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ABSTRACT 

Curcuminoid extract and piperine are being evaluated for beneficial effects in Alzheimer’s 

disease, among other intractable disorders.  Consequently, we studied the potential for herb-

drug interactions involving cytochrome P450 (CYP), UDP-glucuronosyltransferase (UGT), and 

sulfotransferase (SULT) enzymes.  The curcuminoid extract inhibited SULT > CYP2C19 > 

CYP2B6 > UGT > CYP2C9 > CYP3A activities with IC50 values ranging from 0.99 ± 0.04 to 25.3 

± 1.3 µM, while CYP2D6, CYP1A2, and CYP2E1 activities were less affected (IC50 values >60 

µM).  Inhibition of CYP3A activity by curcuminoid extract was consistent with competitive 

inhibition (Ki = 11.0 ± 1.3 µM), while inhibition of both CYP2C9 and CYP2C19 activities were 

consistent with mixed competitive-noncompetitive inhibition (10.6 ± 1.1 µM and 7.8 ± 0.9 µM, 

respectively).  Piperine was a relatively selective noncompetitive inhibitor of CYP3A (IC50 5.5 ± 

0.7 µM, Ki = 5.4 ± 0.3 µM) with less effect on other enzymes evaluated (IC50 >29 µM).  

Curcuminoid extract and piperine inhibited recombinant CYP3A4 much more potently (by >5-

fold) than CYP3A5.  Pure synthetic curcuminoids (curcumin, demethoxycurcumin, and 

bisdemethoxycurcumin) were also evaluated for their effects on CYP3A, CYP2C9, UGT, and 

SULT activities.  All three curcuminoids had similar effects on CYP3A, UGT, and SULT activity, 

but demethoxycurcumin (IC50 = 8.8 ± 1.2 µM) was more active against CYP2C9 than either 

curcumin or bisdemethoxycurcumin (IC50 >50 µM).  Based on these data and expected tissue 

concentrations of inhibitors, we predict that an orally administered curcuminoid/piperine 

combination is most likely to inhibit CYP3A, CYP2C9, UGT, and SULT metabolism within the 

intestinal mucosa. 
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Introduction 

 Curcuminoids are polyphenolic compounds found in high concentrations in turmeric and 

are responsible for giving this food spice its distinctive yellow color.  There are three principal 

curcuminoids in extracts of turmeric, including curcumin, demethoxycurcumin, and 

bisdemethoxycurcumin (Fig. 1).  Extracts containing curcuminoids are available over-the-

counter as herbal supplements and currently are being evaluated in various clinical trials for the 

treatment of colon and pancreatic cancers, multiple myeloma, Alzheimer’s disease, and 

ulcerative colitis (Cruz-Correa et al., 2006; Hanai et al., 2006)1.  Curcuminoids and especially 

bisdemethoxycurcumin have been shown to improve immune deficiency in cells from 

Alzheimer’s disease patients (Fiala et al., 2007). 

 Typically, high doses (2-8 g per day) of curcuminoids are being administered to patients 

in clinical trials because of their limited bioavailability.  Another approach to increase systemic 

curcuminoid concentrations is the use of combination formulations of curcuminoids and 

piperine, specifically to enhance curcuminoid bioavailability.  Piperine, found in the extract of 

black pepper, enhances the relative oral bioavailability of curcuminoids by as much as 20-fold in 

healthy human volunteers (Shoba et al., 1998).  Piperine also enhances the bioavailability of 

several other compounds including phenytoin, coenzyme Q10, theophylline, and propranolol 

(Bano et al., 1991; Badmaev et al., 2000; Pattanaik et al., 2006).  Several mechanisms have 

been postulated for piperine’s bioavailability-enhancing effect including the formation of apolar 

complexes with other compounds, inhibition of efflux transport, and inhibition of gut metabolism 

(Atal et al., 1985; Khajuria et al., 1998; Bhardwaj et al., 2002).   

 Although health benefits may be derived from the use of curcuminoids and piperine, 

these compounds have the potential to interact with co-administered drugs (i.e., drug-herb 

interaction) through inhibition of drug metabolism mediated by UDP-glucuronosyltransferase 

(UGT), sulfotransferase (SULT), and cytochrome P450 (CYP) enzymes.  Curcuminoids have 
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been shown to inhibit glucuronidation of mycophenolic acid, bilirubin, capsaicin, and 1-naphthol 

in LS180 and Caco-2 cells (both are human colon cancer cell lines) and human UGT1A1-

transfected COS-1 cells (Basu et al., 2003; Basu et al., 2004; Basu et al., 2004; Naganuma et 

al., 2006).  Effects on glucuronidation by human tissues have not yet been evaluated.  Sulfation 

of 4-nitrophenol was also potently inhibited by curcuminoids in human liver cytosol with IC50 

values ranging from 14 to 380 nM (Eaton et al., 1996; Vietri et al., 2003).  In rat liver 

microsomes, curcuminoids inhibited CYP1A1, 1A2, and 2B1 metabolism with IC50 values 

ranging from 4.2 to 20 µM (Thapliyal and Maru, 2001).  Most recently, in vivo studies of 

curcuminoids given to rats showed elevated plasma levels of co-administered midazolam, a 

marker substrate for CYP3A metabolism (Zhang et al., 2007).  However, it is not known whether 

curcuminoids can inhibit any human CYP. 

 Piperine inhibits CYP3A-mediated verapamil oxidation in human liver microsomes with 

IC50 values ranging from 36 to 77 µM (Bhardwaj et al., 2002).  As yet, effects on other human 

CYPs have not been reported.  Piperine also inhibited glucuronidation of (-)-epigallocatechin-3-

gallate (EGCG) in mice resulting in increased EGCG bioavailability (Lambert et al., 2004).  In 

the same study, 20 µM piperine was found to inhibit the formation of EGCG-3’-glucuronide in 

human HT-29 colon adenocarcinoma cells by ~50%.  Other rodent studies have shown that 

piperine can inhibit both CYP and UGT activities in vivo (Atal et al., 1985; Reen and Singh, 

1991).  However, effects of piperine on sulfation or glucuronidation by human tissues have not 

been reported. 

 In conclusion, preliminary evidence indicates that curcuminoids and piperine have the 

potential to inhibit human CYP, UGT and SULT enzymes, primarily based on studies in rodent 

models.   Given the potential for more widespread use of curcuminoids and piperine, particularly 

if the results of ongoing clinical trials show promise, coupled with the likelihood that these herbal 

medications would be given with traditional medications, it is important to determine whether 
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curcuminoids and/or piperine can alter the disposition and effects of co-administered drugs in 

human patients.  As a first step in this process, we report a comprehensive evaluation of the 

inhibitory effects of these compounds on CYP, UGT, and SULT enzymes using recombinant 

human CYPs, human liver fractions, and human intestinal cell lines.  Results from these in vitro 

studies will be used to design herb-drug interaction studies in human volunteers using enzyme 

selective probe drugs.  Because studies to date have used turmeric extracts exclusively that 

include multiple curcuminoids, we also synthesized the 3 main curcuminoids (curcumin, 

demethoxycurcumin, and bisdemethoxycurcumin) and used these to determine whether the 

observed inhibition by turmeric extract is dependent on a particular curcuminoid. 
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Materials and Methods 

 Materials.  Curcuma longa (turmeric) extract (catalog #C1386; referred to here as 

“curcuminoid extract”) and piperine (catalog #P49007, 97% purity) were purchased from Sigma-

Aldrich (St. Louis, MO).  Curcuminoid extract is listed in the Sigma-Aldrich catalog as “curcumin” 

because it contains mainly curcumin (~70%) with smaller amounts of demethoxycurcumin and 

bisdemethoxycurcumin (exact amounts were determined experimentally below).  However, note 

that for simplicity the molar concentrations of the curcuminoid extract given below were 

calculated based on the molecular weight of curcumin and assumes 100% purity.   Unless 

otherwise noted, most other reagents were also purchased from Sigma-Aldrich.  Bupropion and 

4-hydroxybupropion (Glaxo-Wellcome, Research Triangle Park, NC); chlorzoxazone and 6-

hydroxychlorzoxazone (R. W. Johnson Pharmaceutical Research Institute, Spring House, PA); 

triazolam, 1-hydroxytriazolam, and 4-hydroxytriazolam (Upjohn, Kalamazoo, MI); 

acetaminophen, acetaminophen glucuronide, and acetaminophen sulfate (McNeil Consumer 

Products Co., Fort Washington, PA); and flurbiprofen and hydroxyflurbiprofen (gift of Dr. 

Timothy Tracy) were provided as indicated by their respective manufacturers.  Pronethalol was 

provided by ICI Limited (Macclesfield, UK).  Recombinant CYP3A4 and CYP3A5 Supersomes 

(without added cytochrome b5) were purchased from BD Gentest (Woburn, MA).  LS180 cells 

were purchased from American Type Culture Collection (Manassas, VA) and maintained in 

MEM with 2 mM L-glutamine and Earle's salts and supplemented with 0.1 mM non-essential 

amino acids, 1.0mM sodium pyruvate, 50 U / mL penicillin, 50 µg / mL streptomycin, and 10% 

fetal bovine serum (all purchased from Invitrogen, Carlsbad, CA). 

 Synthesis of pure curcuminoids.  The curcumin derivatives, 4a-b were synthesized as 

outlined in Scheme 1 based on methods previously published (Nurfina et al., 1997; Kim and 

Yang, 2004).  Acetylacetone was treated with boric anhydride to give the boron complex 1.  

Condensation of the aldehydes 2a-b with the boron complex 1 in the presence of n-butylamine 
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followed by acid decomposition of the boron complex 3 afforded the curcumin derivatives 4a-b.  

Demethoxycurcumin 4c was synthesized in a similar fashion using an equimolar mixture of 

vanillin and 4-hydroxybenzaldehyde (2c).  The reaction afforded a mixture of the three 

curcuminoids; the demethoxycurcumin component was the major product. 

General:  All reactions were run under an argon atmosphere with magnetic stirring using oven-

dried glassware unless otherwise indicated.  Air- and moisture-sensitive liquids were transferred 

via syringe through rubber septa.  Silica gel (60 Å, 40-63 µm mesh) from Silicycle (Quebec City, 

Quebec, Canada) was used for column chromatography.  Ethyl acetate was dried by filtration 

through neutral alumina and was stored over activated 4 Å molecular sieves under Argon prior 

to use.  All other solvents and reagents were used as received.  1H NMR was recorded at 300.0 

MHz with a Varian Mercury 300 instrument (Palo Alto, CA).  Chemical shifts were reported in 

ppm (δ) relative to CDCl3 at 7.26 ppm.  NMR spectra were recorded in CDCl3 unless stated 

otherwise.  ESI-MS data were obtained using a Hitachi model M-8000 mass spectrometer (San 

Jose, CA). 

 5-Hydroxy-1,7-bis-(4-hydroxy-phenyl)-hepta-1,4,6-trien-3-one 

(bisdemethoxycurcumin), 4a.  A mixture of acetylacetone (2 mL, 19.5 mmol) and boric 

anhydride (1 g, 12.8 mmol) was stirred at room temperature for 2h under an atmosphere of 

argon.  4-Hydroxybenzaldehyde (9.52 g, 78 mmol) was dissolved in dry ethyl acetate (150 mL) 

in a round bottom flask fixed with a condenser under an atmosphere of argon.  Tributyl borate 

(21 mL, 78 mmol) was added to the solution via a syringe.  The stirred mixture was heated to 

100ºC for one hour and the mixture turned into an orange solution.  The boron complex was 

added to this mixture and the reaction mixture was stirred at 100ºC for an additional hour.  The 

mixture was cooled to 85ºC and butylamine (7.7 mL, 78 mmol) was added in 1.9 mL portions 

every 5 minutes and the mixture turned into a deep red solution after addition of the first portion.  

The solution became brown after complete addition of butylamine.  The mixture was stirred at 

100ºC for an additional 30 min, and then cooled to 50ºC.  Hydrochloric acid (0.4 N, 60 mL) was 
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added and the mixture was stirred for another 30 min.  The layers were separated and the 

organic material was successively washed with water and brine.  The solution was dried over 

Na2SO4, filtered and concentrated to dryness.  The crude product was subject to flash 

chromatography (hexane/EtOAc, 2:1, v:v) to afford 0.98 g, 16% yield of the desired product as 

an orange powder. Rf = 0.15; MP = 199.9 ºC; ESI-MS: m/z 309 (MH)+, 331 (MNa)+, 307 (MH)-; 

1H NMR δ 7.5 (d, J = 15.6 Hz, 2H, Ph-CH-), 7.29 (m, 4H, Ph), 6.62-6.78 (m, 4H, Ph), 6.37 (d, J 

= 15.6 Hz, 2H, -CH-), 5.7 (s, 1H, -CO-CH-CO-). 

 5-Hydroxy-1,7-bis-(4-hydroxy-3-methoxy-phenyl)-hepta-1,4,6-trien-3-one 

(curcumin), 4b was synthesized according to the general procedure described for compound 

4a.  The crude product was purified by flash chromatography (EtOAc/hexane, 1:1, v:v) to give 

22 % yield of the desired product as an orange powder.  Rf = 0.35; ESI-MS: m/z 369 (MH+), 367 

(MH-); 1H NMR δ 7.41 (d, J = 15.6 Hz, 2H, Ph-CH-), 6.92 (m, 4H, Ph), 6.72 (m, 2H, Ph), 6.34 (d, 

J = 15.6 Hz, 2H, -CH-), 5.69 (s, 1H, -CO-CH-CO-), 3.77 (s, 6H, CH3). 

 1-(4-Hydroxy-3-methoxy-phenyl)-7-(4-hydroxy-phenyl)-hepta-1,6-diene-3,5-dione 

(demethoxycurcumin), 4c was synthesized according to the general procedure described for 

compound 4a.  An equimolar mixture of vanillin (0.5 g, 3.3 mmol) and 4-hydroxybenzaldehyde 

(0.4 g, 3.3 mmol) was employed for the synthesis of compound 4c.  Flash chromatography 

using MeOH/CH2Cl2 (4:96, v:v, Rf = 0.21) gave separation from the other curcumin (curcumin 

and bisdemethoxycurcumin) derivatives formed in the reaction.  A second chromatography 

using hexane/EtOAc (2:1, v:v, Rf = 0.17) afforded the pure demethoxycurcumin 4c as a yellow 

powder (17 mg).  ESI-MS m/z 339 (MH+), 337 (MH-);  1H NMR (CD3OD) δ 7.59 (m, 2H), 7.49 (d, 

J = 8.1 Hz, 2H), 7.22 (m, 1H), 7.11 (m, 1H), 6.82 (m, 3H), 6.61 (d, J = 8.1 Hz, 2H), 5.96 (s, 1H), 

3.92 (s, 3H). 

 Assay of curcuminoid extract for curcuminoid content.  The curcuminoid extract 

was initially prepared by completely dissolving 11 mg of powder in 20 mL of pure acetonitrile.  

This was prepared further for HPLC analysis by diluting 400 µL of this solution with 600 µL 10 
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mM ammonium acetate, pH 4.2, and 20 µL of 500 µM phenacetin (internal standard) in 

methanol.  The absolute and relative concentrations of individual curcuminoids in this solution 

were then determined by reference to synthetic curcuminoids prepared for HPLC in a similar 

fashion.  Details of the HPLC method used to separate and quantitate each of the curcuminoids 

are given in Table 1.  

 Acetaminophen UGT and SULT activities in LS180 cells. LS180 cells were seeded 

into 24-well plates at 175,000 cells per well.  The cells were incubated in 10 mM acetaminophen 

alone (including DSMO vehicle at 0.5% final concentration) or combined with varying 

concentrations of curcuminoids (0.19 µM-200 µM) or piperine (0.05-50 µM).  After 24 hr, cells 

and media were collected, and protein precipitated by adding an equal volume (1 mL) of a 5% 

acetic acid / 95% acetonitrile solution that included sulfaphenazole (200 µM) as an internal 

standard.  After mixing and then centrifuging at 13,000 g for 5 min, the supernatant was 

evaporated in a vacuum oven set at 40oC, and then re-suspended in mobile phase for LC-MS 

analysis (see below).  Cell viability was also measured using a trypan blue exclusion assay to 

determine possible treatment effects.   

 Human liver tissue fraction preparation.  Microsomes were prepared by 

ultracentrifugation as described in detail previously (von Moltke et al., 1993).  Human liver tissue 

was acquired from the International Institute for the Advancement of Medicine (Exton, PA), the 

Liver Tissue Procurement and Distribution System, University of Minnesota (Minneapolis, MN), 

or the National Disease Research Interchange (Philadelphia, PA).  All livers were either 

intended for transplantation but failed to tissue match or were normal tissue adjacent to surgical 

biopsies.  Microsomal pellets were suspended in 100 mM potassium phosphate buffer 

containing 20% glycerol and stored at -80oC until use.  Liver quality was assessed by 

systematically comparing enzyme activity results for individual livers to the median activity value 

for all livers (n=54 total).  Livers that consistently showed low activities (<30% of median) for all 
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activities (over 10 different CYP and UGT activities) were excluded from use in these studies.  

Donor characteristics of each of the livers have been reported previously (Hesse et al., 2004).  

Liver microsomes from 50 different individuals were pooled for UGT activity assays.  Liver 

microsomes prepared individually from three individual donors with known high activities (from 

previous work) for the respective CYP were chosen as follows: CYP3A (LV41, LV49, LV50); 

CYP2C9 (LV8, LV13, LV14); CYP2D6 (LV4, LV10, LV15); CYP2C19 (LV8, LV12, LV14); 

CYP1A2 (LV8, LV28, LV29); CYP2E1 (LV10, LV13, LV14); and CYP2B6 (LV39, LV43, LV50).  

 Pooled cytosol-enriched fractions were prepared from four livers (LV39, LV41, LV48, 

and LV49) by differential centrifugation using a protocol as previously described with minor 

modifications (Wang et al., 2004).  Briefly, liver tissue was diced with a clean razor on ice and 

immediately added to 4 volumes of ice-cold 1.15% KCl dissolved in 50 mM potassium 

phosphate buffer (pH 7.4).  The tissue was homogenized using a glass-Teflon homogenizer, 

centrifuged at 11,000 g for 15 min at 4oC, and the resulting supernatant centrifuged at 110,000 

g for 1 hr.  The high speed supernatant (cytosol enriched fraction) was assayed for protein 

content (bicinchoninic method), diluted to 15 mg / mL in 50 mM phosphate buffer (pH 7.4) 

including 5% glycerol, and stored at -80oC until use. 

 CYP activities.  Incubation conditions for human liver microsomes and recombinant 

CYP3A4 and CYP3A5 were similar to those used previously unless otherwise noted (von Moltke 

et al., 2002; Patki et al., 2003).  Briefly, for IC50 determinations, triazolam (250 µM, CYP3A), 

flurbiprofen (5 µM, CYP2C9), dextromethorphan (25 µM, CYP2D6), phenacetin (100 µM, 

CYP1A2), chlorzoxazone (50 µM, CYP2E1), S-mephenytoin (25 µM, CYP2C19), or bupropion 

(50 µM, CYP2B6) dissolved in methanol were added to a series of incubation tubes and the 

solvent removed by vacuum.  For Ki determinations, triazolam concentrations ranged from 50 to 

1000 µM, flurbiprofen concentrations ranged from 1 to 20 µM, and for S-mephenytoin 

concentrations ranged from 5 to 100 µM.  Various concentrations of curcuminoids (0.19-200 
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µM) or piperine (0.05-50 µM) dissolved in DMSO (0.25% final concentration for CYP3A, 

CYP2D6, CYP2B6, and CYP1A2 assays), acetone (0.25% final concentration for CYP2C9 and 

CYP2C19 assays), or methanol (1% final concentration for CYP2E1 assay) were added directly 

to the incubation mixture.  All dose responses for determining IC50 values included 12 

concentrations including 0 µM except for time-dependent inhibition experiments which contained 

6 concentrations surrounding the expected IC50 value.  Incubation mixtures contain 50 mM 

phosphate buffer, 5 mM MgCl2, 0.5 mM NADP+, and an isocitrate/isocitric dehydrogenase 

regenerating system.  Reactions were initiated with 0.25 mg / mL microsomal protein or 0.125 

mg / mL recombinant protein and incubated at 37oC.  All CYP activity experiments were 

performed as independent experiments with HLM from three different individuals as described in 

the “Human liver tissue fraction preparation” section.  Reactions were terminated with addition 

of 80 µL (200 µL for CYP3A assay, acetonitrile only) acetonitrile containing 5% acetic acid and 

cooled on ice at 20 min (CYP3A, CYP2C9, CYP2D6, CYP2B6, CYP1A2, or CYP2E1) or 60 min 

(CYP2C19) after initiation of the reaction.  Internal standard was added, the mixture centrifuged 

(13,000 g for 5 min), and the supernatant was either transferred directly to a sample vial 

(CYP3A, CYP2C9, and CYP2D6) or dried-down by vacuum oven and re-dissolved in mobile 

phase (CYP2B6, CYP1A2, CYP2E1, or CYP2C19) for HPLC-UV/FL or LC-MS analysis 

(described below). 

 Acetaminophen glucuronidation activities.  Glucuronidation activities were measured 

by a method similar to that used previously unless otherwise noted (Court et al., 2001).  Briefly, 

incubation buffer containing 50 mM phosphate buffer, pH 7.5, with 5 mM MgCl2, 20 mM 

UDPGA, and 0.05 mg / mL alamethicin was added to 10 mM acetaminophen that had been 

previously evaporated by vacuum.  Vehicle alone (0.5% DMSO final concentration) or various 

concentrations of curcuminoids (0.19-200 µM) or piperine (0.05-50 µM) were added directly to 

the incubation mixture.  Microsomes were added for a final concentration of 0.5 mg / mL with a 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on May 14, 2008 as DOI: 10.1124/dmd.108.020552

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #20552 

 13

final assay volume of 100 µL.  Incubation time was 3 hr at 37oC with the reaction terminated by 

the addition of 50 µL of 5% acetic acid in acetonitrile with 200 µM sulfaphenazole as the internal 

standard.  Under these conditions, product formation was linear with respect to time and protein 

concentration for up to 4 hr and up to 1 mg / ml protein, respectively.  Samples were mixed and 

centrifuged at 13,000 g for 5 min.  The resulting supernatant was removed, evaporated by 

vacuum, and reconstituted with 100 µL of water for LC-MS analysis (see below). 

 Acetaminophen sulfotransferase activities.  Acetaminophen sulfation was assayed 

according to the method described by Wang et al. (2004) with minor changes.  Briefly, 

incubation buffer containing 50 mM phosphate buffer (pH 7.5) and 100 µM PAPS was added to 

10 mM acetaminophen that had been previously evaporated in a vacuum oven.  Vehicle alone 

(0.5% DMSO final concentration) or various concentrations of curcuminoids (0.19 µM-200 µM) 

were added directly to the incubation mixture.  Human liver cytosol was added (final protein 

concentration of 0.5 or 2 mg / mL) with a final incubation volume of 200 µL.  The sulfation 

reaction was allowed to proceed for 3 hr at 37oC, and the reaction was terminated by the 

addition of 300 µL of 5% acetic acid in acetonitrile with 200 µM sulfaphenazole as the internal 

standard.   Under these conditions, product formation was linear with respect to time and protein 

concentration for up to 6 hr and up to 4 mg / ml protein, respectively.  Samples were mixed and 

then centrifuged at 13,000 g for 5 min.  The resulting supernatant was removed, evaporated by 

vacuum, and reconstituted with 100 µL of mobile phase for LC-MS analysis. 

 Analysis of samples.  All HPLC-UV/FL measurements were performed with an HPLC 

system (Model 1100, Agilent, Palto Alto, CA) using a 250 × 4.6-mm C18 column (Synergi 

Hydro-RP, Phenomenex, Torrance, CA) serially connected to a UV absorbance diode array 

detector and a fluorescence detector.  LC-MS was done with an HPLC instrument (Surveyor, 

Thermofinnigan, Somerset, NJ) using a 150 x 3 mm column (Synergi Fusion-RP, Phenomenex) 

connected serially to an ion-trap mass detector (LCQ Deca XP Max, Thermofinnigan) with either 
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electrospray ionization source (most assays) or atmospheric pressure chemical ionization 

source (S-mephenytoin hydroxylation assay).  Details for each method are given in Table 1.  

Flow rates were set at 1 mL / min for all HPLC-UV/FL measurements and at 400 µL / min for S-

mephenytoin and bupropion LC-MS measurements and at 500 µL / min for phenacetin and 

acetaminophen (APAP) LC-MS measurements.  In addition, positive ions were monitored in all 

LC-MS methods except acetaminophen sulfate and its internal standard sulfaphenazole, which 

required negative ion monitoring. 

 Data analysis IC50 values (inhibitor concentration resulting in 50% decrease in enzyme 

activity) and CC50 values (compound concentration resulting in 50% decrease in cell viability) 

were calculated using Prism Software (San Diego, CA).  Ki values were also determined for 

selected activities by nonlinear regression analysis of untransformed data to the mixed 

competitive-noncompetitive, noncompetitive, or competitive inhibition models using SigmaPlot 

(San Jose, CA).  Goodness of fit critieria (R2 and Akaike’s Information Criterion) were used to 

determine the inhibition model that best described the data.  Results are presented as the mean 

of triplicate determinations ± standard error unless described otherwise.  
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Results 

 Curcumin, demethoxycurcumin, and bisdemethoxycurcumin content of the 

curcuminoid extract.   HPLC-UV analysis of the curcuminoid extract showed the content of 

individual curcuminoids to be 66%, 23%, and 11% for curcumin, demethoxycurcumin, and 

bisdemethoxycurcumin, respectively, with these curcuminoids representing essentially 100% of 

the powder by weight.  This was in close agreement with the manufacturer’s product data sheet 

that listed curcumin content of 65 to 70% with the major impurities being demethoxycurcumin 

and bisdemethoxycurcumin.   

 Inhibition of CYP activities in HLMs  by curcuminoids and piperine.  We first tested 

the inhibitory effects of the curcuminoid extract on CYP-specific functional activities for CYP3A 

(triazolam hydroxylation), CYP2C9 (flurbiprofen hydroxylation), CYP2C19 (S-mephenytoin 

hydroxylation), CYP1A2 (phenacetin de-ethylation), CYP2D6 (dextromethorphan 

demethylation), CYP2E1 (chlorzoxazone hydroxylation), and CYP2B6 (bupropion hydroxylation) 

in human liver microsomes.  Moderate to potent inhibition (IC50 < 50 µM) was observed with the 

curcuminoid extract for most CYP isoforms with a relative order of inhibitory potency of 

CYP2C19 > CYP2B6 > CYP2C9 > CYP3A (Table 2).   Relatively weak inhibition (IC50 > 60 µM) 

was observed for CYP2D6 and CYP1A2, while less than 20% inhibition was observed for 

CYP2E1 activity at the highest concentration evaluated (200 µM).  Inhibition of CYP3A by the 

curcuminoid extract was best described by the competitive inhibition model with a Ki value of 

11.0 ± 1.3 µM for triazolam 1’-hydroxylation.  In contrast, inhibition by the curcuminoid extract of 

both CYP2C9 and CYP2C19 were best described by mixed competitive-noncompetitive 

inhibition models (α values of 2.5 for CYP2C9 and 2.8 for CYP2C19) with Ki values of 10.6 ± 1.1 

µM and 7.8 ± 0.9 µM, respectively. 

 In contrast, piperine inhibited only 3 of the 7 CYP activities evaluated to any significant 

extent (IC50 < 50 µM), with highest potency observed for the CYP3A activity, that showed over 5 
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times lower IC50 values than the CYP1A2 and CYP2C9 activities (Table 2).  Less than 50% 

inhibition was observed for the remaining CYP activities at the highest piperine concentration 

evaluated (50 µM).  Inhibition of CYP3A by piperine was best described by the non-competitive 

inhibition model  with a Ki value of 5.4 ± 0.3 µM for triazolam 1’-hydroxylation 

 Inhibition of recombinant CYP3A4 and CYP3A5 by curcuminoids and piperine.  

Because both piperine and curcuminoid extract inhibited the metabolism of triazolam in human 

liver microsomes, and triazolam is metabolized by both of the major human adult CYP3A 

isoforms (CYP3A4 and CYP3A5), we further evaluated the effect of curcuminoid extract and 

piperine using recombinant enzymes (rCYP3A4 and rCYP3A5).  We found that rCYP3A4 was 

much more sensitive to inhibition than rCYP3A5 with the curcuminoid extract displaying IC50 

values of 20.3 ± 0.7 µM and >200 µM for triazolam 1’-hydroxylation by rCYP3A4 and rCYP3A5, 

respectively (Fig. 2A).  Similarly, piperine had IC50 values of 8.0 ± 1.8 µM and >50 µM for 

triazolam 1’-hydroxylation by CYP3A4 and CYP3A5, respectively (Fig. 2B). 

 Inhibition of CYP3A and CYP2C9 activities in HLMs by synthetic curcuminoids.  

The inhibition of CYP3A and CYP2C9 activities was further evaluated using pure synthetic 

curcumin, demethoxycurcumin, and bisdemethoxycurcumin.  Individual synthetic curcuminoids 

as well as a mixture of the 3 compounds (referred to as the “curcuminoid mixture”) were studied.  

The curcuminoid mixture contained pure curcumin, demethoxycurcumin, and 

bisdemethoxycurcumin in proportions similar to that found in the curcuminoid extract (70:20:10 

by weight, respectively).  The effect on CYP3A activities were similar for the individual 

curcuminoids in comparison with the curcuminoid mixture, and also the curcuminoid extract with 

IC50 values ranging from 32.1 to 58.0 µM (Table 3).  In contrast, there were substantial 

differences in IC50 values for inhibition of CYP2C9 activities for the different curcuminoid 

preparations in that demethoxycurcumin showed potent inhibition with an IC50 value of 8.8 ± 1.2 

µM, while both curcumin and bisdemethoxycurcumin showed only minimal inhibition (61 and 
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72%, respectively) at the highest concentration evaluated (i.e., 50 µM) (Table 3).  The 

curcuminoid mixture had an intermediate IC50 value for inhibition of CYP2C9 activity of 36.3 ± 

3.4 µM.  

 Effect of preincubation on inhibition by curcuminoid extract and piperine.  The 

effect of a 20 min preincubation (i.e., inhibitor incubated for 20 minutes with microsomes, MgCl2, 

and NADPH regenerating system prior to substrate addition) was evaluated for the curcuminoid 

extract (CYP3A, 2C9 and 2B6 activities) and piperine (CYP3A activity only) over a range of 

inhibitor concentrations.   As shown in Fig. 3A, preincubation enhanced the effect of the 

curcuminoid extract on CYP3A activity at inhibitor concentrations over 25 µM.   In contrast, there 

was no enhancement of inhibition of CYP2C9 or CYP2B6 activities by preincubation of the 

curcuminoid mixture or inhibition of CYP3A activities by piperine (Figs. 3B-D).  The effect of time 

and inhibitor concentration on CYP3A inhibition by curcuminoid extract were further explored at 

a curcuminoid extract concentration of 12.5 µM and 50 µM with preincubation for 0, 20, 40, and 

60 min (Fig. 4).  Again, there was no effect of preincubation on the degree of inhibition of 

CYP3A activity with the 12.5 µM curcuminoid extract concentration, while 50 µM resulted in 

enhanced inhibition following 20, 40, and 60 min preincubation compared with control samples 

that were not preincubated.   

 Time-dependent inhibition of CYP3A activity by curcuminoids was further evaluated 

using synthetic curcumin, demethoxycurcumin, and bisdemethoxycurcumin.  As shown in Figs. 

5A-C, small leftward shifts in IC50 curves were observed for all three compounds following 20 

min preincubation, although the effect was more pronounced for curcumin (58.0 ± 2.0 µM vs. 

47.1 ± 2.0 µM with preincubation) and demethoxycurcumin (43.5 ± 3.8 µM vs. 31.5 ± 0.5 µM 

with preincubation) compared with bisdemethoxycurcumin (41.8 ± 3.5 µM vs. 35.3 ± 2.7 µM with 

preincubation).  However, for all three compounds, the relative shift (less than 30% decrease in 

IC50) was notably less than that observed for troleandomycin, a well-characterized mechanism-

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on May 14, 2008 as DOI: 10.1124/dmd.108.020552

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #20552 

 18

based CYP3A inhibitor, that showed  about a 60% decrease in IC50 with a 20 min preincubation 

(1.89 ± 0.13 µM vs. 0.59 ± 0.03 µM with preincubation, Fig. 5D). 

 Inhibition of acetaminophen glucuronidation by curcuminoids, piperine, and 

calphostin-C. Inhibition of acetaminophen glucuronidation by the curcuminoid mixture was 

evaluated using human liver microsomes, intact LS180 cells, and LS180 cell homogenates.  In 

preliminary experiments, intact LS180 colon cells were treated with 50 µM curcuminoid extract 

and acetaminophen glucuronidation activities were measured in washed cell homogenates 

collected for up to 24 hr after treatment.  As shown in Fig. 6 there was time-dependent inhibition 

with a maximum effect (86% decrease in glucuronidation activity) observed at 1 hr after 

treatment and complete restoration of baseline activity by 24 hr.  The restoration of 

glucuronidation activity was closely paralleled by a decrease in curcuminoid concentration 

detected in the media by HPLC over the same 24 hr time period (Fig. 6).  Concentrations of 

each individual curcuminoid decreased at similar rates (data not shown).   

 The effect of curcuminoid extract concentration on acetaminophen glucuronidation by 

intact LS180 cells was evaluated by incubating cells for 24 hr in the presence of acetaminophen 

with increasing curcuminoid extract concentrations.  This treatment duration was determined as 

the minimum necessary to allow accurate measurement of decreases in acetaminophen 

metabolite formation by cells using the LC-MS assay technique.  Results were compared to 

effects on acetaminophen glucuronidation by LS180 cell homogenates and human liver 

microsomes.   As shown in Fig. 7A, the curcuminoid extract showed the greatest inhibition 

potency (lowest IC50 values) in intact LS180 cells (12.1 ± 0.4 µM) compared with LS180 cell 

homogenates (60.9 ± 12.2 µM) and human liver microsomes (133.5 ± 17.9 µM).   Evaluation of 

cell toxicity effects by trypan blue exclusion assay showed that the concentration of curcuminoid 

extract that resulted in a 50% decrease in cell viability (CC50) was 77 ± 5 µM in the presence of 
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10 mM acetaminophen, and 94 ± 6 µM in the absence of acetaminophen, which was more than 

6 times the IC50 of the curcuminoid extract in intact cells. 

 Inhibition of acetaminophen glucuronidation by intact LS180 cells was also determined 

using the individual synthetic curcuminoids and a mixture of these compounds.  As shown in 

Table 3, the effect of the individual synthetic curcuminoids on glucuronidation was similar to that 

of the curcuminoid mixture and curcuminoid extract (IC50 values ranged from 9.8 to 12.2 µM) 

except for curcumin, which showed a much lower IC50 value of 2.2 ± 0.1 µM.  

 In contrast to the curcuminoids, piperine had no effect on acetaminophen 

glucuronidation by LS180 cells (intact cells or homogenates) or by human liver microsomes at 

concentrations up to 50 µM piperine. 

 In order to further explore the mechanism of curcuminoid inhibition of acetaminophen 

glucuronidation in LS180 cells, calphostin-C, a selective PKC inhibitor, was evaluated both in 

human liver microsomes and intact LS180 cells. Calphostin-C was a potent inhibitor of 

acetaminophen glucuronidation in the intact LS180 cells with an IC50 of 140 ± 30 nM, but had 

much less of an effect on glucuronidation in HLM with essentially no inhibition observed at 500 

nM (Fig. 7B). 

 Inhibition of acetaminophen sulfation by curcuminoids and piperine.  The effects of 

the curcuminoid extract and piperine on acetaminophen sulfation were evaluated using intact 

LS180 cells and human liver cytosol.  In contrast to the effects on glucuronidation where greater 

inhibition was observed in intact cells versus liver fractions, curcuminoid extract resulted in more 

than 4-fold greater inhibition of acetaminophen sulfation in liver fractions compared with intact 

LS180 cells with IC50 values of 5.2 ± 0.6 µM and 0.99 ± 0.04 µM, respectively (Fig. 7C).  

Evaluation of effects of individual synthetic curcuminoids using human liver cytosol showed 

substantial inhibition of sulfation with all compounds (IC50 <10 µM), although somewhat less 

with curcumin (IC50 = 5.9 ± 0.4 µM) compared with the other curcuminoids, the synthetic 
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curcuminoid mixture, and the curcuminoid extract (IC50 values less than 2 µM) (Table 3).   This 

trend was reversed with intact LS180 cells (Table 3), in that the IC50 value for curcumin was 

somewhat lower (2.6 ± 0.4 µM) compared with the other synthetic curcuminoids, curcuminoid 

mixture and curcuminoid extract (5.6 to 9.6 µM).  Also noteworthy was that (except for 

curcumin) IC50 values for inhibition of acetaminophen sulfation by curcuminoids were 

consistently lower (i.e., by about 80%) for human liver cytosol compared with intact LS180 cells 

(Table 3). 

 Similar to the previously observed lack of effect on acetaminophen glucuronidation, 

piperine at concentrations of up to 50 µM showed no inhibition of acetaminophen sulfation in 

either human liver cytosol or intact LS180 cells. 

Effect of piperine on inhibition of acetaminophen glucuronidation and sulfation by 

curcuminoid extract.  IC50 values for inhibition of acetaminophen sulfation and glucuronidation 

by curcuminoid extract in intact LS180 cells were unchanged by the addition of 50 µM piperine 

to the culture medium.  IC50 values for curcuminoid extract treatment alone for acetaminophen 

glucuronidation and sulfation were 10.0 ± 0.7 µM and 4.3 ± 0.5 µM (mean ± standard error of 

triplicate determinations from one experiment), respectively, while IC50 values for curcuminoid 

extract treatment plus 50 µM piperine were 11.0 ± 1.2 µM and 4.1 ± 1.0 µM, respectively. 
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Discussion 

 The most significant and novel finding of this study is that curcuminoid extract is a 

moderately potent inhibitor of a substantial number of the major human drug metabolizing CYP 

enzymes.  The rank order of potency of CYP inhibition by curcuminoid extract was CYP2C19 > 

CYP2B6 > CYP2C9 > CYP3A while the remaining CYPs were less susceptible to inhibition (IC50 

> 60 µM). In contrast, piperine was a relatively selective inhibitor of CYP3A.  These results 

confirm and extend upon a previous observation that piperine is a relatively potent inhibitor of 

CYP3A-mediated verapamil metabolism (Bhardwaj et al., 2002).  Both curcuminoid extract and 

piperine were also shown to inhibit CYP3A4 much more potently (i.e., 5-10 fold) than CYP3A5.  

This differential inhibition (CYP3A4>>CYP3A5) has been shown for larger sets of compounds, 

although there is currently no known explanation (Patki et al., 2003; Soars et al., 2006; 

O'Donnell et al., 2007) .   

 Inhibition of microsomal CYP3A activity by curcuminoids was both time-dependent (at 

substrate concentrations over 25 µM) and competitive.  The observation of time dependency of 

inhibition at high curcuminoid concentrations but not at low concentrations is likely complex and 

might involve low affinity enzymatic production of curcuminoid metabolites with increased 

CYP3A inhibition potency or inhibitory reactive oxygen species.  Although it is also possible that 

the curcuminoid extract might contain low amounts of another CYP3A inhibitor, this was ruled 

out by showing similar time-dependent inhibition by pure curcumin and demethoxycurcumin.  It 

should be noted that the extent of the time-dependent inhibition potency shift was much less 

than that observed for the mechanism-based inhibitor troleandomycin as well as other known 

mechanism-based inhibitors (lopinavir, ritonavir, and amprenavir) tested in the same 

experimental system (von Moltke et al., 2000; Weemhoff et al., 2003).  Preincubation with 

curcuminoid extract did not enhance inhibition of CYP2C9 and CYP2B6 activities.  In fact, 
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inhibition of CYP2B6 decreased with preincubation, which is consistent with consumptive 

depletion of the curcuminoid(s) to non-inhibitory metabolite(s) of CYP2B6. 

 Unlike CYP3A which was equally inhibited by all 3 curcuminoids, CYP2C9 was 

selectively inhibited by demethoxycurcumin.  This difference may reflect the more restrictive 

substrate preference of CYP2C9 compared with CYP3A enzymes.  We also found that the IC50 

of the curcuminoid mixture was more than 2-fold higher compared with the curcuminoid extract . 

This might be explained by the presence of additional highly potent CYP2C9 inhibitor(s) in the 

curcuminoid extract (and not in the synthetic curcuminoids), although such compounds were not 

detected by the analytical methods utilized to determine curcuminoid purity. 

 Curcuminoids were also found to inhibit both UGT- and SULT-mediated metabolism.  

We found time-dependent inhibition of acetaminophen glucuronidation in intact LS180 cells with 

nearly 90% inhibition measured at 1hr (Fig. 6).  This is similar to what has been reported 

previously for other UGT substrates (Basu et al., 2003; Basu et al., 2004; Basu et al., 2004).  

Loss of inhibition with culture time probably resulted from metabolism of curcuminoids by the 

cells because there was a parallel decrease in curcuminoids remaining in the media.  

Interestingly, the curcuminoid mixture more potently inhibited acetaminophen glucuronidation in 

intact LS180 cells compared to both the LS180 cell lysates and HLM (Fig. 7A).  This result has 

several potential explanations including nonspecific cellular toxicity effects of curcuminoids, 

enhanced intracellular inhibitor concentration, or a specific but indirect effect on glucuronidation 

through inhibition of enzymes required for UGT phosphorylation as shown by Basu et al. (2003).  

Non-specific cell toxicity effects are not likely because trypan blue exclusion experiments 

showed that toxic effects only occurred at curcuminoid concentrations that greatly exceeded 

concentrations causing UGT inhibition.  Accumulation of curcuminoids within the intact cells is 

also not likely since acetaminophen sulfation (measured simultaneously) was much less 

potently inhibited in intact cells as compared with cell fractions.  A more likely explanation for 

differential inhibition potency between intact cell and cell fraction experiments is inhibition of 
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UGT phosphorylation enzymes (probably protein kinase C) that are required for enzyme 

function.  Calphostin, a selective protein kinase C inhibitor, inhibited acetaminophen 

glucuronidation by intact LS180 cells, but not by cell fractions.  Evaluation of effects of the pure 

curcuminoids on LS180 cell glucuronidation indicated that curcumin is a more potent inhibitor 

than demethoxycurcumin or bisdemethoxycurcumin.  While this might indicate that curcumin 

has more activity against PKC compared with the other curcuminoids, curcumin is more 

lipophilic than the other curcuminoids, so this effect might be the result of higher cell 

permeability of curcumin.   

 Of the activities evaluated, acetaminophen sulfation by HLC was most potently inhibited 

by curcuminoid extract with an IC50 value of 0.99 µM.  Similar inhibition potency of curcuminoid 

extract has also been reported for sulfation of 4-nitrophenol by HLC with an IC50 value of 0.38 

µM, although IC50 values as low as 14 nM have been reported for other substrates and tissues 

(Eaton et al., 1996; Vietri et al., 2003).  Differences in inhibition potencies between the three 

pure curcuminoids were also observed with curcumin being the least potent inhibitor of HLC 

acetaminophen sulfation compared with the other curcuminoids, the pure mixture and the 

extract.  In contrast, pure curcumin was somewhat more potent compared with other 

curcuminoids in inhibiting acetaminophen sulfation by intact LS180 cells perhaps reflecting 

differences in the SULT enzymes expressed in HLC and LS180 cells, or alternatively, 

differences in cellular permeability of the different curcuminoids. 

 Acetaminophen sulfation and glucuronidation activities were not affected by piperine at 

concentrations up to 50 µM.  However, in rodents and human HT-29 colon adenocarcinoma 

cells, piperine has been shown to inhibit glucuronidation of EGCG and 3-OH-benzo(a)pyrene at 

concentrations as low as 8 µM (Atal et al., 1985; Lambert et al., 2004).  There are several 

explanations for this difference including differences in UGT enzymes mediating EGCG and 3-

OH-benzo(a)pyrene glucuronidation and the relatively high concentration of acetaminophen 
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used (i.e., 10 mM, corresponding to predicted intestinal concentrations), which may have 

minimized competitive inhibition by piperine.   We also performed a preliminary experiment to 

assess the effect of piperine on the inhibition of acetaminophen glucuronidation and sulfation by 

curcuminoid extract in LS180 cells.  We observed no additional inhibition  suggesting that at 

least for this model system, piperine does not enhance the potency of curcuminoid inhibition 

such as by enhancing curcuminoid cell penetration.  

 Pharmacokinetic studies in cancer patients and healthy volunteers have shown that at 

doses of 8 g per day of pure curcumin (99.3%), 3.6 g of curcuminoids, or piperine (20 mg) co-

administered with 2 g of curcumin, the highest mean maximum plasma concentration (Cmax) was 

1.77 ± 1.87 µM (Shoba et al., 1998; Cheng et al., 2001; Sharma et al., 2004).  Because of low 

systemic availability, the most likely site for a metabolic interaction of curcuminoids with other 

drugs is in the intestine.  We would predict that curcuminoids’ concentration in the proximal 

intestine lumen following a single dose of 3000 mg with a 1000 mL stomach volume will be 

approximately 10 mM, which is significantly higher than many of the IC50 values determined in 

this study.  Piperine plasma levels have not been reported; however, we also expect some 

effects of piperine on drug metabolism in the intestine (approximately 80 µM concentration from 

a 20 mg dose and 1000 mL stomach volume) and perhaps also on the liver.   

 Also of importance in predicting possible intestinal interactions between curcuminoids 

and drug metabolizing enzymes is the relative intestinal expression of the intestinal enzymes.  

Based on studies quantifying CYP protein, the CYP3A subfamily enzymes and to a lesser 

extent CYP2C9 are the predominant CYP isozymes expressed in the intestine (Paine et al., 

2006).  Although multiple UGT and SULT isozymes have been identified in the intestinal 

mucosa by mRNA, protein, and activity assays, it is not yet clear which isozymes predominate, 

and to what extent intestinal glucuronidation and sulfation of drugs can affect drug bioavailability 

(Her et al., 1996; Gregory et al., 2004; Wang et al., 2006). 
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 One issue relevant to predicting in vivo drug-herb interactions from in vitro data is non 

specific binding of inhibitor to microsomes, which if significant can lead to underestimation of  

inhibition potency.  Indeed, there is some evidence for binding of curcuminoids to serum 

albumin  (Barik et al., 2003).  Although the experiments presented here utilized relatively low 

microsomal protein concentrations (0.5 mg protein / mL or less), which should have minimized 

such an effect, the extent of microsomal binding,of curcuminoids should be evaluated in future 

studies. 

 In conclusion, these data indicate that administration of a curcuminoid extract-piperine 

combination at doses routinely used in clinical studies could reach concentrations likely to inhibit 

CYP3A, CYP2C9, UGT, and SULT enzymes particularly in the intestine.  Consequently, 

controlled drug interaction studies in human subjects are warranted to investigate the effect of 

curcuminoid and piperine combination on drugs metabolized by these enzymes. 
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Legends for Figures 

Figure 1. Structures of curcuminoids studied. 

 

Figure 2.  Concentration-dependent inhibition by curcuminoid extract (A) and piperine (B) 

of triazolam 1’-hydroxylation by recombinant CYP3A4 and CYP3A5.  Methods section 

provides detailed assay information.  Triazolam 4-hydroxylation data (provided by the same 

assay) was essentially the same.  Data points correspond to the mean ± standard error of 

triplicate determinations in a single experiment. 

 

Figure 3.  Effect of 20 minute preincubation (with inhibitor and NADPH regeneration 

system) on the extent of inhibition of CYP3A-mediated triazolam 1’-hydroxylation by 

curcuminoid extract (A) and piperine (B), of CYP2C9-mediated flurbiprofen hydroxylation 

by curcuminoid extract (C), and of CYP2B6-mediated bupropion hydroxylation by 

curcuminoid extract (D) measured in human liver microsomes.  Assay details are provided 

in the text.  Data points correspond to the mean ± standard error of triplicate determinations 

using HLM from three different individuals. 

 

Figure 4.  Effect of duration of preincubation (0, 20, 40, and 60 min with inhibitor and 

NADPH regeneration system) on the extent of inhibition of CYP3A-mediated triazolam 1’- 

and 4-hydroxylation by 12.5µM (A) and 50µM (B) curcuminoid extract in human liver 

microsomes.  Assay details are provided in the text.  Column heights correspond to the mean ± 

standard error of triplicate determinations using HLM from three different individuals. 

 

Figure 5.  Effect of 20 minute preincubation (with inhibitor and NADPH regeneration 

system) on the extent of inhibition of CYP3A-mediated triazolam 1’-hydroxylation by 

curcumin (A), demethoxycurcumin (B), bisdemethoxycurcumin (C), and troleandomycin 
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(D, control CYP3A inhibitor) in human liver microsomes.  Assay details are provided in the 

text.  Data points correspond to the mean ± standard error of triplicate determinations using 

HLM from three different individuals. 

 

Figure 6.  Time course of inhibition of acetaminophen glucuronidation in cultured LS180 

cells treated with 50 µM curcuminoid extract.  LS180 cells were collected at various times 

after 50µM curcuminoid treatment, washed, homogenized, and incubated with 10mM 

acetaminophen for 3hrs in the presence of UDPGA, MgCl2, and alamethicin.  Percent UGT 

activity (__) was calculated compared to DMSO (0.25%) treated controls.  Curcuminoid 

concentration (sum of curcumin, demethoxycurcumin, and bisdemethoxycurcumin) in the media  

was also monitored over the same time span and is shown as a percent decrease from the 

initial concentration (- - -).  Data points correspond to the mean ± standard error of triplicate 

determinations in a single experiment. 

 

Figure 7.  Concentration-dependent inhibition of acetaminophen glucuronidation by 

curcuminoid extract (A) and calphostin-C (B) in human liver microsomes and LS180 cells 

and of acetaminophen sulfation by curcuminoid extract (C) in human liver cytosol and 

LS180 cells.  In panel A, inhibition of acetaminophen glucuronidation by curcuminoid extract 

was compared between intact LS180 cells, homogenates of (washed and untreated) LS180 

cells, and human liver microsomes.  In panel B, the effect of a selective PKC inhibitor, 

calphostin-C, on acetaminophen glucuronidation was evaluated using both intact LS180 cells 

and human liver microsomes.  In panel C, inhibition of acetaminophen sulfation by curcuminoid 

extract was compared between intact LS180 cells and human liver cytosol.  Methods section 

provides detailed assay information.  Data points correspond to the mean ± standard error of at 

least three determinations.  LS180 experiments were repeated on three different days. 
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Scheme 1. Scheme for the synthesis of pure curcuminoids.  i) Boric anhydride; ii) 

benzaldehydes 2a-c, tributylborate, EtOAc; 100°C; iii) n-BuNH2, 85°C; iv) 0.4N HCl, 60°C. 
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Table 1. Details of analytical methods. 

Assay Mobile Phase Gradient Profile Detection Method Retention Times 

Curcuminoids 
10 mM 

ammonium 
acetate (pH 4.2) 

40% CH3CN (0-20 min) → 75% CH3CN 
(25 min) → 40% CH3CN (26-28 min) 

Curcuminoids: 425 nm         
Phenacetin: 254 nm 

Curcumin: 25.2 min        
Demethoxy: 24.6 min     

Bisdemethoxy: 23.6 min    
Phenacetin (IS): 3.6 min 

Triazolam 
10 mM 

phosphate buffer 
(pH 7.0) 

25% CH3CN/ 15% CH3OH (0-17 min) → 
32% CH3CN/ 20% CH3OH (18 min) → 
45% CH3CN/ 20% CH3OH (25 min) → 
25% CH3CN/ 15% CH3OH (27-32 min) 

220 nm 
1’-OH-triazolam: 15.2 min   
4-OH-triazolam:16.7 min    
Diazepam (IS): 26.5 min 

Flurbiprofen 
20 mM 

phosphate buffer 
(pH 2.2) 

35% CH3CN (0 min) → 50% CH3CN (5 
min) → 75% CH3CN (15 min) → 35% 

CH3CN (17-20 min) 

4’-OH-flurbiprofen: ex 260 
nm, em 320 nm              

Phenacetin: 220 nm 

4’-OH-flurbiprofen: 8.9 
min                     

Phenacetin (IS): 6.5 min 

S-mephenytoin 0.5% formic acid 10% CH3OH (0 min) → 80% CH3OH (4 
min) → 10% CH3OH (4.1-12 min) 

4-OH-mephenytoin (MS-MS): 
235.5 (width 5) → 150.2 
Diazepam (MS): 285.3 

4-OH-mephenytoin: 3.7 
min 

Diazepam (IS): 5.4 min 

Dextromethorphan 
20 mM 

phosphate buffer 
(pH 2.2) 

20% CH3CN (0-5 min) → 60% CH3CN 
(14 min) → 20% CH3CN (15-18 min) 

 
ex 280 nm, em 310 nm 

Dextrorphan: 7.8 min       
Pronethalol (IS): 12.1 min 

Phenacetin 0.5% formic acid 0% CH3CN (0 min) → 50% CH3CN (8 
min) → 0% CH3CN (8.1-12 min) 

APAP (+, MS-MS): 152.1 (1.0 
width)  → 110.0 

Sulfaphenazole (+): 315.3 

APAP: 2.9 min            
Sulfaphenazole (IS): 6.6 

min 

Chlorzoxazone 
20 mM 

phosphate buffer 
(pH 2.2) 

18% CH3CN (0 min) → 50% CH3CN (15 
min) → 18% CH3CN (16-20 min) 

295 nm 
6-OH-chlorzoxazone: 8.8 

min 
Phenacetin (IS): 12.8 min 

Bupropion 0.02% TFA 
 

5% CH3CN (0 min) → 60% CH3CN (5 
min) → 5% CH3CN (5.2-10 min) 

Hydroxybupropion (+, MS-
MS):  256.0 (2.0 width)  → 

238.0 
Trazodone (+): 372.6 

Hydroxybupropion: 2.1 
min 

Trazodone (IS): 4.1 min 

Acetaminophen    
(+ Mode) 

10 mM 
Ammonium 

Acetate (pH 4.2) 

0% CH3CN (0-4 min) → 50% CH3CN 
(14 min) → 0% CH3CN (14.1-23 min) 

APAP-glucuronide (MS-MS): 
345.2 (10 width)  → 152.2 

Sulfaphenazole: 315.3 

APAP-glucuronide: 1.4 
min        Sulfaphenazole 

(IS): 10.7 min 

Acetaminophen     
(- Mode) 

10 mM 
Ammonium 

Acetate (pH 4.2) 

0% CH3CN (0 min) → 50% CH3CN (10 
min) → 0% (10.1-15 min) 

APAP-sulfate (MS-MS): 230.2 
(10 width)  → 150.2 

Sulfaphenazole: 313.3 

APAP-sulfate: 2.9 min 
Sulfaphenazole (IS): 7.1 

min 
IS: internal standard, ex: excitation; em: emission 
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Table 2.  IC50 values for inhibition by curcuminoid extract and piperine of CYP selective activities measured in human liver 

microsomes.  Functional activities evaluated included triazolam 1’-hydroxylation (CYP3A), flurbiprofen hydroxylation (CYP2C9), S-

mephenytoin hydroxylation (CYP2C19), phenacetin de-ethylation (CYP1A2), dextromethorphan demethylation (CYP2D6), 

chlorzoxazone hydroxylation (CYP2E1), and bupropion hydroxylation (CYP2B6).  IC50 values were generated by nonlinear regression 

curve fitting using Prism software.  Also shown are IC50 values for control inhibitors that are known to be relatively specific for each of 

the CYP isoforms evaluated measured in the same set of human liver microsomes. Shown are the mean ± standard errors of 

triplicate determinations using HLM from three different individuals. 

 

Isozyme 
IC50  

Curcuminoid Extract (µM) 

IC50  
Piperine 

(µM) 

IC50  
Control Inhibitor  

(µM) 
Control Inhibitor 

CYP3A 25.3 ± 1.3 5.5 ± 0.7 0.10 ± 0.04 Ketoconazole 
CYP2C9 13.5 ± 1.4 40.7 ± 4.1 0.44 ± 0.03 Sulfaphenazole 
CYP2D6 63.6 ± 4.8 >50 0.13 ± 0.01 Quinidine 

CYP2C19 7.4 ± 1.2 >50 6.5 ± 1.3 Omeprazole 
CYP1A2 95.4 ± 17.1 29.8 ± 3.6 0.10 ± 0.02 α-Naphthoflavone 
CYP2E1 >200 >50 5.8 ± 0.8 Diethyldithiocarbamate 
CYP2B6 9.4 ± 1.9 >50 5.0 ± 0.5 thio-TEPA 
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Table 3.  IC50 values for inhibition by a curcuminoid extract, curcumin, demethoxycurcumin, bisdemethoxycurcumin, and a 

curcuminoid mixture of CYP3A, CYP2C9, and UGT activities in human liver microsomes (HLM) or intact LS180 cells and 

SULT activity in human liver cytosol (HLC) or intact LS180 cells.  Functional activities evaluated included triazolam 1’-

hydroxylation (CYP3A), flurbiprofen hydroxylation (CYP2C9), acetaminophen glucuronidation (UGT), and acetaminophen sulfation 

(SULT).  IC50 values from experiments determining the effect of 20 minute preincubation on the extent of inhibition of CYP3A-

mediated triazolam 1-hydroxylation by curcuminoids are also shown.  Shown are the mean ± standard errors of triplicate 

determinations. 

 

Enzyme Model 
System 

IC50 
Curcuminoid 

Extract  
(µM) 

IC50 Pure 
Curcumin 

 (µM) 

IC50 Pure 
Demethoxycurcumin 

(µM) 

IC50 Pure Bis-
demethoxycurcumin 

(µM) 

IC50 
Curcuminoid 

Mixture  
(µM) 

CYP3A HLM  
(No Preincubation) 

32.1 ± 0.6 58.0 ± 3.5 43.5 ± 3.8 41.7 ± 3.5 36.4 ± 3.8 

CYP3A HLM 
(Preincubation) 

24.1 ± 2.0 47.1 ± 2.0 31.5 ± 0.5 35.3 ± 2.7 ND 

CYP2C9 HLM 13.5 ± 1.4 >50 8.8 ± 1.2 >50 36.3 ± 3.4 

SULT HLC 0.99 ± 0.04 5.9 ± 0.4 1.70 ± 0.06 0.95 ± 0.02 1.36 ± 0.06 

SULT LS180 cells 5.2 ± 0.6 2.6 ± 0.4 12.5 ± 0.4 5.6 ± 0.8 9.6 ± 1.4 

UGT HLM 133.5 ± 17.9 ND ND ND ND 

UGT LS180 cells 12.1 ± 0.4 2.2 ± 0.1 13.9 ± 2.3 9.8 ± 1.4 12.2 ± 1.8 

ND: not determined 
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