and rats are described in Figure 3(a,b),
respectively.

Metabolic organs for berberine based on the
identified metabolites

Hepatic metabolism of berberine

After intravenous administration to rats, the metabolism
of berberine occurred primarily in the liver (Liu et al.,
2009; Tsai & Tsai, 2004) and demethylenation, demethy-
lation, and their phase-ll glucuronidation happened.
Meanwhile, after oral administration to rats, berberine
together with four major metabolites (berberrubine,
thalifendine, demethyleneberberine and jatrorrhizine)
and their respective glucuronide conjugates were
detected in liver tissues at 0.5 h. Thus, researchers con-
cluded that the liver seemed to be the main metabolic
site for berberine (Zuo et al., 2006).

Incubations with liver microsomes, hepatic S9 frac-
tions, isolated hepatocytes, and hepatic cell lines are
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widely used to study the hepatic metabolism of drugs
(Ma et al., 2014). Fresh liver samples were homogenized
on ice, thoroughly mixed with berberine, and then
incubated at 37°C for 4h. Four phase-l metabolites
(berberrubine, thalifendine, demethyleneberberine,
jatrorrhizine) were detected (Zuo et al., 2006). In vitro
incubations with human or rat liver microsomes by add-
ition of the reduced nicotinamide adenine dinucleotide
phosphate (NADPH) generating system, berberrubine,
demethyleneberberine and jatrorrhizine were generated
(Liu et al., 2009; Thomson & Winder, 2009). In addition,
the reaction mixture, which consisted of berberrubine
or demethyleneberberine, was incubated by adding uri-
dine diphosphate glucuronic acid (UDPGA). The subse-
quent glucuronidation could happen, while the
formation of demethyleneberberine glucuronide was
much faster than that of berberrubine glucuronide
(Liu et al, 2009). Incubations with liver S9 fraction,
berberrubine, demethyleneberberine, jatrorrhizine and
their corresponding glucuronides could also be formed,
but the reactions occurred at a lower rate compared
with the liver microsomes (Liu et al., 2009).

Intestinal metabolism of berberine

Berberine was administered to rats via four different
dosing routes (intragastric, intraduodenal, intraportal
and intravenous) to investigate its intestinal first-pass
metabolism. The area under the concentration-time
curves from zero to t h (AUCy_; ) and AUCy_., were cal-
culated by the linear trapezoidal method (Liu et al.,
2010). The AUCq_ 1, values of berberine after intragastric
administration were not significantly different from
that after intraduodenal dosing (57.9%20.6 versus
59.3+17.0ng h/mL based on 100mg/kg), indicating
that the gastric first-pass elimination was almost negli-
gible in rats. However, the AUCq_, , values of berberine
after intraduodenal (i.d.) dosing were significantly less
than those after intraportal (i.p.v.) administration (mean
AUC,; 4 was nearly 0.5% of the AUC;,,, when normalized
by the dose given), suggesting that the intestinal first
pass metabolism for berberine was tremendous in rats
(Liu et al., 2010). In addition, the intestinal metabolism
of berberine has been studied using intestinal post-
mitochondrial (S9), cytosol or microsomes fractions,
according to the methods described by Ma et al. (2014).
Five metabolites (identified as berberrubine, demethyle-
neberberine, jatrorrhizine, the glucuronide of berberru-
bine and the glucuronide of demethyleneberberine)
were generated in enterocyte fractions S9 and intestinal
perfusates in vitro studies, and formation velocity
results revealed that berberrubine, the glucuronide of
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demethyleneberberine and jatrorrhizine are the major
metabolites from the small intestine (Liu et al., 2010).

Microbial metabolism of berberine

The intestinal microbiota is closely involved in the first-
pass metabolism of orally administered substances, and
the complex microbial ecosystem in the gastrointestinal
tract (Gl) was considered as a “hidden organ”, with
metabolic capacities similar to the liver and the intes-
tine (Feng et al., 2015). Previous studies suggested that
berberine is relatively stable in the gastrointestinal tract
(Qiu et al., 2008), and the intestinal flora had no signifi-
cant metabolic activity against berberine and its major
metabolites but might play a significant role in the
enterohepatic circulation of the metabolites (Zuo et al.,
2006). However, recent research has found dhBBR in the
feces of rats treated with berberine (200 mg/kg, orally),
and the authors speculated that dhBBR was a berber-
ine-related metabolite generated in the intestinal eco-
system (Feng et al,, 2015). After in vitro incubation with
berberine (50 ug/mL) using 14 intestinal bacterial
strains, berberine was converted to dhBBR which dis-
played significantly improved absorption as compared
with berberine in the Caco-2 cell model (Feng et al,
2015). Meanwhile, several berberine-related metabolites
including berberrubine, demethyleneberberine and
jatrorrhizine were also found after anaerobic incubation
with berberine using the rat gut microbiota (Li et al.,
2014).

In summary, the metabolism in small intestine and
liver after absorption is a major reason for low plasma
concentrations of berberine in vivo. Meanwhile, the
unabsorbed dose will enter the intestinal tract and
interact with the gut bacteria. As a result of biotrans-
formation, the structure of berberine was changed and
new metabolites were generated, which could exhibit
similar pharmacological activities in vivo.

Biological activities of the metabolites of
berberine

Even though berberine possesses a really low oral bio-
availability, it has exhibited marked biological activities
in vivo and the concentrations of its major metabolites
such as berberrubine, thalifendine, demethyleneberber-
ine and jatrorrhizine were at relatively high levels
(Caliceti et al., 2016; Zuo et al., 2006). These reports indi-
cated that the metabolites of berberine may be active
constituents which are representative for the biological
activities of berberine in vivo. In fact, many studies have
already revealed that the metabolites of berberine
showed similar bioactivities (Spinozzi et al., 2014).
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For example, both berberine and its metabolites have
hypolipidemic effects (Zhou et al., 2014), and columb-
amine could exhibit marked potential effects on trigly-
ceride (TG)-lowering among them (Cao et al., 2013).
Moreover, jatrorrhizine  exhibited  antimicrobial
(Yan et al., 2008), hypolipidemic (He et al.,, 2016) and
hypoglycemic (Fu et al., 2005) effects. In the present
review, the bioactivities of the major metabolites of
berberine have been summarized (Table 2) in a compre-
hensive way.

Antioxidant activities

Oxidative stress is a deleterious process that can be an
important mediator of damage to cell structures and
consequently induces various disease states, such as
cardiovascular disease, cancer, neurological disorders
and diabetes. The overproduction of reactive oxygen
species (ROS), most frequently either by excessive
stimulation of NAD(P)H via cytokines or by the mito-
chondrial electron transport chain and xanthine oxi-
dase, could result in oxidative stress (Valko et al., 2007).
The hydroxyl radical (*OH) is the most reactive product
of ROS. The *OH scavenging activity of berberrubine, a
major metabolite of berberine, was investigated using
electron spin resonance spectrometry method. At the
concentration of 1mM, berberrubine and berberine
showed excellent *OH scavenging activity with 85%
and 23%, respectively (Jang et al., 2009). Further results
indicated that the *OH scavenging activity of berberru-
bine was closely related to its ferrous ion chelating
activity and that the hydroxyl group at C-9 of berberru-
bine was an essential moiety (Jang et al., 2009).

The antiradical and antioxidant activities of jatrorrhi-
zine, a berberine’s metabolite in vivo, were also studied
using the free stable o,0/-diphenyl-B-picrylhydrazyl
(DPPH) radical system and the heterogeneous mem-
brane system of dioleoyl phosphatidylcholine (DOPC)
liposomes stressed by peroxidative damage induced
using 2,2’-azobis (2-amidinopropane) hydrochloride
(AAPH). The tested compounds were used at the dose
of 33.3 uM for DPPH system and at the dose of 60 uM
for DOPC system, respectively, and the results indicated
that jatrorrhizine which has free phenolic group,
showed better antioxidant activities than berberine in
both systems (Rackova et al., 2004).

Hepatoprotective effects

Demethyleneberberine is an essential metabolite of
berberine. Recent reports have revealed that
demethyleneberberine showed hepatoprotective and
antifibrotic effects of demethyleneberberine in vivo

(Wang et al., 2016). On the thioacetamide (TAA)-induced
hepatic fibrosis model in mice, demethyleneberberine
(10, 20 mg/kg, i.p.) was able to suppress the activation
of hepatic stellate cells and induce cell apoptosis
through the nuclear factor kappa B (NF-xB) cascade
(Wang et al., 2016).

Excessive alcohol consumption induces oxidative
stress and lipid accumulation in the liver, and mitochon-
dria have long been recognized as the major targets of
ethanol-induced oxidative stress (Zhang et al,, 2014). In
the study conducted by Zhang et al., demethyleneber-
berine showed significant hepatoprotective effect in
acute ethanol-treated mice. After the demethyleneber-
berine treatment (40mg/kg per day, ip.), the histo-
pathological damages including  microsteatosis,
swelling, and apoptosis in liver cells of binge-drinking
mice were remarkably attenuated. Meanwhile, deme-
thyleneberberine could reduce the induction of
Cytochrome P450 2E1 (CYP2E1), which has been well
documented to be a central pathway that contributes
to ethanol-mediated oxidative stress via reducing the
total CYP2E1 protein expression and blocking the distri-
bution of CYP2E1 around the vein. In addition, inducible
nitric oxide synthase (iNOS) induced by chronic alcohol
consumption in mice which will exacerbate oxidative
stress and mitochondrial dysfunction in the liver was
also suppressed after demethyleneberberine treatment
(Zhang et al., 2014).

Additionally, in a study conducted in methionine and
choline deficient high-fat diet feeding (MCD-fed) mice
and db/db mice, demethyleneberberine could alleviate
nonalcoholic fatty liver diseases (NAFLD) and prevent
the pathologic progression from NAFLD to nonalcoholic
steatohepatitis (NASH) (Qiang et al., 2016). After deme-
thyleneberberine treatment (20 or 40mg/kg, i.p.), the
hepatic lipid accumulation in MCD-fed mice and db/db
mice were decreased (Qiang et al., 2016). Mechanism
studies revealed that this was associated with AMPK,
which plays an important role in liver lipid metabolism.
Demethyleneberberine could activate AMPK by upregu-
lation of its phosphorylation in vitro and in vivo (Qiang
et al,, 2016). In addition, demethyleneberberine treat-
ment remarkably attenuated hepatic oxidative stress of
MCD-fed and db/db mice, and sharply reduced the
inflammation state in NAFLD mice, which was reflected
by decreased lipid oxidative product, malonaldehyde
and inflammatory factors, tumor necrosis factor o
(TNFa) and interleukin 18 (IL-1B) (Qiang et al., 2016).

In addition, berberrubine also possesses hepatopro-
tective activity by inhibiting the lipid peroxidation,
which was induced through Fe?" and hydrogen perox-
ide (H,0,) in liver homogenate. The half maximal inhibi-
tory concentration (ICs) for the inhibition of

NNB Exh. 2091, p. 011



149

wv
=
w
>
w
o
=
v
=
@]
[}
<
=
w
=
v
=
oc
[a}

(panupuos)

yeydn asodn|n
‘uoissasdxa 101dada. ueyosdodi|
Ausuap-mo| ‘Kemyred buijeubis YNV

£zd pue
1zd sauab anissaiddns-314> |92 ayL

9yeydn

9s0on|b ‘s1sAj0d4|b d1qosse pue (HAS)
aseuaboipAyap aeudns jo AAnde ay|

LYZdAD

Jo uolssaidxa uivloud pue yNyw

9y] ‘uoissaidxa 103dadas uioidod
Ausuap-mo| “Aemyred Buijeubis YNV

uolssaldxa Joydadas uidlosdod)
Ausuap-mo| ‘Aemyred Buijeubis-ydWY

MdWY jo uonejfioydsoyd ayy
JseUN|OXaY pue ase
-Jeydsoyd-9-as0dn|b Jo S|aA3] YNYW

9y3 ‘sisauabodA|b ‘uondwinsuod ssodn|n

Jseujoxay pue ase
-1eydsoyd-9-9503n|6 Jo S|A3| YNYW

3y} ‘sisauabodA|b ‘axerdn asodn|n
‘uoissaidxa 101dadal ureyosdodi|

Kusuap-moy| ‘Aemyred Buijeubis YWy

Buibuaneds |edipel [AxoipAy ay|

uonejfioydsoyd
€1V1S ‘uoissaidxa sausb 9yad

Z-X0D Pue SON! Jo uoissaidxa 9y

$nainp sn22020]Aydpis Jo ymoib ay|

¢-asedsed
Jo uoneande syl bunuaasid
Aq sisoydode |92 |euoinau ay|
‘sswosodi| auljoyd|Ap!
-1eydsoyd |£o3joIp Jo uonepIX0I3d

HIER)
91e||91s dieday Jo uoneAlde ayl

!SON! ‘uoissaidxa ud104d [3ZdAD
‘sisordode ‘Buijjams s1s01ea3150.01N

uoiedOo[suel} gi-4N ‘uolssaidxa
L-dDIN ‘uoissaidxa g-upnajalu|

[9A3] YNYW © || asesawosiodoy
‘]an3] urdjoud © || asesswosiodo]

uonepixosad pidi]

(7L0Z “Ie 33 oeg) s||9> SOZN Pue (0SDI) WM LELT
(10T “[e 12 uayd) s||> godaH pue Wri9Q

(€10T “le 1 oeD) s||> godaH pue Wi gL

(110 ‘YD) s||9> £'y9zmey pue Juw/6ri ool
(£00T "I 13 NA)

snainp sn020jAydpis pue Jw/bM ooy pue 0oz

(€102 “le 32 nI7) 12 19L8D pue (051) W 92y
(5007 “Je 39 n4) 921w d1wdA|biadAy
pue |ewuou pue by/bw gL pue g “od
(LL0T "eaysinN 7 [91ed)
sjes [ewsou pue By/bw o pue oz ‘oL “o'd
(z10Z “|e 39 uay)) s||2> zodaH pue Wi 90

(#10Z "2 32 W)

SN)binb $NJa31I>0Sal\ pue mv_\mE c0'0L “od
(€107 “le 1 oeD) s||> godaH pue Wi gL

(9107 “Ie 32 buelr) 12> ZzIH pue WriolL ‘s

@_.ON :_m 1o o:._v suoJnau |es1u0d pue _21 oL-L
(L10Z “Ie 32 on7) s|193 Z1Dd pue W1 0°0L-100

(¥00T “[e 12 eAo3DRY) WRlsAs DdOA 8 WM 09
(Y00T "2 32 eroxdey) Waishs Hdda pue Wil €'¢

(€107 “le 32 oeD) s||9> z9daH pue Wi g|
(9107 “le 12 Buepm) adiw pue By/buwi oz ‘oL “d'
(9107 “le 32 bueip) adiw qp/qp pue
P34-ADW pue 1yBrom Apoq Bx/6w oy Jo oz “d'1
(10T “Ie 1 Bueyyz)

1w bupuup-abuiq pue Aep sad by/bw o “dl

(£107 “|e 12 buey)
aul| ||92 ZO-1 J9AI] [ewlou uewny pue H 0§ ‘07 ‘S

(9002 “[e 33 D) |92 61-3dYY Pue Wi sz-L
(c00z ‘Buny) 7 Buey) aul| Lg/DWV S|[9> ewoud
-1ed |B}I310]0> uewny pue W ooL ‘W 0s ‘WH 0z
(8661 “|e 12 wry)
suoldeal abeaea)d || asesdwosiodol ayy pue H 001
(£10T “|e 33 Buey)
92 Z0-1 J3AI| [ewlou uewny x T 0S ‘07 ‘S
(T10Z “Ie 32 udyD) s[> zHdaH pue Wi 90

aul

(€10 “e 19 oeD) s||2> zodaH pue Wi g1

(S10T “le 19
we|es-|3) ajeusbowoy JaAl pue qw/bM 0oL-0L
(6007 “Ie 32 Buer) waishs CO2H/(II) 34 Y3 pue Ww |

SIIUAIIR Jownluy
S1294J9 dIwadK|bodAH

$109y49 dlwapidijodAH
sayd Alojewwejul-uy

SIMAIDR [RIGODIWNUY

SIIIIAIDR Jownyiuy

S129J9 dIwddK|bodAH

$109Y9 dlwapidijodAH

s1aYe aAdal0.doINaN
S3IIIAIIDR JUBPIXOIIUY

S99 d1wapidijodAH

S99 aApaloidoleday

S99 dIwadK|bodAH

S1O9Y9 Al0jewwejul-nuy

SANIAIDE Jownyuy

S99 dIwddK|bodAH
s1299 diwapidijodAH

sa1uadoid aadar0idoreday
SDIUAIIIE JUBPIXONUY

aujwequn|o)

auziysoer

auIRgIag-audjAy1awag

apluoindn|b
-a-§-0-6-2uIgnuIagIag

auIgn.IagIag

uofie|nbaidn 10 uofeAIDY

uonenbaIumop 1o uonigiyul

wsiueydapy

(9dua13)3Y) [Ppow |eIUdWILIRAXD
pue 3s0p 10 UOIRIIUIIUOD)

SAMAIDY

$11|0gRIBN

"2IN]eJa| 3|qe|leAR UO Paseq SSU|OCRISW SULISGII] JO SSIUAIDE 3Y| T d]qel

NNB Exh. 2091, p. 012



150 @ K. WANG ET AL.

Table 2. Continued

Mechanism

Concentration or dose and
experimental model (Reference)
p.o., 23.35, 46.70 and 70.05 mg/kg and hamsters fed

Activation or upregulation

Inhibition or downregulation

Activities

Metabolites
Palmatine

Expression of mRNA and protein of

Expression of mRNA and protein

Hypolipidemic effects

of ASBT LDLR and CYP7A1;

with high-fat diet (Ning et al.,, 2015)

Fecal excretion of TC and TBA
Expression of PPARa and mRNA expres-

p.o., 10, 20, and 40 mg/kg and normal rats

Hypoglycemic effects

sion of Glut-4; glucose uptake

(Patel & Mishra, 2011)

625nM and L6 cell line (Sangeetha et al., 2013)

200 and 400 pg/mL and Staphylococcus aureus

The growth of Staphylococcus aureus

Antimicrobial activities

(Yu et al., 2007)
10, 20 ng/mL & C4-2B, PC-3 and DU145 human

Activation of NF-xB and its down-

Antitumor activities

stream target gene FLIP;

tumor invasion
tumor necrosis factor-o; nitric oxide;

prostate cancer cells (Hambright et al., 2015)

IL-10 and pro-resolution mediator

80 ug/mL and goat endometrial epithelial cells (Yan

Anti-inflammatory effects

IL-1B, IL-6

et al., 2017)

berberrubine was of 9.8ug/mL, and it could also
decrease thiobarbituric acid reactive species (TBARS)
level in a dose-dependent manner due to the antioxi-
dant activity (El-Salam et al., 2015).

Neuroprotective effects

The neuroprotective activities of berberine’s metabo-
lites were usually investigated in neuronal cells. It had
been reported that jatrorrhizine showed significant neu-
roprotective effects in rat pheochromocytoma PC12 cell
line due to its antioxidative potential and the inhibition
against apoptosis (Luo et al,, 2011, 2016). H,0,, a by-
product of enzymatic action and dopamine oxidation,
could cause neuronal cell injury and even death. After
preincubation of PC12 cells with jatrorrhizine
(0.01-10.0 uM) for 24 h prior to H,0O, exposure, jatorrhi-
zine showed significant protective effects against H,0,-
induced injury on PC12 cells and prevented the
decrease of antioxidant enzyme (superoxide dismutase
(SOD) and heme oxygenase-1) (Luo et al, 2011).
Similarly, a significant reduction in cell viability and
activities of SOD and glutathione peroxidase (GSH-Px)
could occur after cortical neurons were exposed to
25uM AB 25-35 for 24 h, but pretreatment of cortical
neurons with various concentrations of jatrorrhizine
(1-10 uM) could attenuate AB 25-35-induced neurotox-
icity markedly (Luo et al, 2016). The cytotoxicity and
apoptosis induced by okadaic acid (OA) in mouse hip-
pocampal HT22 cells is another model used to study
the neuroprotective effects of different compounds. It
had been demonstrated that jatrorrhizine could attenu-
ate the reduction in cell survival, activities of SOD, GSH-
Px and mitochondria membrane potential (MMP)
induced by 80nM OA for 12h (Jiang et al., 2016).
Moreover, jatrorrhizine (5, 10uM for 12h) could sup-
press the H,0,, AB 25-35 and/or OA-induced neuronal
cell apoptosis by preventing the activation of caspase-3,
which is the final executor of apoptosis. (Luo et al.,
2011; Luo et al,, 2016; Jiang et al., 2016).

Hypolipidemic effects

Dyslipidemia is a major risk factor for cardiovascular dis-
eases that are the leading cause of death in the world
and it is characterized by increased total cholesterol, tri-
glyceride and low-density lipoprotein cholesterol (LDL)
levels, and also by declined high-density lipoprotein
(HDL) levels (He et al., 2016). AMPK is considered as a
key factor for controlling intracellular lipids and glucose
metabolism (Thomson & Winder, 2009), and once acti-
vated, AMPK switches off anabolic pathways such as
cholesterol, fatty acid and triglyceride biosynthesis, as

NNB Exh. 2091, p. 013



well as switches on adenosine triphosphate (ATP)-pro-
ducing catabolic pathways, such as fatty acid oxidation.

In Cao’s study, the TG-lowering activities of berber-
ine’s metabolites including jatrorrhizine, columbamine,
berberrubine and demethyleneberberine were exam-
ined using the HepG2 cells (Cao et al,, 2013). After the
HepG2 cells were treated with four metabolites and ber-
berine (15 uM, for 24 h), AMPK-signaling pathways were
activated and the intracellular TG contents significantly
decreased. Compared with control, columbamine and
berberine exhibited high inhibitory rates on TG con-
tents (65% and 55.7%, respectively). Moreover, both
columbamine and berberine significantly inhibited the
expression of genes responsible for lipogenesis biosyn-
thesis in HepG2 cells such as acetyl-CoA carboxylase
(FAS), 3-hydroxy-3-methylglutaryl coenzyme A reduc-
tase (HMGR), acetyl-CoA carboxylase (ACC) and gly-
cerol-3-phosphate acyltransferase (GPAT) and increased
the expression of genes of medium chain acyl-CoA
dehydrogenase (mCAD) associated with fatty acid oxi-
dation. These findings suggested that columbamine dis-
plays great hypolipidemic roles via regulating the
expression of genes involved with lipid biosynthesis
and fatty acid oxidation (Cao et al., 2013). In another
study, jatrorrhizine, columbamine, berberrubine and
demethyleneberberine exhibited lipid-lowering effects
by upregulating the low-density lipoprotein receptor
(LDLR) mRNA and protein expression, and exhibited
effect on reduction of the cellular lipid accumulation in
HepG2 cells at 15 uM for a 24-h treatment (Zhou et al.,
2014).

Other studies also found that oral administration of
jatrorrhizine (70.05 mg/kg, for 3 months) to Mesocricetus
auratus could increase high-density lipoprotein choles-
terol (HDL-C) levels and decrease total cholesterol (TC),
TG and low-density lipoprotein cholesterol (LDL-C) lev-
els by 20%, 43%, and 19% respectively, via upregulating
the mRNA and protein expression of LDLR and choles-
terol 7a-hydroxylase (CYP7A1) (Wu et al., 2014). Similar
results were also reported for palmatine in hamsters fed
with high-fat diet (HFD). Compared with the HFD group,
palmatine treatment (70.05 mg/kg, orally) decreased TC,
TG, and LDL-C levels, as well as increased fecal excretion
of TC and total bile acids (TBA) in hyperlipidemic ham-
sters via up-regulating the expression of mRNA (by 2.3-
fold and 2.0-fold) and protein (by 1.7-fold and 1.8-fold)
of LDLR and CYP7A1, downregulating apical sodium-
dependent bile salt transporter (ASBT) mRNA (by 44%)
and protein (by 49%) expression, as well as enhancing
fecal excretion of TC (by 41%) and TBA (by 70%) (Ning
et al,, 2015).

In summary, when berberine was given to patients,
its metabolites including palmatine, jatrorrhizine,
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columbamine, berberrubine and demethyleneberberine
might also be active forms together with itself to exert
the hypolipidemic effects in vivo.

Hypoglycemic effects

Diabetes mellitus (DM) is a metabolic disorder charac-
terized by elevated blood glucose level (hyperglycemia)
owing to failure of the pancreatic B cells to produce
enough insulin, or loss of an effective target tissue
response to insulin (Yang et al., 2014). In type-1 or insu-
lin-dependent diabetes, the pancreas fails to secrete
insulin. In contrast, T2DM was formerly known as nonin-
sulin-dependent diabetes (Hamid et al., 2015). Many
publications have shown that berberine exhibited
marked antidiabetic effects on both human beings and
type-2 diabetic rodent models (Cicero & Tartagni, 2012;
Lan et al., 2015; Pang et al,, 2015). As for its metabolites,
the hypoglycemic effects were also confirmed in differ-
ent experimental models. In HepG2 cells, berberrubine,
jatrorrhizine and columbamine (0.6 uM) exhibited glu-
cose lowering activity with a dose-dependent manner
(Chen et al., 2012). Moreover, oral administration of pal-
matine and jatrorrhizine (10, 20 and 40 mg/kg) signifi-
cantly decreased fasting serum glucose and suppressed
the increase of blood glucose levels after 2 g/kg glucose
loading in normal rats (Patel & Mishra, 2011).

Berberrubine is the primary metabolite of berberine
and could be quickly metabolized into berberrubine-9-
O-p-p-glucuronide in rats after oral administration. In
human normal liver L-O2 cells in vitro, treatment with
berberrubine or berberrubine-9-O-f-p-glucuronide (5,
20, 50umol/L) increased glucose consumption,
enhanced glycogenesis and modulated the mRNA levels
of glucose-6-phosphatase and hexokinase (Yang et al.,
2017). These results suggested that berberrubine and
berberrubine-9-0--p-glucuronide were potential
agents for reducing glucose levels.

Alloxan can kill B cells in pancreas islets specifically
and then induce hyperglycemia. Daily oral administra-
tion of jatrorrhizine (50 and 100 mg/kg) could signifi-
cantly decrease blood glucose after 1, 3, 5days of
treatment in alloxan-diabetic mice in a dose- and time-
dependent manner, and enhance the activity of succin-
ate dehydrogenase (SDH), a rate-limiting enzyme in aer-
obic glycolysis, indicating that pronounced decrease of
blood glucose in normal and hyperglycemic mice by
jatrorrhizine may be attributed to the enhancement of
aerobic glycolysis (Fu et al., 2005).

Muscle tissue is the major site for insulin-stimulated
glucose uptake as it expresses insulin-sensitive glucose
transporter (Glut-4). Meanwhile, peroxisome prolifer-
ator- activated receptors o (PPARa) are also highly
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expressed in muscle tissue, which regulates the expres-
sion of genes involved in lipoprotein metabolism
thereby improving HDL and affecting glucose metabol-
ism (Sangeetha et al., 2013). Exposure of myocytes (L6
skeletal muscle cell line) to palmatine (625 nM for 6 h),
the protein expression of PPARa and mRNA expression
of Glut-4 could increase, which indicates that the ability
of palmatine to improve cellular glucose uptake is
through the upregulation of Glut-4 expression and
PPARa expression (Sangeetha et al., 2013).

Antitumor activities
Potential role for topoisomerase Il

Topoisomerase Il is the intracellular target for a variety
of active agents currently used in the treatment of
human cancers (Kang & Chung, 2002). The antitumor
activity of berberrubine was first found using experi-
mental tumors in mice, and the structure-activity rela-
tionship study suggested that the hydroxyl group at the
C-9 position of berberrubine is essential for its antitu-
mor activity (lkekawa & lkeda, 1982; Kim et al., 1998).
Further studies (Kang & Chung, 2002) indicated that
topoisomerase llo. was the cellular target of berberru-
bine, which was seen as a specific poison of DNA topo-
isomerase |l by stabilizing topoisomerase II-mediated
cleavable complex in vitro (Kim et al., 1998).

Inhibition of tumor neovascularization

Tumor neovascularization also plays an important role
in malignant tumor growth and metastasis (Bao et al.,
2012). Jatrorrhizine exerts antiproliferative effects in a
dose-dependent manner with an ICsy of 47.6uM, by
overexpression of the cell-cycle-suppressive genes p21
and p27, which resulted in human metastatic melanoma
8161 cell-cycle arrest at the GO/G1 transition (Liu et al.,
2013). Meanwhile, jatrorrhizine showed antivasculo-
genic effects on C8161 cells with low toxicity, which is
associated with impeding the expression of the gene
for VE-cadherin, a key protein in tumor vasculogenic
mimicry and angiogenesis (Liu et al, 2013). These
results suggested that jatrorrhizine could be a potential
new anti-melanoma drug candidate.

Similarly, columbamine could suppress human osteo-
sarcoma U20S cells proliferation in vitro with an 1Csq of
21.3 uM, by inducing cell cycle arrest at the G2/M phase,
which was associated with attenuating cell division pro-
tein kinase 6 (CDK6) gene expression and with diminish-
ing STAT3 phosphorylation (Bao et al, 2012). In
addition, columbamine could inhibit U20S cell-medi-
ated neovascularization by the down-regulation of
matrix metalloproteinase MMP-2 expression and

reduction of cell migration, adhesion, and invasion,
which suggested that columbamine could be a poten-
tial anti-osteosarcoma drug (Bao et al., 2012).

Inhibition of tumor proliferation and invasion

Palmatine either in the purified form or a component of
nexrutine (Phellodendron amurense bark extract) is a
potent cytotoxic agent with growth and tumor invasion
inhibitory properties (Hambright et al., 2015). It select-
ively inhibited the growth of prostate cancer cells (e.g.
C4-2B, PC-3 and DU145 human prostate cancer cells)
without significant effect on nontumorigenic prostate
epithelial cells in vitro, for example, 10 pg/mL palmatine
was sufficient to inhibit the growth of DU145 cell lines
by about 50%; at that dose PC-3 cell lines showed a
38% decrease in proliferation, which was measured
using CellTiter 96 Aqueous One solution assay
(Hambright et al., 2015). Further, treatment with palma-
tine significantly reduced promoter activity of both NF-
kB (palmatine dose: 5 ug/mL) and its target gene of the
¢-FLICE inhibitory protein (palmatine dose: 10 ug/mL) in
DU145 cell lines compared with control, which could
potentially contribute to the inhibition of invasion in
DU145 cells (Hambright et al., 2015).

Antimicrobial activities

As two berberine’s metabolites in vivo, palmatine and
jatrorrhizine (200 and 400 pg/mL), played antimicrobial
roles by inhibition of the growth of bacteria in vitro,
such as Staphylococcus aureus (Yu et al., 2007). Further
results also indicated that palmatine and jatrorrhizine
have shown relatively broad spectrum antimicrobial
activities against animal pathogens in vitro, such as
Bacillus cereus, Bacillus megaterium, Bacillus subtilis,
Staphylococcus  aureus,  Staphylococcus  epidermidi,
Micrococcus lysodeikticus, Proteus vulgaris, Salmonella
typhi and Escherichia coli, with the minimum inhibitory
concentration (MIC) values of 0.1-0.8g/L and 0.1-0.6 g/
L, respectively (Deng et al,, 2012). Meanwhile, jatrorrhi-
zine also exhibited the inhibitory activities against der-
matophytes in vitro such as Trichophyton rubrum and
Microsporum canis (MIC ranges from 62.5 to 125 pg/mL),
indicated jatronrrhizine could also be a potential anti-
fungal agent (Vollekova et al., 2003).

Anti-inflammatory effects

Inflammation is a common mechanism of many dis-
eases. At the inflammatory foci, neutrophils could pro-
duce ROS, such as superoxide anion and nitric oxide
(NO), which induces tissue damage. Lipopolysaccharide
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(LPS)-induced inflammation was accompanied by the
production of IL-6, NO, prostaglandin E2 (PGE2), the
expression of cyclooxygenase-2 (COX-2) and iNOS
mRNA, and the activation of NF-kB in murine macro-
phage RAW 2647 cells (Mizokami et al, 2016).
Jatrorrhizine, a major metabolite of berberine, was
confirmed as an anti-inflammatory compound. In
LPS-stimulated RAW 264.7 cells model, jatrorrhizine
(100 pg/mL) exhibited the anti-inflammatory effect, and
its inhibitory activities against the expression of iNOS
and COX-2 were 45% and 29%, respectively (Cho, 2011).
On LPS-induced inflammation model in goat endomet-
rial epithelial cells (gEECs) in vitro, palmatine treatment
(80 ug/mL) significantly decreased the production of
pro-inflammatory factors, such as TNF-qa, IL-1p, IL-6, NO,
and increased the production of anti-inflammatory fac-
tor IL-10 and pro-resolution mediator compared with
the control group, which was measured with the
enzyme linked immunosorbent assay (ELISA), quantita-
tive RT-PCR and western blotting (Yan et al., 2017).

NF-kB has an established role in the regulation of
innate immunity and inflammation (Gambhir et al.,
2015). During inflammation, chemokines are a super-
family of small proteins, such as interleukin-8 and
monocyte chemotactic protein-1 (MCP-1) which are
important in recruiting and activating leukocytes
(Mishra et al, 2016). Berberrubine (1-25uM) dose
dependently inhibited the increased levels of interleu-
kin-8 and MCP-1expression, protein secretion and NF-
kB translocation in human retinal pigment epithelial
(ARPE-19) cells stimulated with IL-18 or TNF-a (Cui
et al, 2006). These findings indicated that berberru-
bine exhibited anti-inflammatory effects through simi-
lar mechanisms with berberine, which possibly
benefited from its inhibition of interleukin-8 produc-
tion (Zhou & Eshita, 2000).

Discussion

Most of the herbal medicines are given via oral route in
clinic. Only the components which are successfully
absorbed into blood and maintain an effective concen-
tration in target organs could be responsible for the
therapeutic effects of herbal medicines. Those active
ingredients may also yield a great deal of metabolites in
vivo which could continue to exhibit the related bio-
logical activities. After absorption in small intestine, ber-
berine is rapidly transformed into several kinds of main
metabolites and has a low concentration in the plasma.
Meanwhile, the organ concentration of berberine and
its main metabolites was higher than that in the blood
when orally administrated (Tan et al., 2013). According
to in vivo and in vitro pharmacological studies, the
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major metabolites of berberine could also exhibit vari-
ous biological activities, such as hypolipidemic effects
and antitumor activities. Therefore, both berberine and
its metabolites might be the active forms in vivo after
berberine intake.

Based on the comprehensive studies for berberine
metabolites in human and rats after oral administra-
tion, about 24 berberine-related metabolites have
been identified. Among them, some metabolites
were isolated from urine of humans or rats, and
then their definite structures were elucidated by
NMR and NOE spectroscopy (Qiu et al, 2008).
Meanwhile, several metabolites of berberine in vivo
have been confirmed by LC-MS/MS analysis (Yang
et al., 2009; Zhang et al.,, 2008), which was a power-
ful method to identify the metabolites based on the
MS data and LC retention times. However, the struc-
tures of the metabolites, which were deduced only
using LC-MS/MS system, might be nebulous and
impracticable, especially when isomeric metabolites
were involved. For example, mono-glucuronide of
demethyleneberberine was a main metabolite of ber-
berine, but the hydroxyl group which is conjugated
with the glucuronic acid is still unknown (Guo et al,
2011; Liu et al., 2009; Ma et al, 2009, 2013; Zuo
et al., 2006).

Recent research has found that the gut microbiota
could transform berberine after in vitro incubation
(Feng et al., 2015; Wang et al., 2015b). These results
were inconsistent with our findings (Qiu et al., 2008)
and the previous report (Zuo et al., 2006), which ber-
berine was relatively stable in the gastrointestinal
tract. Gut microbiota might work as an “organ” to
transform berberine into more efficient intestine-
absorbable form such as dhBBR (Feng et al., 2015) or
berberrubine (Li et al., 2014; Spinozzi et al, 2014),
which could improve its oral bioavailability. Possibly,
there are other explanations for the interaction
between berberine and gut microbiota. We conjec-
tured that the secondary metabolites of gut micro-
biota might also bring beneficial effects to improve
the intestinal absorption of berberine, although to
date, there is no available experimental data to con-
firm this conjecture. Meanwhile, berberine has inhibi-
tory effects against microbial growth, which could
decrease the number of intestinal bacteria, such as
Firmicutes and Bacteroidetes, and reduce the diversity
of intestinal microflora (Xie et al., 2011).

As for the toxicity of berberine, the route of adminis-
tration is an important factor that affects the toxicity
evaluation (Kheir et al., 2010). The median lethal dose
(LDsg) of berberine in mice after intravenous injection
and intraperitoneal injection was calculated to be 9.03
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and 57.6 mg/kg, respectively, but no LDs, was found for
the oral administration group (Kheir et al., 2010), which
indicated that the acute toxicity of berberine was
related to the type of administration route.
Furthermore, it was found that 20.8g berberine/kg of
body weight is safe for oral administration in mice, and
the safe dose for humans would be 2.97 g berberine/kg
human body weight because the mice have a 7-fold
metabolic rate per kg body weight than adult humans
(Kheir et al.,, 2010). To date, no serious adverse effects
have been reported for berberine via oral route in clinic,
and it is safe in the majority of human subjects studied
in short-term and chronically (Liu et al., 2016). However,
some transient gastro-intestinal adverse effects have
been observed after a high-dose administration of ber-
berine (0.5g, three times a day, in a 3-month trial) for
the treatment of T2DM patients (Yin et al., 2008). As for
the safety evaluation of berberine-related metabolites, a
pilot study indicated that jatrorrhizine showed a very
low toxicity after oral administration and its LDsq in
mice was about 5500mg/kg which was significantly
higher than that of berberine (LDso, 763 mg/kg)
(Wu et al., 2014). However, the adverse effects of most
berberine metabolites remain unclear.

Conclusions

In summary, berberine is a safe and effective natural
product, but the pharmacokinetic studies in rodents
and humans have consistently concluded that berber-
ine has poor systemic bioavailability after oral admin-
istration. Its poor absorption in the gut and rapid
metabolism in the body are two major contributors
to the low oral bioavailability. This work aimed to col-
lect all data regarding metabolic profile of berberine.
Many contributions to understand the metabolism of
berberine have been made in the previous decade.
O-demethylation, demethylenation, reduction, and
subsequent conjugation with glucuronic acid and sul-
furic acid are the major metabolic pathways for ber-
berine in vivo. In recent years, much research has
focused on the effects of metabolites described
above, and several important metabolites could
exhibit similar activities in comparison with berberine,
which could be responsible for the therapeutic effects
associated with berberine in clinical use. Nevertheless,
the contribution of most metabolites of berberine is
far from being clear, and further follow-up research is
needed to explore this issue.
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