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ABC, ATP-binding cassette; AUC, area under the curve; ATP, adenosine 5′-

triphosphatedisodium salt; AMP, adenosine 5′-monophosphate monohydrate; BCA, 

bicinchoninic acid assay; BCRP, breast cancer resistant protein; BSA, bovine serum 

albumin; CES, carboxylesterase; Cmax, maximum plasma concentration; CLrecombinant, 

recombinant clearance; CL,tissue, tissue intrinsic clearance; CL, clearance; CLtotal, total 

clearance; DME, drug metabolizing enzyme; DTT, dithiothreitol; DMEM, dulbecco’s Modified 

Eagle medium; Erecombinant, enzyme abundance in the recombinant system; Evesicles, protein 

abundance in the vesicles; Etissue, enzyme abundance in the tissue; epiT, epitestosterone; 

epiTG, epitestosterone glucuronide; fm, fractional metabolism; ft, fractional transport; GI, 

gastrointestinal; HEK-293, human embryonic kidney; IAA, iodoacetamide; IV, intravenous; 
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Km, substrate concentration at half-maximum velocity; LFQ, label free quantification; LC-

MS/MS, liquid chromatography-tandem mass spectrometry; MDCK-II, madin-Darby canine 

kidney; MRP, multidrug resistance-associated proteins; OATP1B1, organic anion 

transporting polypeptide-1B1; OATP2B1, organic anion transporting polypeptide-2B1; PBS, 

phosphate buffer saline; P-gp, P-glycoprotein; PK, pharmacokinetic; PBPK, physiologically-

based pharmacokinetic modeling; SLC, solute carrier; SN-38-G, SN-38-glucuronide; UGT, 

uridine glucuronosyltransferases; UDPGS, uridine 5′-diphosphoglucuronic acid trisodium 

salt; Vmax, maximum velocity; v/v, volume/volume; 
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ABSTRACT 

Anticancer drug, irinotecan shows serious dose-limiting gastrointestinal toxicity regardless of 

intravenous dosing. Although enzymes and transporters involved in irinotecan disposition 

are known, quantitative contributions of these mechanisms in complex in vivo disposition of 

irinotecan are poorly understood. We explained intestinal disposition and toxicity of 

irinotecan by integrating i) in vitro metabolism and transport data of rinotecan and its 

metabolites, ii) ex vivo gut microbial activation of the toxic metabolite, SN-38, and iii) the 

tissue protein abundance data of enzymes and transporters relevant to irinotecan and its 

metabolites. Integration of in vitro kinetics data with the tissue enzyme and transporter 

abundance predicted that carboxylesterase (CES) mediated hydrolysis of irinotecan is the 

rate-limiting process in the liver, where the toxic metabolite formed is rapidly deactivated by 

glucuronidation. In contrast, the poor SN-38 glucuronidation rate as compared to its efficient 

formation by CES2 in the enterocytes is the key mechanism of the intestinal accumulation of 

the toxic metabolite. The biliary efflux and OATP2B1 mediated enterocyte uptake can also 

synergize buildup of SN-38 in the enterocytes, whereas intestinal P-glycoprotein (P-gp) likely 

facilitates SN38 detoxification in the enterocytes. The higher SN-38 concentration in the 

intestine can be further nourished by β-d-glucuronidases. Understanding the quantitative 

significance of the key metabolism and transport processes of irinotecan and its metabolites 

can be leveraged to alleviate its intestinal side effects. Further, the proteomics-informed 

quantitative approach to determine intracellular disposition can be extended to determine 

susceptibility of cancer cells over normal cells for precision irinotecan therapy.  
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Significance Statement 

This work provides a deeper insight into the quantitative relevance of irinotecan hydrolysis 

(activation), conjugation (deactivation), and deconjugation (reactivation) by human or gut 

microbial enzymes or transporters. The results of this study explain the characteristic 

intestinal exposure and toxicity of irinotecan. Quantitative tissue-specific in vitro to in vivo 

extrapolation approach presented in this study can be extended to cancer cells.  
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1. INTRODUCTION 

Unpredictable safety and efficacy of investigational drugs has replaced poor 

pharmacokinetics (PK) as the primary reason for drug attrition during clinical development 

(Kola and Landis, 2004; Hay et al., 2014). Poor drug safety is associated with nearly 40% 

attrition during drug development (Waring et al., 2015). Likewise, in silico pharmacophore 

modeling to predict drug potency (efficacy or toxicity) are not accurate because they solely 

rely on the physicochemical properties of a drug compound and ignore drug concentration at 

site of action (Sliwoski et al., 2013). The target-site drug concentration depends on a 

complex interplay of multiple drug-related and physiological factors such as the activity of 

transporters and drug metabolizing enzymes (Bhatt et al., 2019). For example, decreased P-

glycoprotein (P-gp) mediated efflux is associated with the accumulation and dendritic spine 

injury of 8-hydroxy metabolite of efavirenz (Tovar-y-Romo et al., 2012). Other examples 

influenced by the enzymatic activation or transporters cause kidney toxicity of the antiviral 

drugs, tenofovir, and cidofovir (Zhang et al., 2015). Further, enterohepatic recycling of drugs 

and metabolites involving drug transport and gut microbial metabolisms also impacts 

intestinal exposure and systemic half-life of drugs (Sun et al., 2019). Therefore, a systems 

level understanding of the interplay between intracellular and systemic drug disposition 

processes is crucial for an accurate prediction of target-site exposure, efficacy, and safety of 

drugs that undergo complex disposition. A widely used topoisomerase I inhibitor and 

colorectal and pancreas cancer prodrug, irinotecan (Gilbert et al., 2012), is one such drug 

which causes dose-limiting gastrointestinal (GI) toxicity after an intravenous (IV) dose.   

Irinotecan is given as a prodrug due to its better solubility for IV administration and to avoid 

high systemic exposure of the toxic metabolite, SN38 (Hageman and Morozowich, 2007).  

After IV irinotecan dose, cholinergic diarrhea occurs immediately, which is followed by a late 

onset severe diarrhea due to the direct toxicity in GI mucosa that is also influenced by GI 

dysmotility. In particular, irinotecan induces apoptosis and hyperproliferation in both the 

small and the large intestine in the later stages (Gibson and Keefe, 2006).  Although the GI 
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toxicity is linked to the  metabolism and transport of irinotecan, (Di Martino et al., 2011; Chen 

et al., 2013; Teft et al., 2015) the preferential toxicity in the intestinal mucosa is not well 

understood. For example, carboxylesterase (CESs) and uridine glucuronosyltransferases 

(UGTs) are known enzymes responsible for irinotecan to SN-38 (active and toxic metabolite) 

(Pommier, 2006; Rivory and Robert, 1995) and SN-38 to SN-38-glucuronide (SN-38-G) 

conversion in the liver and intestine (Ando et al., 2000; Hanioka et al., 2001; Jinno et al., 

2003). Similarly, some membrane transporters also contribute significantly to the disposition 

and tissue distribution of irinotecan (Nakatomi et al., 2001; Lalloo et al., 2004; Nozawa et al., 

2005; Fujita et al., 2016) and the conversion of SN-38-G to SN-38 by gut microbial β-

glucuronidase (GUS) has shown to be associated with the dose-limiting GI toxicity (Bhatt et 

al., 2020). But to what extent individual disposition processes contribute to irinotecan and 

SN-38 disposition in the intestine is not well characterized. To fill this knowledge gap, we 

hypothesized that integration of the in vitro metabolism and transport data of irinotecan and 

its metabolites with quantitative abundance of individual enzymes and transporters in each 

organ can explain tissue-specific exposure of its toxic metabolite, SN-38. 

We estimated the quantitative contributions of metabolism and transport pathways involved 

in irinotecan intestinal exposure. First, we determined the in vitro kinetics parameters of 

metabolism, uptake and efflux transport of irinotecan and its metabolites.  These data were 

then normalized by the tissue specific protein abundance of the enzymes and transporters to 

estimate individual contributions of these processes in irinotecan disposition in human 

intestine, liver, and kidney. In addition, we investigated SN-38 reactivation by gut microbial 

β-glucuronidases in human fecal homogenates using a previously established 

chemoproteomics strategy (Jariwala et al., 2020). By integrating these data, we answered a) 

why does irinotecan show high intestinal exposure and GI specific toxicity after intravenous 

dose, and b) why do irinotecan and SN-38 mainly eliminated in the feces but the SN-38-G is 

excreted mainly in the urine (Slatter et al., 2000). 
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Although in vivo imaging and in vitro approaches have been used to estimate tissue drug 

concentrations (Mateus et al., 2017; Guo et al., 2018), these models do not provide 

mechanistic information regarding multiple factors linking host enzymes-transporters and the 

gut microbiota. The novel quantitative approach developed here can be applied to predict 

tissue exposure and toxicity of drugs undergoing multi-process disposition, e.g., 

enterohepatic recirculation, transporter-enzyme interplay, and the gut microbiome 

contribution. 

 

2. MATERIALS AND METHODS 

2.1 Materials 

Irinotecan, SN-38, and SN-38-G were purchased from PerkinElmer (Waltham, MA, USA). 

Bovine serum albumin (BSA), dithiothreitol (DTT), iodoacetamide (IAA), and trypsin protease 

(mass-spectroscopy grade), phosphate-buffered saline (PBS) and Hank's balanced salt 

solution (HBSS), hepatocyte maintenance supplement pack (Serum-free), membrane protein 

extraction kit (Mem-PER Plus kit), and bicinchoninic acid assay (BCA) kit were purchased 

from Thermo Fisher Scientific (Rockford, IL). Recombinant UGT and CES enzymes were 

procured from Corning (Riverfront, NY). Human liver S9 (pool of n = 10) and intestinal S9 

(pool of n = 15) fractions were purchased from Sekisui XenoTech LLC (Kansas City, KS). 

Membrane vesicle (MV) or cell-lines overexpressing P-gp, breast cancer resistant protein 

(BCRP), multidrug resistance-associated proteins (MRP2, MRP3, and MRP4), organic anion 

transporting polypeptide (OATP1B1 and OATP2B1) transporters were provided by Solvo 

Biotechnology (Budapest, Hungary). The multiscreenTM HTS Vacuum Manifold and 96-well 

filter plates with class B glass fiber filters were obtained from EMD Millipore (Billerica, MA). 

Dulbecco’s Modified Eagle medium (DMEM), penicillin-streptomycin, alamethicin, uridine 5′-

diphosphoglucuronic acid trisodium salt (UDPGA), adenosine 5′-triphosphate (ATP) 

disodium salt, adenosine 5′-monophosphate (AMP) monohydrate, magnesium chloride 

(MgCl2), glutathione, tris [hydroxymethyl] aminomethane (Tris-Base), NaCl, sucrose, 3-[N-

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on June 1, 2021 as DOI: 10.1124/dmd.121.000476

 at A
SPE

T
 Journals on A

pril 10, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


9 
 

morpholino] propanesulfonic acid (MOPS), epitestosterone, and epitestosterone glucuronide 

were purchased from Sigma Aldrich (St. Louis, MO). Poly-D-lysin coated 24-well tissue 

culture plates were from BD biosciences, (Franklin Lakes, NJ). Stable isotope-labeled 

(heavy) peptides and synthetic unlabeled (light) peptides for targeted proteomics assay were 

purchased from Thermo Fisher Scientific (Rockford, IL) and New England Peptides (Boston, 

MA), respectively. All other reagents and chemicals were purchased from commercial 

suppliers offering the highest purity.  

 

2.2.  Outline of experimental workflow  

A systematic workflow used for the quantitative characterization of irinotecan disposition 

involved the following five steps (Figure S1).  

I. Determination of the metabolic intrinsic clearance of irinotecan and SN-38 by 

recombinant CESs and UGTs, respectively. 

II. Confirmation of the rate-determining steps in irinotecan metabolism in S9 fractions 

and hepatocytes. 

III. Determination of the uptake and efflux transport intrinsic clearance of irinotecan, 

SN-38, and SN-38-G using in vitro cellular uptake or vesicular assay. 

IV. Estimation of the relative contributions of individual enzymes and transporters 

(fractional metabolism, fm and fractional transport, ft) by quantifying and comparing 

the protein abundance data in in vitro systems versus liver, intestine, and kidney 

tissues. 

V. Investigation of SN-38 reactivation by gut bacterial β-glucuronidases in human 

fecal homogenate. 

 

2.1 Irinotecan and SN-38 metabolism in recombinant enzymes, S9 fractions and 

hepatocytes 
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Metabolic intrinsic clearances of irinotecan and SN-38 were determined by incubation in 

individual recombinant enzymes using an established method (Hanioka et al., 2001). 

Sequential metabolism of irinotecan in human liver and intestinal S9 fractions was 

investigated as done previously (Zhang et al., 2018). The relative contributions of CESs and 

UGTs on irinotecan and SN-38 metabolism were characterized in cryopreserved individual 

human hepatocytes (n = 3 donors) (Lau et al., 2002). Briefly, the potential of irinotecan 

metabolism by CES1 and CES2 was estimated by incubating irinotecan (5 and 10 µM) with 

10 µg of recombinant CES1 and CES2 in 50 mM Tris buffer (pH 7.0) in 100 µL incubation 

volume. The reaction was performed for 15 minutes at 37 °C with gentle shaking and 

quenched by the addition of ice-cold 200 μL of 1:1 acetonitrile: formic acid (0.2%) containing 

internal standard (10 ng/mL epitestosterone). The reaction mix was centrifuged at 10000 x g 

for 5 minutes at 4 °C to remove the cell debris and the supernatant was collected to quantify 

the metabolite formation by LC-MS/MS. Since the screening assay indicated the involvement 

of CES1 and CES2 in irinotecan hydrolysis, a detailed irinotecan metabolism kinetics assay 

was performed following the same protocol across a wide concentration range, 1 - 400 µM. 

SN-38 formation was monitored in the incubation buffer to estimate the non-enzymatic 

hydrolysis of irinotecan.  

SN-38 (5 and 10 µM) was incubated with recombinant UGT1A1, UGT1A4, UGT1A6, 

UGT1A9, UGT2B7, UGT2B15, and UGT2B17 enzymes (20 µg per reaction) to identify 

UGTs involved in SN-38 glucuronidation. The assay was performed at pH 7.4 in 100 µL of 

buffer consisted of 5 mM MgCl2, 100 mM KPO4, alamethicin (0.2 mg/mL, final concentration), 

and BSA (0.2%). After addition of the substrate and the enzyme, the buffer system was pre-

incubated on ice for 15 minutes to allow microsomal pore formation by alamethicin. The 

glucuronidation was initiated by adding 2.5 mM UDPGA. After 30 minute incubation at 37 °C 

with gentle shaking, the reaction was stopped by addition 200 μl ice-cold acetonitrile:0.2% 

formic acid (1:1; volume:volume) containing internal standard (10 ng/mL epitestosterone 

glucuronide). In parallel, the reaction was also performed in the absence of UDPGA 

(negative control). The reaction mix was centrifuged at 10000 x g for 5 minutes at 4 °C to 
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remove precipitated proteins and the supernatant was collected to quantify the metabolite 

formed. The metabolism kinetic experiment was conducted for the shortlisted UGTs. Briefly, 

SN-38 was incubated across 1-120 µM concentration range with and without UDPGA using 

the protocol described above. All reactions were carried out in triplicates. The concentration-

dependent SN-38 and SN-38-G formation were measured by a validated LC-MS/MS method 

(Table S1). The maximum velocity (Vmax) and the substrate concentration at half-maximum 

velocity (Km) were estimated, and the Vmax was normalized by tissue enzyme abundance 

(pmol/mg of total protein) (Table S2).  

Irinotecan (1-400 µM) and SN-38 (1-120 µM) were incubated with the human liver (a pool of 

n = 10) and intestinal (a pool of n = 15) S9 fractions (20 µg per reaction). UDPGA (2.5 mM) 

was added to the SN-38 metabolism reaction and incubated for 30 minutes in a buffer 

containing 5 mM MgCl2, 100 mM KH2PO4, alamethicin (0.2 mg/mL), and BSA (0.2%) at pH 

7.4. The metabolism was quenched by addition of 200 μL ice-cold 1:1 acetonitrile:0.2% 

formic acid containing corresponding epitestosterone (epiT) and epitestosterone glucuronide 

(epiTG) (i.e., the internal standards for SN-38 and SN-38-G, respectively). The reaction mix 

was centrifuged at 10000 x g for 5 minutes at 4 °C to remove the precipitated proteins. The 

supernatant was subjected to metabolite quantification by LC-MS/MS (Table S2).  

The liver and intestinal S9 fraction incubations were performed to quantify the sequential 

formation of SN-38 and SN-38-G by CESs and by UGTs, respectively. Briefly, irinotecan (1-

400 µM) was incubated for 30 minutes with the liver and intestinal S9 fractions (20 

µg/reaction) with and without 2.5 mM UDPGA in triplicates using the protocol described 

above. The reaction was quenched, and irinotecan, SN-38 and SN-38-G were quantified by 

LC-MS/MS (Table S1). The rate of metabolite formation was estimated and normalized by 

the tissue protein abundance (pmol/ mg of S9 protein). 

For irinotecan and SN38 metabolism in human hepatocytes, the cryopreserved cells were 

thawed at 37°C in a water-bath and transferred to a 50-mL tube containing 15 mL of 

suspension medium at 4°C. The cells were centrifuged at 600 rpm at 4°C for 5 minutes and 
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washed twice. The pellet was gently resuspended in the medium to a final density of 2 

million cells/mL. The viability of individual hepatocyte lots was determined by trypan blue 

staining method immediately after thawing and centrifugation. Both irinotecan and SN-38 

were tested at 1, 10 and 100 µM final concentrations. The incubations were carried out with 

0.5 x 106 hepatocytes/mL in 96-well plates at 37°C for 30 minutes. The reaction was stopped 

by the addition of 200 μL ice-cold 1:1 acetonitrile:0.2% formic acid containing 

epitestosterone and epitestosterone glucuronide (internal standards for SN-38 and SN-38-G, 

respectively) and the samples were centrifuged to collect the supernatants for LC-MS/MS 

analysis of irinotecan, SN-38 and SN-38-G (Table S1). UGT and CES enzymes were 

quantified in the same hepatocytes using method described below. 

 

2.2  Cellular and vesicular uptake transport assay of irinotecan, SN-38 and SN-38-

G 

First, active uptake of irinotecan, SN-38 and SN-38-G by hepatic and intestinal OATP 

transporters was investigated using a cellular transport assay as described previously (Izumi 

et al., 2015). We used HEK-293 and MDCK-II cells stably expressed OATP1B1 and 

OATP2B1, respectively. Briefly, transporter or mock-transfected HEK293 and MDCKII cells 

were grown in tissue culture flasks at 37 oC in Dulbecco’s modified Eagle medium (DMEM) 

supplemented with 10% fetal bovine serum, 1% nonessential amino acids, 2 mM L-

glutamine and 100 U/mL penicillin-streptomycin supplemented with 5% CO2 and 3 µg/mL 

puromycin. Approximately 4 x 105 cells were seeded per well in a poly-D-lysine-coated 24-

well plate. After 24 hrs, five mM sodium butyrate was added to the cells for another 24 hours 

to induce OATP expression. Cells were washed twice with 1X PBS and pre-incubated with 

300 µl HBSS for 10 minutes at 37 °C before incubation with medium containing irinotecan, 

SN-38 and SN-38-G for 5 minutes. Cells were washed three times with ice-cold 1X PBS and 

the cell pellet was lysed by adding acetonitrile containing the internal standards 

(epitestosterone for irinotecan and SN-38, epitestosterone glucuronide for SN-38-G). Cell 
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lysate was centrifuged at 10000 x g for 10 minutes and the supernatant was subjected to 

LC-MS/MS analysis. SN-38 and SN-38-G transport kinetics experiments were conducted for 

the shortlisted transporters (final concentrations, 1 to 200 µM). Further, total protein 

quantification was performed by BCA assay and transporter quantification by LC-MS/MS 

quantitative proteomics. Km and Vmax were calculated, and the Vmax was normalized by the 

transporter protein abundance in the cell system. Second, we characterized the role of 

hepatic and intestinal efflux transporters (P-gp, BCRP and MRPs) in the transport of 

irinotecan and its metabolites by vesicular uptake assay using ABC efflux transporter-

expressing MVs (Li et al., 2019).  The MVs were diluted in the transport buffer (40 mM 

MOPS-Tris (pH 7.0), 70 mM KCl, and 7.5 mM MgCl2 for MRP2-vesicles, and 10 mM Tris-

HCl, 10 mM MgCl2, and 250 mM sucrose for BCRP, MDR1, MRP3 and MRP4-vesicles) and 

added (50 µL/well) to a 96-well plate on ice. The transport of irinotecan, SN-38 and SN-38-G 

(1 µM) was initiated by adding 25 µL AMP or ATP (4 mM) at 37°C for 20 (irinotecan and SN-

38) or 30 seconds (SN-38-G). The reaction was stopped by the addition of 200 μL ice-cold 

washing buffer (40 mM MOPS-Tris, pH 7.0, 70 mM KCl), which was washed for 5 times with 

200 μL of ice-cold wash buffer. The MVs were eluted with 100 μL of 1:1 acetonitrile:0.2% 

formic acid containing corresponding deuterated internal standards and kept 1 hour at room 

temperature for vesicle lysis. The lysed vesicles containing substrates were collected 

through the vacuum filtration into a 96-well collector plate. The plate was centrifuged at 3000 

xg for 2 minutes to collect the supernatant and subjected to substrate quantification by LC-

MS/MS. Transport kinetics data were obtained for the shortlisted transporters with a 

concentration range (1 to 200 μM). Transport kinetic parameters (Vmax and Km) were 

estimated and normalized by the protein abundance (pmol/ mg of total protein) in the in vitro 

system. 

 

2.3 Quantification of CESs, UGTs, and transporter proteins 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on June 1, 2021 as DOI: 10.1124/dmd.121.000476

 at A
SPE

T
 Journals on A

pril 10, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


14 
 

The protein abundance of enzymes and transporters was quantified in the recombinant 

systems, S9 fractions, transporter-expressed cell system, cryopreserved hepatocytes, and 

tissues (liver, intestine, kidney, lung) using optimized LC-MS/MS methods  (Table S1) (Xu et 

al., 2017). The crude membranes were isolated from the cell pellets using a membrane 

protein extraction kit (Thermo Fisher Scientific, Rockford, IL). Approximately 10 million cells 

were suspended with the permeabilization buffer (250 μL) and gently mixed and kept on a 

compact digital waving rotator (Thermo Fisher Scientific, Rockford, IL) for 30 minutes (4°C) 

at 300 rpm. The permeabilized cell suspension was centrifuged at 16000 x g for 15 minutes 

(4°C). The pellet was resuspended with solubilization buffer (250 μL), gently mixed, 

incubated for 60 minutes at 300 rpm (4°C), and centrifuged at 16,000 x g for 15 minutes 

(4°C). The supernatant containing membrane proteins was collected and the total protein 

concentration was measured by BCA assay. Eighty μL of 2 mg/mL protein sample was 

mixed with 30 μL ammonium bicarbonate buffer (100 mM, pH 7.8), 10 μL dithiothreitol (250 

mM), 20 μL BSA (0.02 mg/mL), followed by heat denaturation and 10 minutes reduction at 

95 °C. Ten μL of iodoacetamide (100 mM) was added after cooling at room temperature and 

kept in dark for 30 minutes. Ice-cold acetone (500 μL) was added to the sample, which was 

kept at -20 °C for 30 minutes before centrifugation at 16000 x g for 5 minutes at 4°C. Protein 

pellet was washed with 500 µL methanol and the sample was centrifuged at 8000 x g for 5 

minutes at 4°C and the pellet was collected after air drying. The pellet was resuspended with 

60 μL ammonium bicarbonate (50 mM, pH 7.8) and 20 μL trypsin (0.16 μg/μL) for 16 hours 

at 300 rpm (37 °C). Trypsin digestion was quenched on ice with addition of 20 μL of stable 

isotope labeled peptide cocktail (internal standard) and 10 μL acetonitrile: water 80:20 (v/v) 

with 0.5% formic acid. The sample was prepared by centrifuging at 8000 x g for 5 minutes (4 

°C), and the supernatants (50 μL) were subjected to LC-MS/MS quantifications. Previously 

characterized pooled human liver microsome and liver membrane samples were digested 

and used as calibrators for the quantification of enzymes and transporters, respectively 

(Zhang et al., 2018). 
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2.4 SN-38-G to SN-38 reactivation by gut bacterial β-d-glucuronidase in human 

fecal samples  

Human fecal samples were collected and stored at –80°C until further use.  Characterization 

of the bacterial flora and ethical concerns was previously reported by us, where the total 

fecal protein was extracted (Jariwala et al., 2020) to quantify SN-38 reactivation rate by the 

bacterial β-d-glucuronidase. In brief, approximately 5 gram of thawed fecal material in a 

solution containing 25 mL of cold extraction buffer (pH 6.5, 25 mM HEPES, 25 mM NaCl with 

Roche cOmpleteTM protease inhibitor cocktail) and 500 mg of autoclaved garnet beads was 

vortexed vigorously to break up dense, fibrous material. The suspended sample was 

centrifuged at low speed (300 x g, 5 min., 4 °C) to separate out any insoluble fecal material. 

After decanting the microbial supernatant from the fecal homogenate, an additional 25 mL of 

cold extraction buffer was added to the remaining fibrous material and the extraction process 

was repeated. The combined microbial supernatant (~40–45 mL) was centrifuged at low 

speed to remove any remaining insoluble debris. This process was repeated with the 

decanted microbial supernatant. The microbial supernatant was ultrasonicated for 1.5 

minutes while on ice. The lysate was mixed by inversion and the sonication repeated. The 

lysed cells were centrifuged at high speed (17,000 x g, 20 min., 4°C) to remove cellular 

debris. The decanted lysate was concentrated, and metabolites were removed by buffer 

exchanging with fresh extraction buffer. The concentration of total protein in the fecal extract 

was calculated using a standard Bradford Assay protocol. The human fecal extract was 

aliquoted and snap frozen using liquid nitrogen. The aliquots were stored at –80°C until 

further use. Relative quantifications of bacterial β-d-glucuronidase enzymes from the fecal 

extracts were obtained following a previously described protocol (Jariwala et al., 2020). 

Relative quantification values were reported as label free quantification (LFQ) intensities, 
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which were normalized, and combined peptide signal intensities as determined by the 

MaxLFQ algorithm in MaxQuant (Jariwala et al., 2020). 

 

2.5 Data analysis of drug metabolism, transport, and microbial re-activation  

Irinotecan and SN-38 metabolite formation kinetic parameters were estimated by fitting the 

Michaelis-Menten equation (Eq. 1) in GraphPad Prism (ver. 5.0) (La Jolla, CA). 

Y = (Vmax X S) / (Km + S) (1) 

Where, Y is the metabolite formation rate of SN-38 and SN-38-G (pmol/min/pmol of protein), 

S is the substrate concentration in the reaction (μM), Km is the Michaelis-Menten constant 

(μM) and Vmax is the maximum rate. The metabolism rate was normalized by the enzyme 

abundance in the recombinant versus human tissues (liver, intestine, and kidney). To 

address the non-enzymatic degradation, SN-38 formation was subtracted from the value in 

the incubation buffer. The vesicular and cellular uptake kinetic parameters were estimated 

using Michaelis-Menten equation (Eq. 1) after subtracting the passive uptake in the mock-

transfected system. Transport data were normalized by the protein abundance value (pmol 

per mg protein). The % of inside-out data of the MVs from our previous study (Li et al., 2019) 

was used to normalize the transport kinetic parameters.  

Two-sided Student’s t-test was used to determine the statistical significance of the 

differences between the control (e.g., mock transfected cells, vesicles, or without UDPGA 

incubations) verses metabolism/transport data in recombinant systems and with cofactors. 

The results are expressed as mean ± SD. The Pearson correlation between SN-38-G 

deglucuronidation and β-glucuronidase (LFQ) was obtained using GraphPad Prism (ver. 

5.0). P value <0.05 was considered statistically significant. 

 

2.6 In vitro to in vivo scaling of fractional contribution of individual enzyme and 

transporter  
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A summary of stepwise scaling approach to determine fractional contributions of individual 

enzymes and transporters in irinotecan disposition is provided below and elaborated in 

Supporting information.  

1. The CES and UGT mediated intrinsic clearance (CL) data were normalized by the 

abundance of individual enzymes in the recombinant system (Eq. 2).  

CLrecombinant = Vmax/Km x Erecombinant (2) 

Where, Erecombinant is the enzyme abundance in the recombinant system (Table S2).  

2. The tissue intrinsic clearance (CL,tissue) of individual enzymes in whole organ was 

estimated using Eq. 3. 

CL,tissue = CLrecombinant x Etissue (3) 

3.  The tissue intrinsic clearance for CES or UGT was used to calculate the total intrinsic 

clearance using Eqs. 4 and 5. 

CLtotal,CES (SN-38) = CLCES1 + CLCES2 (4) 

CLtotal,UGT (SN-38-G)= CLUGT1A1+  CLUGT1A6+ CLUGT1A9+ CLUGT2B15 (5) 

4. The scaled total clearance allowed the calculation of fractional metabolism (ƒm) of 

irinotecan and SN-38 by individual CES and UGT in vivo using Eq. 6 

ƒm = CLI,DME/ CLtotal (6) 

CLI,DME is the tissue intrinsic clearance of individual enzymes 

Similarly, in vitro transport kinetics were used to estimate the fractional contribution (ƒt) of 

each transporter (Li et al., 2019), where the intrinsic clearance for vesicular uptake was 

calculated using in vitro transport kinetics data normalized by % of inside-out of the 

transporters in the vesicular system (Eq. 7). 

CLint, vesicles = (Vmax,vesicles/Km, vesicles)x 1/Evesicles x % inside-out (7) 
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The vesicular and cellular intrinsic clearance was scaled to tissue intrinsic CL using 

transporter expression data, where, ƒt was estimated similar to approaches described for 

metabolism using Eq. 8-13 

CL = CLint,vesicles x Etissue,total (8) 

CLtotal,ABC,(irino) = CLP-gp + CLMRP2  + CLBCRP (9) 

CLtotal,ABC,(SN-38) = CLP-gp +  CLBCRP  (10) 

CLtotal,SLC,(SN-38) = CLOATP1B1 + CLOATP2B1  (11) 

CLtotal,ABC,(SN-38-G) = CLMRP2  + CLMRP3  + CLBCRP (12) 

ƒt = CLI,transporter/ CLtotal (13) 

Where, CLI,transporter is the tissue intrinsic clearance of individual transporters. 

 

3. RESULT 

3.1 Irinotecan and SN-38 metabolism by recombinant CES and UGT enzymes 

CES2 hydrolyzed irinotecan to SN-38 more efficiently than CES1 (Figure S2). Non-

enzymatic hydrolysis of irinotecan to SN-38 was also observed, which was subtracted prior 

to enzyme kinetics estimation. The kinetics assay confirmed ~7-fold higher intrinsic 

clearance of CES2 than CES1 (Figure 1A and Table 1).  In particular, CES2 showed ~2-

fold lower affinity (2-fold higher Km) and 11-fold greater capacity (Vmax) for irinotecan 

hydrolysis consistent with literature (Humerickhouse et al., 2000) (Table 1). However, overall 

slower rate of CES-mediated irinotecan hydrolysis to SN-38 was consistent as reported for 

other exogenous compound such as mycophenolate mofetil (Fujiyama et al., 2010), procaine 

and ACE inhibitors (Di, 2019). 

Likewise, the initial screening assay identified that SN-38 is glucuronidated to SN-38-G by 

UGT1A1, 1A6, 1A9 and 2B15 (Figure S2). According to the kinetics assay, UGT1A1 was 

confirmed to be the high-capacity enzyme for SN-38 glucuronidation with >20-fold higher 
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Vmax compared to other UGTs (Figure 1B, Table 1). The affinity of SN-38 towards UGTs 

was similar across UGT1A1, UGT1A6, and UGT1A9, but it was ~5-fold lower for UGT2B15 

(Table 1).  

 

3.2 Irinotecan and SN-38 metabolism in human tissue S9 fractions 

SN-38 formation rate was 3-fold higher in the intestinal S9 fraction than in the liver S9, 

however, SN-38-G formation rate was 3-fold lower in the intestinal S9 (Figure 2A). The 

quantification of metabolite formation rates across different concentrations (3-400 µM) in S9 

fractions revealed 6-fold higher SN-38-G levels as compared to SN-38 in the liver. In 

contrast, SN-38 to SN-38-G ratio was 3-fold in the intestine (Figure 2A). The direct 

incubation of SN-38 in S9 fractions in the presence of UDPGA showed 3-fold greater SN-38-

G formation rate in the liver than in the intestine (Figure 2B). Likewise, the percent of 

unmetabolized SN-38 was 3-fold lower in the liver than in the intestinal S9 (Figure S4).  

When SN38 was directly incubated in the S9 fractions, the ratio of SN-38 and SN-38-G 

formation was significantly lower in the liver and compared to the intestine (Figure 2C), 

whereas significantly higher SN-38-G formation was observed in the liver (Figure 2D) as 

compared to the intestine.  

 

3.3 Irinotecan and SN-38 metabolism in cryopreserved human hepatocytes 

Irinotecan and SN-38 metabolism in human hepatocytes (n=3) was in line to that in the 

recombinant and the S9 fraction data (Figure S5). The sequential metabolism of irinotecan 

showed significantly slower SN-38-G formation rate than the direct metabolism of SN-38 to 

SN-38-G. Similarly, SN-38 to irinotecan ratio was significantly lower than SN-38-G to SN-38 

ratio in the human hepatocytes (Figure 2E and 2F). While CES-mediated hydrolysis was 

linear with the concentration, UGT mediated SN-38-G formation was saturable at higher 

concentrations (Figure 2G). 
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3.4 Vesicular transporter uptake of irinotecan, SN-38 and SN-38-G 

Irinotecan, SN-38 and SN-38-G are actively transported by P-gp, MRP2 and BCRP. In 

addition, SN-38 and SN-38-G are also transported by MRP3. None of these compounds 

were substrates of MRP4 (Figure S3). Irinotecan showed highest affinity for P-gp followed 

by BCRP > MRP2 (Table 1). However, the protein-normalized intrinsic clearance of 

irinotecan transport (CL) was highest for BCRP than P-gp > MRP2. BCRP showed highest 

transport efficiency for SN-38 and SN-38-G (Figure 3A to 3C). P-gp showed ~2-fold greater 

affinity and ~25-fold higher CL for irinotecan as compared to MRP2, whereas irinotecan CL 

by P-gp did not differ from that of BCRP (Table 1). P-gp and BCRP showed similar affinity 

for SN-38, but BCRP mediated efflux was ~2-fold greater (Table 1). BCRP mediated CL was 

>70-fold higher for SN-38-G as compared to that by MRPs (Table 1).  

 

3.5 OATP mediated transport of irinotecan, SN-38, and SN-38-G  

Irinotecan was not actively transported by OATP1B1 and OATP2B1 expressing cells, but 

SN-38 showed significant uptake by OATP1B1 and OATP2B1 as compared to the mock-

control cells (Figure 3).  OATP1B1 mediated hepatic uptake of SN-38 showed significantly 

lower affinity (66-fold higher Km) and high capacity (300-fold high Vmax) as compared to 

OATP2B1 (Figure 3D to 3F, and Table 1). 

 

3.6 Fractional contributions of individual enzymes (fm) and transporters (ft) to 

irinotecan disposition  

Although CES2 is the major enzyme in the metabolism of irinotecan to SN-38 in vitro using 

the recombinant system, after normalization by the tissue abundance of CES enzymes, the 

estimated fm of CES1 and CES2 in the liver in irinotecan hydrolysis was comparable (53% 

and 47%, respectively). CES1 levels were 65-fold lower in the intestine, and hence CES2 
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was the primary intestinal esterase for irinotecan hydrolysis (Figure 4A, Table S3). UGT-

mediated SN-38-G formation was primarily mediated by UGT1A1 with small contributions of 

UGT1A9, UGT1A6, and UGT2B15. After normalizing with the tissue UGT abundance data, 

the hepatic fm value of UGTs were in the following order: UGT1A1 >> UGT1A9 > UGT2B15 > 

UGT1A6 (0.62:0.31:0.06:0.02) (Figure 4B, Table S4). In the intestine, UGT1A1 was the only 

enzyme responsible for SN-38-G clearance (Figure S2), whereas UGT1A9 was estimated to 

play predominant role in SN-38-G formation in the kidney (fm = 0.98) (Figure 4B).  

The ft values of different efflux transporters in irinotecan transport were in the following order 

P-gp >> BCRP > MRP2, irrespective of the organs (liver, intestine, or kidney) (Figure 4C, 

Table S5). The P-gp and BCRP mediated biliary efflux of SN-38 was comparable, whereas 

90% of SN-38 was transported by P-gp in the kidney (Figure 4D).  BCRP was the 

predominant transporter for SN-38-G with ft value of 60-80% in the liver, intestine, and 

kidney, however, MRP3 was the sole contributor in SN-38-G efflux into the blood from the 

liver and enterocytes (Figure 4E, Table S6). OATP1B1 was the predominant player in SN-

38 and SN-38-G uptake into the liver, whereas, OATP2B1 was solely responsible for SN-38 

uptake in the intestine (Figure 4F). 

 

3.7 SN-38-G to SN-38 reactivation by gut bacterial β-glucuronidase activity in 

human fecal samples 

SN-38 incubation in the human fecal samples (n=7) showed significant β-glucuronidase 

mediated SN-38-G reactivation to SN-38. The rate of SN-38 formation was variable by 4-fold 

between samples (Figure 5A).  Total β-glucuronidase protein levels were measured by an 

activity-based probe-enabled proteomics pipeline as described (Jariwala et al., 2020). LFQ 

values of β-glucuronidase protein levels were correlated with SN-38 reactivation rate 

(Pearson R = 0.89) (Figure 5B).   
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DISCUSSION 

Current in vitro and preclinical drug toxicity data often fail to predict drug safety in humans. 

The lack of an in vitro or preclinical approach for estimating tissue drug concentration is one 

of the major reasons for unpredictable toxicity. The tissue drug concentration often depends 

on complex interplay between drug metabolism and transport processes. Furthermore, not 

only the host mechanisms, the gut microbial processing can also influence intestinal 

exposure, clinical PK (Sharma et al., 2019), efficacy and safety of drugs (Li et al., 2016).  

We explained the intestinal exposure and irinotecan toxicity by integrating in vitro data with 

tissue specific abundance of enzymes and transporters, and ex vivo gut microbiome data 

(Figure S1). To our knowledge, this is the first study that investigated the quantitative effect 

of the interplay of host enzymes, transporters, and the gut microbiome on irinotecan tissue-

specific disposition. Irinotecan hydrolysis to SN-38 was significantly higher in the intestine as 

compared to the liver (Figure 1), which corroborates with the higher intestinal abundance of 

CES2, the primary hydrolytic enzyme involved in SN-38 formation (Basit et al., 2020). 

Irinotecan hydrolysis to SN-38 was limited in the liver due to poor hepatic abundance of 

CES2. Unlike previous studies, (Iyer et al., 2002; Liu et al., 2008; Palomaki et al., 2009) 

where UGT1A1 was considered the major contributor to SN-38-G formation, our data 

suggest that UGT1A9 also plays a significant role in this process in the liver and kidney. 

Nevertheless, UGT1A1 is considered as the most important enzyme for SN-38 

glucuronidation clinically that is confirmed by genetic polymorphism studies and leads to the 

dose reduction recommendations by the FDA for the carriers of UGT1A1*28  (Innocenti et 

al., 2014; Palomaki et al., 2009; Liu et al., 2008). The genetic polymorphisms in UGT1A9 

leading to an increased (UGT1A9*22) or decreased (UGT1A9 −118 (dT)9/9) activity tended 

to show an associated with a decreased (Carlini et al., 2005) or increased GI-toxicity (Inoue 

et al., 2013) of irinotecan, respectively, however, the clinical data are inconclusive. P-gp, 

BCRP, MRP2 MRP3, OATP1B1, and OATP2B1 are involved in the transport of irinotecan 

and its metabolites (Nakatomi et al., 2001; Lalloo et al., 2004; Nozawa et al., 2005; Fujita et 
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al., 2016). However, based on our protein abundance data, P-gp and BCRP are the major 

contributors in the transport of irinotecan and its metabolites. This corroborates with a 

significantly higher exposure of irinotecan and SN-38 observed in patients with P-gp 

polymorphism, 1236C > T (Zhou et al., 2005). Similarly, the accumulation of SN-38 and SN-

38-G has been observed in the carriers of BCRP-Q141K allele (de Jong et al., 2004). The 

role of MRP3 in SN-38-G transport was identified for the first time (Figure 6A). The latter 

explains higher plasma and urine levels of SN-38-G after its basolateral efflux from the 

enterocyte and the hepatocytes into the blood (Chen et al., 2012). We also identified that 

OATP1B1 actively transports SN-38-G into the liver, which further allows more intestinal SN-

38 reactivation through biliary secretion and hydrolysis of SN-38-G (Figure 6A). Such, the 

recovery of SN-38-G in urine (Slatter et al., 2000) is likely as a result of MRP3 mediated 

basolateral efflux from the liver and enterocytes along with UGT1A9 mediated SN-38-G 

formation in the kidney.  SN-38 was identified to be a substrate of both OATP1B1 and 

OATP2B1, but not of the basolateral efflux transporters. This explains the higher hepatic 

uptake and intestinal exposure of SN-38 and its ultimate excretion into the feces. Although 

both OATP1B1 and OATP2B1 are expressed in the liver, only OATP2B1 is expressed in the 

intestine (Li et al., 2020).  Therefore, OATP2B1 likely contributes to SN-38 re-uptake from 

the gut lumen in addition to the passive diffusion (Figure 6A). SN-38 is indicated to be a 

moderate substrate of OATP1B3 (Yamaguchi et al., 2008), however, since OATP1B3 

expression is ~4-fold lower than OATP1B1 in the liver (Prasad et al., 2014) and it is not 

expressed in the intestine, we concluded that the role of OATP1B3 in the enterohepatic 

irinotecan disposition is limited. Therefore, we did not include OATP1B3 in this study. The 

tissue proteomics data suggest that CES mediated hydrolysis of irinotecan is the rate-limiting 

process in the liver, whereas SN-38 glucuronidation by UGT1A1 and its transport by 

intestinal and hepatic P-gp in the intestine allows greater intestinal exposure of SN-38. 

Intestinal P-gp, on the other hand, facilitates detoxification of the enterocytes.  These data 

were confirmed by sequential irinotecan metabolism, which clearly demonstrated that 

hepatic SN-38-G formation in the liver is higher than CES mediated SN-38 formation. 
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Contrarily, the higher SN-38 formation was estimated in the intestinal S9 because of the high 

CES2 activity in the intestine than the liver. Similarly, the unmetabolized amount of 

irinotecan in the liver S9 was higher than the intestinal S9 (Figure S4). Taken together, our 

data suggest poor elimination of SN-38-G in feces than the urine, whereas irinotecan and 

SN-38 were majorly eliminated into feces than the urine due to higher tissue exposure level 

consistent with the data from a reported mass-balance study (Mathijssen et al., 2004).  Since 

metabolism and transport mechanisms are susceptible to inter-individual variability (Turner 

et al., 2015), quantitative assessment of the role of individual mechanisms will allow 

explanation of variable irinotecan disposition and toxicity caused by factors such as drug-

drug interactions, genotype, sex, age, and disease conditions. Consistent with our data, 

several clinical drug-drug interactions and pharmacogenomic studies have confirmed the 

role of UGT1A1 and P-gp in irinotecan disposition and toxicity. For example, methimazole, a 

non-selective UGT  inhibitor, significantly increased SN-38 exposure when co-administered 

with irinotecan (van der Bol et al., 2011). Similarly, paclitaxel and cyclosporine have been 

shown to increase AUC or decrease clearance of  SN-38 likely due to P-gp and UGT1A1 

inhibition in liver and kidney, whereas, phenobarbital increases irinotecan clearance (27%) 

and reduces SN-38 AUC (75%) likely due to UGT induction (Innocenti et al., 2004; Asai et 

al., 2006). 

In addition to the host disposition mechanisms, we confirmed that the higher SN-38 

concentration in the intestine can be further nourished by β-d-glucuronidases leading to the 

higher exposure of the toxic metabolite as shown previously (Pellock et al., 2018; Bhatt et 

al., 2020).  However, due to wide inter-individual variability in gut-microbiota composition and 

difficulties in quantification, β-d-glucuronidases activity rate (SN-38 reactivation from SN-38-

G) was not incorporated into the tissue exposure estimation. Nevertheless, these results 

explain poor detection of SN-38-G in feces. These data taken together with the intestinal 

OATP2B1 uptake, P-gp and BCRP efflux, and high CES2 metabolism in the enterocytes, 

confirmed that intestinal toxicity is a contribution of multiple competing factors such as i) 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on June 1, 2021 as DOI: 10.1124/dmd.121.000476

 at A
SPE

T
 Journals on A

pril 10, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


25 
 

passive diffusion of irinotecan and SN-38 into enterocytes, ii) formation and biliary or 

intestinal apical active efflux of SN-38 and iii) SN-38-G de-glucuronidation in the lumen by 

the gut microbiome. Apart from diarrhea, other toxicities of irinotecan such as neutropenia 

and myelosuppression have been observed in clinic, but the mechanisms are still unclear 

(Liu et al., 2008). However, the high expression of CES2 in bone marrow compared to CES1 

and the absence of UGTs (Uhlén et al., 2015) suggest that irinotecan hydrolysis is the likely 

cause of the toxicity. A detailed characterisation of the metabolism and transport 

mechanisms in bone marrow is warranted for a conclusive understanding of the toxicity 

mechanism.  

One of the major limitations of our study was the lack of intestinal tissue concentration data 

to validate the proteomics-based IVIVE predictions. Once the tissue concentration data are 

available, a comprehensive PBPK model can be developed and validated based on the data 

presented here. Irinotecan and SN-38 are highly lipophobic compounds with good 

membrane permeability, but we did not account passive diffusion in the ft calculation. 

However, passive diffusion should ideally be considered in tissue exposure estimation. 

Consistent with our data, biliary efflux and intestinal UGT1A1 mediated SN-38 metabolism 

has been proposed as a toxicity mechanism previously (Chen et al., 2013).  

In conclusion, this is the first study to our knowledge that integrates in vitro host metabolism 

and transport kinetics with tissue proteomics and gut microbial activation data of irinotecan 

and its metabolites to explain high intestinal SN-38 exposure and toxicity (Figure 6B). Key 

processes involved in SN-38 intestinal disposition were identified that can be leveraged to 

reduce toxicity. Since the fractional contributions of individual mechanisms (fm or ft) depends 

on the enzyme or transporter abundance, the inter-tissue or interindividual variability of 

irinotecan can be predicted by integrating the quantitative proteomics data with the in vitro 

intrinsic clearance data from this study along with other parameters (e.g., protein binding and 

blood flow to organs) using a PBPK model in the future. This approach can be extended to 

cancer cells to stratify responders and non-responders based on intracellular SN-38 
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formation.  Finally, the tissue-proteomics based quantitative model presented in this study 

can be applied to predict disposition and response of drugs undergoing complex 

metabolism, transport, and enterohepatic recycling such as statins, telmisartan, digoxin, and 

lamotrigine, Such tissue proteomics-informed drug disposition study is important for safe and 

cost-effective clinical trial design during drug development and reduce drug attrition due to 

unpredictable efficacy and safety outcomes.  
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FIGURE CAPTION 

Figure 1. Mechanisms of irinotecan and SN-38 metabolism. 

Figure 2. Metabolism of irinotecan in human liver and intestine S9 fractions, and human    

hepatocytes. 

Figure 3. In vitro uptake and efflux transport kinetics of irinotecan, SN-38, and SN-38-G. 

Figure 4. Fractional contributions of individual enzymes (fm) and transporters (ft) to the 

clearance of irinotecan, SN-38, and SN-38-G in different tissues. 

Figure 5. Re-activation of SN-38 from SN-38-G by bacterial β-glucuronidase. 

Figure 6. Tissue distribution and mechanistic disposition mechanism of irinotecan, SN-38 

and SN-38-G.   
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FIGURE LEGENDS 

Figure 1. Mechanisms of irinotecan and SN-38 metabolism. Sequential metabolism 

scheme of irinotecan by CES and UGT enzymes (A). Concentration-dependent SN-38 

formation (B) and SN-38-G formation (C) by CESs and UGTs, respectively. The kinetic 

parameters (Km and Vmax) were determined using non-linear regression model (Michaelis-

Menten) in GraphPad prism (V 5.1). Data represent the mean ± SD of triplicate experiments. 

 

Figure 2. Metabolism of irinotecan in human liver and intestine S9 fractions, and 

human hepatocytes. Concentration-dependent sequential metabolite formation rates of SN-

38 from irinotecan (1 - 400 µM) (A) SN-38-G from SN-38 (1 - 120 µM) (B) in the liver and 

intestinal S9 fractions. The ratio of SN-38 and SN-38-G formation rates in the sequential 

metabolism in the liver and the intestinal S9 showed significant tissue specific differences in 

the UGT and CES activities (C). Direct conversion of SN-38 to SN-38-G by UGT in the liver 

and the intestine S9 fractions showed higher activity in the liver (D). These data were 

reproduced in human hepatocyte experiment (E-G), where the ratio of SN-38 to irinotecan 

represents CES activity (E) and SN-38-G to SN-38 represents UGT activity (F). The total 

metabolites (SN-38 plus SN-38-G) to irinotecan ratio represents the interplay between CES 

and UGT activity (G). Data represent the mean ± SD of triplicate experiments. Significant 

differences between the hepatocytes lots (n=3) are indicated (***, p = 0.001). 

 

Figure 3. In vitro uptake and efflux transport kinetics of irinotecan, SN-38, and SN-38-

G. Concentration-dependent net transport of irinotecan (A), SN-38 (B), and SN-38-G (C). 

The net transport rates are expressed after normalization with the transporter protein 

abundance (pmol/mg of vesicular membrane protein). SN-38 net uptake by OATP1B1 (D), 

OATP2B1 (E) and SN-38-G by OATP1B1 (F). Mock transfected vesicles or cells were used 

as the negative controls and the transport rate was subtracted to estimate the net transporter 
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mediated uptake. Transport kinetics parameters (Km and Vmax) were estimated using non-

linear regression model (Michaelis-Menten) in GraphPad prism (V 5.1). Data represent the 

mean ± SD of triplicate experiments. 

 

Figure 4. Fractional contributions of individual enzymes (fm) and transporters (ft) to 

the clearance of irinotecan, SN-38, and SN-38-G in different tissues. Data represents 

the extrapolated and normalized fractional metabolism of each enzymes in human liver, 

intestine, kidney, heart, and lung (A and B). The fractional efflux transport (ft) for irinotecan 

(C), SN-38 (D), and SN-38-G (E), and ft for uptake transport of SN-38 (F) after scaling by the 

tissue proteomics data (pmol/ tissue).  

 

Figure 5. Re-activation of SN-38 from SN-38-G by bacterial β-glucuronidase. The 

reactivation rate was determined by incubating SN-38-G with the human fecal extracts (n=7; 

3 males and 3 females) (A). The bacterial β-glucuronidase enzyme abundance (LFQ 

intensity) showed good correlation with the SN38-G activation rate (B).   

 

Figure 6. Tissue distribution and mechanistic disposition mechanism of irinotecan, 

SN-38 and SN-38-G. Major metabolites and the corresponding enzymes/transporters are 

marked in bold (A). SN-38 and SN-38-G formation rates (%) in the liver and the intestine (B).  
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Table 1. Metabolism and transport kinetics parameters of irinotecan, SN-38, and SN-38-G.   

Substrate Enzyme/ 
Transporter 

Km, µM 
(95% CI) 

Vmax, pmol/min/mg 
protein (95% CI) 

Intrinsic CL 

(µl/min/pmol 
protein) 

Irinotecan CES1 150 (10-360) 202 (76-323) 0.0002 

CES2 351 (261-441) 2281 (1946-2615) 0.0016 

SN-38 UGT1A1 18.7 (8.0-29.3) 1283 (1035-1530) 0.56 

UGT1A6 17.1 (5.2-38.5) 30.8 (18.0-43.4) 0.01 

UGT1A9 11.6 (4-23.2) 30.7 (21.5-40.0) 0.16 

UGT2B15 85.18 (0-258) 61.5 (6.0-129) 0.01 

Irinotecan P-gp 20.4 (18-23) 14676 (14117-15236) 53.20 

BCRP 31.9 (22-42) 7993 (7173-8814) 67.57 

MRP2 40.1 (29-51) 6378 (5787-6987) 2.83 

SN-38 OATP1B1 267.2 (50-778) 8735 (4212-21682) 13.81 

OATP2B1 4.8 (2.5-7.0) 27.4 (24-31) 0.13 

P-gp 23.0 (19-27) 22389 (21216-23563) 72.11 

BCRP 26.5 (2-74) 17354 (1424-33285) 176.08 

SN-38-G OATP1B1 40.0 (13-67) 1011 (764-1258) 10.19 

BCRP 11.7 (3-20) 33829 (26484-41174) 775.35 

MRP2 13.62 (10-17) 8277 (7723-8832) 10.81 

MRP3 57.7 (2.3-113) 5365 (2817-7912) 0.67 
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