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Abstract 

Women at high risk of developing breast cancer are prescribed selective estrogen response 

modulators, including raloxifene, as chemoprevention. Patients often seek complementary and 

alternative treatment modalities, including herbal products, to supplement prescribed 

medications. Milk thistle preparations, including silibinin and silymarin, are top-selling herbal 

products that may be consumed by women taking raloxifene, which undergoes extensive first-

pass glucuronidation in the intestine. Key constituents in milk thistle, flavonolignans, were 

shown previously to be potent inhibitors of intestinal UDP-glucuronosyl transferases (UGTs), 

with IC50s ≤ 10 μM. Taken together, milk thistle preparations may perpetrate unwanted 

interactions with raloxifene. The objective of this work was to evaluate the inhibitory effects of 

individual milk thistle constituents on the intestinal glucuronidation of raloxifene using human 

intestinal microsomes (HIMs) and human embryonic kidney cell lysates overexpressing 

UGT1A1, UGT1A8, and UGT1A10, isoforms highly expressed in the intestine that are critical to 

raloxifene clearance. The flavonolignans silybin A and silybin B were potent inhibitors of both 

raloxifene 4′- and 6-glucuronidation in all enzyme systems. The Kis (HIMs: 27-66 µM; UGT1A1: 

3.2-8.3 µM; UGT1A8: 19-73 µM; UGT1A10: 65-120 µM) encompassed reported intestinal tissue 

concentrations (20-310 µM), prompting prediction of clinical interaction risk using a mechanistic 

static model. Silibinin and silymarin were predicted to increase raloxifene systemic exposure by 

~5-fold, indicating high interaction risk that merits further evaluation. This systematic 

investigation of the potential interaction between a widely used herbal product and 

chemopreventive agent underscores the importance of understanding natural product-drug 

interactions in the context of cancer prevention. 
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Introduction 

Nearly one-quarter of a million women in the United States are newly diagnosed with 

breast cancer every year (Siegel et al., 2014). Women at increased risk for developing breast 

cancer due to family history, genetic markers, pre-cancerous conditions, or other factors 

frequently are prescribed preventive medications (Visvanathan et al., 2013). Such medications, 

including selective estrogen response modulators (e.g., tamoxifen and raloxifene) and 

aromatase inhibitors (e.g., exemestane), reduce breast cancer development by up to 50% 

(Visvanathan et al., 2013).  

Despite the demonstrated success of pharmaceutical interventions, many patients (up to 

33%) seek complementary and alternative treatment modalities, including herbal and other 

presumed medicinal natural products, to reduce side effects or complement efficacy of 

prescribed regimens (Gardiner et al., 2006; Davis et al., 2013; Lindstrom et al., 2014). 

Raloxifene is recommended to reduce the risk of estrogen receptor (ER)-positive invasive 

breast cancer in post-menopausal women (Visvanathan et al., 2013), a population in which 

nearly three out of four individuals reportedly use herbal products (Gentry-Maharaj et al., 2015). 

Milk thistle (Silybum marianum) is a top-selling herbal product (Kroll et al., 2007; Davis et al., 

2013; Lindstrom et al., 2014) that is used most commonly as a hepatoprotective (Polyak et al., 

2013) and chemopreventive (Agarwal et al., 2006) agent. Milk thistle preparations include the 

crude extract, silymarin, and the semi-purified extract, silibinin. Silymarin is composed of the 

flavonolignans silybin A, silybin B, isosilybin A, isosilybin B, silychristin, isosilychristin, and 

silydianin, the flavonoid taxifolin, and other uncharacterized polyphenols and fatty acids; silibinin 

is composed primarily of a 1:1 mixture of silybin A and silybin B (Davis-Searles et al., 2005; Kroll 

et al., 2007). Collectively, milk thistle extracts represent widely-used herbal products that may 

be consumed by women taking raloxifene. Several milk thistle constituents, including silybin A 

and silybin B, are metabolized by members of the UDP-glucuronosyltransferase (UGT) 

superfamily of metabolizing enzymes, including UGT1A1, -1A3, -1A6, -1A8, -1A9, and -1A10 
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(Jancova et al., 2011). In addition, several milk thistle constituents have been shown to inhibit 

human intestinal UGTs, including isoforms responsible for raloxifene clearance (Sridar et al., 

2004; Gufford et al., 2014a), raising concern for pharmacokinetic interactions mediated by 

modulation of these shared metabolic pathways. 

Inhibition of intestinal drug metabolism is one pharmacokinetic mechanism underlying 

natural product-drug interactions. Mechanism-based inhibition of intestinal cytochrome P450 

3A4 (CYP3A4) by constituents in grapefruit juice is an extensively studied example that 

translates to clinically-relevant interactions (Won et al., 2010; Won et al., 2012; Bailey et al., 

2013). Raloxifene exhibits an extremely low oral bioavailability (<2%) due primarily to rapid pre-

systemic glucuronidation in the intestine (Kemp et al., 2002; Dalvie et al., 2008; Cubitt et al., 

2009). Glucuronidation frequently is described as a low affinity, high capacity metabolic process, 

resulting in relatively minimal impact on substrate exposure if perturbed (Williams et al., 2004; 

Mohamed and Frye, 2011). However, raloxifene is a high affinity substrate (Km <10 μM) 

compared to other UGT drug substrates (Km ~50 μM-37 mM) (Kiang et al., 2005; Ritter, 2007). 

Such high affinity, coupled with the fact that raloxifene appears to be glucuronidated primarily by 

two intestinal UGT isoforms (UGT1A8 and -1A10) (Kemp et al., 2002; Jeong et al., 2005b; Sun 

et al., 2013), suggests that a marked increase in raloxifene bioavailability could result from 

inhibition of enteric glucuronidation.  

The objective of this work was to assess, systematically, potential pharmacokinetic 

consequences when milk thistle preparations are taken concomitantly with raloxifene (Fig. 1). 

The aims were to (i) identify individual milk thistle constituents with the potential to inhibit 

raloxifene glucuronidation at physiologically plausible concentrations, (ii) recover tissue, isoform, 

and pathway specific inhibitory kinetic parameters, and (iii) predict clinical interaction risk using 

a mechanistic static model. The information gained from this work will help to provide critical, 

evidence-based recommendations to both clinicians and consumers about the risk or safety of 

taking milk thistle products with raloxifene and potentially other chemopreventive or therapeutic 
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medications.
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Materials and Methods 

Materials and Chemicals 

Human liver (pooled from 50 donors, mixed gender) and intestinal (pooled from 13 

donors, mixed gender) microsomes (HLMs and HIMs, respectively) were purchased from 

Xenotech, LLC (Lenexa, KS). HEK293 cells over-expressing individual UGT1A enzymes were 

harvested, and homogenates were prepared as described previously (Sun et al., 2013). 

Raloxifene was purchased from BIOTANG Inc. (Lexington, MA). Raloxifene 4′-glucuronide 

(R4G) and raloxifene 6-glucuronide (R6G) were purchased from Toronto Research Chemicals 

(Toronto, Ontario, Canada). Alamethicin, bovine serum albumin (BSA), magnesium chloride, 

naringin, nicardipine, saccharolactone, silibinin, and UDP-glucuronic acid (UDPGA) were 

purchased from Sigma-Aldrich (St. Louis, MO). Silymarin was obtained from Euromed S.A. 

(Barcelona, Spain) and consisted of silybin A (16%), silybin B (24%), isosilybin A (6.4%), 

isosilybin B (4.4%), silydianin (17%), silychristin (12%), and isosilychristin (2.2%); the remainder 

consisted of the flavonoid taxifolin (1.6%) and uncharacterized polyphenols and aliphatic fatty 

acids (Davis-Searles et al., 2005). Individual flavonolignans were purified as described 

previously (Graf et al., 2007) and were >97% pure as determined by ultra-high performance 

liquid chromatography (UHPLC) (Napolitano et al., 2013). Dimethyl sulfoxide (DMSO), methanol 

(LC/MS grade), ethanol, Tris-HCl, Tris base, and formic acid were purchased from Fisher 

Scientific (Waltham, MA). 

Determination of Raloxifene Glucuronidation Kinetics 

 Incubation conditions were optimized for linearity with respect to protein concentration 

and time and ensuring less than 20% substrate depletion (data not shown). Km and Vmax were 

obtained by fitting the simple Michaelis-Menten equation to [raloxifene] versus metabolite 

formation velocity data using Phoenix® WinNonlin® (v6.3, Certara, St. Louis, MO): 

    v = 
Vmax  ×[S]

Km+[S]
   (1) 
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 where v denotes the velocity of metabolite formation, S denotes nominal substrate 

concentration, and Km denotes the substrate concentration corresponding to 50% of maximum 

velocity, denoted Vmax. Kinetic parameters were recovered for R4G and R6G formation using 

HIMs, HLMs, and UGT1A1-, UGT1A8-, and UGT1A10-overexpresssing HEK293 cell lysates.  

Intrinsic clearance (Clint) for R4G and R6G formation was calculated as the ratio of Vmax to Km. 

Initial Evaluation of Milk Thistle Flavonolignans and Extracts as Inhibitors of Raloxifene 

Glucuronidation 

 Milk thistle flavonolignans and associated extracts (silibinin, silymarin) were evaluated as 

inhibitors of raloxifene glucuronidation using HIMs and UGT1A8- and UGT1A10-overexpressing 

HEK293 cell lysates. In addition, silybin A, silybin B, silibinin, and silymarin were evaluated as 

inhibitors of raloxifene glucuronidation using HLMs and UGT1A1-overexpressing cell lysates. 

Incubation mixtures (150 µL total volume) consisted of HIMs (0.05 mg/mL), HLMs (0.05 mg/mL), 

or UGT1A-overexpressing cell lysates (0.1, mg/mL for UGT1A1 and UGT1A8 and 0.05 mg/mL 

for UGT1A10); raloxifene at a concentration approximating the experimentally determined Km for 

each enzyme source (based on the above) [1 (HIMs), 4 (HLMs), 4 (UGT1A1), 1.5 (UGT1A8), or 

0.9 (UGT1A10) μM]; flavonolignan/extract (1, 10, or 100 μM) or the prototypic UGT inhibitor, 

nicardipine (400 μM) (Lapham et al., 2012); BSA (0.05%); alamethicin (50 μg/mg protein); 

saccharolactone (100 μM); and Tris-HCl buffer supplemented with magnesium chloride (5 mM). 

HIMs, HLMs, and cell lysates were activated by incubating with alamethicin on ice for 15 min. 

Mixtures were equilibrated at 37°C for 5 min before initiating the reactions with UDPGA (2 mM 

final concentration). Reactions were terminated after 4 (HIMs, HLMs, UGT1A0) or 6 (UGT1A1, 

UGT1A8) min by removing 100 µL from the incubation and diluting into 300 µL of ice-cold 

methanol containing internal standard (naringin, 100 nM). Samples were centrifuged (3000 g, 10 

min, 4°C), and 200 µL of supernatant were removed and transferred to clean 96-well plates with 

polypropylene inserts. Samples were dried under nitrogen purge and reconstituted in 100 µL of 

40% methanol in water containing 0.1% formic acid for analysis by UHPLC-MS/MS. 
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Quantification of R4G and R6G by UHPLC-MS/MS 

Chromatographic separation was achieved using an HSS T3 column (1.8 µM, 2.1 x 150 

mm) with a Vanguard Pre-Column (2.1 x 5 mm) (Waters Corporation, Waltham, MA) heated to 

45°C and a binary gradient at a flow rate of 0.35 mL/min. R6G and R4G retention times were 

2.3 and 4.0 min, respectively, which were identical to both commercially acquired and 

experimentally generated glucuronide metabolites. The gradient elution began with 60:40 

water:methanol (each with 0.1% formic acid) and increased linearly to 50:50 over 10 min before 

returning to initial conditions over 0.5 min and holding for 0.5 min; the total run time was 11 min. 

Samples were analyzed (3 µL injection volume) using the QTRAP® 6500 UHPLC-MS/MS 

system (AB Sciex, Framingham, MA) with turbo electrospray source operated in negative ion 

mode. The declustering potential and collision energy were set at -38 V and -25 mV, 

respectively. R4G (648.1→472.1 m/z), R6G (648.1→472.1 m/z), and naringin (579.0→271.0 

m/z) were monitored in multiple reaction monitoring mode. R4G and R6G concentrations were 

quantified using MultiQuant™ software (v2.1.1, AB Sciex) by interpolation from matrix-matched 

calibration curves and quality controls with a linear range of 0.4-1000 nM. The calibration 

standards and quality controls were judged for batch quality based on the 2013 FDA guidance 

for industry regarding bioanalytical method validation (Food and Drug Administration Center for 

Drug Evaluation and Research, 2013). 

Ki Determination 

Incubation conditions emulated those detailed above using a 6 x 6 matrix of substrate 

(0.25-30 µM) and inhibitor concentrations. IC50s were estimated from the initial two- or three-

point inhibitor screening results and were used to guide the range of inhibitor concentrations for 

determination of Ki. Inhibitor concentrations were selected such that at least two concentrations 

were 3 to 5-fold above and below the estimated IC50. Reaction mixtures were processed and 

analyzed to determine R4G and R6G concentrations by UHPLC-MS/MS. Initial estimates of 

apparent Km and Vmax were derived from Michaelis-Menten fits of the velocity versus [raloxifene] 
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data in the absence of inhibitor. Initial estimates of apparent Kis and/or Kii were derived from 

Lineweaver-Burk plots of velocity-1 versus [substrate]-1. Kinetic parameters (Km, Vmax, Kis, Kii) 

were obtained by fitting equations 2, 3, or 4 to untransformed data via nonlinear least squares 

regression using Phoenix® WinNonlin®:  

Competitive  v = 
Vmax×[S]

Km�1+ 
�I�

Kis
�+[S]

  (2) 

Uncompetitive  v = 

Vmax×[S]

Km+[S]�1+ �I�
Kii

�
   (3) 

Mixed   v = 
Vmax×[S]

Km�1+ 
�I�

Kis
�+[S]�1+ 

�I�

Kii
�
  (4) 

 where [I] denotes inhibitor concentration, Kis denotes the affinity of the inhibitor towards 

the ‘free’ enzyme, and Kii denotes the affinity of inhibitor towards the enzyme-substrate 

complex. The best-fit equation was determined by visual inspection of Lineweaver-Burk plots 

and corresponding slope and intercept re-plots and the randomness of the residuals, Akaike 

information criteria, and standard errors (S.E.s) of the parameter estimates generated from the 

nonlinear regression procedure. 

Mechanistic Static Model Prediction of the Milk Thistle-Raloxifene Interaction 

Identification of marker constituents within a natural product representative of the 

interaction potential of the complex mixture is an attractive approach to characterize and predict 

dietary substance- or natural product-drug interactions (Ainslie et al., 2014). Identification and 

isolation of such constituents facilitates adaptation of established systems for the prediction of 

drug-drug interactions to predict the magnitude and likelihood of natural product-drug 

interactions (Brantley et al., 2014a). The impact of reversible inhibition of raloxifene intestinal 

metabolism by milk thistle flavonolignans and extracts on raloxifene systemic exposure was 

predicted using a mechanistic static model (equation 5) (Fahmi et al., 2009): 
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AUCi

AUC
 = 

1

Ag�1-Fg�+Fg
  (5) 

   Ag = 
1

1+
Ig

Ki

   (6) 

where AUCi/AUC is the ratio of the area under the victim drug (raloxifene) plasma 

concentration-time curve in the presence to the absence of inhibitor; Ag is the term denoting 

reversible inhibition of gut metabolism; Fg is the fraction of drug escaping intestinal extraction, 

estimated to be 5.4% for raloxifene (Mizuma, 2009); Ig is the inhibitor concentration in the gut, 

estimated at 140 µM for silibinin (Hoh et al., 2006) and silymarin and assumed to be ~70 µM for 

silybin A or silybin B alone based upon their relative contribution to silibinin content (Davis-

Searles et al., 2005; Kroll et al., 2007); and Ki is the experimentally determined parameter 

recovered with pooled HIMs. 

Statistical Analysis 

Data are presented as means ± S.D.s of triplicate incubations unless noted otherwise. 

Kis are presented as estimates ± S.E.s. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on June 12, 2015 as DOI: 10.1124/dmd.115.065086

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD # 65086 
 

12 
 

Results 

Raloxifene glucuronidation is tissue and isoform dependent. 

Consistent with previous reports (Kemp et al., 2002; Jeong et al., 2005b; Dalvie et al., 

2008; Chang et al., 2009; Trdan Lusin et al., 2011; Sun et al., 2013), R4G was the dominant 

metabolite formed in all enzyme systems except UGT1A1-overexpressing HEK293 cell lysates 

(Table 1, Fig. 2). UGT1A10-overexpressing cell lysates generated both R4G and R6G, in 

contrast to a previous report of selective R4G formation in this system (Sun et al., 2013). This 

discrepancy likely is due to enhanced analytical sensitivity, permitting detection of the lesser 

formed R6G (~one-tenth vs. R4G formation) (Table 1). Considering the relative expression of 

UGT1A8 and UGT1A10 in HIMs (Harbourt et al., 2012; Fallon et al., 2013; Sun et al., 2013; Wu 

et al., 2013), calculated Clints from the HEK293 cell lysates represented a reasonable depiction 

of the contribution of each isoform to raloxifene glucuronidation in HIMs. Raloxifene 

glucuronidation demonstrated substrate inhibition kinetics at supraphysiologic substrate 

concentrations (>20 µM) in both HIMs and HLMs (data not shown). As observed previously 

(Kemp et al., 2002; Trdan Lusin et al., 2011; Sun et al., 2013), raloxifene was metabolized more 

efficiently by HIMs compared to HLMs, due largely to the much lower Kms recovered from HIMs 

than from HLMs (Table 1).  

Milk thistle flavonolignans and extracts differentially inhibit raloxifene glucuronidation.  

Relative to vehicle control, milk thistle flavonolignans and extracts inhibited raloxifene 

glucuronidation in a concentration-dependent manner (Fig. 3). Based on results from the initial 

screen with HIMs, silybin A and silybin B (the most abundant individual flavonolignans present 

in silibinin and silymarin (Davis-Searles et al., 2005; Kroll et al., 2007)), were characterized 

further for inhibitory potential using UGT1A8-, 1A10-, and 1A1-overexpressing cell lysates and 

HLMs (Fig. 3). The inhibition kinetics of these flavonolignans and the two extracts towards 

raloxifene glucuronidation were described best by a competitive inhibition model. Silybin A and 

silybin B inhibited both glucuronidation pathways with comparable potency; likewise, silibinin 
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and silymarin inhibited these pathways with comparable potency (Table 2). The Kis of the 

flavonolignans and extracts were up to 50 times lower than reported average silibinin 

concentrations measured in colorectal tissue specimens (~140 µM) (Hoh et al., 2006). The 

flavonolignans/extracts were most potent towards UGT1A1-mediated raloxifene glucuronidation 

(Kis 3.2-8.3 µM) (Table 2, Fig. 4), consistent with previous reports involving other UGT 

substrates (Sridar et al., 2004; Gufford et al., 2014a). The Kis recovered with HIMs (27-66 µM) 

approximated the mean of the Kis recovered with UGT1A8- and 1A10-overexpressing cell 

lysates (19-73 µM and 65-120 µM, respectively), providing further evidence of the dominant 

contribution of these two isoforms to raloxifene intestinal glucuronidation (Sun et al., 2013). 

Potent inhibition of UGT1A1 and -1A8, isoforms highly expressed in the jejunum that are critical 

to raloxifene clearance (Sun et al., 2013), prompted prediction of interaction risk of concomitant 

raloxifene and milk thistle usage. 

A mechanistic static interaction model predicts milk thistle constituents to have high 

interaction risk with raloxifene. 

The mechanistic static interaction model (Equation 5) predicted a 4.7- or 4.3-fold 

increase in raloxifene AUC in the presence of silymarin or silibinin, respectively, indicating high 

interaction risk (Food and Drug Administration Center for Drug Evaluation and Research, 2012). 

The model predicted a 3-fold increase in raloxifene AUC in the presence of silybin A or silybin B 

alone, supporting these two constituents as potential marker candidates predictive of the 

interaction risk of the more complex mixtures. 
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Discussion 

Potential interactions between conventional medications and natural products, including 

herbal products, are increasingly recognized in clinical practice. Despite concerns of clinicians, 

consumers, and regulators regarding unwanted natural product-drug interactions, systematic 

approaches to identify and characterize the risk of these interactions remain elusive. 

Approaches focusing on the adaptation of established paradigms used to assess drug-drug 

interaction risk have been proposed to elucidate natural product-drug interaction risk (Won et 

al., 2010; National Center for Complementary and Alternative Medicine, 2012; Won et al., 2012; 

Brantley et al., 2013; Ainslie et al., 2014; Brantley et al., 2014a; Brantley et al., 2014b; Gufford 

et al., 2014a; Barr et al., 2015). Assessment of these interactions involves challenges that 

extend beyond drug-drug interactions (Gufford et al., 2014b). Unlike drugs, natural products 

frequently are mixtures of potentially bioactive constituents with immense compositional 

variation both within and between lots. A proposed framework (Fig. 1) entails evaluation of 

isolated constituents and complex mixtures to ascertain the relative contribution of each 

constituent in a mixture. Identification of marker constituents predictive of the likelihood and 

magnitude of complex interactions enables simplified and reproducible assessment of natural 

product-drug interaction risk. This framework was used in the current work to evaluate silybin A 

and silybin B as potential marker constituents representative of the interaction potential of semi-

purified (silibinin) and crude (silymarin) milk thistle extracts. These constituents were selected 

based on relative inhibition potency, abundance in milk thistle extracts, and available 

pharmacokinetic data to facilitate model predictions of interaction risk. 

Studies in breast cancer cell lines have demonstrated anti-oxidant, anti-proliferative, and 

cytotoxic effects of silibinin and silymarin (Scambia et al., 1996; Zi et al., 1998; Agarwal et al., 

2006; Provinciali et al., 2007; Ramasamy and Agarwal, 2008). Although these potentially 

beneficial effects have not been characterized rigorously in the clinic, patients often purchase 

over-the-counter, perceived-as-safe supplements to augment prescribed therapeutic regimens 
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without consulting their healthcare providers (Gardiner et al., 2006; Kennedy et al., 2008). 

Women aged 30-69 years who are current or former smokers and have chronic health 

conditions are some of the most common consumers of herbal products as well as at increased 

risk for developing breast cancer (Barnes et al., 2008). These observations raise concern for 

interactions between pharmaceutical interventions to reduce breast cancer risk and loosely 

regulated, poorly understood herbal products. 

This work is the first to rigorously evaluate the tissue (HLMs and HIMs), isoform 

(UGT1A1, 1A8 and 1A10), and pathway (R4G vs. R6G formation) specific UGT inhibition of a 

clinically relevant probe substrate by individual natural product constituents and related extracts. 

Potent inhibition of raloxifene glucuronidation by milk thistle extracts/constituents with pooled 

HIMs was further supported by inhibition observed with UGT1A-overexpressing HEK293 cell 

lysates. Although UGT1A10 most efficiently converts raloxifene to the predominant circulating 

metabolite, R4G, the approximately 10-20 times lower jejunal expression compared to UGT1A1 

and UGT1A8 suggests that UGT1A1 and -1A8 have important roles in the intestinal clearance 

of raloxifene (Sun et al., 2013). The Kis of silybin A and silybin B towards UGT1A1- and 

UGT1A8-mediated raloxifene glucuronidation were well below mean silibinin concentrations 

measured in colorectal tissue specimens obtained from cancer patients administered oral 

silibinin (1400 mg) (<50 μM vs. ~140 μM) (Hoh et al., 2006). Model predictions indicated that 

concomitant administration of raloxifene with silibinin or silymarin may increase raloxifene 

systemic exposure by 4 to 5-fold, indicating high interaction risk (Food and Drug Administration 

Center for Drug Evaluation and Research, 2012). In addition, silybin A or silybin B alone were 

predicted to increase raloxifene systemic exposure by ~3-fold, supporting these constituents as 

marker constituents predictive of the complex mixtures. 

Transport proteins, including organic anion-transporting polypeptides (OATPs), multidrug 

resistance proteins (MRPs), and P-glycoprotein (P-gp) have been reported to contribute to the 

disposition of raloxifene, R4G, R6G (Jeong et al., 2004; Jeong et al., 2005a; Chang et al., 2006; 
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Trdan Lusin et al., 2012a; Trdan Lusin et al., 2012b), and milk thistle flavonolignans (Miranda et 

al., 2008; Kock et al., 2013; Wlcek et al., 2013). The risk of interactions via milk thistle 

flavonolignan inhibition of OATP1B1- and OATP1B3-mediated hepatic uptake is believed to be 

low, based on limited systemic exposure (Kock et al., 2013). Similarly, silibinin may inhibit 

MRP2-mediated canalicular efflux of raloxifene and its conjugates, but hepatocellular 

concentrations are likely too low to elicit clinically meaningful effects (Wlcek et al., 2013). 

Inhibition of P-gp-mediated raloxifene intestinal efflux by milk thistle flavonolignans may 

contribute to the overall effect of the milk thistle-raloxifene interaction (Trdan Lusin et al., 

2012a). However, oral administration of silymarin did not significantly alter the pharmacokinetics 

of the P-gp probe substrate digoxin in healthy volunteers (Gurley et al., 2006). Collectively, 

because available data suggest a limited contribution of transport proteins to a potential milk 

thistle-raloxifene interaction, modulation of raloxifene transport was not included in the 

assessment of interaction risk. Nevertheless, modulation of transporters by flavonolignan 

glucuronides, which are the major circulating metabolites (Schrieber et al., 2008; Wen et al., 

2008; Zhu et al., 2013), cannot be dismissed. Quantitative evaluation of flavonolignan 

glucuronides as modulators of transport activity would enhance the understanding of complex 

mechanisms underlying glucuronide disposition and potential interactions. However, lack of 

commercially available flavonolignan glucuronides precluded this effort.  

Increased exposure to intact raloxifene may place patients at increased risk for adverse 

events, including hot flashes and venous thromboembolism. However, previous studies have 

demonstrated that intact raloxifene has an ~100-fold higher affinity for the ER than R4G (Sun et 

al., 2013). This observation suggests that the presumed silibinin-raloxifene interaction could be 

beneficial by enhancing the therapeutic effects of raloxifene at the ER by boosting systemic 

exposure to intact raloxifene. Application of this concept would require thorough characterization 

of the pharmacodynamic and therapeutic consequences of this pharmacokinetic natural 

product-drug interaction (Won et al., 2010; Won et al., 2012; Brantley et al., 2014a). 
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In summary, milk thistle constituents and extracts inhibited the primary intestinal UGT1A 

isoforms responsible for the detoxification of raloxifene at concentrations encompassed by 

those measured in human intestinal tissue specimens. Using a mechanistic static model, the 

milk thistle products silymarin and silibinin were predicted to increase raloxifene systemic 

exposure by nearly 5-fold. This systematic investigation of the potential interaction between a 

widely used herbal product and chemopreventive agent underscores the importance of 

understanding natural product-drug interactions in the context of cancer prevention. Dynamic 

modeling and simulation approaches (e.g., physiologically-based pharmacokinetic modeling) 

and potentially, clinical assessment, are needed to elucidate the clinical consequences of these 

complex interactions and provide recommendations to clinicians and consumers that will help 

guide therapeutic decisions.  

 

  

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on June 12, 2015 as DOI: 10.1124/dmd.115.065086

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD # 65086 
 

18 
 

Acknowledgements 

The authors thank Mr. Tyler N. Graf (The University of North Carolina at Greensboro) for 

purifying the flavonolignan standards. M.F.P. dedicates this article to Dr. David P. Paine. 

  

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on June 12, 2015 as DOI: 10.1124/dmd.115.065086

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD # 65086 
 

19 
 

Author Contributions 

Participated in research design: Gufford, Paine 

Conducted experiments: Gufford 

Contributed new reagents or analytical tools: Oberlies, Lazarus, Chen 

Performed data analysis: Gufford, Paine 

Wrote or contributed to writing of the manuscript: Gufford, Chen, Lazarus, Oberlies, Paine 

  

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on June 12, 2015 as DOI: 10.1124/dmd.115.065086

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD # 65086 
 

20 
 

References 

Agarwal R, Agarwal C, Ichikawa H, Singh RP, and Aggarwal BB (2006) Anticancer potential of 
silymarin: from bench to bed side. Anticancer Res 26:4457-4498. 

Ainslie GR, Wolf KK, Li Y, Connolly EA, Scarlett YV, Hull JH, and Paine MF (2014) Assessment 
of a Candidate Marker Constituent Predictive of a Dietary Substance-Drug Interaction: 
Case Study with Grapefruit Juice and CYP3A4 Drug Substrates. J Pharmacol Exp Ther 
351:576-584. 

Bailey DG, Dresser G, and Arnold JM (2013) Grapefruit-medication interactions: forbidden fruit 
or avoidable consequences? CMAJ 185:309-316. 

Barnes PM, Bloom B, and Nahin RL (2008) Complementary and alternative medicine use 
among adults and children: United States, 2007. Natl Health Stat Report:1-23. 

Barr JT, Jones JP, Oberlies NH, and Paine MF (2015) Inhibition of human aldehyde oxidase 
activity by diet-derived constituents: structural influence, enzyme-ligand interactions, and 
clinical relevance. Drug Metab Dispos 43:34-41. 

Brantley SJ, Argikar AA, Lin YS, Nagar S, and Paine MF (2014a) Herb-drug interactions: 
challenges and opportunities for improved predictions. Drug Metab Dispos 42:301-317. 

Brantley SJ, Graf TN, Oberlies NH, and Paine MF (2013) A systematic approach to evaluate 
herb-drug interaction mechanisms: investigation of milk thistle extracts and eight isolated 
constituents as CYP3A inhibitors. Drug Metab Dispos 41:1662-1670. 

Brantley SJ, Gufford BT, Dua R, Fediuk DJ, Graf TN, Scarlett YV, Frederick KS, Fisher MB, 
Oberlies NH, and Paine MF (2014b) Physiologically based pharmacokinetic modeling 
framework for quantitative prediction of an herb-drug interaction. CPT Pharmacometrics 
Syst Pharmacol 3:e107. 

Chang JH, Kochansky CJ, and Shou M (2006) The role of P-glycoprotein in the bioactivation of 
raloxifene. Drug Metab Dispos 34:2073-2078. 

Chang JH, Yoo P, Lee T, Klopf W, and Takao D (2009) The role of pH in the glucuronidation of 
raloxifene, mycophenolic acid and ezetimibe. Mol Pharm 6:1216-1227. 

Cubitt HE, Houston JB, and Galetin A (2009) Relative importance of intestinal and hepatic 
glucuronidation-impact on the prediction of drug clearance. Pharm Res 26:1073-1083. 

Dalvie D, Kang P, Zientek M, Xiang C, Zhou S, and Obach RS (2008) Effect of intestinal 
glucuronidation in limiting hepatic exposure and bioactivation of raloxifene in humans 
and rats. Chem Res Toxicol 21:2260-2271. 

Davis-Searles PR, Nakanishi Y, Kim NC, Graf TN, Oberlies NH, Wani MC, Wall ME, Agarwal R, 
and Kroll DJ (2005) Milk thistle and prostate cancer: differential effects of pure 
flavonolignans from Silybum marianum on antiproliferative end points in human prostate 
carcinoma cells. Cancer Res 65:4448-4457. 

Davis MA, Martin BI, Coulter ID, and Weeks WB (2013) US spending on complementary and 
alternative medicine during 2002-08 plateaued, suggesting role in reformed health 
system. Health Aff (Millwood) 32:45-52. 

Fahmi OA, Hurst S, Plowchalk D, Cook J, Guo F, Youdim K, Dickins M, Phipps A, Darekar A, 
Hyland R, and Obach RS (2009) Comparison of different algorithms for predicting 
clinical drug-drug interactions, based on the use of CYP3A4 in vitro data: predictions of 
compounds as precipitants of interaction. Drug Metab Dispos 37:1658-1666. 

Fallon JK, Neubert H, Goosen TC, and Smith PC (2013) Targeted precise quantification of 12 
human recombinant uridine-diphosphate glucuronosyl transferase 1A and 2B isoforms 
using nano-ultra-high-performance liquid chromatography/tandem mass spectrometry 
with selected reaction monitoring. Drug Metab Dispos 41:2076-2080. 

Food and Drug Administration Center for Drug Evaluation and Research (2012) Drug interaction 
studies - study design, data analysis, implications for dosing, and labeling 
recommendations (draft guidance). 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on June 12, 2015 as DOI: 10.1124/dmd.115.065086

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD # 65086 
 

21 
 

Food and Drug Administration Center for Drug Evaluation and Research (2013) Bioanalytical 
method validation (draft guidance). 

Gardiner P, Graham RE, Legedza AT, Eisenberg DM, and Phillips RS (2006) Factors 
associated with dietary supplement use among prescription medication users. Arch 
Intern Med 166:1968-1974. 

Gentry-Maharaj A, Karpinskyj C, Glazer C, Burnell M, Ryan A, Fraser L, Lanceley A, Jacobs I, 
Hunter MS, and Menon U (2015) Use and perceived efficacy of complementary and 
alternative medicines after discontinuation of hormone therapy: a nested United 
Kingdom Collaborative Trial of Ovarian Cancer Screening cohort study. Menopause 
22:384-390. 

Graf TN, Wani MC, Agarwal R, Kroll DJ, and Oberlies NH (2007) Gram-scale purification of 
flavonolignan diastereoisomers from Silybum marianum (Milk Thistle) extract in support 
of preclinical in vivo studies for prostate cancer chemoprevention. Planta Med 73:1495-
1501. 

Gufford BT, Chen G, Lazarus P, Graf TN, Oberlies NH, and Paine MF (2014a) Identification of 
diet-derived constituents as potent inhibitors of intestinal glucuronidation. Drug Metab 
Dispos 42:1675-1683. 

Gufford BT, Lazarus P, Oberlies NH, and Paine MF (2014b) Predicting Pharmacokinetic Herb-
Drug Interactions: Overcoming Hurdles That Extend beyond Drug-Drug Interactions. 
AAPS Newsmagazine:19-22. 

Gurley BJ, Barone GW, Williams DK, Carrier J, Breen P, Yates CR, Song PF, Hubbard MA, 
Tong Y, and Cheboyina S (2006) Effect of milk thistle (Silybum marianum) and black 
cohosh (Cimicifuga racemosa) supplementation on digoxin pharmacokinetics in humans. 
Drug Metab Dispos 34:69-74. 

Harbourt DE, Fallon JK, Ito S, Baba T, Ritter JK, Glish GL, and Smith PC (2012) Quantification 
of human uridine-diphosphate glucuronosyl transferase 1A isoforms in liver, intestine, 
and kidney using nanobore liquid chromatography-tandem mass spectrometry. Anal 
Chem 84:98-105. 

Hoh C, Boocock D, Marczylo T, Singh R, Berry DP, Dennison AR, Hemingway D, Miller A, West 
K, Euden S, Garcea G, Farmer PB, Steward WP, and Gescher AJ (2006) Pilot study of 
oral silibinin, a putative chemopreventive agent, in colorectal cancer patients: silibinin 
levels in plasma, colorectum, and liver and their pharmacodynamic consequences. Clin 
Cancer Res 12:2944-2950. 

Jancova P, Siller M, Anzenbacherova E, Kren V, Anzenbacher P, and Simanek V (2011) 
Evidence for differences in regioselective and stereoselective glucuronidation of silybin 
diastereomers from milk thistle (Silybum marianum) by human UDP-
glucuronosyltransferases. Xenobiotica 41:743-751. 

Jeong EJ, Lin H, and Hu M (2004) Disposition mechanisms of raloxifene in the human intestinal 
Caco-2 model. J Pharmacol Exp Ther 310:376-385. 

Jeong EJ, Liu X, Jia X, Chen J, and Hu M (2005a) Coupling of conjugating enzymes and efflux 
transporters: impact on bioavailability and drug interactions. Curr Drug Metab 6:455-468. 

Jeong EJ, Liu Y, Lin H, and Hu M (2005b) Species- and disposition model-dependent 
metabolism of raloxifene in gut and liver: role of UGT1A10. Drug Metab Dispos 33:785-
794. 

Kemp DC, Fan PW, and Stevens JC (2002) Characterization of raloxifene glucuronidation in 
vitro: contribution of intestinal metabolism to presystemic clearance. Drug Metab Dispos 
30:694-700. 

Kennedy J, Wang CC, and Wu CH (2008) Patient Disclosure about Herb and Supplement Use 
among Adults in the US. Evid Based Complement Alternat Med 5:451-456. 

Kiang TK, Ensom MH, and Chang TK (2005) UDP-glucuronosyltransferases and clinical drug-
drug interactions. Pharmacol Ther 106:97-132. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on June 12, 2015 as DOI: 10.1124/dmd.115.065086

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD # 65086 
 

22 
 

Kock K, Xie Y, Hawke RL, Oberlies NH, and Brouwer KL (2013) Interaction of silymarin 
flavonolignans with organic anion-transporting polypeptides. Drug Metab Dispos 41:958-
965. 

Kroll DJ, Shaw HS, and Oberlies NH (2007) Milk thistle nomenclature: why it matters in cancer 
research and pharmacokinetic studies. Integr Cancer Ther 6:110-119. 

Lapham K, Bauman JN, Walsky RL, Niosi M, Orozco CC, Bourcier K, Giddens G, Obach RS, 
and Hyland R (2012) Digoxin and tranilast as novel isoform selective inhibitors of human 
UDP glucuronosyltransferase 1A9. Drug Metabolism Reviews 44:74-75. 

Lindstrom A, Ooyen C, Lynch M, Blumenthal M, and Kawa K (2014) Sales of herbal dietary 
supplements increase by 7.9% in 2013, marking a decade of rising sales: turmeric 
supplements climb to top ranking in natural channel. HerbalGram:52-56. 

Miranda SR, Lee JK, Brouwer KL, Wen Z, Smith PC, and Hawke RL (2008) Hepatic metabolism 
and biliary excretion of silymarin flavonolignans in isolated perfused rat livers: role of 
multidrug resistance-associated protein 2 (Abcc2). Drug Metab Dispos 36:2219-2226. 

Mizuma T (2009) Intestinal glucuronidation metabolism may have a greater impact on oral 
bioavailability than hepatic glucuronidation metabolism in humans: a study with 
raloxifene, substrate for UGT1A1, 1A8, 1A9, and 1A10. Int J Pharm 378:140-141. 

Mohamed ME and Frye RF (2011) Effects of herbal supplements on drug glucuronidation. 
Review of clinical, animal, and in vitro studies. Planta Med 77:311-321. 

Napolitano JG, Lankin DC, Graf TN, Friesen JB, Chen SN, McAlpine JB, Oberlies NH, and Pauli 
GF (2013) HiFSA fingerprinting applied to isomers with near-identical NMR spectra: the 
silybin/isosilybin case. J Org Chem 78:2827-2839. 

National Center for Complementary and Alternative Medicine (2012) Summary of roundtable 
meeting on dietary supplement-drug interactions. 

Polyak SJ, Oberlies NH, Pecheur EI, Dahari H, Ferenci P, and Pawlotsky JM (2013) Silymarin 
for HCV infection. Antivir Ther 18:141-147. 

Provinciali M, Papalini F, Orlando F, Pierpaoli S, Donnini A, Morazzoni P, Riva A, and Smorlesi 
A (2007) Effect of the silybin-phosphatidylcholine complex (IdB 1016) on the 
development of mammary tumors in HER-2/neu transgenic mice. Cancer Res 67:2022-
2029. 

Ramasamy K and Agarwal R (2008) Multitargeted therapy of cancer by silymarin. Cancer Lett 
269:352-362. 

Ritter JK (2007) Intestinal UGTs as potential modifiers of pharmacokinetics and biological 
responses to drugs and xenobiotics. Expert Opin Drug Metab Toxicol 3:93-107. 

Scambia G, De Vincenzo R, Ranelletti FO, Panici PB, Ferrandina G, D'Agostino G, Fattorossi A, 
Bombardelli E, and Mancuso S (1996) Antiproliferative effect of silybin on gynaecological 
malignancies: synergism with cisplatin and doxorubicin. Eur J Cancer 32A:877-882. 

Schrieber SJ, Wen Z, Vourvahis M, Smith PC, Fried MW, Kashuba AD, and Hawke RL (2008) 
The pharmacokinetics of silymarin is altered in patients with hepatitis C virus and 
nonalcoholic Fatty liver disease and correlates with plasma caspase-3/7 activity. Drug 
Metab Dispos 36:1909-1916. 

Siegel R, Ma J, Zou Z, and Jemal A (2014) Cancer statistics, 2014. CA Cancer J Clin 64:9-29. 
Sridar C, Goosen TC, Kent UM, Williams JA, and Hollenberg PF (2004) Silybin inactivates 

cytochromes P450 3A4 and 2C9 and inhibits major hepatic glucuronosyltransferases. 
Drug Metab Dispos 32:587-594. 

Sun D, Jones NR, Manni A, and Lazarus P (2013) Characterization of raloxifene 
glucuronidation: potential role of UGT1A8 genotype on raloxifene metabolism in vivo. 
Cancer Prev Res (Phila) 6:719-730. 

Trdan Lusin T, Mrhar A, Stieger B, Kullak-Ublick GA, Marc J, Ostanek B, Zavratnik A, Kristl A, 
Berginc K, Delic K, and Trontelj J (2012a) Influence of hepatic and intestinal efflux 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on June 12, 2015 as DOI: 10.1124/dmd.115.065086

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD # 65086 
 

23 
 

transporters and their genetic variants on the pharmacokinetics and pharmacodynamics 
of raloxifene in osteoporosis treatment. Transl Res 160:298-308. 

Trdan Lusin T, Stieger B, Marc J, Mrhar A, Trontelj J, Zavratnik A, and Ostanek B (2012b) 
Organic anion transporting polypeptides OATP1B1 and OATP1B3 and their genetic 
variants influence the pharmacokinetics and pharmacodynamics of raloxifene. J Transl 
Med 10:76. 

Trdan Lusin T, Trontelj J, and Mrhar A (2011) Raloxifene glucuronidation in human intestine, 
kidney, and liver microsomes and in human liver microsomes genotyped for the 
UGT1A1*28 polymorphism. Drug Metab Dispos 39:2347-2354. 

Visvanathan K, Hurley P, Bantug E, Brown P, Col NF, Cuzick J, Davidson NE, Decensi A, 
Fabian C, Ford L, Garber J, Katapodi M, Kramer B, Morrow M, Parker B, Runowicz C, 
Vogel VG, 3rd, Wade JL, and Lippman SM (2013) Use of pharmacologic interventions 
for breast cancer risk reduction: American Society of Clinical Oncology clinical practice 
guideline. J Clin Oncol 31:2942-2962. 

Wen Z, Dumas TE, Schrieber SJ, Hawke RL, Fried MW, and Smith PC (2008) 
Pharmacokinetics and metabolic profile of free, conjugated, and total silymarin 
flavonolignans in human plasma after oral administration of milk thistle extract. Drug 
Metab Dispos 36:65-72. 

Williams JA, Hyland R, Jones BC, Smith DA, Hurst S, Goosen TC, Peterkin V, Koup JR, and 
Ball SE (2004) Drug-drug interactions for UDP-glucuronosyltransferase substrates: a 
pharmacokinetic explanation for typically observed low exposure (AUCi/AUC) ratios. 
Drug Metab Dispos 32:1201-1208. 

Wlcek K, Koller F, Ferenci P, and Stieger B (2013) Hepatocellular organic anion-transporting 
polypeptides (OATPs) and multidrug resistance-associated protein 2 (MRP2) are 
inhibited by silibinin. Drug Metab Dispos 41:1522-1528. 

Won CS, Oberlies NH, and Paine MF (2010) Influence of dietary substances on intestinal drug 
metabolism and transport. Curr Drug Metab 11:778-792. 

Won CS, Oberlies NH, and Paine MF (2012) Mechanisms underlying food-drug interactions: 
inhibition of intestinal metabolism and transport. Pharmacol Ther 136:186-201. 

Wu B, Dong D, Hu M, and Zhang S (2013) Quantitative prediction of glucuronidation in humans 
using the in vitro- in vivo extrapolation approach. Curr Top Med Chem 13:1343-1352. 

Zhu HJ, Brinda BJ, Chavin KD, Bernstein HJ, Patrick KS, and Markowitz JS (2013) An 
assessment of pharmacokinetics and antioxidant activity of free silymarin flavonolignans 
in healthy volunteers: a dose escalation study. Drug Metab Dispos 41:1679-1685. 

Zi X, Feyes DK, and Agarwal R (1998) Anticarcinogenic effect of a flavonoid antioxidant, 
silymarin, in human breast cancer cells MDA-MB 468: induction of G1 arrest through an 
increase in Cip1/p21 concomitant with a decrease in kinase activity of cyclin-dependent 
kinases and associated cyclins. Clin Cancer Res 4:1055-1064. 

 

  

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on June 12, 2015 as DOI: 10.1124/dmd.115.065086

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD # 65086 
 

24 
 

Footnotes 

a. This work was supported by the National Institutes of Health National Institute of General 

Medical Sciences [Grant R01 GM077482-S1]. B.T.G. was supported by a fellowship 

awarded by the American Foundation for Pharmaceutical Education.  

b. Reprint requests: Mary F. Paine, RPh, PhD 

 PBS 341, PO Box 1495 

 College of Pharmacy  

 Washington State University 

 Spokane, WA 99210-1495 

 Office: (509) 358-7759 

 Fax: (509) 368-6561 

   Email: mary.paine@wsu.edu 

 

  

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on June 12, 2015 as DOI: 10.1124/dmd.115.065086

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD # 65086 
 

25 
 

Figure Legends 

Figure 1. Proposed approach for the systematic evaluation of herbal product interaction 

potential with chemopreventive or therapeutic medications that undergo extensive UGT-

mediated metabolism. PBPK, physiologically-based pharmacokinetic. 

Figure 2. Saturation kinetics for raloxifene-4′-glucuronide (R4G; upper) or raloxifene-6-

glucuronide (R6G; lower) formation by pooled human intestinal microsomes (HIMs; left) and 

UGT1A10-overexpressing HEK293 cell lysates (right). Symbols and error bars denote means 

and S.D.’s, respectively, of triplicate incubations. Curves denote model-generated values using 

the Michaelis-Menten equation (Equation 1).  

Figure 3. Screening of milk thistle flavonolignans and extracts as inhibitors of raloxifene 

glucuronidation using human intestinal microsomes (HIMs; upper panel) and an abbreviated 

screening using UGT1A8-, UGT1A10- UGT1A1-overexpressing cell lysates or human liver 

microsomes (HLMs; lower panel). Values are expressed as a percent of the activity compared 

to vehicle control (blue bar, 0.1% DMSO). Black, grey, and white bars denote 100 µM, 10 µM, 

and 1 µM, respectively. Red bars denote the positive control UGT inhibitor nicardipine (400 µM). 

Bars and error bars denote means and S.D.’s, respectively, of triplicate incubations. 

Figure 4. Representative Lineweaver-Burk plot (left) and nonlinear least squares regression 

analysis of untransformed data (right) showing inhibition of UGT1A1-mediated raloxifene-4′-

glucuronidation (R4G; top) or raloxifene-6-glucuronidation (R6G; bottom) by silibinin. Symbols 

denote individual data points of duplicate incubations. Curves denote model-generated values. 

Insets are re-plots of the slopes of corresponding Lineweaver-Burk plots vs. inhibitor 

concentration. 
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Tables 

Table 1. Raloxifene glucuronidation kinetics.a 

 R4G  R6G 
Enzyme 
Source Km (µM) Vmax 

(pmol/min/mg) 
Clint

b
 

(µL/min/mg) 
 Km (µM) Vmax 

(pmol/min/mg) 
Clint

b
 

(µL/min/mg) 
HIMs 0.81 ± 0.11 750 ± 22 930  0.84 ± 0.14 78 ± 2.9 93 

HLMs 3.0 ± 0.73 850 ± 53 290  6.5 ± 0.73 310 ± 9.7 48 

UGT1A1 4.3 ± 0.51 88 ± 2.7 20  3.6 ± 0.39 92 ± 2.4 26 

UGT1A8 5.5 ± 0.48 550 ± 14 100  1.5 ± 0.17 110 ± 2.9 73 

UGT1A10 0.87 ± 0.08 1100 ± 28 1260  0.96 ± 0.08 130 ± 3.1 140 
a Values represent the parameter estimate ± S.E obtained by fitting the Michaelis-Menten equation (Equation 1) to metabolite (raloxifene-4′-
glucuronide, R4G, or raloxifene-6-glucuronide, R6G) formation velocity using Phoenix® WinNonlin® (version 6.3). 
b Intrinsic clearance (Clint), calculated as the ratio of Vmax to Km. 
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Table 2. Ki (µM) determinations for selected milk thistle flavonolignans and extracts towards raloxifene glucuronidation by human 

intestinal microsomes (HIMs) or UGT1A-overexpressing HEK293 cell lysates.a 

Flavonolignan/
extract 

HIMs UGT1A1 UGT1A8 UGT1A10 

R4G R6G R4G R6G R4G R6G R4G R6G 

Silybin A 59 ± 6.1 56 ± 5.1 5.0 ± 0.65 4.2 ± 0.48 40 ± 6.8 67 ± 12 79 ± 7.9 72 ± 7.7 

Silybin B 66 ± 6.0 31 ± 3.2 3.3 ± 0.39 2.8 ± 0.34 47 ± 13 19 ± 3.4 74 ± 8.6 65 ± 7.6 

Silibinin 33 ± 3.2 27 ± 2.9 3.2 ± 0.33 2.8 ± 0.25 50 ± 7.7 39 ± 4.0 120 ± 19 86 ± 12 

Silymarin 28 ± 3.1 27 ± 2.7 8.3 ± 1.1 6.7 ± 0.85 73 ± 18 30 ± 5.4 91 ± 14 81 ± 12 
a Apparent Kis were determined by fitting equation 2 with observed metabolite (raloxifene-4′-glucuronide, R4G, or raloxifene-6-glucuronide, R6G) 
formation velocities under varying substrate and inhibitor conditions. Values represent the Ki estimate ± S.E. (µM) from nonlinear least-squares 
regression using Phoenix® WinNonlin® (version 6.3). 
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