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ABSTRACT: Objective: The study aimed to develop a physiolog-
ically based pharmacokinetic (PBPK) model to predict steady state
trough concentrations (Cmin) and CDK4/6 occupancy in plasma
and cerebrospinal fluid (CSF) for abemaciclib (ABE) and its three
active metabolites. Additionally, a biomarker model was constructed
to simulate changes in pRB and TOPO-IIα expression. Methods:
The population PBPK and biomarker models of ABE were
developed using physicochemical, pharmacokinetics (PK), CDK4/
6 occupancy, biomarker, and physiological properties. These models
were then validated using four clinical plasma PK studies, two CSF
PK studies, and one clinically observed biomarker expression
change in patients. Results: The PBPK model showed good
consistency with observed data, with most prediction-to-observa-
tion ratios falling within the range of 0.5 to 2.0 for AUC, Cmax, Cmin in plasma and CSF. Key factors affecting Cmin and CDK4/6
occupancy for total analytes (sum of ABE and metabolites) were identified as CYP3A4, ABCB1, ABCG2 expression, and plasma
albumin levels. PBPK simulations suggested that the optimal dosing regimen for ABE in brain metastatic breast cancer (MBC) is
either 150 or 200 mg twice daily (BID). Conclusions: The PBPK model successfully simulated the PK profiles and CDK4/6
occupancy for ABE and its three metabolites in plasma and CSD, and determined the optimal dosing in brain MBC. Overall,The
PBPK model can provide important insights for personalized dosing strategies, contributing to improved treatment efficacy and
safety for patients, particularly those with brain MBC.

1. INTRODUCTION
Breast cancer (BC) stands as the most prevalent cancer among
women and ranks as the second leading cause of cancer-related
mortality in this demographic.1 Metastatic breast cancer
(MBC) was estimated to affect over 150,000 women.2 MBC
includes various histopathological subtypes distinguished by
the expression of receptors, such as the estrogen receptor
(ER), progesterone receptor (PR), and human epidermal
growth factor receptor 2 (HER2). Among these, hormone
receptor (HR) positive, HER2 negative BC emerges as the
most common subtype.3 Despite advancements in early-stage
disease management, approximately one-third of the patients
inevitably progress to metastatic stages. MBC remains
incurable, and the 5-year survival rate fluctuates around
25%.4 Additionally, BC is the second leading cause of brain
metastases development after lung cancer.5 Among all MBCs,
the incidence of brain metastases is relatively high, with
reported rates of 31, 32, and 15% in patients with HER2-
positive, triple-negative, and HR-positive/HER2-negatve BC,
respectively.6 Patients with brain MBC exhibit a shorter

survival rate compared to those without, at 26.3 versus 44.6
months,6 and face limited treatment options. Ensuring effective
drug delivery into the brain remains a crucial challenge.5,6 The
extent of blood-brain barrier function and its characteristics
can vary among brain MBC. For instance, brain metastases
from HER2-positive BC typically express higher levels of
GLUT1 and ABCG2 compared to other subtypes, which can
further limit free drug concentration in brain.7

Cyclin-dependent kinase (CDK) 4 and 6 are activated upon
binding with D-cyclins, playing a pivotal role in signaling
pathways that drive cell cycle progression and cellular
proliferation.8 These kinases have been demonstrated to
facilitate protein (RB), thereby promoting cellular proliferation
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and tumor growth. CDK4/6 were identified as therapeutic
targets in cancer treatment in the late 1990s and early 2000s,
and CDK4/6 inhibitors have been demonstrated as effective
drugs for BC patients.9,10

Abemaciclib (ABE) stands as an oral selective small
molecule inhibitor targeting CDK4/6, effectively hindering
the phosphorylation of the retinoblastoma (pRB) and the
expression of topoisomerase-IIα (TOPO-IIα).11,12 This
inhibition prevents the progression from the G1 to the S
phase in the cell cycle, thereby arresting tumor growth.12 ABE
primarily undergoes metabolism by the enzyme CYP3A4.13

Notably, in human plasma, the major active metabolites
identified are M2, M18, and M20, contributing 13, 5, and 26%
of the total plasma mass in vivo,14 respectively. Importantly,
their inhibition toward CDK4/6 mirrors that of ABE.14

Furthermore, in vitro studies have revealed that ABE acts as
a substrate for the efflux transporters ABCB1 (P-glycoprotein)

and ABCG2 (breast cancer resistance protein).15 ABE has
demonstrated a notable ability to penetrate the cerebrospinal
fluid (CSF), with free concentrations reaching approximately
68% of those observed in plasma.16 This significant penetration
into the brain holds promise for achieving therapeutic
concentrations, presenting a promising approach for treating
brain MBC. To date, the clinical study has shown the efficacy
of ABE in treating patients with brain MBC.17

There is a notable degree of variability in the pharmacoki-
netics (PK) of ABE, with a percentage coefficient of variation
(%CV) exceeding 70% and, in some instances, even surpassing
100%.16 This variability in the PK can be influenced by genetic
polymorphisms of the CYP3A4 enzyme, which plays a pivotal
role in ABE metabolism. Wild-type carriers of CYP3A4 exhibit
higher expression and activity by 1.7- and 2.5-fold, respectively,
compared to carriers of the CYP3A4*22 allele (*1/*22 and
*22/*22).18 Furthermore, variations in polymorphisms of

Table 1. Input Parameters for Abemaciclib and Active Metabolites in PBPK Model for Patientsa

parameters
(units) ABE M2 M18 M20 source and comments

physicochemical MW (g·mol−1) 506.6 478.5 494.5 522.6 ref31
pKa (base) 4.48,

7.95
9.19 9.19 8.37

log P 3.36 3.66 2.35 2.78
GET (min) 190
f up 0.039 0.093 0.046 0.030 calculated using eq 2, original data was from ref14

absorption Peff
(×10−4 cm·s−1)

2.46 ref31

Weibull time
(min)

90 optimized based on peak time of PK profiles

Weibull shape 0.92
distribution Rbp 0.98 0.98 0.80 0.81 calculated using eq 3, original data was from ref14

KCSF,P 0.68 0.14 1.0 0.91 calculated based on the data from ref16,33
Kp scale 5.0 optimized based on PK profiles

elimination CYP3A4 CLint,u
(μL/min/pmol)

0.634a,
0.117b,
0.576c

0.487d 0.197 0.444 a,b: CYP3A4-mediated clearance pathway of ABE that forms M2 and M18,
respectively; c: clearance pathway of ABE that forms other metabolites; d:
CYP3A4-mediated clearance pathway of M2 that forms M20. ref31

HLM CLint,u
(μL/min/mg)

9.733 50.0 160 21.37 ref31

CLR (L/h) 1.0
ABCB1 CLint,u
(pmol/min)

0.27 2.27 1.30 calculated based on transported ABE, M2 and M20 amount in 4 h, ref15

ABCG2 CLint,u
(pmol/min)

0.095 1.19 0.60

concentration CYP3A4 3.02 ref30
ABCB1 1.3 abundance values were obtained from ref 34 and then calculated:

abundance multiplied by milligrams of protein per gram of tissue
multiplied by brain weight

ABCG2 2.4

CDK4/6
occupancy

Kd (nM) for
CDK4/6

0.6/8.2 1.2/1.3 1.2/2.7 1.5/1.9 ref15 for three metabolites and ref35 for ABE

koff (min−1) 0.10 fitted through nonlinear analysis using the data from ref 36 for ABE, three
metabolites were assumed to be identical

biomarker kRB (h−1) 0.16 kTo and kTo were optimized based on the clinical study data, ref16; The
remaining rate constants were taken from the ref37kTO (h−1) 0.14

kHH (h−1) 0.21
kel 0.05

physiological hematocrit 0.33 mean value in patients from ref30
albumin (g/dl) 3.1

aMW: molecular weight; pKa (base): base dissociation constant; log P: lipophilicity; GET: gastric emptying time; fup: free fraction in plasma; Peff:
human effective permeability; Weibull time and shape: dissolution time of 50% ABE and shape parameter of Weibull function; Rbp: blood-to-plasma
concentration ratio; KCSF,P: cerebrospinal fluid-to-plasma partition coefficient; Kp scale: organ-to-plasma partition coefficient; CYP3A4 CLint,u and
HLM CLint,u: intrinsic clearance for CYP3A4 and human liver microsomes; CLR: renal clearance; ABCB1 CLint,u and ABCG2 CLint,u: intrinsic
transport velocity for ABCB1 and ABCG2; Kd: equilibrium constant between drug-CDK binding; koff: first-order dissociation rate constant from
CDK4/6; kRB: rate constant from early G1 to late G1 phase; kTo: rate constant from late G1 to S phase; kHH: rate constant from S to G2M phase;
kel: elimination constant from the precursor compartment.
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efflux transporters among patient groups can also contribute to
PK variability. A functional variant of ABCB1 and ABCG2 has
been associated with greater drug accumulation.19 Efflux ratios
can increase significantly by approximately 4-fold due to
polymorphisms of ABCB1 or ABCG2.19,20 Additionally,
several studies have highlighted the significant impact of
albumin levels on clinical efficacy of a drug in patients.21,22

Additionally, some studies have revealed substantial variations
in albumin levels among cancer patients, ranging from 0.28 to
5.8 g/dL.23,24 ABE demonstrates a high plasma protein binding
rate of close to 96%.14 Moreover, the research has
demonstrated a statistically significant correlation between
albumin levels and the adverse events of ABE in BC patients.25

For certain kinase inhibitors, maintaining a sufficient plasma
trough concentration at steady state (Cmin) is often critical for
achieving clinical efficacy.26 While a Cmin of 200 ng/mL was
established as an effective concentration threshold using a
mouse xenograft model,13 this finding lacks direct clinical
relevance as it did not consider the on-target effects of active
metabolites of ABE. Several studies have demonstrated a
strong correlation between the level of BTK engagement and
clinical response rates.27,28 Zanubrutinib achieved nearly 100%
engagement of BTK at steady state, which significantly
contributed to better clinical responses.27 Another study
indicated that acalabrutinib achieved over 90% occupancy of
BTK, resulting in a response rate exceeding 80%.28 Based on
these findings, it has been suggested that achieving at least 90%
engagement by ABE in CSF could serve as an effective
threshold for clinical efficacy. The exposure−response relation-
ship for safety demonstrated a strong positive correlation
between Cmin of total active analytes (sum of ABE, M2, and
M20) and neutrophil counts.14 Due to the observed grade 3
fatigue in a significant proportion of patients at the 275 mg
twice daily (BID) dose, the Cmin of total active analytes at 275
mg BID was determined as the maximal concentration
threshold for clinical safety.14

Physiologically based pharmacokinetic (PBPK) models have
extensive application in simulating drug concentrations in
human plasma and CSF,29,30 as well as predicting target
occupancy.22,28 Two PBPK studies for ABE have been
reported.31,32 In Posada’s study,31 they investigated the dosing
considerations of ABE when it was administered concurrently
with CYP3A4 perpetrators in healthy volunteers. However,
their approach was primarily based on the conventional
method of determining the ABE dosage through plasma AUC
ratios. Additionally, in Li’s study,32 they developed a PBPK
model of ABE to predict ABE concentrations in CSF and guide
dosing selection for patients. However, this approach did not
take into account the differences in modeling parameters
between healthy and diseased populations as well as the effects
of the three active metabolites on clinical efficacy. Our research
differs from theirs in three ways: (i) We refined several
parameters within our PBPK model, including CYP3A4
expression, albumin levels, GET, hematocrit, f up, and Rbp, to
better simulate Cmin of ABE in patients, which differ between
healthy and diseased populations. Notably, our PBPK model is
capable of predicting the Cmin of ABE and its three active
metabolites simultaneously in human plasma and CSF. (ii) In
contrast to Li et al.’s methodology, which primarily uses the
ratios of Cmin and IC50 as a rough predictor of efficacy when
guiding ABE dosing selection, we determined the optimal ABE
dosing regimen by assessing both efficacy, through CDK4/6
occupancy in CSF, and safety, via plasma Cmin of total ABE

analytes. (iii) Our PBPK model also analyzed additional factors
influencing Cmin and CDK4/6 occupancy by ABE in plasma
and CSF, as well as simulated the changes in two biomarkers
(pRB and TOPO-IIa) over time following ABE administration.
This work can provide important insights into personalized
dosing strategies of ABE for patients with brain MBC.

2. METHODS
2.1. PBPK Model Development. A comprehensive

whole-body PBPK model was constructed to predict plasma
and intracranial PK and CDK4/6 occupancy for ABE and its
three active metabolites. The model was developed by using
PK-Sim software (Version 9.1, Bayer Technology Services,
Leverkusen, Germany). System-specific parameters were
predominantly sourced from the existing PK-Sim database
unless explicitly specified otherwise. Detailed drug-specific
parameters, CDK4/6 occupancy, biomarker-related, and
physiological-related parameters for patients are presented in
Table 1.14−16,30−37

To simulate ABE absorption in the gastrointestinal tract, we
employed the Weibull absorption model, which is charac-
terized by its time and shape parameters. The Weibull time
parameter was optimized to 90 min to align better with the
peak time of PK profiles. The distribution of ABE to various
organs/tissues and cellular permeability calculations were
determined using the built-in Rodgers and Rowland method
and the standard PK-Sim. Furthermore, the organ-to-plasma
partition coefficient (Kp scale) was optimized to 5.0 for
improved description of ABE distribution module in PK-Sim.
This optimization was achieved through the parameter
identification module, while all other parameters were fixed.
The model also accounted for the active efflux clearance of
ABE mediated by ABCB1 and ABCG2. The intrinsic transport
velocities (CLint,u values) of ABCB1 and ABCG2 for ABE, M2,
and M20 were calculated based on the ratio of transported
amounts of ABE, M2, and M20 over a 4 h period.15

In the PK-Sim model, the brain tissue was compartmental-
ized into four segments: plasma, blood cells, interstitial space,
and intracellular space.30 For this simulation, in order to
predict the free concentration of ABE and the three
metabolites in the CSF, the unbound concentration in the
interstitial fluid was presumed to be equivalent to the free
concentration in the CSF, based on a previous study.30 The
CSF-to-plasma concentration ratio (KCSF,p) for ABE was set at
0.68, based on the mean ratio of ABE free concentration
between the CSF and plasma.16 Additionally, according to data
from the referenced paper,33 KCSF,p values were determined to
be 0.14 for M2 and 0.91 for M20. However, as no data were
available for M18, KCSF,p was assumed to be 1.0 for this
metabolite.
The CDK4/6 occupancy is calculated based on the

published paper by38

N
t

k
K

C kd
d

CDK CDKoff

d
unbound drug off bound= × × ×

(1)

where dN/dt represents the change of drug-CDK complex
formed over time. koff is the first-order dissociation rate
constant. Kd is the equilibrium constant for drug-CDK binding.
CDKunbound is the concentration of unbound CDK4/6.
CDKbound is the amount of the drug-CDK4/6 complex. Cdrug
represents the free drug concentration in plasma or the CSF.
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CDK4/6 occupancy was calculated as the percentage of the
CDK4/6 that was binding to the ABE and metabolites at a
particular time point. After the dosing of the ABE, CDK4/6
occupancy of ABE and the three active metabolites were
simulated in the same manner simultaneously, and the sum of
the occupancy by ABE and metabolites gave the total CDK4/6
occupancy. The starting expression of CDK4/6 (CDK4/60)
was set at default 0.1 μM due to not reported data in human.
In the PBPK model, various modeling parameters for BC

populations differed from those for healthy populations, as
documented in previous publications.30 The expression level of
CYP3A4 was reduced to 3.02 μM compared to the healthy
population’s 4.32 μM.30 Additionally, compared to healthy
subjects, albumin levels (g/dL) and hematocrit in patients
were also reduced from 4.5 to 3.1 and from 0.43 to 0.33,30

respectively. The parameters f up and Rbp in BC patients were
scaled using eqs 2 and 330

f f

f

1/(1 ((1 ) Albumin )

/( Albumin ))

up up p

h up,h

= + × [ ]

[ ] × (2)

where f up and f up,h is the free plasma fraction, and [Albuminp]
and [Albuminh] are the plasma albumin levels in patients and
healthy subjects, respectively.

R f R f1 Hct ( (Hct 1 )/(Hct )

1)

bp up bp,h up,h= + × × + ×

(3)

where Rbp and Rbp,h are the blood-to-plasma concentration
ratio in patients and healthy subjects, respectively; Hct is the
hematocrit value.
2.2. Biomarker Model Development. The RB is an

important regulatory factor controlling the cell cycle, capable
of preventing cells from entering the S phase from the G1
phase. Additionally, in many types of cancers, including BC,
the expression level and activity of TOPO-IIα may be

increased, because it also plays a crucial role in the rapid
proliferation and division of tumor cells. Therefore, in BC, the
inactivation of RB protein and the overexpression of TOPO-
IIα may serve as markers for disease progression and treatment
response.14,35 The biomarker model was constructed to
simulate the temporal changes of two biomarkers, pRB and
TOPO-IIα, in BC patients, following ABE administration. This
model consisted of four transit compartments, as detailed in
the referenced paper, encompassing early G1, late G1, S phase,
and G2M cell cycle phases in a sequential manner.37 The
biomarker model is delineated as follows:

t
k k k

dPC
d

PC PC (1 CO)in el pRB= × × ×
(4)

t
k k

dpRB
d

PC (1 CO) pRBpRB TOPO IIa= × × ×

(5)

t
k k

dTOPO II
d

pRB TOPO IITOPO IIa HH= × ×

(6)

where PC represents the cell accumulation in early G1 in the
precursor compartment; kin and kel represent the rate constant
into the precursor compartment and elimination rate constant
from the precursor compartment, respectively. CO is the CDK
occupancy fraction. kpRB, kTOPO‑IIα, and kHH represent the rate
constants from early G1 to late G1, from late G1 to S phase,
and from S phase to G2M phase, respectively. kin is described
by

k k kpRB ( )in 0 pRB el= × + (7)

where pRB0 is the baseline expression in patients.16 The PBPK
and biomarker model structures are presented in Figure 1.
2.3. PBPK and Biomarker Model Validation. The

observed plasma PK parameters, such as area under the
curve (AUC) and maximum concentration (Cmax), of ABE and

Figure 1. Schematic diagram of the PBPK and biomarker model for ABE. The PBPK model is composed of the gastrointestinal tract, the
circulatory system (including both arterial supply and venous return), the eliminating tissues (such as the liver and kidneys), and other
noneliminating tissues (such as lung and bone). These compartments are connected through a blood flow. ABE undergoes metabolism in the
gastrointestinal tract and liver by CYP3A4, and effluxes by ABCB1 and ABCG2 on BBB. Within the model, the brain is a specialized compartment
that includes not only the brain tissue but also the subcompartments referred to as plasma, blood cells, and interstitial and intracellular spaces. The
biomarker model is composed of four transit compartments, where PC represents cell accumulation in early G1 in precursor compartment; kin and
kel represent rate constant into the precursor compartment and elimination rate constant from the precursor compartment, respectively. kpRB,
kTOPO‑IIα, kHH represent the rate constants from early G1 to late G1, from late G1 to S phase, and from S phase to G2M phase, respectively.
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its three metabolites in healthy subjects following a single dose
of ABE were utilized to evaluate the accuracy of predicted PK
parameters (Supporting Table S1).31 Four previously
published clinical studies16,33,39,40 were employed to assess
the accuracy of predicted plasma PK parameters (AUC, Cmax,
and Cmin) of ABE after repeated doses (Table 2). Moreover,
two clinical studies16,33 were referenced to evaluate the
accuracy of predicted intracranial Cmin of ABE and total active
analytes after repeated doses (Table 2). Furthermore, a clinical
study was utilized to evaluate the accuracy of predicted
changes in pRB and TOPO-IIα expression over time.16

In the simulations, demographic characteristics of the virtual
population, including dosage, subject numbers, age, and
proportion of females, were derived from the respective
clinical studies, as outlined in Table 2. In instances where data
were unavailable, mean values from PK-Sim were employed as
a surrogate for the missing information.

2.4. Sensitivity Analysis of Modeling Parameters. A
sensitivity analysis was conducted to identify modeling
parameters that could potentially exert a significant influence
on the predicted Cmin of the sum of ABE and its three
metabolites, as well as CDK4/6 occupancy in both plasma and
CSF by sum of ABE and its three metabolites. The selected
parameters for analysis encompassed: f up, Rbp, Weibull time
distribution parameters, albumin level, Hct, unbound intrinsic
clearance by CYP3A4 (CYP3A4 CLint,u) and human liver
microsomes (HLM CLint,u), intrinsic transport velocity for
ABCB1 and ABCG2, inhibition constant (Ki), dissociation rate
constant (koff), expression levels of CYP3A4, ABCB1, ABCG2,
and CDK4/60. Additionally, a sensitivity analysis was
conducted to identify modeling parameters potentially
impacting the predicted expression of pRB and TOPO-IIα.
The selected parameters for analysis comprised the rate
constants for kRB, kTO, kHH, and kel. Alterations of ±20% were
applied to each parameter during the sensitivity analysis.

Table 2. Geometric Mean Ccomparisons of Predicted and Observed Plasma and CSF PK Variables in Patientsa

clinical studies PK dosing regimen
subject
number

age range
(year)

proportion of female
(%) parameters observation prediction fold-error

Patnaik et al.16 plasma 100 mg, OD,
RD

3 60 (44−73) 33 Cmin (ng/mL) 48.7 (168%) 51 (48%) 1.05
Cmax (ng/mL) 102 (198%) 118 (31%) 1.16
AUC
(ng·h/mL)

1840
(172%)

3235 (67%) 1.76

150 mg, OD,
RD

3 Cmin (ng/mL) 134 (47%) 87 (49%) 0.65
Cmax (ng/mL) 189 (35%) 192 (32%) 1.02
AUC
(ng·h/mL)

4305 (NR) 3413 (49%) 0.79

100 mg, BID,
RD

8 Cmin (ng/mL) 144 (61%) 144 (47%) 1.00
Cmax (ng/mL) 226 (51%) 198 (37%) 0.88
AUC
(ng·h/mL)

3910 (53%) 3939 (75%) 1.01

150 mg, BID,
RD

72 Cmin (ng/mL) 169 (95%) 174 (44%) 1.03
Cmax (ng/mL) 249 (86%) 250 (34%) 1.00
AUC
(ng·h/mL)

4280 (94%) 4616 (69%) 1.08

200 mg, BID,
RD

52 Cmin (ng/mL) 197 (95%) 231 (44%) 1.17
Cmax (ng/mL) 298 (72%) 333 (34%) 1.12
AUC
(ng·h/mL)

5220 (70%) 6004 (69%) 1.15

Fujiwara et
al.39

100 mg, BID,
RD

3 61.3 (NR) 33 Cmin (ng/mL) 133 (NR) 99 (33%) 0.74
Cmax (ng/mL) 232 (NR) 157 (18%) 0.68
AUC
(ng·h/mL)

3880 (71) 3462 (36%) 0.89

150 mg, BID,
RD

3 63.0 (NR) 33 Cmin (ng/mL) 103 (NR) 148 (33%) 1.44
Cmax (ng/mL) 149 (NR) 236 (18%) 1.58
AUC
(ng·h/mL)

3960 (39%) 3768 (54%) 0.95

200 mg, BID,
RD

6 56.0 (NR) 83 Cmin (ng/mL) 210 (89%) 198 (33%) 0.94
Cmax (ng/mL) 298 (64%) 315 (18%) 1.06
AUC
(ng·h/mL)

5170 (94%) 5025 (54%) 0.97

Kim et al.40 200 mg, BID,
RD

15 Cmax (ng/mL) 483 (41%) 396 (37%) 0.82
AUC
(ng·h/mL)

3460 (49%) 4160 (41%) 1.20

Tolaney et
al.33

200 mg, BID,
RD

58 55 (30−79) 98 Cmin (ng/mL) 271 (73%) 309 (62%) 1.14
27 51 (30−73) 100 Cmin (ng/mL) 199 (61%) 294 (72%) 1.48

Patnaik et al.16 CSF 200 mg, BID,
RD

52 60 (44−73) 33 Cmin (ng/mL) 5.71 (61%)b 9.5 (89%) 1.66

Tolaney et
al.33

200 mg, BID,
RD

27 51 (30−73) 100 Cmin (ng/mL) 16.9
(157%)c

13.0
(73.9%)

0.77

aRD: repeated doses; OD: once daily; BID: twice daily; AUC: area under PK curve; Cmax: peak concentration; Cmin: trough concentration at steady
state. bABE free concentration in CSF. cTotal active analytes (ABE, M2, and M20) in CSF.
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Subsequently, the sensitivity coefficient (SC) was calculated by
using the following equation:

Y Y P PSC / / 0= ÷ (8)

where ΔY is the alteration of predicted response; Y0 is the
initial value of response; ΔP is the alteration of model
parameters; and P0 is the initial value of parameters. The
absolute value of the SC is above 1.0, suggesting that variations
have a notable impact on the model predictions.
2.5. Key Factors Affecting Plasma and Intracranial

Cmin and CDK4/6 Occupancy. We investigated four specific
factors for their impact on Cmin and CDK4/6 occupancy.
CPY3A4 expression levels were varied across a range of 1.2−
6.0 μM, based on the studies indicating that wild-type CYP3A4
expression is approximately 2.5-fold higher than that of the
CYP3A4*22 allele.18 The brain penetrations of ABE and its
active metabolites are restricted by ABCB1 and ABCG2 efflux
transporters. Efflux transport for ABE and its active metabolites
via ABCB1 and ABCG2 was adjusted within a range of 1- to 4-
fold, as reported in previous studies.19,20 Plasma albumin levels
were set between 1.0 and 6.0 g/dL to reflect physiological
values in patients.23,24 In these simulations, the ABE dosing
regimen was fixed at 200 mg. Demographic characteristics of
the virtual population were aligned with those described in the
clinical study by Patnaik, as detailed in Table 2.
2.6. Simulations for Optimum Dosing Regimen in BC

Patients with Brain Metastasis. Based on the previous
studies,27,28 it is established that maintaining a trough CDK4/6
occupancy of at least 90% is necessary for a sufficient clinical
response. Furthermore, to ensure clinical safety, it is suggested
to keep the plasma Cmin of total ABE analytes below 693 ng/
mL (predicted value by the PBPK model following repeated

doses of 275 mg BID). To meet these criteria in patients,
various dosage regimens of ABE ranging from 100 to 400 mg
OD or BID were simulated. The demographic characteristics
of the virtual population were set in accordance with the
clinical study conducted by Patnaik.16 Through these
simulations, the PBPK model can predict plasma Cmin and
CDK4/6 occupancy for different ABE dosage regimens,
facilitating the identification of an optimal dosing strategy for
clinical treatment.

3. RESULTS
3.1. PBPK Model Validation for Plasma PK. Supporting

Table S1 presents the predicted and observed PK parameters
for ABE and its three primary metabolites in healthy
volunteers. The PBPK model accurately predicted the PK
data of ABE and its metabolites within a healthy population.
Figure 2 illustrates the predicted versus observed plasma
concentration−time profiles for ABE after multiple oral doses
in patients. These simulations effectively mirror the clinically
established PK profiles. Table 2 compares the observed PK
parameters of ABE with those predicted by the population-
based PBPK model. The ratios of AUC, Cmax, and Cmin
consistently fall within the acceptable range of 0.5 to 2.0,
indicating a high degree of concordance between simulated
and observed PK parameters.
3.2. PBPK Model Verification for Intracranial PK. As

shown in Table 2, the two clinical studies16,33 at repeated doses
of 200 mg BID were used to verify the accuracy of the PBPK
model prediction. The simulations showed that the predicted
Cmin in CSF is in good agreement with the observed data, with
two ratios of 1.65 and 0.77. These results demonstrate that the

Figure 2. PBPK model-simulated and clinically observed plasma PK of ABE following repeated doses. The clinically observed plasma PKs of ABE
at steady state were taken from the study by Patnaik et al. at 100 mg OD (A), 150 mg OD (B), 100 mg BID (C), 150 mg BID (D), and 200 mg
BID (E).
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Figure 3. Simulated pharmacodynamics inhibition of pRB and TOPO-IIα expression. The simulations analyzed changes in pRB expression
following doses of 150 mg of BID (A) and 200 mg of BID (B), and variations in TOPO-IIα expression receiving doses of 150 mg of BID (C) and
200 mg of BID (D) at steady state in patients. Observed data were extracted from the study conducted by Patnaik et al., capturing predose (first
data point) and postdose (second data point) measurements at steady state for patients.

Figure 4. Factors affecting Cmin and CDK4/6 occupancy in plasma and CSF. Cmin in plasma and CSF, and CDK4/6 occupancy are affected by
CYP3A4 expression (A−C). ABCB1 expression affects Cmin in the CSF (D) and CDK4/6 occupancy (E). ABCG2 expression affects Cmin in CSF
(F) and CDK4/6 occupancy (G). Cmin in plasma and CSF, and CDK4/6 occupancy is affected by albumin level expression (H−J).
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PBPK model has the ability to predict the intracranial PK of
ABE and its three metabolites.
3.3. Biomarker Model Verification. In Figure 3,

simulated changes in pRB and TOPO-IIα expression at steady
state from baseline using the biomarker model are presented.
The predicted changes in pRB and TOPO-IIα expression align
well with the observed data at repeated doses of 150 mg BID,
while they were underestimated at repeated doses of 200 mg
BID. Additionally, the changes in pRB and TOPO-IIα are
similar at predose and postdose, indicating sustained PD
effects over the 12 h dosing interval. The simulations
demonstrate that the 90% confidence interval can cover the
observed pRB and TOPO-IIα expressions in patients.
3.4. Sensitivity Analysis of Modeling Parameters. The

sensitivity analysis presented in Supporting Tables S2 and S3
indicates that albumin level, CYP3A4 concentration, and f up
were identified as sensitive parameters for Cmin in plasma, while
albumin level and f up are sensitive to intracranial Cmin among
all of the selected parameters. On the other hand, the
sensitivity analysis showed that no other parameters are
sensitive to CDK4/6 occupancy except for ABCB1 expression,
while other examined parameters are not sensitive to the
change in the two biomarkers except for kRB.
Although f up, determined from in vitro experiments, was

found to be a sensitive parameter,it is strongly linked to
albumin levels; hence, subsequent examination of its impact on
Cmin and CDK4/6 occupancy was not performed. While
ABCG2 expression did not exhibit a significant impact on Cmin
and CDK4/6 occupancy in the sensitivity analysis, however,
given the association of gene polymorphisms of ABCB1 and
ABCG2 with treatment outcomes in MBC patients,41 further
investigation was conducted to evaluate the effect of ABCG2
expression on Cmin and CDK4/6 occupancy in CSF.
3.5. Factors Affecting Cmin and CDK4/6 Occupancy in

Plasma and CSF. The Cmin of plasma total active analytes at
275 mg of BID establishes the PK threshold for clinical safety,
with a defined safe Cmin threshold of 693 ng/mL based on

simulation results. Furthermore, >90% CDK4/6 occupancy is
identified as the effective PD threshold. In Figure 4A−C, the
impact of CYP3A4 expression on the Cmin and CDK4/6
occupancy of total active analytes in plasma and CSF is
depicted. The simulations reveal a significant effect of CYP3A4
expression on Cmin, with a minor impact on CDK4/6
occupancy. Plasma Cmin exceeds the established PK safety
threshold when CYP3A4 expression reduces to 1.2 and 1.5
μM, while CDK4/6 occupancy in CSF falls below 90% when
CYP3A4 expression is at 6.0 and 7.5 μM. Additionally, in
Figure 4D,E, an increase in ABCB1 expression in patients by
more than 2.0- and 4.0-fold of the original value leads to a
reduction of CDK4/6 occupancy in CSF below 90%. The
effect of ABCG2 expression on Cmin in CSF and CDK4/6
occupancy by total active analytes in CSF mirrors that of
ABCB1 expression (Figure 4F,G). As illustrated in Figure 4H−
J, the influence of albumin levels on Cmin and CDK4/6
occupancy in plasma and CSF is demonstrated. The
simulations indicate that a reduction to 1.0 and 2.0 g/dL in
plasma albumin levels can cause plasma Cmin to exceed the PK
safety threshold, while an increase to 6.0 g/dL in plasma
albumin levels can lower CDK4/6 occupancy in CSF below
the PD effective threshold.
3.6. Simulations in BC Patients with Brain Metastasis

for Different Dosing Regimen. Intracranial CDK4/6
occupancy serves as predictors of clinical efficacy, while plasma
Cmin serves as a predictor for clinical safety. Simulations
following the standard dosing regimen of ABE suggested mean
plasma Cmin is 498 ng/mL (total plasma analytes) and CDK4/
6 occupancy in plasma and CSF are >90%. ABE attained
sufficient CDK4/6 occupancy with the standard dosing
regimen (200 mg BID), meeting the safety criterion of plasma
Cmin < 693 ng/mL and CDK4/6 occupancy >90%.
Additional simulations were conducted to refine the dosing

regimens (Figure 5). Following 14 days of ABE treatment at
various doses, the simulations indicated that even with a 400
mg QD dosing regimen of ABE, CDK4/6 occupancy in CSF

Figure 5. Simulations of the CDK4/6 occupancy by ABE. CDK4/6 occupancy was evaluated following various dosing regimens of ABE in CSF (A,
B, C, E, G) and plasma (D, F). Additionally, plasma concentration−time profiles of ABE were simulated across multiple dosing regimens (H).
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cannot exceed 90% (Figure 5B), and plasma Cmin surpasses the
PK threshold (Figure 5H). However, with 150 mg of BID of
ABE, CDK4 occupancy exceeds 90% and CDK6 occupancy
exceeds 80% (Figure 5E). Therefore, the simulations suggest
that 150 mg and 200 mg BID are appropriate dosing regimens
for brain MBC patients.

4. DISCUSSION
This study has effectively constructed a PBPK and biomarker
model for ABE in brain MBC patients, facilitating simulations
of Cmin and CDK4/6 engagement in plasma and CSF, along
with simulations of change in pRB and TOPO-IIα expression
from baseline. To date, we have identified only four clinical
plasma PK studies16,33,39,40 and two clinical CSF PK
studies,16,33 from which original PK data can be extracted for
comparison with our predicted results. Additionally, only one
clinical paper has reported changes in pRB and TOPO-IIα
expression in BC patients. Consequently, all relevant reported
PK and PD data of ABE in patients were included in this study.
The PBPK predictions were validated against four clinical
plasma PK16,33,39,40 and two clinical CSF PK studies16,33

(Table 2 and Figure 2). The biomarker model predictions were
confirmed with one clinical study16 (Figure 3).
In this study, a plasma Cmin of <693 ng/mL was used as

predictors of clinical safety based on the exposure−response
relationship for safety.14 On the other hand, although it has
been demonstrated that a >60% decrease in pRB is
significantly associated with clinical efficacy,16 the PD analyses
showed a similar magnitude of inhibition of pRB and TOPO-
IIα expression between the 150 mg and 200 mg BID dose
levels.14 Therefore, it is not suggested that the two biomarkers
are predictive of clinical response in BC patients with ABE.14

Given these, we used >90% CDK4/6 occupancy as predictors
of clinical efficacy rather than inhibition of pRB and TOPO-IIα
expression. Additionally, it is noteworthy that the biomarker
model predicts changes in pRB and TOPO-IIα occurring in
skin tissue, rather than in tumor tissue. Because the only
alterations in pRB and TOPO-IIα within skin tissue in humans
has been experimentally determined, it is assumed that the
differences between the pRB and TOPO-IIα biomarker
expression in tumors and skin tissue are negligible.
The current PBPK model can predict the PK and CDK4/6

occupancy of ABE and its metabolites simultaneously. It was
critical to capture ABE and three active metabolites in the
PBPK model due to their similar activity against CDK4/6 to
ABE as well as their high concentration in plasma. ABE and its
active metabolites are substrates of efflux transporters ABCB1
and ABCG2. Although these two efflux transporters have a
subtle impact on plasma PK due to the high permeability and
solubility of ABE, they have a significant effect on the unbound
concentration of ABE and active metabolites in CSF.
Therefore, CLint,u data for ABCB1 and ABCG2 were
incorporated into the current PBPK model to more accurately
predict the concentration of ABE and active metabolites in
CSF. Furthermore, five modeling parameters including f up, Rbp,
CYP3A4 expression, Hct, and albumin level in patients have
been modified to incorporate the current PBPK model for
ensuring the predictive performance of the model in patients.
The Kp value plays a crucial role in characterizing the in vivo

distribution of ABE and its three metabolites. According to the
Rodgers and Rowland approach in PK-Sim, the simulated PK
profiles did not match well with the observed data using the
default Kp value. Therefore, the Kp scale was optimized to 5.0

for a better fit with the observed PK profiles. In some
simulations conducted for humans, kinase concentration values
ranging from 0.01 to 0.1 μM are universally used.41−44

Considering that protein kinases are often overexpressed in
patients,28,45 for diseased humans, the initial levels of kinase
targets are set at a higher constant value of 0.1 μM in this
study. Furthermore, sensitivity analysis of modeling parameters
on CDK4/6 occupancy revealed that CDK4/6 expressions are
not sensitive to CDK4/6 occupancy (Supporting Table S3).
Therefore, a value of 0.1 μM for CDK4/6 expression should be
acceptable.
The sensitivity analysis plays a crucial role in the PBPK

model. This analysis enables us to understand the degree of
dependence of Cmin and CDK4/6 occupancy on various
modeling parameters, thus identifying key factors in complex
situations, optimizing the model development process, and
improving prediction accuracy. In this study, the sensitivity
analysis indicates that the albumin level, CYP3A4 concen-
tration, f up, and ABCB1 expression were sensitive parameters.
In our further study, we have also demonstrated that the
albumin level, CYP3A4 concentration, and ABCB1 expression
can influence the efficacy and safety of ABE in clinical
treatment (Figure 4). Additionally, strong associations between
albumin level, ABCB1 and ABCG2 expression have been
observed in relation to clinical treatment outcomes.25,46 Our
sensitivity analysis has revealed that f up, CYP3A4 expression,
and albumin levels substantially affect the PK and CDK4/6
occupancy of ABE and its metabolites. Consequently, it is
better to calibrate these parameters within the PBPK model to
better fit the MBC population, thereby facilitating more
accurate predictions.
Furthermore, the PBPK model identified four key factors

with significant impacts on Cmin and CDK4/6 in plasma and
CSF (Figure 4). The variation in CYP3A4 expression can
significantly affect PK and occupancy of ABE, and this can be
explained by 89% of ABE metabolism being attributed to
CYP3A4.31 In a previous study,41 carriers of the CYP3A422
allele have a high risk of adverse events. Our simulations
showed that plasma Cmin exceeds the safe threshold in BC
patients when CYP3A4 expression was set at 1.2 μM (Figure
4A, expression level corresponds to carriers of the CYP3A422
allele). The simulations also demonstrated that ABCB1 and
ABCG2 expression is strongly linked to clinical CSF exposure
and efficacy of ABE (Figure 4D−G). These results are in good
agreement with the observed data in the paper,46 where gene
polymorphisms of ABCB1 and ABCG2 exhibited significant
associations with clinical treatment outcomes in MBC patients.
Albumin varies widely in patients, as multiple papers21,25 have
shown that plasma albumin level is strongly associated with
clinical efficacy and safety. In these simulations, it has been
demonstrated that Cmin and CDK4/6 occupancy were
significantly affected by albumin level (Figure 4H−J). This
result is also consistent with the clinically observed result,25

where among patients with albumin levels >4.0 g/dl, the
incidence of ABE-induced serious adverse events was
significantly lower due to relatively lower plasma Cmin.
Various dosing strategies for ABE in MBC treatment were

simulated to assess their CDK4/6 occupancy and potential
clinical toxicities (Figure 5). In contrast, ABE exhibited a
favorable safety profile and achieved sustained CDK4/6
occupancy in CSF at doses of 150 and 200 mg of BID.
However, even a single dose of 400 mg cannot achieve
sufficient CDK4/6 occupancy in the CSF. Therefore, dosing
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regimens of 150 and 200 mg of BID were recommended as
suitable for brain MBC treatment. These simulations align well
with clinically observed pharmacodynamic effects.16

In clinical practice, the plasma albumin level and poly-
morphisms of CYP3A4 of patients can be determined and
analyzed by collecting blood samples. Additionally, to assess
ABCB1 and ABCG2 expression, tissue samples, such as skin
biopsies or the isolation of peripheral blood mononuclear cells
from blood samples, can be employed. These measured values
can then be integrated into our PBPK model to evaluate the
potential efficacy and safety outcomes for patients with brain
MBC.
There are some assumptions in the current PBPK model. It

is assumed that the transport of ABE across the capillary
membrane is governed by the permeability limits. To simulate
the free concentration of ABE within the CSF, the unbound
concentration in the interstitial fluid is equivalent to the free
concentration within the CSF. Moreover, due to the
unavailability of experimental data, the koff values for three
metabolites were considered uniform with ABE. Additionally,
the changes in the expression of pRB and TOPO-IIα, which
were experimentally determined, were derived from skin tissue
sources. It was assumed that the discrepancies in the
expression changes of pRB and TOPO-IIα between the
tumor and skin tissues were minimal. Additionally, the model
currently has several limitations. Its first limitation is the
absence of experimentally confirmed CDK4/6 occupancy data
to verify the predictive accuracy of the PBPK model.
Additionally, only one clinical study was obtained to validate
the biomarker model. Furthermore, with the exception of the
six parameters previously mentioned, the remaining model
parameters were assumed to remain consistent with normal
physiological conditions for ABE. Another challenge for the
PBPK model is the lack of assessment regarding the impact of
CDK4/6 cellular half-life on CDK4/6 occupancy However,
kinase synthetic half-life in cells have been demonstrated to
play an important role in target occupancy.28 Finally, of the
four key factors identified by the PBPK model, however, the
impact of CYP3A4 expression lacks clinical experimental
validation. Given that ABE and its three metabolites are highly
lipophilic, as indicated their log P values, they were assigned
the same Kp scale value. However, this value may not entirely
represent their actual in vivo distribution.

5. CONCLUSIONS
In conclusion, this study successfully developed and validated a
PBPK model for ABE in brain MBC patients. The innovation
of the current research is reflected in the following three
aspects: (i) the current study is the first to define the clinical
efficacy and safe threshold for ABE; (ii) the model is first
proposed to simulate the CDK4/6 occupancy in both plasma
and CSF for ABE and its three active metabolites; (iii)
furthermore, the research uniquely identifies four key factors
that significantly impact the Cmin and CDK4/6 occupancy. The
PBPK model offers valuable guidance for optimizing ABE
dosing regimens in patient populations.
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