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Abstract

1. Berberine is a widely used plant extract for gastrointestinal infections, and is reported 

to have potential benefits in treatment for diabetes and hypercholesterolemia. It has 

been suggested that interactions between berberine-containing products and 

cytochromes P450 (CYPs) exist, but little is known about which CYPs mediate the 

metabolism of berberine in vivo.

2. In this study, berberine metabolites in urine and feces of mice were analyzed, and the 

role that CYPs play in producing these metabolites were characterized in liver 

microsomes from mice (MLM) and humans (HLM), as well as recombinant human 

CYPs. Eleven berberine metabolites were identified in mice, including 5 unconjugated 

metabolites, mainly in feces, and 6 glucuronide and sulfate conjugates, predominantly 

in urine. Three novel berberine metabolites were observed. Three unconjugated 

metabolites of berberine were produced by MLM, HLM, and recombinant human 

CYPs. CYP2D6 was the primary recombinant human CYP producing these 

metabolites, followed by CYP1A2, 3A4, 2E1 and CYP2C19. The metabolism of 

berberine in MLM and HLM was decreased the most by a CYP2D inhibitor, and 

moderately by inhibitors of CYP1A and 3A.

3. CYP2D plays a major role in berberine biotransformation, therefore, CYP2D6 

pharmacogenetics and potential drug-drug interactions should be considered when 

berberine is used.
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Introduction

Berberine is a major isoquinoline alkaloid in herbs such as goldenseal, berberis, and Coptis 
chinensis, and has been used for about 1,000 years to treat gastrointestinal diarrhea (Lahiri 

and Dutta, 1967; Amin et al., 1969). Presently, berberine is widely used in oriental countries 

for diabetes, hypercholesterolemia, and other medical conditions (Vuddanda et al., 2010). 

Goldenseal, a main source of berberine (Abourashed and Khan, 2001), is ranked as the sixth 

most commonly used herbal supplement for children in America (Barnes et al., 2008).

Many studies have demonstrated effects of berberine in mice. In db/db mice, berberine was 

reported to increase insulin/Insulin-like growth factor 1 signaling, block muscle protein 

losses (Wang et al., 2010), reduce body weight, and improve glucose tolerance without 

altering food intake (Lee et al., 2006). It also activates AMP-activated protein kinase and 

improves insulin sensitivity in insulin resistant C57BL mice (Turner et al., 2008). However, 

biotransformation of berberine in mice has not been studied.

The disposition of berberine had been studied in humans and rats. After oral administration 

of 400 mg berberine to healthy male subjects, the Cmax in plasma was 0.4 ng/ml, tmax was 

9.8 h, and t1/2 was 28 h (Hua et al., 2007), which suggests that berberine has a low systemic 

bioavailability and long half-life in humans. When berberine was given orally to rats, about 

half of the compound was absorbed by the gastrointestinal tract and was distributed to the 

liver (Liu et al., 2010). Metabolites of berberine in urine of humans and rats reveal a similar 

metabolite profile in the two species (Qiu et al., 2008), but metabolites in feces have not 

been examined.

The AUC0-limt and Cmax of berberine metabolites were 10- to 50-fold higher than those of 

the parent compound in plasma and liver of rats (Zuo et al., 2006). Therefore, extensive 

metabolism in liver appears to be an important reason for the low plasma concentration of 

berberine. It is suggested that the cytochrome P450 (CYP) superfamily of enzymes play 

important roles in berberine metabolism. The CYP superfamily is the major drug-

metabolizing system in liver and intestine, and is involved in the elimination of more than 

70–80% of clinically used drugs (Evans and Relling, 1999). Drug-drug interactions, which 

are caused mainly by co-administrated drugs that induce or inhibit CYPs, have been 

estimated to account for about 250,000 hospital admissions and about 1.3 billion dollars of 

health care costs per year (Sandson, 2005).

It had been reported that SKF-525A (proadifen), a CYP inhibitor, decreases the metabolism 

of berberine in rats (Tsai and Tsai, 2004). CYP3A1/2 and CYP2B have been suggested to 

metabolize berberine in liver of rats, but limited information is known about the specific 

CYP producing each berberine metabolite in human liver. In the current study, metabolites 

of berberine in urine and feces of mice have been proposed and compared with data in other 

species, and the roles that CYPs play in the metabolism of berberine have been characterized 

in MLM, HLM, and recombinant human CYPs.
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Materials and Methods

Chemicals and Reagents

Recombinant human CYPs and HLM were obtained from XenoTech (Lenexa, KS, USA). 

berberine chloride and all other chemicals used in this study were purchased from Sigma-

Aldrich (St. Louis, MO).

Animals and Treatments

Male C57BL/6 mice (22±2g, 8-weeks old) were obtained from Charles River Laboratories, 

Inc. (Wilmington, MA). All mice were maintained under a standard 12-h dark and 12-h light 

cycle with water and chow provided ad libitum. Rodent studies were in accordance with 

protocols approved by the University of Kansas Medical Center Institutional Animal Care 

and Use Committee.

For the metabolomic studies, berberine (10 mg/kg) or saline was injected i.p. in mice, and 

the mice (four per group) were housed in separate metabolic cages for 24 h. Urine and fecal 

samples were collected and stored at −80°C for further analysis. Pooled MLM were 

prepared by differential-ultracentrifugation from livers of non-treated C57BL/6 mice (http://

www.currentprotocols.com/protocol/ph0708).

Metabolism of Berberine by Microsomes of Mice and Humans as well as Recombinant 
Human CYPs

Incubation time as well as berberine and protein concentrations were varied to find a linear 

kinetic range. All the In vitro incubations were performed in duplicate. Each incubation 

reaction was performed in 1× phosphate-buffered saline (PBS, pH 7.4), containing 1 or 10 

μM berberine and 0.1 mg HLM, MLM, or 2 pmol of each recombinant human CYP 

including control, CYP1A2, 2A6, 2B6, 2C8, 2C9, 2C19, 2D6, 2E1 and CYP3A4. The final 

volume was 200 μl. After 5 min of pre-incubation at 37°C, the reaction was initiated by 

adding 10 μl of 20 mM NADPH (final concentration 1.0 mM) or PBS, and shaken gently for 

another 45 min. All reactions were terminated by adding 200 μl of ice-cold acetonitrile.

Chemical Inhibition Analysis in HLM and MLM

Paroxetine (0, 1, 10 μM) was used as an inhibitor for CYP2D6 (Cyp2d), ketoconazole (0, 1, 

10 μM) for CYP3A4 (Cyp3a), and furafylline (0, 1, 10 μM) for CYP1A2 (Cyp1A). These 

inhibitors were pre-incubated in the reaction system with the liver microsomes for 30 min at 

37°C, and then 10 μl of 200 μM berberine (final concentration is 10 μM) was added to each 

reaction and gently shaken for another 45 min. All reactions were terminated by adding 200 

μl of ice-cold acetonitrile.

Sample Preparation and UPLC-TOFMS Analysis

Sample preparation and UPLC-TOFMS analyses were performed as described previously 

with minor modifications (Li et al., 2010). Urine samples were prepared by mixing 50 μl of 

urine with 150 μl of 50% acetonitrile and centrifuged at 20,000 g for 10 min. Feces were 

homogenized after adding 1×PBS (10 μl per mg feces). Subsequently, 200 μl of acetonitrile 

was added to 200 μl of the resulting mixture, followed by vortexing and centrifugation at 
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20,000 g for 10 min. The in vitro incubation was terminated by adding 200 μl of acetonitrile 

and centrifuged at 20,000 g for 10 min. Each supernatant was transferred to an auto-sampler 

vial, and 5 μl was injected into a system combining UPLC and TOFMS (HMDS SYNAPT, 

Waters, Milford, MA). A 100 mm x 2.1 mm (Acquity 1.7 μm) UPLC BEH C-18 column 

(Waters, Milford, MA) was used to separate berberine and its metabolites. The flow rate of 

the mobile phase was 0.3 ml/min with a gradient ranging from 2 to 98% aqueous 

acetonitrile, containing 0.1% formic acid in a 10-min run. TOFMS was operated in a 

positive mode with electrospray ionization. The source temperature and desolvation 

temperature were set at 120°C and 350°C, respectively. Nitrogen was applied as the cone gas 

(10 l/h) and desolvation gas (700 l/h) and argon as the collision gas. TOFMS was calibrated 

with sodium formate and monitored by the intermittent injection of lock mass leucine 

enkeophalin in real time. The capillary voltage and cone voltage were set at 3.5 kV and 35 V 

in positive ion mode. Screening and identification of major metabolites were performed 

using MakerLynx software (Waters, Milford, MA), based on accurate mass measurement 

(mass errors less than 10 ppm). The structures of berberine and its metabolites were 

elucidated by tandem mass fragmentation with collision energy ramp ranging from 10 to 35 

eV.

Data Analysis

Mass chromatograms and mass spectra were acquired by MassLynx software in centroid 

format from m/z 50 to m/z 1000. Centroid and integrated mass chromatographic data were 

processed by MarkerLynx software to generate a multivariate data matrix. Orthogonal 

projection to latent structures-discriminant analysis (OPLS-DA) was conducted on Pareto-

scaled data. The corresponding data matrices were then exported into SIMCA-P+12 

(Umetrics, Kinnelon, NJ) for multivariate data analysis.

Results

Identification of Major Metabolites of Berberine in Mouse Urine and Feces

Berberine is compound I in Fig. 1A. Eleven berberine metabolites were identified in mouse 

urine and feces; namely metabolite II, a 1,3-dioxole ring-opened product; metabolite IV, a 

demethylated product; metabolite VI, a demethenylated product; metabolite VII, a 

demethylated/1,3-dioxole ring-opened product; metabolite XII, a demethylated/

demethenylated product; metabolites III, V, VIII, and IX are 4 mono-glucuronidated 

products; metabolite X, a di-glucuronidated product; and metabolite XI, a sulfated product. 

Eight of 11 identified berberine metabolites were characterized previously from humans and 

rats (Zuo et al., 2006; Qiu et al., 2008), and the MS/MS spectra of these metabolites and 

their structural elucidations are described in detail in the supporting information (supporting 

Figs. 1A–1H) and chromatograms (supporting Figs. 2A–2B). The other three are novel 

metabolites, namely metabolite VII, metabolite IX, and metabolite XII.

Demethylated/1,3-dioxole ring-opened metabolite VII was observed in urine and feces. It 

eluted at 4.11 min and had a [M]+ ion at m/z 324, which is 12 Daltons less than that of 

berberine. MS/MS analysis of metabolite VII produced daughter ions at m/z 309 (loss of 
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CH3), 294 (loss of CH2=CH2), and 266 (loss of CH2=CH2 and 2CH3). The daughter ions of 

metabolite VII are interpreted in the inlaid structural diagram (Fig. 1B).

Mono-glucuronidated metabolite IX was only detected in urine with a retention time of 3.56 

min, having a[M]+ ion at m/z 500, 176 mass units higher than that of metabolite VII, 

suggesting that metabolite IX was a glucuronide product of metabolite VII. The daughter 

ions at m/z 324 (loss of C6H8O6) and 309 (loss of C6H8O6 and CH3) are interpreted in the 

inlaid structural diagram (Fig. 1C).

Demethylated/demethenylated metabolite XII was only observed in feces. Metabolite XII (at 

a retention time of 3.48 min) corresponds to a [M]+ ion at m/z 310, which is 26 Daltons less 

than that of berberine. The daughter ions at m/z 295 (loss of CH3) and 267 (loss of 

CH2=CH2 and CH3) are interpreted in the inlaid structural diagram (Fig. 1D).

Relative abundance of berberine and its metabolites in mouse urine and feces are displayed 

in Fig. 2. All the glucuronidated metabolites (III, V, VIII, IX, X) were observed in urine, but 

not in feces, whereas unconjugated demethylated/demethenylated metabolite XII was 

detected only in feces and in low abundance. Parent chemical berberine, the most abundant 

compound in urine, was 1.88-fold more than that in feces. Unconjugated metabolites IV 

(demethylated metabolite) and VI (demethenylated metabolite) were the two predominant 

compounds in feces, which were 1.65- and 29.7-fold more abundant than that in urine. 

Metabolites II (1,3-dioxole ring-opened metabolite) and VII (demethylated/1,3-dioxole ring-

opened metabolite) were also detectable in feces, and the amounts of metabolites II and VII 

in feces were 6.83 and 5.47-fold more than in urine. The amount of sulfated demethenylated 

metabolite XI in feces was 1.20-fold more than in urine.

Berberine Metabolism in MLM and HLM

To determine whether CYPs were the enzymes that generate the metabolites mentioned 

above, berberine was incubated with MLM and HLM. Three of 5 unconjugated metabolites 

in urine and feces, namely demethylated metabolite IV, demethenylated metabolite VI, and 

demethylated/demethenylated metabolite XII, were detected after berberine was incubated 

with MLM and HLM in an NADPH-dependent manner (Fig. 3). The peak areas of all these 

metabolites were higher by MLM than by HLM. Metabolite VI was the major product in 

MLM. In MLM incubated with 1 μM berberine, the peak area of metabolite VI was 40% 

higher than that of metabolite IV and 3.67-fold higher than that of metabolite XII, whereas 

in MLM incubated with 10 μM berberine metabolite VI was 20% higher than that of 

metabolite IV, and 3.25-fold higher than that of metabolite XII. In HLM incubated with 1 

μM berberine, the amount of metabolite VI was similar to metabolite IV and 8-fold more 

than that of metabolite XII, whereas in the HLM incubated with 10 μM berberine, the 

amount of metabolite VI was about 14% more than that of metabolite IV and 12-fold more 

than metabolite XII.

Berberine Metabolism in Recombinant Human CYPs

To determine which CYP formed each berberine metabolite, single recombinant human CYP 

was incubated with berberine. The 3 metabolites formed by liver microsomes were 

recapitulated in incubation systems of berberine with a panel of recombinant human CYPs 
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(Fig. 4). Among the 9 recombinant human CYP enzymes, CYP2D6 contributed to the 

formation of all 3 unconjugated metabolites (demethylated metabolite IV, demethenylated 

metabolite VI, demethylated/demethenylated metabolite XII). CYP1A2 also produced these 

3 metabolites, but less than did CYP2D6. CYP3A4, 2E1 and 2C19 catalyzed only the 

synthesis of metabolite VI with a lower formation rate than CYP2D6 and 1A2.

Berberine Metabolism in MLM and HLM Pre-incubated with Specific CYP Inhibitors

To verify results obtained from the recombinant CYPs, effects of known CYP inhibitors, 

namely paroxetine, an inhibitor of CYP2D6 (Lam et al., 2002); ketoconazole, an inhibitor of 

CYP3A4 (Fukuda et al., 1997); and furafylline, an inhibitor of CYP1A2 (Kunze and Trager, 

1993), on the biotransformation of berberine in MLM and HLM were examined. An 

increase in the amount of parent compound remaining in the incubation system or a decrease 

in metabolites generated was interpreted as inhibition of biotransformation (Fig. 5).

In MLM, pre-incubation with paroxetine and ketoconazole increased the amount of 

berberine remaining and decreased the formation of all metabolites in a concentration-

dependent manner, whereas furafylline had little effect on the metabolism of berberine.

In HLM, paroxetine decreased the formation of demethylated metabolite IV, whereas 

ketoconazole and furafylline had little effect on this process, supporting the hypothesis that 

CYP2D6 is the most important enzyme in the formation of metabolite IV. The generation of 

demethenylated metabolite VI by HLM was inhibited the most by paroxetine, intermediately 

by furafylline, and the least by ketoconazole, indicating that CYP2D6 plays the largest role, 

CYP1A2 intermediate, and CYP3A4 the least in forming metabolite VI. The production of 

demethylated/demethenylated metabolite XII was inhibited by paroxetine and furafylline, 

whereas ketoconazole had little effect on this process, implying that CYP2D6 and 1A2 

catalyzed the production of metabolite XII. These results from HLM are similar to that 

observed with recombinant human CYPs.

The proposed profile of berberine metabolites in mice and humans as well as 

biotransformation pathways for the three major metabolites in liver are summarized in Fig. 6 

based on the previous and current studies. Five unconjugated metabolites of berberine and 

their corresponding conjugated metabolites are noted. The metabolism of berberine by 

human recombinant CYPs indicates that CYP2D6 is the primary enzyme involved in the 

formation of the three berberine metabolites mentioned above (IV, VI and XII), and 

CYP1A2 produces the same metabolites, but at a slower rate. In addition, CYP3A4, 2E1 and 

2C19 also participate in the formation of the demethylenated metabolite VI.

Discussion

In this study, eleven metabolites of berberine were detected in urine and feces of mice, 

including 5 unconjugated metabolites (II, IV, VI, VII, XII) and 6 conjugated metabolites (III, 

V, VIII, IX, X, XI). Three of these berberine metabolites were not reported previously, 

namely metabolite VII, IX and XII. All the glucuronidated metabolites were excreted in 

urine, but not in feces, whereas, metabolite XII was only detected in feces. Three of the 5 

unconjugated metabolites (IV, VI and XII) were produced by MLM, HLM, and recombinant 
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human CYPs incubated with berberine. Moreover, CYP2D6 was identified to be the primary 

enzyme metabolizing berberine, but other CYPs are also involved.

UPLC-TOFMS combined with multivariate data analysis (Li et al., 2010) were used for 

structural elucidation and screening of metabolites in urine and feces of mice (supporting 

Fig. 3) in the present study. Several groups have identified metabolites of berberine in 

human urine as well as liver, plasma, bile, and urine of rat (Pan et al., 2002; Tsai and Tsai, 

2004; Zuo et al., 2006; Qiu et al., 2008). The metabolites identified in urine and feces of 

mice are similar to that in urine of humans and rats, except three additional metabolites (VII, 

IX, and XII) were detected (Fig. 1B–1D). Based on MS/MS spectra (Fig. 1 and Supporting 

Figs 1A–1H), metabolite II is a 1,3-dioxole ring-opened product, and may correspond to 

jatrorrhizine; metabolite III is a mono-glucuronidated product of metabolite II, which may 

be a compound having the same structure as jatrorrhizine-3-O-β-D–glucuronide or 

columbamin-2-O-β-D–glucuronide; metabolite IV, a demethylated metabolite, could be 

berberrubine or thalifendine; metabolite V is a mono-glucuronidated product of metabolite 

IV, which may be identical to berberrubine-9-O-β-D-glucuronide or thalifendine-10-O-β-D-

glucuronide; metabolite VI is a demethenylated product, and may correspond to 

demethyleneberberine; metabolite VIII (might be demethyleneberberine glucuronide) is the 

mono-glucuronidated conjugate of metabolite VI; metabolite X (might be 

demethyleneberberine-2,3-di-O-β-D-glucuronide) and metabolite XI (might be 

demethyleneberberine-2-O-sulfate) are a di-glucuronidated product and a sulfated product of 

metabolite VI, respectively; metabolite VII is a demethylated/1,3-dioxole ring-opened 

product, a compound detected first in the current study, which might be 3,10-demethyl-

palmatine (deduced from conjugated metabolites mentioned in prior studies), and its mono-

glucuronidated metabolite is metabolite IX; and metabolite XII, a demethylated/

demethenylated compound, is another novel unconjugated metabolite detected in the current 

study in mouse feces as well as MLM and HLM incubated with berberine, and the detailed 

structure and function of metabolite XII needs further investigation (Hoshi et al., 1976; 

Kobayashi et al., 1995; Krishnan and Bastow, 2000; Qiu et al., 2008). Four (metabolites II, 

VI, VII and XII) of the 5 unconjugated metabolites in mice observed in this study were 

apparently not detected in urine from rats and humans given berberine in previous reports 

(Qiu et al., 2008). Only one sulfate metabolite was detected in the present study in urine of 

mice, which was one of 3 sulfate metabolites reported previously in urine of rats and humans 

(Pan et al., 2002; Qiu et al., 2008).

According to previous reports and the present study, jatrorrhizine (might be metabolite II) 

and columbamine, berberrubine (might be metabolite IV) and thalifendine, 

demethyleneberberine (mighte be metabolite VI) and 3,10-demethyl-palmatine (might be 

metabolite VII), with each pair being isomers, are metabolites of berberine shared by 

humans and rats, except for columbamine, which is apparently a berberine metabolite in 

humans but not in rodents (Qiu et al., 2008). Some of these metabolites have been shown to 

be effective for their antitumor and antioxidative pharmacological activities in vitro, and are 

reported to be more potent than the parent berberine (Zuo et al., 2006).

In the present study, all glucuronide metabolites of berberine were detected in mouse urine, 

but not in feces (Fig. 2). This is probably due to extensive deconjugation of the glucuronide 
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metabolites of berberine in the intestine, active efflux of these metabolites back to blood by 

liver or intestine, and/or a special transport pattern in kidneys.

Many studies have suggested that CYPs might metabolize berberine, but only until recently 

CYP2D6, 1A2 and CYP3A4 are reported to metabolize berberine (15 or 20 μM) to form 

metabolites IV and VI (Li et al., 2011). The present study shows that the new unconjated 

metabolite XII can also be formed by MLM and HLM as well as recombinant human CYPs. 

In addition, the formation of metabolite XII can be decreased dramatically by specific 

CYP2D6 and 1A2 inhibitors. Most drug processing genes, such as CYPs, have homologues 

in mice that possess high DNA and amino acid identity to that of humans, and function 

similarly as their human homologs. For example, human CYP1A1, 1A2, 1B1, 2C19, 2D6, 

and 3A4 have mouse homologues of Cyp1a1, 1a2, 1b1, 2c37, 2d22, and 3a11, respectively 

(http://www.ncbi.nlm.nih.gov/homologene/). In the present study, the metabolites produced 

by HLM and MLM were the same (Fig. 3), which suggests similar pathways involved in 

berberine metabolism in mice and humans. Moreover, the metabolism of berberine by MLM 

appears to occur at a higher rate than that by HLM. Three unconjugated metabolites (IV, VI, 

and XII) of berberine were produced in liver microsomes and recombinant enzyme systems, 

but 2 other unconjugated metabolites (II, VII) detected in feces and urine were not generated 

in these systems. Given that the amount of metabolite II was abundant in feces but was not 

formed by liver microsomes, it might be produced by enzymes other than CYPs in livers or 

intestine, which were not examined in this study. Metabolite VII may not have been detected 

because only very small amounts were produced.

Using the major human CYP recombinant enzymes (Fig. 4), CYP2D6 was determined to be 

the primary enzyme catalyzing the biotransformation of berberine. If one considers only the 

results from the recombinant enzyme study, metabolite VI might be regarded as the most 

abundant metabolite; however, when liver microsomes were incubated with a lower 

concentration of berberine (1 μM), which is probably more similar to the in vivo situation, 

the amount of metabolite VI was higher in MLM, but similar to the amount of metabolite IV 

formed by HLM. Pre-incubation with a CYP3A4 inhibitor (Fig. 5) had little influence on the 

overall biotransformation of berberine by HLM. These data reveal that CYP2D6 is most 

likely the CYP involved in berberine biotransformation in liver of humans at low berberine 

concentrations, whereas other enzymes might be important at higher concentrations of 

berberine.

Results from the inhibition studies performed with MLM and HLM (Fig. 5) indicate that 

metabolite compensation exists, that is, as the formation of one metabolite decreases, the 

other metabolites increases. The usage of each CYP inhibitor was based on the most 

comparable inhibition pattern of mice with humans (Bogaards et al., 2000). paroxetine at 1 

and 10 μM decreased berberine biotransformation dramatically in HLM and MLM, which 

indicates that CYP2D is a most important enzyme catalyzing berberine in liver of mice and 

humans. Although CYP1A2 inhibition by furafylline in liver microsomes is reported to be 

more potent in humans than mice, it does inhibit mouse Cyp1a2. The present study indicated 

that 1 and 10 μM furafylline had little influence on the overall metabolism of berberine in 

MLM, but significantly decreased the formation of berberine metabolites in HLM, which 

might suggest CYP1A is relatively more important in berberine metabolism in humans than 
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in mice. ketoconazole inhibits CYP3A substrates similarly in mice and humans (Bogaards et 

al., 2000), and pre-incubation with ketoconazole decreased berberine metabolism in MLM, 

more than in HLM, which suggests that Cyp3a might be more important for berberine 

biotransformation in mice than humans.

Of the 18 CYP gene families in humans, CYP1, 2 and 3 families are responsible for the 

biotransformation of most xenobiotics. CYP2D6, a highly polymorphic enzyme, 

metabolizes 20–25% of clinically used drugs. There are about 40% Caucasians, 50% Asians, 

and 30% Africans that have an enzymatically hypo-active CYP2D6. Based on CYP2D6 

enzyme activity, humans can be divided into 4 different groups, namely ultra-rapid 

metabolizers, extensive metabolizers, intermediate metabolizers, and poor metabolizers. 

Thus, drugs metabolized by CYP2D6, such as berberine, may vary markedly in regard to 

their pharmacological activities in these four groups (Molanaei et al., 2010). Berberine is 

metabolized by CYP1A2, which also metabolizes caffeine, and can be induced by polycyclic 

aromatic hydrocarbons (Deroussent et al., 2010). Therefore, whether berberine affects the 

biotransformation of CYP1A2 substrates requires further investigation. CYP3A4 accounts 

for 30% of CYPs in liver (Shimada et al., 1994) and 80% of the CYPs in small intestine 

(Watkins et al., 1987). Over 50% of drugs in clinical use are metabolized by CYP3A 

(Thummel and Wilkinson, 1998). The current study suggests that recombinant human 

CYP3A4 is also responsible for formation of the major metabolite of berberine, therefore, 

potential drug-drug interactions should be considered when berberine is administered.

The present study demonstrates for the first time the metabolic profile of berberine in urine 

and feces of mice, and identified 3 novel metabolites. The metabolism of berberine in liver 

of mice and humans, as well as the specific CYP producing each metabolite were 

characterized in this study, which shows that CYP2D plays a very important role in 

berberine biotransformation in mice and humans. CYP1A and CYP3A also metabolize 

berberine. Therefore, it is concluded that CYP2D6 and other CYPs are involved in berberine 

metabolism, and that genetic polymorphisms of CYP2D6 as well as potential drug 

interactions should be considered when berberine or berberine-containing products are used.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CYP Cytochrome P450

HLM Human liver microsomes

UPLC-MS/MS ultra-performance liquid chromatography-tandem mass 

spectrometry

MLM mouse liver microsomes

OPLS-DA Orthogonal projection to latent structures-discriminant 

analysis

PBS phosphate buffered saline

TOFMS Time-of-flight mass spectrometry
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Fig. 1. MS/MS Fragmentation Patterns of Berberine and Three Novel Metabolites
(A) MS/MS fragmentation pattern for berberine. (B) MS/MS analysis of demethylated/1,3-

dioxole ring-opening metabolite VII, whichhas a [M]+ ion at m/z 324, 12 Daltons less than 

that of berberine. (C) Mono-glucuronidated metabolite IX has a [M]+ ion at m/z 500, 176 

mass units higher than that of metabolite VII. (D) Demethylated/demethenylated metabolite 

XII was only observed in feces, and corresponded to a [M]+ion at m/z 310. Berberine is 

abbreviated as BBR in all the figures in the present study.
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Fig. 2. Relative Amount of Berberine and Its Metabolites in Urine and Feces of Mice
Eleven metabolites were detected in urine and feces of mice, five unconjugated metabolites 

(metabolites II, IV, VI, VII, and XII) and six conjugated metabolites (metabolites II, V, VIII, 

IX, X, and XI). All the glucuronidated metabolites (metabolites III, V, VIII, IX, and X) were 

observed in urine, but not in feces, whereas, unconjugated metabolite XII was detected only 

in feces and in low abundance. Berberine (I), the parent drug administered, was the most 

abundant compound in urine, and was 1.88 folds higher in urine than feces. Unconjugated 

metabolites IV and VI were the two predominant metabolites in feces followed by 

metabolites II and VII, and the amount of each in feces was 1.65, 29.7, 6.83, and 5.47 folds 
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more than that in urine, respectively. The amount of the sulfated metabolite XI in feces was 

1.2 folds more than that in urine.
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Fig. 3. Berberine Metabolism in MLM and HLM
Three of five unconjugated metabolites, namely demethylated metabolite IV (m/z 322), 

demethenylated metabolite VI (m/z 324) and demethylated/demethenylated metabolite XII 

(m/z 310), were produced by HLM and MLM in an NADPH-dependent manner. With 

MLM, metabolite VI (m/z 324) was the major product. In the 1 μM berberine incubation 

system, the peak area of metabolite VI (m/z 324) was 40% higher than that of metabolite IV 

(m/z 322) and 3.67-fold higher than that of metabolite XII (m/z 310), whereas in the 10 μM 

berberine incubation system metabolite VI (m/z 324) was 20% higher than that of metabolite 

IV (m/z 322) and 3.25-fold higher than that of metabolite XII. In HLM incubated with 1 μM 

berberine, the amount of metabolite VI (m/z 324) was similar to metabolite IV (m/z 322) 

and 8-fold more than that of metabolite XII (m/z 310), whereas in the 10 μM berberine 

incubation system, the amount of metabolite VI (m/z 324) was about 14% more than that of 

metabolite IV (m/z 322) and 12-fold more than metabolite XII (m/z 310).
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Fig. 4. Berberine Metabolism in Recombinant Human CYPs
Those three unconjugated metabolites of berberine observed in liver microsomes incubated 

with parent compound (metabolite IV, m/z 322; metabolite VI, m/z 324; metabolite XII, m/z 
310) were also produced by a panel of recombinant human CYPs. Among the nine 

recombinant human CYP enzymes, CYP2D6 contributed to the formation of all three 

unconjugated metabolites. CYP1A2 also produced these three metabolites, but less than by 

CYP2D6. CYP3A4, 2E1 and 2C19 catalyzed only the synthesis of metabolite VI (m/z 324).
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Fig. 5. Berberine Metabolism in MLM and HLM Pre-incubated with Specific CYP Inhibitors
The effect of paroxetine (PA), furafylline (FUR), ketoconazole (KCZ), which are inhibitors 

for CYP2D6, CYP1A2 and CYP3A4, on berberine (I, m/z 336) biotransformation in MLM 

and HLM showed that the metabolism of berberine mediated by various CYPs was inhibited 

in mice and humans, and formation of metabolite IV (m/z 322), metabolite VI (m/z 324) and 

metabolite XII (m/z 310) was decreased. The number on top of each bar is test/control. 

Paroxetine is abbreviated as PA, furafylline is abbreviated as FUR, ketoconazole is 

abbreviated as KCZ.
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Fig. 6. Proposed Biotransformation Pathways of Berberine
Berberine biotransformation pathways were proposed based on the previous reports (from 

Pan et al., 2002; Zuo et al., 2006; and Qiu et al., 2008) and the current study. New 

metabolites were marked by asterisks. Five unconjugated metabolites of berberine and their 

corresponding conjugated metabolites are noted. The metabolism of berberine (I)by human 

recombinant CYPs shows that CYP2D6 is the primary enzyme involved in the formation of 

three berberine metabolites (IV, VI and XII), whereas CYP1A2 produced the same 

metabolites but with lower amount. CYP3A4, 2E1 and 2C19 also participate in the 

formation of demethylenation metabolite VI.
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