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Abstract
Aminobenzotriazole (ABT) is commonly used as a non- selective inhibitor of cy-
tochrome P450 (CYP) enzymes to assign contributions of CYP versus non- CYP 
pathways to the metabolism of new chemical entities. Despite widespread use, a 
systematic review of the drug–drug interaction (DDI) potential for ABT has not 
been published nor have the implications for using it in plated hepatocyte models 
for low clearance reaction phenotyping. The goal being to investigate the utility 
of ABT as a pan- CYP inhibitor for reaction phenotyping of low clearance com-
pounds by evaluating stability over the incubation period, inhibition potential 
against UGT and sulfotransferase enzymes, and interaction with nuclear recep-
tors involved in the regulation of drug metabolizing enzymes and transporters. 
Induction potential for additional inhibitors used to ascribe fraction metabolism 
(fm), pathway including erythromycin, ketoconazole, azamulin, atipamezole, 
ZY12201, and quinidine was also investigated. ABT significantly inhibited the 
clearance of a non- selective UGT substrate 4- methylumbelliferone, with several 
UGTs shown to be inhibited using selective probe substrates in human hepat-
ocytes and rUGTs. The inhibitors screened in the induction assay were shown 
to induce enzymes regulated through Aryl Hydrocarbon Receptor, Constitutive 
Androstane Receptor, and Pregnane X Receptor. Lastly, a case study identifying 
the mechanisms of a clinical DDI between Palbociclib and ARV- 471 is provided 
as an example of the potential consequences of using ABT to derive fm. This work 
demonstrates that ABT is not an ideal pan- CYP inhibitor for reaction phenotyp-
ing of low clearance compounds and establishes a workflow that can be used to 
enable robust characterization of other prospective inhibitors.
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INTRODUCTION

Drug–drug interactions (DDIs) are a concern with polyp-
harmacy as they can lead to toxicological observations or 
clinical failure. Therefore, assessing the potential for DDIs 
of new chemical entities (NCEs) is conducted both from 
the perspective of how the NCE exposure may be impacted 
(victim) as well as how the NCE may impact the exposure 
of co- medicants (perpetrator). Over the past few decades, 
a significant understanding of CYP enzymes has made it 
possible to design NCEs that are less prone to CYP metab-
olism and demonstrate reduced clearance.1,2 In molecules 
with low CYP metabolism, understanding the role of other 
drug metabolizing enzymes, such as UGTs, sulfotrans-
ferase (SULTs), aldehyde oxidase (AO), and carboxy-
lesterase (CES), among others, is crucial. In vitro reaction 
phenotyping studies are usually conducted to identify the 
drug metabolizing enzymes involved in the metabolism of 
an NCE, with regulatory agencies recommending clinical 
DDI studies if a single drug metabolizing enzyme contrib-
utes to greater than 25% of total clearance.3,4 In cases when 
more than one drug metabolizing enzyme is involved, it 
is valuable to determine the fraction metabolized (fm) by 
each enzyme in relation to total hepatic clearance to un-
derstand the potential for clinical variability and DDI. For 
moderate to high intrinsic clearance (Clint) drugs, fm can 

be calculated using relatively simple systems, like liver 
S9 with and without cofactors, such as NADPH for CYPs, 
UDPGA for UGTs, or PAPS for SULTs.5,6 However, this 
method is not appropriate for low clearance drugs.7

Long- term coculture systems, such as Hμrel and 
HepatoPac have emerged as invaluable tools for the pre-
diction of human pharmacokinetics for low Clint com-
pounds,8–11 with recent examples where their utility for 
reaction phenotyping shows promise.7,12,13 In these mod-
els, NCEs may be incubated with various inhibitors over 
longer durations, enabling DDI assessment and reaction 
phenotyping at a more relevant timescale. However, 
complete DDI assessment for several commonly used in-
hibitors, including ABT, azamulin, ketoconazole, eryth-
romycin, quinidine, ZY12201, and atipamezole, is still 
lacking. Whereas specific inhibitors for CYPs are well- 
characterized and widely used, enzymes including UGTs 
lack specific inhibitors.14 In such cases, pan- CYP inhibitors 
like ABT have been used to inhibit CYP metabolism and 
calculate fmUGT from ftotal. This method can theoretically 
be used for fm characterization of low Clint compounds, as 
long- term coculture systems can be treated with pan- CYP 
inhibitors followed by fm characterization.15

A concentration of 1 mM ABT is often used to inhibit 
CYPs for in vitro DDI studies.16–20 Although it has been 
reported that ABT can inhibit and induce activity of 

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
ABT is often used to delineate the contribution of CYPs versus non- CYP path-
ways to metabolic clearance. However, its drug–drug interaction (DDI) potential 
has not been systematically investigated.
WHAT QUESTION DID THIS STUDY ADDRESS?
ABT inhibits several UGT isoforms and induces enzymes regulated through 
AhR, CAR, and PXR thereby complicating the interpretation of fraction me-
tabolism through these pathways as highlighted using palbociclib as a case 
example.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
Palbociclib is reported to be a substrate of CYP3A and SULT2A1, however, the re-
sults here demonstrate the importance of glucuronidation in contributing to the 
observed clinical DDI with ARV- 471. This highlights the consequence of using 
ABT to define fraction metabolism and presents an opportunity for optimizing 
in vitro models for this purpose.
HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR 
TRANSLATIONAL SCIENCE?
Given that ABT inhibits/induces multiple CYPs and UGTs fraction metabo-
lism (fm) data generated using ABT should be interpreted with caution. If glu-
curonidation is determined to be a relevant metabolic pathway, ABT should 
not be used to assign fm for CYPs.
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non- CYP enzymes, only limited data have been published, 
and the impact of ABT on UGTs remains unreported.21–24 
In this series of experiments, the inhibition potential for 
ABT toward seven major UGT and eight major SULT iso-
forms was determined using recombinant enzymes and 
suspension hepatocytes. In addition, the induction poten-
tial for ABT and potential alternative inhibitors toward 
nuclear receptor pathways involved in the regulation of 
drug metabolizing enzymes was evaluated using long- 
term Hμrel coculture or relative induction score (RIS)- 
qualified sandwich cultured hepatocytes (Table S1).

Finally, the impact of using ABT as a nonselective CYP 
inhibitor on the interpretation of fm is demonstrated by 
using palbociclib as a case study. Palbociclib is a small mol-
ecule inhibitor of cyclin dependent kinases 4 and 6 used 
to treat cancers as a monotherapy or in combination with 
other drugs.25 Co- administration of palbociclib with ARV- 
471, a selective PROteolysis TArgeting Chimera (PROTAC) 
protein degrader targeting estrogen receptor to treat breast 
cancer,26 increased palbociclib exposure by ~50%, leading 
to higher incidence of neutropenia (https:// endpts. com/ 
arvin as-  repor ts-  delay -  for-  pfize r-  partn ered-  prote in-  degra 
datio n-  progr am/ ). ABT coupled with the hepatocyte relay 
assay was used for reaction phenotyping of palbociclib and 
assignment of CYP versus non- CYP pathways (new drug 
application [NDA] 207103). Mechanistic investigations into 
the DDI between palbociclib and ARV- 471 were conducted 
to determine the mechanisms behind unexpected increases 
in palbociclib exposure. Our data demonstrates that ABT 
inhibits multiple UGTs and therefore its use to determine 
fm by CYPs can lead to underestimation of non- CYP metab-
olism and in turn miss potential DDIs.

MATERIALS AND METHODS

Chemicals and reagents

ABT (Sigma- Aldrich), palbociclib sulfate (TRC), uridine 
5′- diphosphoglucuronic acid, UDPGA (Sigma- Aldrich), 
MgCl2 (Sigma- Aldrich), Alamethicin (Sigma- Aldrich), 
dimethyl sulfoxide, DMSO (Sigma- Aldrich), ACN (liq-
uid chromatography- mass spectrometry [LC–MS] grade; 
Fisher Chemical), ACN (Optima LC/MS grade, Fisher 
Chemical) formic acid (Fisher Chemical), potassium phos-
phate (Sigma- Aldrich) 5,5- diethyl- 1,3- diphenyl- 2- iminoba
rbituric acid (“39:an”; Sigma- Aldrich), D- Saccharolactone 
(Sigma- Aldrich), ultra- pure water (Millipore), recombi-
nant UGT supersomes (UGT1A1, UGT1A3, UGT1A4, 
UGT1A6, UGT1A9, UGT2B7, and UGT2B15; Corning), β- 
estradiol (Sigma- Aldrich), chenodeoxycholic acid (CDCA; 
Sigma- Aldrich), trifluoperazine (TFP; Sigma- Aldrich), 
serotonin (Sigma- Aldrich), propofol (Sigma- Aldrich), 

zidovudine (Sigma- Aldrich), oxazepam (Sigma- Aldrich), 
raloxifene (Sigma- Aldrich), dehydroepiandrosterone 
(DHEA; Sigma- Aldrich), DHEA- sulfate (Sigma- Aldrich), 
4- methylumbelliferone (4- MU; Sigma- Aldrich), palbo-
ciclib sulfate (Toronto Research Chemicals); recombi-
nant sulfotransferases (SULT1A1, SULT1A3, SULT1B1, 
SULT1C2, SULT1C4, SULT1E1, SULT2A1, and SULT2B1; 
R&D Systems), palbociclib, and ARV- 471 were synthe-
sized by AZ chemistry.

Stability of ABT and inhibition of 4- MU 
metabolism in Hμrel coculture

Mixed gender, five donor pooled hepatocytes in Hμrel 
co- culture 96- well plates were received from the vendor 
as “ready to use” (Table  S2). The media was changed, 
and cells were acclimatized in an incubator set at 37°C, 
5% CO2, for 24 h before initiation of any experiments. 
Following the acclimation period, the cells were treated 
with ABT, and samples were removed at designated time-
points to monitor for depletion of ABT.

The nonselective UGT substrate, 4- MU, was incubated 
with Hμrel and stromal only cells in the presence or ab-
sence of varying concentrations of ABT (0.125, 0.25, 0.5, 
0.75, and 1 mM), and half- maximal inhibitory concentra-
tion (IC50) was determined.

Evaluation of the impact of ABT on the 
activity of UGTs

Isoform- specific substrates β- estradiol, CDCA, TFP, 
serotonin, propofol, zidovudine, and oxazepam were in-
cubated at concentrations five times lower than the re-
ported Km values so that IC50 values would approximate 
Ki. Recombinant UGT 1A1, 1A3, 1A4, 1A6, 1A9, 2B7, and 
2B15 were purchased from Corning. Incubations were 
performed at 0.1 or 0.2 mg/mL for 30 min as described.27 
Inhibition of UGTs using specific probe substrates was 
also performed in mixed gender pooled cryopreserved 
human hepatocytes from BioIVT lot: MTJ.

Formation of glucuronide metabolites was monitored 
using liquid chromatography tandem mass spectrometry. 
IC50 values were corrected to free values using in silico ap-
proaches previously described.28

Evaluation of the impact of ABT on 
activity of SULTS

Raloxifene was used as a substrate for the evaluation of 
SULT inhibition by ABT. Recombinant SULTs SULT1A1, 

https://endpts.com/arvinas-reports-delay-for-pfizer-partnered-protein-degradation-program/
https://endpts.com/arvinas-reports-delay-for-pfizer-partnered-protein-degradation-program/
https://endpts.com/arvinas-reports-delay-for-pfizer-partnered-protein-degradation-program/
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SULT1A3, SULT1B1, SULT1C2, SULT1C4, SULT1E1, 
SULT2A1, and SULT2B1 were incubated at 20 μg/mL 
with or without 1 mM ABT in presence of PAPS as cofac-
tor. Loss of raloxifene parent was monitored using high 
resolution mass spectrometry to determine the inhibition 
potential of ABT on each SULT isoform.

Investigations into the induction 
potential of ABT and other commonly 
used inhibitors towards drug 
metabolizing enzymes

Mixed gender, five donor pooled hepatocytes in Hμrel co- 
culture 96- well plates were received from the vendor as 
“ready to use.” The media was changed, and cells were 
acclimatized in an incubator set at 37°C, 5% CO2, for 24 h 
before initiation of any experiments. The impact of ABT, 
erythromycin, azamulin, and positive controls for induc-
tion (omeprazole, phenobarbital, and rifampin) was de-
termined using Hμrel. For alternative potential inhibitors, 
the induction assessment was conducted using a single 
female donor HH1103 (In Vitro ADMET Laboratories, 
LLC), which has been qualified for RIS quantitative pre-
dictions. HH1103 was recovered and plated according to 
the vendor recommendations (Table S2). Test articles were 
prepared in DMSO and added to the culture at selected 
concentrations for 48 h with a media change at 24 h. Fold 
changes in mRNA were determined using TaqMan RT- 
PCR (reverse transcriptase polymerase chain reaction), 
and induction parameters were derived where possible. 
Positive controls for induction were included. CYP1A2, 
CYP2B6, and CYP3A4 mRNA levels changes were used as 
sensitive markers of Aryl Hydrocarbon Receptor (AhR), 
Constitutive Androstane Receptor (CAR), and Pregnane X 
Receptor (PXR) activation. In addition, for Hμrel samples, 
induction of UGT1A1, UGT1A6, CYP2C8, and CYP2C9 
was also evaluated.

Evaluation of the impact of ARV- 471 
on intrinsic clearance of palbociclib 
using Hμrel

Mixed gender, five donor pooled hepatocytes in Hμrel co- 
culture 96- well plates were received from the vendor as 
“ready to use.” The media was changed, and cells were 
acclimatized in an incubator set at 37°C, 5% CO2, for 24 h 
before initiation of any experiments. Incubation media 
was prepared by adding equivalent volumes of main-
tenance media and probing media and contained 2.5% 
fetal bovine serum (FBS). Palbociclib was incubated at a 
total concentration of 0.045 μM, which was set to result 

in an equal unbound concentration as the observed un-
bound peak plasma concentration at steady- state follow-
ing a 125 mg dose (0.038 μM). ARV- 471 was solubilized in 
90% DMSO containing 10% 1N HCL (hydrogen chloride). 
Varying concentrations of ARV- 471 were added to incu-
bation media (0, 0.3, 1, 3, 10, and 30 μM), and the final 
solvent concentration was 0.4%. Samples were removed at 
designated timepoints by adding an equivalent volume of 
quench containing 10 nM IS (39:an) directly to the well. 
The wells were scraped, and the intrinsic clearance was 
determined by generating PAR of analyte to IS using high 
resolution mass spectrometry (HRMS).

Evaluation of ARV- 471 as a 
direct or time- dependent inhibitor of 
CYP3A or SULT2A1

Varying concentrations of ARV- 471 were incubated 
with recombinant SULT2A1, and the formation of de-
hydroepiandrosterone sulfate (DHEAS) was monitored. 
The IC50 value was determined. The formation of palbo-
ciclib sulfate was monitored over the incubation time- 
course used in the Clint study to evaluate the impact 
of ARV- 471 on sulfate formation. The activity of 1'hy-
droxylation of midazolam and sulfation of DHEA were 
determined over the incubation time course as CYP3A 
and SULT2A1 are reported as the primary metabolic 
pathways for palbociclib. Maximal rate of metabolism 
concentrations of both substrates were used, and mi-
dazolam was incubated for 5 min, whereas DHEA was 
incubated for 15 min. In addition, the morphology, 
adenosine triphosphate content, lactate dehydrogenase, 
and MTT activity were determined at 10 and 30 μM as 
markers of cell health.

Biotransformation pathway of palbociclib 
in two long- term co- cultured human 
hepatocyte models

Significant metabolism of some substrates has been ob-
served to occur in stromal only cells used in the Hμrel 
model (Figure  S1 and data on file). Therefore, an ad-
ditional co- culture model containing all human cells, 
TruVivo, was used to clarify biotransformation path-
ways for palbociclib (donor demographics are located in 
Table  S2). Metabolite identification was conducted for 
palbociclib by incubating 5 μM palbociclib with Hμrel or 
TruVivo co- culture cells and feeder or stromal cells with 
and without 20 μM ARV- 471. Mixed gender, five donor 
pooled hepatocytes in Hμrel co- culture 96- well plates 
were received from the vendor as “ready to use.” The 
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media was changed, and cells were acclimatized in an 
incubator set at 37°C, 5% CO2, for 24 h before initiation 
of any experiments. Incubation media was prepared by 
adding equivalent volumes of maintenance media and 
probing media and contained 2.5% FBS. The TruVivo 
model was prepared according to the vendor recommen-
dations using a single female donor (2017942- 01). The 
TruVivo model was acclimated in an incubator set at 
37°C, 5% CO2 for 9 days post recovery and seeding. Media 
was changed daily. Samples were removed at designated 
timepoints by quenching with an equal volume of ACN 
and metabolite profiling was conducted using HRMS fol-
lowed by processing with the Oniro platform (Molecular 
Discovery, UK). Because the incubation concentration is 
much higher than clinically relevant, the Clint was also 
determined for comparison with the data derived at the 
anticipated clinical concentration.

RESULTS

Stability of ABT in Hμrel coculture and 
incubation with 4- MU

ABT was incubated with Hμrel up to 72 h, and concentra-
tions of ABT relative to 0 h were measured in media sam-
ples (Figure S1A). No significant loss of ABT was observed 
indicating ABT remained stable for 72 h in the presence of 
Hμrel co- culture cells.

To determine if ABT has any inhibitory effect on UGT, 
a nonselective UGT substrate29 4- MU was incubated with 
various concentrations of ABT ranging from (0–1 mM). 
IC50 of 4- MU inhibition was determined to be 0.661 mM 
(confidence interval 0.542–0.820) confirming the abil-
ity of ABT to inhibit UGTs (Figure  S1C). Additionally, 
Significant formation of 4- MU glucuronide was also ob-
served in stromal only cells (Figure S1B).

Identifying UGT and SULT isoforms 
inhibited by ABT

Recombinant UGTs were incubated with isoform- specific 
substrates in the presence of varying concentrations of 
ABT, and IC50 values were determined (Figure S2). UGT 
isoforms 1A1, 1A3, 1A4, 1A6, 1A9, 2B7, and 2B15 were in-
hibited by ABT (Table 1). In addition, suspended human 
hepatocytes were incubated with various isoform- specific 
UGT substrates in the presence of ABT. Isoforms 1A3, 
1A4, 1A9, 2B7, and 2B15 were inhibited by ABT (Table 1). 
UGT1A1 and 1A6 showed inhibition in recombinant UGT 
but was not inhibited in human hepatocytes.

Inhibition of SULT isoforms 1A1, 1A3, 1B1, 1C2, 1C4, 
1E1, 2A1, and 2B1 was performed using recombinant 
enzymes. No significant inhibition of any SULT isoform 
tested was observed when using raloxifene as a probe sub-
strate with 1 mM ABT (data not shown).

Induction of CYPs and UGTs in plated 
sandwich cultured hepatocytes and Hμrel 
coculture by ABT

Plated sandwich cultured human hepatocytes and Hμrel 
co- cultured hepatocytes were treated with several stand-
ard inhibitors for 48 h, and the mRNA fold changes rela-
tive to DMSO control were determined for CYP1A2, 
CYP2B6, and CYP3A4 as sensitive markers of AhR, CAR, 
and PXR, respectively. In Hμrel incubations, additional 
enzymes were also evaluated including CYP2C8, CYP2C9, 
UGT1A1, and UGT1A6 because they are reported to be 
regulated through the same nuclear receptor pathways. 
The mRNA levels were determined using TaqMan RT- 
PCR and selective primer/probe pairs for the gene of 
interest. Induction parameters were derived where pos-
sible. Induction was considered to be positive when the 

T A B L E  1  Inhibition constants for ABT in suspension human hepatocytes (HHEPs) and recombinant UGTs (rUGTs).

UGT isoform Substrate Substrate concentration (μM)

Ki,u (mM)

HHEPs rUGTs

1A1 β- Estradiol 3 No inhibition >20a

1A3 CDCA 2 6.03 1.90

1A4 TFP 1 2.52 1.54

1A6 Serotonin 1715 No inhibition 15.8

1A9 Propofol 10 4.58 1.79

2B7 Zidovudine 100 5.45 3.90

2B15 Oxazepam 10 >20b 7.30
aUp to 59% inhibition was observed in at least one of the triplicate incubations at 20 mM.
bUp to 45% inhibition was observed in at least one of the triplicate incubations at 20 mM.
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following criteria were met, changes in mRNA levels 
were concentration- dependent (by statistical analysis) 
and greater than twofold when compared with the vehicle 
control. No increases in UGT1A6 mRNA levels were ob-
served. Positive controls for induction were included and 
demonstrated expected levels of induction, confirming the 
performance of the models (Figure  1d, Table  S4). Half- 
maximal effective concentration (EC50) and maximum ef-
fect (Emax) are summarized in Table S3, and concentration 
response profiles are presented in Figure 1. ABT induced 
mRNA levels of CYP1A2, CYP2B6, CYP2C8, CYP3A4, 
and UGT1A1, suggesting that it acts as an agonist of AhR, 
CAR, and PXR (Figure 1a/e). Additional inhibitors were 
also evaluated and demonstrated varying impact on genes 
regulated through AhR, CAR, and PXR. Erythromycin 
induced CYP1A2, 2B6, and 3A (Figure  1b), azamu-
lin, a potential alternative CYP3A inhibitor, induced 

CYP2B6, 2C8, 2C9, 3A4, and UGT1A1 (Figure 1c), keto-
conazole and quinidine induced CYP1A2 and CYP3A4 
(Figure  1f/h) but quinidine did not induce CYP2B6. 
CYP2B6 was not evaluated for ketoconazole given the low 
CYP3A4 response (Emax = 2- fold). Atipamezole used as 
a selective CYP3A inhibitor, induced CYP1A2, 2B6, and 
3A4, sensitive enzymes regulated through AhR, CAR, and 
PXR, respectively (Figure 1g). ZY12201, recently reported 
as a pan- CYP inhibitor, also induced enzymes regulated 
through AhR, CAR, and PXR (Figure 1i).30

Evaluation of the impact of ARV- 471 on the 
Clint of palbociclib using Hμrel

Incubation of a clinically relevant concentration of palbo-
ciclib (0.038 μM unbound) with increasing concentrations 

F I G U R E  1  Evaluation of mRNA level changes for UGT1A1 (pink squares), CYP1A2 (teal triangles), CYP2B6 (black circles), CYP2C8 
(pink triangles), CYP2C9 (teal upside down triangles), or CYP3A4 (black squares), UGT1A6 (data not shown) following administration of 
ABT, erythromycin, azamulin, or rifampin (a, b, c, d, respectively) to Hμrel co- culture model or ABT, ketoconazole, atipamezole, quinidine, 
or ZY12201 to sandwich cultured hepatocytes (e, f, g, h, i, respectively). Note studies conducted with Hμrel (blue background) looked at all 
mRNA end points, whereas studies conducted in sandwich cultured hepatocytes (yellow background) focused on sensitive markers of AhR, 
CAR, and PXR activation (CYP1A2, CYP2B6, and CYP3A4, respectively). Each data point is representative of two with error, dashed line 
represents twofold change from vehicle control. Induction potential for ABT and other commonly used inhibitors in the Hμrel co- culture 
model (a, b, c, d) or sandwich cultured human hepatocytes (e, f, g, i) Dashed line represents twofold increase in mRNA levels.
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of ARV- 471 showed concentration dependent inhibition 
of palbociclib Clint by ARV- 471 that could recapitulate the 
observed clinical effect (50% increase in palbociclib expo-
sure at ~3 μM ARV- 471; Figure 2a,b).

Evaluation of ARV- 471 as a 
direct or time- dependent inhibitor of 
CYP3A or SULT2A1

Administration of ARV- 471 resulted in concentration de-
pendent inhibition of SULT2A1 as measured by DHEAS 
formation, in both recombinant enzyme (Figure 3a) and 
the Hμrel model (Figure 3b), albeit at much higher concen-
trations than would be clinically relevant (IC50 > 35 μM). 
Additionally, there was an apparent activation of palboci-
clib sulfation by ARV- 471 observed over the time course 

(Figure  2c). In contrast, there was no direct inhibition 
of CYP3A activity perpetrated by ARV- 471 (Figure  4a). 
However, there was a concentration and time- dependent 
increase in midazolam activity with induction parameters 
of 3.8- fold and 0.25 μM determined for Emax and EC50 of 
ARV- 471, respectively (Figure 4b).

Biotransformation pathway of palbociclib 
in human hepatocytes

Palbociclib was incubated with two long- term human 
hepatocyte models, Hμrel and TruVivo, at 5 μM in the 
presence and absence of 20 μM ARV- 471. In addition, 
the supporting cells were also incubated under the same 
conditions. The Clint was reduced at 5 μM when com-
pared with 0.045 μM, suggesting saturation of metabolic 

F I G U R E  2  Impact of ARV- 471 on palbociclib intrinsic clearance (a) mean of two, derivation of ARV- 471 inhibition parameters (b) 
mean of two. Impact of ARV- 471 on palbociclib intrinsic clearance (a), derivation of ARV- 471 inhibition parameters (b).
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clearance (Figure  S3). Metabolite profiling demon-
strated that both systems produced similar metabolites 
and that palbociclib metabolism was mediated through 
glucuronidation, sulfation, hydrolysis, ketone reduc-
tion, acetylation, and oxidation (Figure 5, Table S5). The 
supporting cell incubations showed the formation of se-
lect metabolites, including oxidation, ketone reduction, 
acetylation, and sulfation, albeit at much lower levels 
than was observed with the co- culture models. In both 
models, the glucuronide metabolism was completely in-
hibited by ARV- 471 and accounted for up to 50% inhibi-
tion of metabolic clearance based on MS ionization and 

summing recovered metabolite area ratios in relation to 
remaining palbociclib (Table S6).

DISCUSSION

ABT is routinely used to delineate CYP- mediated me-
tabolism from non- CYP metabolism as it is reported to 
be a pan- CYP inhibitor.16,31 The ability of ABT to inhibit 
or induce other enzymes has not been comprehensively 
investigated, thus this series of studies aimed to evalu-
ate the overall suitability of using ABT to inform fraction 

F I G U R E  4  Impact of ARV- 471 on CYP3A activity as measured by 1'Ohmidazolam, direct inhibition (a) mean of three, time- dependent 
inhibition (b) mean of three. The 0 h, 120 h, and 168 h refer to the time of exposure to the test article prior to determining the enzyme activity 
Impact of ARV- 471 on CYP3A activity as measured by 1'Ohmidazolam, direct inhibition (a), time- dependent inhibition (b).
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F I G U R E  5  Metabolic scheme for palbociclib in co- culture human hepatocyte models (H = Hμrel, S = stromal cells in H, TV = TruVivo, 
F = feeder cells in TV) pooled samples from three replicates, over a timecourse on two separate occasions.
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metabolism. Data from these studies indicate that ABT 
demonstrates complex DDIs, including inhibition and in-
duction of several non- CYP enzymes involved in hepatic 
clearance. This observation leads to some uncertainty 
when utilizing ABT in reaction phenotyping and the as-
sessment of potential risks for clinical DDI. In addition, 
several other potential inhibitors were evaluated as induc-
ers of drug metabolizing enzymes and like ABT showed 
varying magnitude of induction, thus complicating their 
utility to ascribe fm for these pathways in long- term plated 
cell models and highlighting a need for further optimiza-
tion of in vitro tools for this effort. A workflow, based on 
the work conducted here, can be used to help enable ro-
bust characterization of potential future inhibitors for low 
clearance reaction phenotyping.

Palbociclib was the first orally available CDK4/6 in-
hibitor to receive approval as a therapy to treat advanced 
or metastatic hormone receptor positive (HR+) and 
HER2 negative (HER2- ) breast cancers and is often ad-
ministered in combination with other drugs. The meta-
bolic clearance for palbociclib is reported to be primarily 
mediated by CYP3A and SULT2A1.32 Earlier this year, 
Arvinas reported a delay in the clinical development of 
ARV- 471 due to an unexpected increase in palbociclib 
exposure (50% area under the curve) leading to grade 3/4 
neutropenia during the phase Ib study (https:// endpts. 
com/ arvin as-  repor ts-  delay -  for-  pfize r-  partn ered-  prote in-  
degra datio n-  progr am/ ). Based on the reported metabolic 
clearance pathways of palbociclib, it could be theorized 
that ARV- 471 is an inhibitor of either CYP3A, SULT2A1, 
or both.

Given that palbociclib is a low clearance drug, a long- 
term co- culture hepatocyte model, Hμrel, was used to 
explore the mechanisms behind this clinical DDI. The 
Hμrel system is a co- culture model that is routinely ap-
plied within AstraZeneca to derive clearance parame-
ters for low clearance compounds and retains functional 
metabolic enzymes and transporters over several weeks. 
Co- treatment of palbociclib with ARV- 471 resulted in 
concentration- dependent decreases in palbociclib Clint, 
with an IC50 of 5 μM. In the same study, there was no di-
rect or time- dependent inhibition of CYP3A (measured by 
1'hydroxylation of midazolam). Inhibition of SULT2A1 in 
Hμrel or using recombinant SULT2A1 (measured by sul-
fation of DHEA) was observed, but at concentrations far 
exceeding clinical relevance (IC50 > 35 μM). Additionally, 
ARV- 471 resulted in time- dependent increases in 1'hy-
droxylation of midazolam, suggesting that it is a CYP3A 
inducer, and increased formation of palbociclib- sulfate 
was also observed with ARV- 471.

Metabolite profiling of samples generated from two sep-
arate low clearance hepatocyte models demonstrated that 
glucuronidation is an important pathway for metabolic 

clearance of palbociclib and that ARV- 471 extensively in-
hibits both the oxidative N- dealkylation and glucuronida-
tion of palbociclib. Other pathways were shown to increase 
due to a combination of reduced secondary conjugation 
and metabolic switching. Considering the change in Clint 
the magnitude of the observed clinical interaction could 
be recapitulated in these hepatocyte models, suggesting 
their value as tools for evaluating the DDI potential of co- 
medicants. Neither the reaction phenotyping data nor the 
results from the human absorption, distribution, metabo-
lism, and excretion (ADME) study of palbociclib have been 
published. Data from the NDA demonstrate that the con-
tribution of CYP mediated metabolism versus sulfotrans-
ferase mediated metabolism was determined by using the 
hepatocyte relay method in the presence of 1 mM ABT. 
As the data here demonstrate that 1 mM ABT extensively 
inhibits multiple UGTs, it can be postulated that the po-
tential importance of glucuronidation was missed due to 
the experimental conditions used (NDA 207103). Indeed, 
the most abundant circulating metabolite following a sin-
gle oral dose of [14C]- palbociclib to healthy subjects was 
reported to be a glucuronide metabolite (14.8% of circu-
lating radioactivity), which was not observed in excreta 
(NDA 207103). This pathway was considered to be minor 
when taking into account the recovered radioactivity of 
unchanged palbociclib during the human ADME study, 
however, the metabolite profiling suggests that several sec-
ondary metabolites are glucuronide conjugated. It is pos-
sible that primary glucuronide metabolites could undergo 
additional metabolism and be recovered in feces without 
glucuronide due to gut microbiota- mediated hydrolysis. 
Preliminary reaction phenotyping studies using a novel 
approach indicate that glucuronidation could account for 
~25%–30% of palbociclib clearance in hepatocytes (man-
uscript under preparation). Additional work is warranted 
to confirm the palbociclib fm,gluc to better context the DDI 
risk of NCE. Further characterization of the N- dealkylation 
pathway is also relevant as ARV- 471 was shown to inhibit 
the production of this metabolite as well. However, inhibi-
tion of glucuronidation was determined to be an important 
mechanism behind the observed interaction with ARV- 471. 
Given that increased exposure of palbociclib can lead to 
high incidence of neutropenia along with the widespread 
use of palbociclib in combination therapies, it is prudent 
to consider the potential for UGT inhibition when partner-
ing with other oncology drugs. This example highlights the 
consequence of using ABT to conduct reaction phenotyp-
ing studies of low clearance molecules and identifies the 
opportunity for improved methods in this space.
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