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Abstract 
 

Purpose:  Venetoclax, a selective B-cell lymphoma-2 inhibitor, is a biopharmaceutics classification system 

(BCS) class IV compound. The aim of this study was to develop a physiologically-based pharmacokinetic 

(PBPK) model to mechanistically describe absorption and disposition of an amorphous solid dispersion 

(ASD) formulation of venetoclax in humans.  

Methods:  A mechanistic PBPK model was developed incorporating measured amorphous solubility, 

dissolution, metabolism and plasma protein binding. A middle-out approach was used to define 

permeability. Model predictions of oral venetoclax pharmacokinetics were verified against clinical studies 

of fed and fasted healthy volunteers, and clinical drug interaction studies with strong CYP3A inhibitor 

(ketoconazole) and inducer (rifampicin). 

Results:  Model verification demonstrated accurate prediction of the observed food effect following a low-

fat diet. Ratios of predicted versus observed Cmax and AUC of venetoclax were within 0.8- to 1.25-fold of 

observed ratios for strong CYP3A inhibitor and inducer interactions, indicating that the venetoclax 

elimination pathway was correctly specified. 

Conclusions:  The verified venetoclax PBPK model is one of the first examples mechanistically capturing  

absorption, food effect and exposure of an ASD formulated compound. This model allows evaluation of 

untested drug-drug interactions, especially those primarily occurring in the intestine, and paves the way 

for future modeling of BCS IV compounds.  
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Abbreviations 
 

ASD - Amorphous Solid Dispersion  

BCS – biopharmaceutics classification system 

CLL – chronic lymphocytic leukemia 

CYP – cytochrome P450 

DLM – diffusion layer model 

GLPS – glass-liquid phase separation 

Peff,,man – effective permeability in human 

PBPK – physiology based pharmacokinetics 

PK - pharmacokinetic 

SIVA - Simcyp In Vitro (data) Analysis  

USP - United States Pharmacopeia 
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Introduction 
 

Venetoclax is a selective and orally bioavailable B-cell lymphoma-2 inhibitor developed for the treatment 

of chronic lymphocytic leukemia (CLL) and other hematological malignancies 1,2. In the clinic, venetoclax 

has demonstrated efficacy as a single agent in patients with relapsed CLL or small lymphocytic 

lymphoma and as combination therapy in other hematological malignancies 2,3.  

Venetoclax, a biopharmaceutics classification system (BCS) class IV compound, has low solubility 

(crystalline solid; < 4ng/mL) and permeability 2,4,5, which poses challenges to mechanistic modeling and 

formulation design, particularly with respect to understanding the fraction absorbed in the intestine. A 

drug in this class would be predicted to be both solubility and permeability-limited, thus making absorption 

highly dependent on in vivo relevant concentrations present from proximal (duodenum) to distal (colon) 

intestinal regions. Current physiologically-based pharmacokinetic (PBPK) modeling approaches have 

shown limited success in predicting absorption of BCS class IV compounds. A complicating factor for 

successful model development for this class of molecules is the tendency for the application of solubility-

enabling or supersaturating formulations to enhance in vivo exposure. Utilization of the intrinsic crystalline 

solubility as the main formulation input to the model in these situations can result in significant under-

predictions in absorption, as the concentration available in the supersaturated state is not fully taken into 

account. Therefore, an understanding of drug release and supersaturation maintenance as related to 

potential interactions in the intestine is critical to building an appropriate PBPK model with this type of 

formulation 6-8.   

Amorphous solid dispersions (ASDs) have emerged as a formulation approach to overcome the aqueous 

solubility limitations of poorly soluble drugs. In general, ASDs offer significant advantages over crystalline 

formulations as the apparent, amorphous solubility of a drug can be orders of magnitude higher than its 

crystalline counterpart 9,10. The increased solution concentration of the drug provided via its amorphous 

solubility has been demonstrated to drive flux through epithelial barriers present in the GI tract, typically 

resulting in higher overall exposures 11,12. A key factor limiting the utilization of ASDs is physical stability 

and the potential for crystallization of the drug upon generation of the metastable, supersaturated state in 
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aqueous solution. Drugs with higher molecular weight (such as venetoclax), tend to be slow crystallizers 

and can remain in the supersaturated state at the amorphous solubility across physiologically relevant 

time-frames in the presence of amorphous drug-rich particles, which serve as  reservoirs of absorbable 

drug 9,12. Amorphous solubility as a PBPK model input will more accurately represent the free fraction of 

drug available in the gastrointestinal lumen than the more traditional approach of using crystalline 

solubility.  To account for the role of pH along with bile salt and micelle concentrations on solubility across 

the gastrointestinal tract, amorphous solubility should not only be generated in a buffer to designate the 

maximal luminal free fraction concentrations, but also measured in biorelevant simulated intestinal fluids.  

Importantly, the resulting experimental amorphous solubility data should be input into a PBPK model that 

can apply appropriate total solubility enhancements across the gastrointestinal tract due to the presence 

of bile salts and other micellar structures ahead of subsequent modeling of absorption.  

For venetoclax, measured in vitro solubility was compared to the predicted solubility (via the algorithms 

implemented in the PBPK platform) using the Simcyp in vitro (data) analysis (SIVA) toolkit 2.0 (Certara 

USA, Inc., Princeton, NJ) to define a scalar for the bile-micelle partition coefficient 6. These scalars were 

then utilized within the Simcyp PBPK platform for predicting total biorelevant solubility. In addition to 

plasma protein binding, volume of distribution and measured enzyme kinetics, this data was used to 

predict and verify the in vivo pharmacokinetic (PK) profile of venetoclax, the impact of food and its 

potential drug interactions.  

While a PBPK model has previously been used to describe the disposition of venetoclax using clinical 

dissolution data 13, the aim of this work was to use in vitro data on solubility, dissolution and permeability 

to mechanistically capture the absorption, disposition and food effect of ASD venetoclax tablets.  

Materials and Methods 

Materials 
 

DMSO, methanol and 50 mM phosphate buffer pH 7.4 (ionic strength = 0.155 M) and polyvinylpyrollidone 

K40 were obtained from Sigma-Aldrich (St. Louis, MO). 0.1N HCl and Polysorbate 80 were obtained from 
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J.T. Baker (Phillipsburg, N.J.) Sodium chloride was obtained from Calbiochem (San Diego, CA). HPMC, 

Hypermellose 2910 was obtained from Spectrum (New Brunswick, NJ). HPMC-AS was obtained from 

Shin-Etsu (Tokyo, Japan). Kollidon VA64 (Copovidone) was obtained from BASF (Ludwigshafen, 

Germany). All simulated intestinal fluid powders were obtained from Biorelevant (London, UK). 

Lauroglycol FCC was obtained from Gattefosse and venetoclax API was manufactured by AbbVie (North 

Chicago, IL).  

Human plasma was purchased from BioreclamationINV (Hicksville, New York). A 96-well equilibrium 

device (HTD 96C, high throughput dialysis device in a 96-well format), cellulose membranes with 

molecular weight cut-off (MWCO) of 12-14 kDa and adhesive plate sealers were purchased from HT-

Dialysis (Gales Ferry, Connecticut). Deep well plates were obtained from Sales and Service (Flanders, 

New Jersey). 

Methods 

Unbound Fraction in Plasma (fu p) 
 

The unbound fraction of venetoclax to human plasma was determined by equilibrium dialysis using a 96-

well HT dialysis apparatus with dialysis membrane strips (MWCO 12-14 kDa).  A generalized equilibrium 

dialysis method was adopted from literature 14.  Briefly, venetoclax (1-30 µM in 1% (v/v) human plasma) 

was equilibrated against dialyzed phosphate buffer (50 mM, pH 7.4).  Dialyzed buffer from human plasma 

was prepared by incubating naïve human plasma with phosphate buffer. Dialyzed buffer was on the 

buffer side of the membrane in the diluted human plasma studies.  After the incubation (4 hr at 37 °C) , 

matrix (5 µL) and buffer (50 µL) were sampled from the dialysis plate and combined with 

acetonitrile/methanol containing 50 nM carbutamide as the internal standard (quench solution).  The 10-

fold difference in sample volume from the dialysis plate allows the standard curve for buffer to be 10-fold 

lower.  A standard curve and T0 (time=0) samples were treated the same as the dialysis samples by 

matrix blanking.  Samples were vortexed and stored at 4 °C, if necessary, prior to centrifugation and 

analysis by HPLC-MS/MS. 
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The extent of binding was determined by measuring the fraction unbound (fu) of the test article.  It is 

assumed that the unbound test article will equilibrate freely across the membrane and thus the 

concentration in the buffer chamber will be the free concentration (Cf).  The free concentration divided by 

the total concentration is the fraction unbound: 

     �� = 	 ����      (1) 

where fu is the fraction of unbound drug, Cf is the free concentration of test article and Ct is the total 

concentration of test article. 

The unbound fraction in diluted plasma was back-calculated to undiluted plasma using the following 

equation:  

                                     �	
����
	�� = 	 �/�
�( �
��,��������)��� �/�

                                   (2) 

where D represents the fold dilution of matrix, and fu,measured is the ratio of concentration determined from 

the buffer and diluted plasma samples 15. 

Intestinal Permeability 
 

Sprague-Dawley rats (8 – 10 weeks old) were used for all studies. All animal procedures were approved 

by the Institutional Animal Care and Use Committee (IACUC) at AbbVie Inc. Intestines were removed 

immediately post-sacrifice via sharp dissection of the mesentery.  The gut from stomach to colon was 

then placed in ice cold HEPES buffer (25 mM) for transport.  Tissue was prepared for testing by first 

removing the segment 2 cm above attachment to the caecum to a length of approximately 10 cm, 

opening the intestine via dissection down the mesenteric attachment, followed by blunt dissection of the 

muscularis propria.  Tissues were then mounted in the Ussing chamber apparatus (Physiologic 

Instruments; EM-CSYS-8) and monitored for integrity by online measurement of trans-epithelial electrical 

resistance; this measurement was continuously monitored throughout the study. 
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Permeability of venetoclax was measured using a 100 µg/mL GLPS-based formulation in a 1% 

copovidone solution in HEPES buffer at pH 7.2.  In the basolateral receiver chamber, a 1% (w/v) BSA 

solution was used to collect permeated drug.  The study was run for five hours; at each hour interval a 10 

µL sample was collected from each basolateral compartment.  Samples were analyzed via mass 

spectroscopy.  Permeability calculated from a linear fit was applied to the accumulated drug concentration 

using the measured free drug concentration in the donor compartment.  This permeability was then 

converted by an internal correlation of  nine model compounds run in the Ussing chamber apparatus and 

published effective permeability values for human jejunum (Peff,man) 
16 (Appendix 1). 

Solubility and Dissolution 
 

A concentrated stock solution was prepared by dissolving venetoclax in DMSO at a concentration of 50 or 

100 mg/mL, sonicating if necessary to obtain a clear solution. The test medium of interest (0.5 mL) was 

added to a 15x45mm Type 1 Class B borosilicate glass vial (Sun-Sri). While mixing with a touch mixer, 5 

µL of the concentrated stock solution was added to the vial. A portion of the supersaturated suspension 

(~0.18 mL) was transferred to an ultra-clear ultracentrifuge tube (5x20 mm, Beckman Coulter), placed in a 

Beckman Coulter A-110 fixed angle rotor and centrifuged at ~100,000 RPM in an Airfuge Ultracentrifuge 

(Beckman Coulter) for ~30 minutes. The remaining supersaturated sample was retained for analysis by 

cross-polarized light microscopy (Nikon Eclipse E600 POL Microscope). Amorphous solubility 

measurements were conducted in 50 mM phosphate buffer (pH 7.4) with 0.5% (w/v) copovidone or a 

cocktail of various polymers to inhibit crystallization and stabilize at the amorphous solubility. Additional 

amorphous solubility experiments were conducted in simulated intestinal fluids (FaSSIF and FeSSIF) at 

pH 5 and 6.5. The composition of FaSSIF is 3 mM sodium taurocholate and 0.75 mM lecithin with an 

osmolarity of 270 mOsmols. For FeSSIF, the composition is 5-fold this composition or 15 mM sodium 

taurocholate and 3.75 mM lecithin with the same osmolarity 17. 

To assess precipitation behavior of venetoclax, the samples described above were allowed to equilibrate 

at room temperature for 24 hours and a small sample of each suspension was pipetted onto a glass slide 

and viewed through a polarized light microscope and observed for birefringence/presence of crystalline 

particles.  
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In vitro Modeling of Solubility 
 

The bile to micelle solubilization of venetoclax was estimated using the Simcyp SIVA toolkit, version 

2.0.19.0 (SIVA; Simcyp Ltd. Certara Inc). Briefly, SIVA is a parameter estimation tool that allows 

estimation of intrinsic solubility, pKa, and micelle partition coefficients from experimentally determined pH-

solubility profile and bio-relevant solubilities. Adjusting these parameters within the PBPK platform to 

obtain a “best fit” of the clinical PK profile could lead to a biased understanding of the relative contribution 

of these parameters due to the concomitant role of system- and drug-related variables that may 

additionally contribute to any observed in vitro-in vivo differences. Here, the experimental pKa, calculated 

log Poctanol:water (using measured log D at pH 7.4) 18, and the intrinsic amorphous solubility were fixed and 

the biorelevant solubility in FaSSIF and FeSSIF buffer were used in fitting  and verification of the micelle 

to buffer partition coefficient (log Km:w) of venetoclax.Tables 1 and 2 provide a summary of the measured 

input parameters and final estimated solubility and absorption parameters that were used as input for the 

PBPK model.  

Additional references (including details of methodology) and previously published input parameters used 

in the current PBPK model can be found in Table 2.  

PBPK Model Development and Evaluation 
 

The venetoclax PBPK model was built using the Simcyp® Simulator, Version 15.0.86.0 (Certara USA, 

Inc., Princeton, NJ). All simulations described in this study were carried out in the Sim-Healthy Volunteer 

population.   

The PBPK model was developed using measured in vitro drug parameters as surrogates for in vivo 

mechanisms relevant to absorption, distribution and metabolism. The link from in vitro parameters to an in 

vivo context was established using in vitro-in vivo extrapolation through the use of inter-system 

extrapolation factors and systems scalars, as well as mechanistic integration of these parameters in the 

framework of the whole human body 19,20. An exception to this was the permeability in jejunum, where in 

vitro-in vivo extrapolation has not been established in the presence of efflux transporters due to 

differences in expression and activity across species. Therefore, jejunum permeability was refined based 
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on the observed clinical profile 20.  All input drug parameters are summarized in Table 1 and 2. Measured 

log D at pH 7.4, pKa, plasma protein binding (fup), in vitro intestinal permeability from Ussing chamber 

experiments, biorelevant solubility and CYP3A recombinant enzyme kinetics (biphasic) and microsomal 

binding (fumic) were used in model building 18,21.   

Regional permeability and cumulative dissolution of an immediate-release (IR) formulation of venetoclax 

were mechanistically predicted using the mechanistic permeability (MechPeff) and Wang and Flanagan 

diffusion-layer sub-models (DLM)  within the Simcyp Advanced Dissolution, Absorption and Metabolism 

(ADAM) model 19,22,23.  

DLM allows extrapolation of in vivo dissolution rate from the IR formulation in a gastro-intestinal segment 

over time 6,19,22,23:  

!"() = −$% ����
&���	(')

4)*()+*() + ℎ.//	()0+%123/() − 45267()0                        (3) 

where DR(t) is the rate of dissolution at time t; Deff is the effective diffusion coefficient; heff (t) is the 

thickness of the hydrodynamic boundary layer at time t; a(t) is the particle radius at time t; Cbulk(t) is the 

concentration of dissolved drug in bulk solution at time t; and Ssurf(t) is the saturation solubility at the 

particle surface at time t. Heff was estimated using the Hintz-Johnson sub-model and Deff was calculated 

within Simcyp based on molecular weight 6,19,23. Precipitation of venetoclax was estimated using Model 2, 

which takes into account meta-stable supersaturated concentrations. In this model, the intrinsic solubility 

was set to the amorphous solubility. The critical supersaturation ratio was set to 1, as venetoclax will 

precipitate as amorphous GLPS particles, which should remain amorphous throughout the timeframe it 

resides in the gastrointestinal tract (see Supporting Material). The precipitation rate constant was set to 

very low (i.e. 0.0001 h-1) to help maintain concentrations at the amorphous solubility. Sensitivity analysis 

was performed with respect to particle size from 200 nm to 20 µm. This range was selected based on 

experience with GLPS particles that typically do not go beyond the upper value defined, as well as 

polarized light microscopy images confirming this observation. The sensitivity analysis did not indicate a 
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significant effect of particle size on the fraction absorbed (see Supporting Material), therefore the 

particle size was set to a default value of 10 µm.  All input data are summarized in table 2.   

The MechPeff model accounts for regional differences in effective permeability (Peff,man) based on 

knowledge of regional GI morphology and physiology, as well as, inter-individual variability in these 

parameters 22,24,25. Here the intrinsic permeability (Ptrans,0) used in the MechPeff model was calibrated 

against the corresponding measured jejunum I Peff,man determined using the Ussing chamber assay. 

Assuming that transcellular permeability dominates (low paracellular and unstirred boundary layer 

permeability), the on-screen Ptrans,0 was manually adjusted to reproduce the jejunum Peff,man value. This 

Ptrans,0 value was then used in the software to predict the relevant Peff,man in the other regions of the 

intestine. While it has been shown in vitro that venetoclax is a substrate of P-gp and BCRP, kinetic 

parameters could not be measured for incorporation in the model due to low intrinsic solubility of this 

compound. As rat Ussing chamber experiments were conducted in the absence of any active transport 

inhibitors, the measured permeability should account for active and passive processes, albeit not 

accounting for species differences in transporter expression.  

A measured value was not available for the unbound fraction of drug within the enterocyte, therefore, 

measured unbound fraction in human liver microsome (fumic) was used as a surrogate for fu,Gut in the 

model. 

The Rodgers and Rowland method (Method 2) was used to predict the volume of distribution at steady 

state (Vss) as it performed better than the Poulin and Theil method (Method 1) to predict the estimated 

clinical Vss 
26-28. Though venetoclax was not dosed intravenously in the clinic, a population PK analysis of 

the PK parameters in fasting healthy human volunteers indicated that the Vss/F is 118 L 29. For an 

average individual weighing 74 Kg, this translates to a Vss/F of 1.6 L/Kg. Based on the physicochemical 

properties of venetoclax, as well as its low permeability, bioavailability in the fasted state is expected to 

be around 10%. Therefore, the clinical Vss is estimated to be approximately 0.2 L/Kg, which is in 

agreement with the prediction obtained from the Rodgers and Rowland method. Furthermore, the 

geometric mean of Vss across three preclinical species (rat, dog and monkey) corrected for plasma 
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binding was determined to be 0.3 L/kg, which is also in agreement with the value predicted using Method 

2 30.  

In vitro measurements in human recombinant enzymes indicate that venetoclax is primarily metabolized 

via the CYP3A4/5 21. Following oral administration in human, the major route of elimination of venetoclax 

(parent compound) was biliary/fecal excretion of the parent and metabolites  21, likely related to its 

incomplete gastrointestinal absorption resulting from its low permeability and solubility (Table 1).  In the 

PBPK model, venetoclax elimination of the absorbed fraction was assumed to be exclusively through 

CYP3A4/5 metabolism.  

The initial PBPK model was used to simulate 10 trials of 24 subjects dosed with 100 mg venetoclax under 

fasting conditions.  

PBPK Model Verification 
 

The ability of the PBPK model to correctly predict the observed clinical food effect was verified against the 

results of a single food effect study in 10 trials of 24 healthy volunteers (240 individuals) using 100 mg 

under fed (low- and high-fat meal) conditions as previously described 31. The predicted AUC∞ and Cmax 

ratios were compared to the respective observed parameters and a 0.8- to 1.25-fold range was used as 

stringent criteria for model verification 32,33. 

The ability of the PBPK model to correctly predict potential drug-drug interactions (DDIs) was verified 

against two independent clinical studies assessing the strong CYP3A inhibitor ketoconazole 5 and the 

strong CYP3A inducer, multiple dose rifampin 4. Verification of the venetoclax PBPK model was carried 

out using identical study design as the clinical ketoconazole and rifampin studies 4,5. Simulations were 

carried out in 10 trials of 12 healthy volunteers using 50 mg and 200 mg venetoclax with the default, built-

in ketoconazole 400 mg QD and rifampin 600 mg QD (MD) PBPK compound files available in the Simcyp 

Simulator, respectively. The predicted AUC∞ and Cmax ratios were compared to the respective observed 

parameters and a 0.8- to 1.25-fold range was used as stringent criteria for model verification 32,33. 
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Results 

 Venetoclax has high plasma protein binding, with a fup value of 1.3 x 10-5 as determined by equilibrium 

dialysis.  Ussing chamber results showed that venetoclax has a low apparent permeability of 1.02 x10-6 

cm/s in rat, which translates to a Peff,man value of 0.3 x 10-4 cm/s in human jejunum. The amorphous 

solubility of venetoclax was measured to be 4.5 µg/mL under neutral conditions and 13 µg/mL in acidic 

conditions, all in the presence of polymer to help promote GLPS formation (Table 2). Under simulated 

intestinal fluid conditions, amorpohous solubilities ranged between 20 µg/mL and 55 µg/mL depending on 

fasted vs. fed conditions. Crystallization tendency was observed for venetoclax using a polarized light 

microscope and found to be stable as GLPS particles for at least 24 hours (see Supporting Material). 

Based on these observations, venetoclax is not believed to crystallize under physiological conditions at a 

physiological timeframe (24 hours) (Figure 1). In terms of rate of crystallization, venetoclax would be 

considered very slow if classified as part of the amorphous classification system 34.  

Model Development and Evaluation 
 

The performance of the initial venetoclax PBPK model was assessed by simulating plasma concentration-

time profile following a single 100 mg dose in fasted female healthy volunteer subjects. The model under-

predicted the observed plasma venetoclax exposure and over-predicted the observed Tmax
31. As 

venetoclax is known to be  a substrate of efflux transporters 21, and the correlation used to determine the 

Peff,man from rat Ussing chamber experiments does not account for the inter-species differences in active 

processes, there was uncertainty in the initial permeability (Ptrans,0) value used in the MechPeff model. A 

parameter estimation approach was utilized to optimize the Ptrans,0 value resulting in a jejunumI Peff,man 

value of 0.98 x 10-4 cm/s instead of the measured value of 0.3 x 10-4 cm/s. The optimized PBPK model 

was then able to capture the plasma PK profile of venetoclax in fasted female subjects (Figure 2) and the 

model predicted the observed PK parameters within the 0.8- to 1.25-fold range criteria for model 

verification (Table 3). 

Model Verification  
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The ability of the PBPK model to capture the clinically-observed 3.4-fold (low-fat diet) to 5.2-fold (high-fat 

diet) increase in venetoclax exposure (Cmax and AUC) was evaluated in the presence of food 31. 

Simulation of plasma concentration-time profiles following a single 100 mg dose in fed female subjects 

successfully captured the observed fold increase following a low-fat meal condition (Figure 3). 

Comparison of the geometric mean of the observed PK parameters following a low-fat diet in healthy 

female volunteers was in good agreement with the predicted geometric mean of the PK parameters; 

within 0.81- to 0.92-fold (Table 4). The current model was not able to capture the observed fold increase 

following a high-fat meal condition (~5-fold) (data not shown) 31.  

The venetoclax model was further verified against independent clinical studies assessing the effect of the 

strong CYP3A inhibitor ketoconazole (400 mg QD) and the strong CYP3A inducer rifampicin (600 mg QD) 

4,5. The model described the ratio of AUC and Cmax of venetoclax in the presence of ketoconazole within 

0.81- and 0.82-fold of the observed ratios, respectively (Table 5). Furthermore, the model was able to 

adequately capture the effect of the CYP3A inducer rifampin on plasma venetoclax concentrations within 

0.98- and 1.21-fold of the observed AUC and Cmax ratios (Table 5). This data indicate that the model can 

successfully capture the mechanism of CYP3A metabolism of venetoclax.  

Discussion 
 

The PBPK model developed here using a middle-out approach was able to capture mechanistically the 

disposition of the BCL-2 inhibitor, venetoclax, while accounting for dissolution, permeability and 

enzymatic metabolism. Verification with clinical data from healthy volunteer subjects confirmed that the 

model predicts the disposition of venetoclax, as well as, the observed food effect following a low-fat diet. 

The PBPK model was further verified for its ability to accurately predict the effects of strong CYP3A 

inhibitors and inducers on venetoclax PK within the stringent 0.8- to 1.25-fold range for model verification 

29,33. As this model could be verified for CYP3A interactions ranging from strong inhibition to strong 

induction, it can have future application in assessing potential interaction with mild and intermediate 

modulators of CYP3A in healthy volunteers.  
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While a PBPK model has previously been used to describe the disposition of venetoclax using clinical 

dissolution data 13, the food effect was not captured mechanistically (i.e. using in vitro data for solubility 

and dissolution), instead, an empirical approach was used where the profile was capture through dose 

adjustment. An important aim of this work was to capture the venetoclax PK profile under fasted and fed 

conditions by correctly incorporating the dissolution and absorption mechanisms of venetoclax within the 

PBPK model. Venetoclax can precipitate as phase separated drug-rich amorphous particles, described 

more recently in the literature as glass-liquid phase separation (GLPS) 35. GLPS occurs for certain 

molecules after concentrations reach above the amorphous solubility of the drug and is a concentration 

which represents the highest driving force achievable for flux through the intestinal epithelium 

12. Therefore, if GLPS can be maintained in vivo, it may also represent the concentrations that will help 

overcome other barriers that might be present (e.g. efflux) or represent concentrations that will be 

available to be taken up by intestinal uptake transporters 11. Therefore, it is imperative to appropriately 

account for the maximum available concentrations that can be reached in the GI tract. For venetoclax, the 

amorphous solubility in pure aqueous conditions was the most relevant measurement to use in the PBPK 

model for this particular type of clinical/commercial formulation (ASD). Additionally, it was also critical to 

appropriately describe the precipitation behavior within the model to reflect the in vivo conditions (i.e. 

maintenance of GLPS).  

One limitation of using amorphous solubility within the Simcyp PBPK platform is that the rate of 

replenishment of amorphous drug back into available luminal concentrations is not considered. For a 

compound with a low net permeability (and low expected absorption), however, this replenishment rate 

may be negligible and maintenance of concentrations at the amorphous solubility may be representative 

of the in vivo situation. While the model captures the food effect observed following a low-fat diet, it could 

not adequately account for the greater than 5-fold food effect observed following a high-fat diet. Given the 

high lipophilicity of venetoclax, the observed food effect following a high-fat meal may arise from 

increased solubilization of the hydrophobic venetoclax molecule by not only forming bile salt micelles, but 

also by dissolving the molecule in the lipophilic phase. While the solubility in the classical FeSSIF buffer 

previously described in the literature36 was used in the current model to simulate the biorelevant solubility, 

the composition of this medium may be more reflective of a low-fat diet, rather than a high-fat meal, 
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especially in the presence of a highly lipophilic compound 36-38, Therefore, the in vitro biorelevant data 

used in the current model may only sufficiently explain the food effect following intake of a meal with low 

fat composition. An additional mechanism, which may contribute to increased systemic exposure of 

venetoclax following a high-fat diet may be  lymphatic absorption. Here, mechanistic modeling of the bio-

relevant ASD solubility accounts for the effect of surfactants in the formulation, however, it does not take 

into account the additional role of lymphatic absorption of venetoclax. The mechanism of lymphatic 

absorption could not be adequately captured using the models currently available within Simcyp Version 

15. The impact of fatty acids and lipid particles on absorption was demonstrated in vitro where 

permeability of venetoclax was measured using a simulated lymphatic absorption model (data not 

shown). In this model a synthetic approximation of lymphatic fluid consisting of a simulated chylomicron 

created to mimic the reported lipid composition of chylomicrons found in human lymph was used in the 

absorption chamber of the Ussing apparatus 39 (further details of the methodology are provided in the 

Appendix 2).  The results indicated an increase in permeability of venetoclax by approximately 3-fold, 

suggesting increased exposure in the presence of lipid particles and fatty components of a high-fat meal.  

Several biorelevant dissolution methods have been described in the literature in an attempt to predict in 

vivo relevant concentrations 8,40. Typical United States Pharmacopeia (USP) methods fall short of 

predicting these concentrations correctly due to lack of an absorptive compartment creating the 

appropriate sink that mimics in vivo absorption. Additionally, the recommended 900 mL volumes are not 

representative of water and GI fluid present in the gastrointestinal lumen (assumed to be between 130 

and 250 mL).  Conventional six-vessel USP dissolution methods are generally run at a single pH whereas 

biorelevant methods attempt to capture the pH shift from low pH in the stomach (1-3) to small intestinal 

pH (5-6.8). An alternate approach was developed by Gao et al. (i.e. pH dilution) which attempts to capture 

biorelevant dissolution of ASD formulations over a range of pH mimicking the GI physiology 8. pH dilution 

aims to  appropriately account for GI fluid volumes, pH shifts and residence time as a formulation moves 

through the GI tract. Typically, pH dilution is a more appropriate method for evaluating supersaturating 

formulations like venetoclax compared to typical USP dissolution methods. However, the use of pH 

dilution data would only allow a semi-mechanistic approach where user-input segmental dissolution data 

would over-write the mechanistic simulation of segmental biorelevant solubility and dissolution within the 
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PBPK. Use of this data will require separate files with input for either fasted or fed state (solubility data 

from separate experiments run in FaSSIF and FeSSIF buffer), which is not ideal. The mechanistic 

approach described here demonstrates the use of in vitro data to successfully predict the disposition and 

observed food effect of a BCS class IV, ASD formulation using PBPK modeling.  

Conclusion 
 

The application of PBPK models to simulating the pharmacokinetics and disposition of compounds with 

high thermodynamic solubility and permeability has been extensively described in the literature, while 

models describing the disposition of BCS class IV compounds that require an ASD formulation to obtain 

adequate in vivo absorption and dissolution are lacking.  This manuscript describes the development of a 

mechanistic PBPK model using in vitro data on amorphous solubility and dissolution of the low solubility 

and low permeability compound, venetoclax to correctly capture the human PK profile and food effect. 

Furthermore, the inclusion of in vitro CYP3A kinetics data correctly captured the elimination profile of this 

compound while allowing prediction of potential CYP3A-related drug interactions. The PBPK model can 

have future applications in predicting un-tested drug interactions, especially those that may primarily 

occur within the gastrointestinal tract and is one of the first examples of a model that mechanistically 

captures the absorption and disposition of an ASD formulation. 
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Supporting Information 
 

This article contains supplementary material available from the authors upon request or via the internet. 
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Figure Legends 
 

Figure 1. Illustration of venetoclax solubility and  precipitation behavior – initial rapid supersaturation 

of venetoclax to its amorphous solubility occurs at 4.6 µg/mL (critical supersaturation concentration, 

CSC). Above this concentration, GPLS particles form and replenish amorphous drug to help maintain 

concentrations at the amorphous solubility. Data above describing the slow precipitation rate (PRC) of 

venetoclax allows maintenance at the CSC.   

Figure 2 – Mean simulated (solid line) and observed  (circles) plasma venetoclax concentration-

time profiles in fasted, female healthy volunteer s ubjects (10 trials of 24 individuals) following 

administration of a single 100-mg venetoclax dose.  Dashed lines represent the 5th and 95th 

percentiles. The different colors represent different subjects.  

Figure 3 – Mean simulated (solid line) and observed  (circles) plasma venetoclax concentration-

time profiles in fed, female healthy volunteer subj ects (10 trials of 24 individuals) following 

administration of a single 100-mg venetoclax dose.  Dashed lines represent the 5th and 95th 

percentiles. The different colors represent different subjects.  
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Table 1.  pH-modified bio-relevant amorphous solubility data used for parameter 

estimation in SIVA.  

Measured pH 
Surfactant 

Concentration (mM) 

Critical Micelle 

Concentration (mM) 

Experimental in vitro 

Solubility (µg/mL) ± SD 

5.3 3.75 3 20.7 ± 0.8 

6.9 3.75 3 33.7 ± 13.5 

5.3 18.75 3 26.4 ± 0. 2 

6.9 18.75 3 54.6 ± 2 
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Table 2.  Input data values for venetoclax mechanistic PBPK model.   

Parameter  Input value Source 

Physicochemical Properties 

Molecular Weight (g/mol) 868.44  

Log Po:w 8 

Predicted in Simcyp from 

experimentally determine 

LogD of 5.4 at pH 7.4 1 

Compound Type Ampholyte Experimentally determined 

pKa1 (acid) 3.4 Experimentally determined 

pKa2 (base) 10.3 Experimentally determined 

Blood to plasma ratio (B:P) 0.574 Experimentally determined 2 

Fraction unbound in plasma 

(fup) 
1.3 x 10-5 Experimentally determined 

Permeability 

Peff,man (10-4 cm/s) duodenum 0.49 Predicted using the Simcyp 

mechanistic Peff (MechPeff) 

model 3 from the 

experimentally determined 

Peff,man of 0.3 x 10-4 cm/s, 

optimized to 0.98 x 10-4 

cm/s.  

Peff,man (10-4 cm/s) jejunum I 0.98 

Peff,man (10-4 cm/s) jejunum II 0.69 

Peff,man (10-4 cm/s) ileum I-III 0.31 

Peff,man (10-4 cm/s) ileum IV 0.29 

Peff,man (10-4 cm/s) colon 0.20 

Solubility and Dissolution from immediate release  

Amorphous solubility pH profile 

(µg/mL) 

(used in model to calculate 

Ssurf) 

From 13 (pH 1) to 4.5 

(pH 7.4) 
Experimentally determined 

Logarithm of bile midelle:buffer 

partition coefficient (logKm:w) 

Neutral = 0.774 

Ion = 3.32 
Obtained using SIVA 
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Critical supersaturation ratio  1 Experimentally estimated 

Precipitation rate constant 0.0001 Experimentally estimated 

Particle radius (µm) 10 Simcyp default 

Particle Heff (µm) 1 Simcyp default 

Distribution and Elimination 

Vss (L/Kg) 0.21 Method 2 4 

CYP3A4 – 4-OH pathway 

Vmax (pmol/min/pmol isoform) 3.468 Experimentally determined 2 

Km (µM) 4.632 Experimentally determined 2 

fumic 0.0006 

Calculated from 

experimentally determined 

fumic based on protein 

content 5 

CYP3A4 – α-OH pathway 

CLint (µL/min/pmol isoform) 0.163 Experimentally determined 2 

fumic 0.0006 

Calculated from 

experimentally determined 

fumic based on protein 

content 5 

CYP3A5 – 4-OH pathway  

CLint (µL/min/pmol isoform) 0.062 Experimentally determined 2 

fumic 0.0006 

Calculated from 

experimentally determined 

fumic based on protein 

content 5 
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Table 3 – Comparison of predicted and observed venetoclax PK parameters in fasted 

healthy subjects following a 100-mg dose.  

Parameter 
Predicted 

(Geometric Mean ± 
SD) 

Observed 

(Geometric Mean) 6 
Ratio 

(Predicted:Observed 

AUC0-∞ (µg/mL• 
hr) 2.25 ± 1.62 2.08 1.08 

Cmax (µg/mL) 0.16 ± 0.06 0.15  1.01 

tmax (hours) 4.37 ± 1.35 4.3  1.02 
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Table 4 – Comparison of predicted and observed venetoclax PK parameters in fed 

healthy subjects following a 100-mg dose.  

Parameter 
Predicted 

(Geometric Mean ± 
SD) 

Observed (Geometric 
Mean)6 

Ratio 
(Predicted:Observed)  

Low-fat 
Diet 

High-fat 
Diet 

Low-fat 
Diet 

High-fat 
Diet 

AUC0-∞ (µg/mL• hr) 6.10 ± 4.55 7.1  10.54 0.86 0.58 

Cmax (µg/mL) 0.40 ± 0.16 0.5 0.78 0.81 0.51 

tmax (hr) 5.60 ± 1.60 6.1 6.0 0.92 0.93 
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Table 5 – Comparison of predicted and observed venetoclax PK parameters ratio in fed 

healthy subjects when administered with ketoconazole and rifampicin.   

Parameter 

Ketoconazole (400 mg QD)  Rifampin (600 mg QD)  

Predicted 
(geometric 

mean) 

Observed 
(geometric 

mean)7 

Ratio 
(Predicted: 
Observed) 

Predicted 
(geometric 

mean) 

Observed 
(geometric 

mean)8 

Ratio 
(Predicted: 

Observed) 

AUC0-∞ 
Ratio 5.16 ± 3.03 6.40 0.81 0.20 ± 0.08 0.2 0.98 

Cmax Ratio  1.89 ± 0.34 2.32 0.82 0.36 ± 0.12 0.3 1.21 
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