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Abstract

Bortezomib is a reversible proteasome inhibitor with potent antineoplastic activity that exhibits 

dose- and time-dependent pharmacokinetics (PK). Proteasome-mediated bortezomib disposition is 

proposed as the primary source of its nonlinear and apparent nonstationary PK behavior. Single 

intravenous (IV) doses of bortezomib (0.25 and 1 mg/kg) were administrated to BALB/c mice, 

with blood and tissue samples obtained over 144 hours, which were analyzed by LC/MS/MS. A 

physiologically based pharmacokinetic (PBPK) model incorporating tissue drug-target binding 

was developed to test the hypothesis of proteasome-mediated bortezomib disposition. The final 

model reasonably captured bortezomib plasma and tissue PK profiles, and parameters were 

estimated with good precision. The rank-order of model estimated tissue target density correlated 

well with experimentally measured proteasome concentrations reported in the literature, 

supporting the hypothesis that binding to proteasome influences bortezomib disposition. The 

PBPK model was further scaled-up to humans to assess the similarity of bortezomib disposition 

among species. Human plasma bortezomib PK profiles following multiple IV dosing (1.3 mg/m2) 

on days 1, 4, 8, and 11 were simulated by appropriately scaling estimated mouse parameters. 

Simulated and observed bortezomib concentrations after multiple dosing were in good agreement, 

suggesting target-mediated bortezomib disposition is likely for both mice and humans. 

Furthermore, the model predicts that renal impairment should exert minimal influence on 

bortezomib exposure in humans, confirming that bortezomib dose adjustment is not necessary for 

patients with renal impairment.
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INTRODUCTION

Bortezomib (Velcade®), a reversible proteasome inhibitor, shows potent antineoplastic 

activity by inhibiting the constitutively elevated proteasome activity in myeloma cells and is 

approved as a first-line therapy for patients with multiple myeloma (MM) [1]. Apart from its 
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potent anti-myeloma effects, bortezomib is also being evaluated for the treatment of solid 

tumors, such as lung and breast cancers [2]. Despite these salutary effects, dose-limiting 

toxicities, such as thrombocytopenia, anemia and diarrhea, still pose challenges to its clinical 

utilization [3, 4], and more research into bortezomib concentration-effect relationships is 

needed to identify sources of individual variability in clinical outcomes. The 

pharmacokinetics (PK) of bortezomib is characterized by dose- and time-dependent 

disposition properties, which might influence its tissue selectivity and resulting systemic 

adverse effects [5]. However, the determinants of this nonlinear behavior have not been well 

delineated, and exploring the source(s) of bortezomib nonlinear and nonstationary PK may 

provide insights into improving its clinical use.

Bortezomib plasma PK profiles after intravenous (IV) injection show a steep distributive 

phase, which becomes saturated at higher dose levels, followed by a long terminal 

elimination phase. Bortezomib moderately binds to plasma proteins (approximately 83%), 

with linear binding properties reported at therapeutic concentrations [5]. Hepatic and renal 

clearance are the major elimination pathways, and bortezomib undergoes linear liver 

metabolism at clinically relevant concentrations [6]. However, the contribution of hepatic 

clearance to overall bortezomib elimination remains unknown in mice and humans [7]. With 

regards to drug distribution, a preclinical study suggests that bortezomib rapidly and 

extensively distributes into tissues, including the bone marrow (target tissue) and tissues 

associated with adverse effects (e.g., erythrocytes and liver). High concentrations of 

bortezomib in erythrocytes are mainly attributed to its extensive binding to cytosolic 

proteasome [8]. Moreover, bortezomib erythrocyte distribution is concentration-dependent 

owing to saturable drug-proteasome binding [9]. Since proteasome is a highly conserved 

protease complex in the cytoplasm and expressed in all tissues with various densities [2, 10, 

11], we hypothesize that saturable binding of bortezomib to proteasome is the primary 

source for its nonlinear PK behavior.

Dr. Gerhard Levy was the first to coin the name target-mediated drug disposition (TMDD) 

for describing the unique PK characteristics of such compounds, in which the interaction 

with high-affinity low-capacity targets significantly influences drug kinetics [12]. His initial 

focus was on small molecular weight compounds, such as warfarin, that displayed 

concentration- and time-dependent changes in tissue distribution [12, 13]. Over the 

subsequent two decades, appreciation of TMDD has substantially increased, primarily due to 

its role in the PK of many peptides, proteins, and antibody-based therapeutics [14]. 

Interestingly, there has been a resurgence in the development of covalent drugs [15], and 

several of these small molecular weight compounds are known or suspected to exhibit 

TMDD. A general compartmental modeling framework has been developed [16], and 

applications of this full modeling approach, along with several approximations [17], have 

shown considerable utility in characterizing complex TMDD profiles and features [18]. In 

contrast to compartmental modeling, physiologically-based PK (PBPK) models can be 

particularly informative in assessing the influence of tissue target binding on the disposition 

processes of drugs [19]. Levy and colleagues developed an integrated PBPK model for 

warfarin, by incorporating experimentally determined target density and affinity values in 

tissues, which well recapitulated the resultant concentration- and time-dependent warfarin 

biodistribution in rats [20]. Despite extensive clinical experience with bortezomib, no 
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mathematical modeling for investigating bortezomib PK has been published. This study 

aims to develop a PBPK model to investigate the influence of saturable tissue drug-target 

binding on bortezomib disposition in mice. The PBPK model was further scaled-up to test 

our hypothesis of target-mediated bortezomib disposition in humans. In addition, the renal 

component of the model was used to theoretically assess the influence of renal dysfunction 

on bortezomib exposure in humans.

MATERIALS AND METHODS

Chemicals

Bortezomib (Velcade®) was purchased from Millennium Pharmaceuticals Inc. (Cambridge, 

MA, USA). Assay standard bortezomib, the quality control in LC/MS/MS analysis, was 

purchased from LC laboratories (Woburn, MA, USA) with chemical purities greater than 

99%. The internal standard (IS), bortezomib-deuterium8 (bortezomib-d8), was purchased 

from Toronto Research Chemicals (Toronto, Canada). HPLC-grade methanol, acetonitrile, 

and water were obtained from J.T Baker (Phillipsburg, NJ, USA). Formic acid, phosphoric 

acid, and acetic acid were purchased from Sigma-Aldrich (St Louis, MO). Blank mouse 

plasma was obtained from Lampire Biological Laboratories (Pipersville, PA, USA).

Bortezomib PK study in BALB/c mice

Male BALB/c mice weighing 22–28 grams (4–5 week old) were purchased from Harlan 

(Indianapolis, IN). Mice were housed in a temperature-controlled environment on a standard 

light-dark cycle and with free access to standard diet and water. This animal study was 

approved by the Institutional Animal Care and Use Committee, at the University at Buffalo, 

SUNY.

Mice were randomly divided into two groups according to body weight, and a single 

intravenous (IV) bolus dose of bortezomib (0.25 or 1 mg/kg) was administered to mice via 

penile vein injection. Three mice in each group were sacrificed for terminal sampling of 

blood, liver, kidney, spleen, lung, muscle, and bone at each time point: 10 min, and 1, 3, 8, 

24, 72, 120 and 144 hr following drug administration. Additional blood samples were also 

collected at 3 min after bortezomib injection. Plasma was obtained from blood by 

centrifugation at 3000 rpm for 10 min at 4 °C. 2% formic acid was spiked into plasma and 

whole blood to prevent drug degradation. Entire organs of liver, kidney, spleen and lung 

(along with representative samples of skeletal muscle and bone) were collected for drug 

quantification. All samples were stored at −80 °C until further analysis.

Bortezomib LC/MS/MS Analysis

A sensitive LC/MS/MS method was established to analyze bortezomib concentrations in 

mouse plasma and tissue samples. Tissue samples were prepared by homogenization in a 

fixed volume of 20% acetonitrile with 2% formic acid on ice to avoid degradation. Briefly, 

10 μL of bortezomib standard and bortezomib-d8 (IS) were spiked in 50 μL of mouse 

plasma or tissue homogenate, and protein was precipitated using phosphoric acid followed 

by centrifugation. 350 μL of supernatant was taken for solid phase extraction (SPE) on 

Oasis® HLB cartridges (Waters Corp., Milford, MA), with cartridges subsequently washed 
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with 2% phosphoric acid and 30% methanol. Analytes were eluted by methanol with 0.1% 

acetic acid. Elutes were evaporated and reconstituted in 250 μL of 20% acetonitrile for 

LC/MS/MS injection. LC/MS/MS was performed on a Shimazu HPLC system coupled to an 

API-3000 triple-quadrupole mass spectrometer. Chromatographic separation was conducted 

on a Waters Xbridge C8 column (2.1 × 50 mm, 3.5 μm). A binary gradient mobile phase of 

(A) 5% acetonitrile with 0.1% formic acid and (B) 95% acetonitrile with 0.1% formic acid 

was used for analyte elution. Analyte and IS were detected in MRM mode of positive ESI. 

Monitored transitions were 367.2 > 226.2 for bortezomib and 375.3 > 234.2 for bortezomib-

d8. Excellent linearity was obtained for the calibration curve over the concentration range of 

1.3 – 2603 nM (r = 0.9997), and the limit of quantification (LOQ) was 1.3 nM in plasma and 

2.6 nM in tissue homogenate. Good inter-day and intra-day precision with RSD% <10%, as 

well as accuracy with bias < 10%, were obtained for bortezomib in plasma and tissue 

samples.

Bortezomib PBPK Model Development

Construction of the bortezomib PBPK model was performed in several stages. Firstly, the 

linearity of bortezomib PK was assessed by non-compartmental analysis (NCA) of plasma 

and tissue concentration data. The area under drug concentration curve (AUC), partition 

coefficient (KP, defined as the ratio of tissue-to-plasma AUC), and terminal half-life for 

each tissue were calculated using the linear trapezoidal rule (Table 1). Secondly, local 

models were developed and fitted to each tissue individually, and estimated parameters 

obtained from local model fitting were then used as initial estimates for developing the 

global PBPK model. As bortezomib is eliminated primarily through hepatic and renal 

clearance [5], the liver and kidney compartments were considered as eliminating organs in 

model. During model development, physiological system-specific parameter values, such as 

tissue volumes, blood flows, tissue vascular fractions, hematocrit (HCT = 0.45), and GFR, 

were fixed to literature reported values, along with known bortezomib-specific parameters, 

such as proteasome binding affinity (KD = 0.6 nM) and plasma protein unbound fraction (fu 

= 0.17) (Table 2) [5, 21–23].

Local model fitting

Bortezomib plasma PK profiles were characterized by an explicit tri-exponential function, 

and then each tissue was fitted individually using a hybrid-PBPK approach, in which plasma 

PK was fixed as the kinetic driving force. Blood was divided into plasma and red blood cells 

(RBC), wherein nonlinear target binding occurs (Fig. 1). Drug exchange between plasma 

and RBC was described in terms of permeability-surface area coefficient PSbc and a 

nonlinear partition coefficient Pbc. Furthermore, each tissue compartment was comprised of 

i) a tissue extravascular space, and ii) a tissue vascular compartment that was further 

subdivided into tissue plasma and tissue RBC spaces. Nonlinear drug-target binding was 

proposed to occur in both tissue blood cells as well as tissue extravascular space with the 

same target binding affinity KD. Drug exchange between tissue plasma and tissue 

extravascular compartments was defined in terms of permeability-limited distribution (PSti) 

as well as nonlinear partitioning (Ptc,ti).
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Global PBPK model

The optimized local models for various tissues were linked by a plasma and RBC flow 

network to build a whole-body bortezomib PBPK model (Fig. 2), in which all non-assayed 

tissues (e.g., gastrointestinal and adipose) were lumped into a remainder compartment. 

Hepatic clearance was proposed to occur in the tissue extravascular compartment, and renal 

clearance occurs from the plasma space in the kidney compartment. The following 

differential equations were used to describe bortezomib disposition in mice:

Blood (bl):

(1)

(2)

Non-eliminating tissues (ti):

(3)

(4)

(5)

Liver (li):

(6)

(7)

(8)

Kidney (ki):

(9)
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(10)

(11)

Lung (lu):

(12)

(13)

(14)

Tissue subcompartment volumes:

(15)

(16)

(17)

with symbols representing plasma flow (Qp), RBC flow(Qbc), tissue plasma flow (Qp,ti), 

blood volume (Vbl), tissue RBC flow (Qbc,ti), tissue vascular fraction (fv,ti), tissue volume 

(Vti), tissue plasma volume (Vp,ti), tissue RBC volume (Vbc,ti), tissue extravascular volume 

(Vtc,ti), hepatic intrinsic clearance (CLint), and renal clearance (CLr). Cp,ti, Cbc,ti, and Ctc,ti 

represent drug concentrations in tissue plasma, tissue erythrocytes, and tissue cellular 

spaces. Pbc is the nonlinear partition ratio of bortezomib in RBC. The tissue RBC-to-plasma 

nonlinear partition ratio (Pbc,ti), as well as the tissue extravascular-to-plasma partition ratio 

(Ptc,ti), were defined as:

(18)

(19)
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with Rmax and Rti representing target capacity in RBC and tissue extravascular spaces. NSbc 

and NSti are used to accommodate nonspecific binding of bortezomib in RBC as well as in 

tissue extravascular spaces. The initial conditions for Eqs. 1–14 were set to zero.

Interspecies scaling

The global PBPK model developed for mice was scaled-up for humans to assess the ability 

of the target-mediated PBPK structure to describe bortezomib disposition in humans. 

Physiological values of tissue volume, blood flow, tissue vascular fraction, HCT, GFR, and 

fu were fixed to human literature values [5, 21]. Proteasome density, target binding affinity, 

and nonspecific binding in humans were assumed to be identical with those in mice. Human 

hepatic clearance (CLint,h) and the permeability-limited distribution coefficient (PSti,h) were 

predicted from values estimated in mice using allometric scaling:

(20)

With P,h as the human parameter of interest and BW is species body weight. B is an 

allometric exponent, which was fixed to 0.75 for CLint,h scaling. In addition, the 

permeability of tissue cellular membranes, as well as organ structure, was assumed to be 

geometrically similar among mammals. Therefore, the value of B was fixed at 0.67 for 

human PSbc and PStc,ti extrapolations [24]. The final PK parameters used to simulate human 

PK are provided in Supplementary Table S1.

Data analysis

Parameter estimates were obtained by model fitting to plasma and tissue data simultaneously 

using the maximum likelihood algorithm in ADAPT5 [25]. The variance model was defined 

as:

(21)

with σ1 and σ2 as the estimated variance model parameters, and Yi represents model 

predicted values. Model selection was based on goodness-of-fit criteria, which included 

Akaike information criterion, estimation criterion value, confidence intervals of parameter 

estimates, and visual inspection of predicted versus observed and residual plots.

RESULTS

Bortezomib PK in mice

Bortezomib PK profiles following single IV dosing of 0.25 and 1 mg/kg in mice are shown 

in Figure 3. Bortezomib plasma and tissue PK profiles exhibit steep distribution phases 

followed by long terminal elimination phases. The concentrations in tissues are one- to two-

orders of magnitude greater than plasma concentrations over the entire PK profile, indicating 

bortezomib has extensive tissue distribution. Notably, the terminal phases of non-

eliminating tissues start to converge toward similar concentrations at different dose levels. In 

addition, NCA analysis results indicate a disproportional change in Kp with increasing dose 
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for each non-eliminating tissue, indicating nonlinear tissue partitioning (Table 1). Moreover, 

bortezomib PK exhibited properties of high- affinity but low-capacity target binding in 

tissues, where the tissue-to-plasma concentration ratios of non-eliminating tissues all 

exhibited high values at low plasma concentration, and the ratio decreased when plasma 

concentrations were high after the 0.25 mg/kg dose level (data not shown). These PK 

characteristics, together with other research findings [8, 9], suggest the highly specific, but 

capacity-limited, drug-proteasome binding played an important role in nonlinear PK 

behavior of bortezomib. Accordingly, saturable tissue target binding was proposed to 

describe bortezomib nonlinear tissue partitioning.

Bortezomib global PBPK Model

A whole-body PBPK model (Fig. 2) was developed by incorporating saturable target 

binding to capture nonlinear bortezomib tissue distribution, which was connected by plasma 

and RBC circulation as the inter-tissue transfer flow. The PBPK model simultaneously 

captured bortezomib PK profiles in plasma and tissues reasonably well (Fig. 3), and the final 

model parameters were estimated with good precision (low CV%) (Table 3). Initial attempts 

of estimating permeability coefficients for erythrocytes using the global PBPK model 

resulted in unidentifiable parameter estimates and were therefore fixed to the estimate from 

local model fitting. Michaelis-Menten kinetics was first tried to characterize hepatic 

clearance; however, the clearance Km value could not be identified (i.e., estimated with high 

CV%). Based on the poor estimation of such parameters and literature reports of linear 

hepatic metabolism [6], bortezomib hepatic clearance was proposed to be described by a 

linear function in the final PBPK model. Apart from erythrocytes, the estimated values of 

permeability coefficients (PStc.ti) were lower than corresponding tissue blood flow, 

warranting the permeability-limited distribution model for capturing tissue kinetics. The 

fitted proteasome density in the remainder compartment was relatively high, which could be 

attributed to the non-sampled tissues with high proteasome density, such as mesenteric 

lymph node and intestine, being lumped into the remainder space [11, 26]. In addition, the 

rank-order of tissue target density estimated by model fitting correlated well with 

experimentally reported proteasome concentrations in rat tissues (Fig. 4a) [9, 11], supporting 

the hypothesis of target-mediated bortezomib disposition. The rank-order of bortezomib 

tissue exposure correlated with tissue target density, suggesting tissue proteasome density is 

a crucial factor determining the selectivity and extent of bortezomib tissue distribution (Fig. 

4b). Moreover, the PBPK model was further validated by recapitulating bortezomib blood 

PK following 0.8 mg/kg IV dosing in mice, and the good agreement between simulated and 

experimental data added confidence in the final PBPK model (Supplementary Fig. S1).

Interspecies scaling to human

To further assess the similarity of bortezomib disposition among different species, the ability 

of the PBPK model to predict bortezomib PK in humans was evaluated. Human plasma PK 

profiles following multiple IV dosing of bortezomib (1.3 mg/m2) on day 1, 4, 8, and 11 were 

simulated by scaling parameters estimated for mice. The good agreement between simulated 

and observed bortezomib concentrations after multiple dosing [27] demonstrated the 

qualitative and quantitative similarity of target-mediated bortezomib disposition in mice and 

humans (Fig. 5a). Furthermore, the final model was used to predict bortezomib plasma PK 
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profiles in humans for varying glomerular filtration rate (GFR) values after multiple dosing 

treatment, and the simulations suggest that renal impairment exerts a minimal influence on 

bortezomib exposure in humans (Fig. 5b).

DISCUSSION

Despite its extensive and successful clinical use, bortezomib PK is not fully characterized in 

preclinical species or humans. Several bortezomib PK studies have been performed in rats 

and mice [8, 28]; however, none of these studies were able to capture the long terminal 

elimination phase or provide a suitable dose-ranging study for exploring the mechanism of 

bortezomib nonlinear disposition. Using a validated and sensitive LC/MS/MS assay, this 

current study enabled the resolution of the long terminal phase at multiple dosing levels in 

various tissues over six days. With this extensive PK data, a PBPK model was successfully 

developed for investigating the influence of saturable drug-target binding on bortezomib 

tissue distribution in mice. In addition, the scaled PBPK model recapitulated human plasma 

PK profiles following multiple dosing and can serve as a physiological platform for 

predicting bortezomib concentrations in inaccessible target tissues for clinical dosing 

regimen optimization.

Initially, we attempted to apply a published PBPK model for everolimus, which incorporates 

nonlinear drug-tissue binding [29]. The model assumes that blood and tissue are “well-

stirred” compartments and that unbound drug is in instantaneous equilibrium between tissue 

and capillary blood [29]. However, the prolonged bortezomib half-life in non-eliminating 

tissues, such as the spleen and bone, necessitated the inclusion of a permeability-limited 

distribution term to capture the prolonged terminal phase of these tissues, particularly at the 

lower dose. Initially, renal clearance was proposed to be nonlinear, but such a structure 

resulted in imprecise parameter estimates. Instead, attempts of fixing renal clearance at GFR 

values successfully captured bortezomib PK profiles with reasonable parameter estimates. 

Liver concentrations at the higher dose level (1 mg/kg) were overestimated (Figure 3). To 

improve model performance, a series of models with nonlinear functions were attempted but 

resulted in unidentifiable parameter estimates. It is not clear whether transporters or other 

distribution processes might be responsible for the model misspecification. Bortezomib 

exhibits linear hepatic metabolism at clinically relevant concentrations [6], and given the 

good model fitting for all other profiles, the linear hepatic clearance was retained in the final 

model. Early attempts at estimating the vascular fraction of the remainder compartment 

(fv,re) also resulted in unidentifiable estimates. Considering that adipose tissue constitutes 

approximately 40% of the mass of the remainder space [23], fixing the fv,re term to literature 

reported adipose vascular fraction [24] greatly improved the PBPK model performance. In 

addition, the permeability-based model structure provided a basis for separating tissues into 

three subcompartments, namely tissue plasma, RBC, and extravascular spaces, which 

facilitated an assessment of the influence of drug-target binding in capillary RBC on 

bortezomib tissue uptake when blood transits through tissues. The final PBPK model also 

provides a physiological platform for evaluating the influence of system- specific (e.g., 

target density) and drug-specific (e.g., KD) perturbations on bortezomib tissue selectivity. A 

model sensitivity analysis indicates that bortezomib concentrations in tissue are relatively 
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insensitive to changes in KD as compared to the significant tissue partitioning elicited by 

changes in target density (Supplementary Fig. S2).

Proteasome is a highly conserved protease complex in the cytoplasm and expressed in all 

tissues with varying densities. Bortezomib exhibits reversible high affinity binding to 

proteasome with slow dissociation kinetics [2]. The distribution of proteasome in tissue 

significantly influences bortezomib tissue selectivity as well as efficacy profiles. The final 

PBPK model, which was developed with regional proteasome/bortezomib binding kinetics, 

affords a mechanism-based platform for assessing drug-target binding kinetics on 

bortezomib tissue selectivity. Of all the tested tissues, erythrocytes possess the greatest 

target density, which is consistent with literature measurements in rats [2]. Owing to the 

high abundance of proteasome in erythrocytes and slow dissociation kinetics, a substantial 

fraction of bortezomib molecules are expected to rapidly bind but slowly dissociate from 

proteasome in erythrocytes, and thus might limit distribution outside of the blood 

compartment to tissues with lower proteasome density, such as muscle and bone. 

Bortezomib shows synergistic effects when combined with an irreversible proteasome 

inhibitor, which might be attributed to the apparent change in blood and tumor target 

capacity when these agents compete for the target binding sites in blood, consequently 

altering bortezomib tissue distribution profiles in tumor [2, 30, 31].

Conventional allometric scaling seeks to empirically establish a power-law relationship 

between PK parameters among different species and bodyweight. Without considering the 

potential dose-dependence in drug distribution and elimination, classic allometry can be 

problematic in scaling drugs with TMDD properties [32]. In contrast, our PBPK model was 

developed based on system-specific properties (e.g., target density) and drug-specific 

properties (e.g., KD), yielding a mechanistic approach for predicting bortezomib PK in 

humans by appropriately scaling or calculating multiple factors independently. During the 

scaling process, tissue target densities and bortezomib binding affinity in humans were 

assumed to be identical with those in mice. In addition, human tissue permeability and 

hepatic intrinsic clearance were scaled against bodyweight using theoretically expected 

allometric exponents. The scaled human PBPK model successfully recapitulated bortezomib 

plasma PK profiles after multiple dosing and supports the hypothesis of target-mediated 

bortezomib disposition in humans. Bortezomib is partially eliminated by renal excretion in 

humans, and renal impairment is a frequent complication in MM, with more than 50% of 

patients developing some form of renal dysfunction during the course of disease. The scaled 

human PBPK model predicts that renal clearance contributes to 26% of overall bortezomib 

elimination in human, which is comparable to the measured renal clearance contribution 

(approximately 25%) in monkeys [33]. In addition, the final model predicts that renal 

impairment should have minimal influence on bortezomib exposure in humans. This 

simulation is consistent with clinical observations from patients with renal impairment [34], 

confirming that bortezomib dose-adjustment is not necessary for MM patients with renal 

dysfunction.

In keeping with basic principles of TMDD, bortezomib plasma PK appears time-dependent 

in humans, in which the terminal half-life in plasma prolongs in the first dosing cycle and 

then stabilizes in subsequent cycles [27]. Apart from linear metabolism kinetics, bortezomib 
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is not an inducer or inhibitor of enzymes responsible for its elimination; therefore, the 

apparent time-dependent disposition of bortezomib might manifest from its nonlinear target-

binding [35]. In addition, humans receive lower bortezomib doses than were tested in mice 

(per kg body weight), resulting in relative lower ranges of plasma and tissue concentrations. 

Owing to the high capacity of proteasome in tissues, TMDD theory suggests that the volume 

of distribution of bortezomib might steadily increase under such conditions prior to the 

steady increase of tissue target binding (i.e., before tissue proteasome is fully occupied) 

during multiple dosing schemes. Accordingly, proteasome-mediated bortezomib distribution 

was attributed to its concentration- and time-dependent kinetics following multiple dosing in 

human.

Drug plasma concentrations are commonly used to drive PD effects; however, the use of 

plasma concentration is questionable for accurately predicting bortezomib clinical efficacy. 

This is underscored by the fact that bortezomib PK differs markedly between plasma and 

target tissues (e.g., bone) due to extensive tissue drug-target binding. Therefore, 

characterizing bortezomib concentrations at target sites is critical for clinical dosing regimen 

optimization. The final scaled PBPK model in this study may serve as a platform for 

predicting bortezomib concentrations in inaccessible target and toxicity-related tissues in 

humans, which can be further linked to downstream PD biomarkers for a mechanism-based 

exposure-efficacy study to maximize bortezomib therapeutic efficacy as well as minimize 

adverse effects.

CONCLUSION

In this study, a bortezomib PBPK model incorporating tissue drug-target binding was 

developed in mice. The PBPK model reasonably captures bortezomib concentrations in 

plasma and various tissues at multiple dosing levels. The PBPK model was further scaled to 

humans and successfully recapitulated bortezomib plasma PK profiles after multiple dosing 

in humans. This further supports the hypothesis that proteasome-mediated bortezomib 

disposition is the primary source of its dose- and time-dependent kinetics. Model 

simulations show that renal impairment has minimal impact on bortezomib exposure in 

humans, confirming that bortezomib dose adjustment is not necessary for MM patients with 

renal impairment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Postscript

DEM was first introduced to the basic concepts of the kinetics of pharmacologic effects 

as an undergraduate pharmacy student at The University at Buffalo, SUNY by Dr. 

Gerhard Levy (GL). Although GL’s landmark paper was published over two decades 

prior [36], few schools of pharmacy were providing undergraduates with training in the 

emerging field of pharmacodynamics. In contrast, GL shared his groundbreaking 

discoveries with pharmacy students and provided them with unique undergraduate 

research opportunities. Years later, DEM was invited to join the laboratory of Dr. 

William J. Jusko (WJJ), a former graduate of GL’s laboratory and world-renowned 

expert in PK/PD. In the course of DEM’s graduate research, consideration of the 

complex disposition properties of therapeutic proteins led to the hypothesis that nonlinear 

distribution and elimination processes, although well-described with separate Michaelis-

Menten functions, could both manifest and be characterized by a general binding model 

[16] based on the principles of TMDD identified by GL [12]. Following this publication, 

GL returned to Buffalo with slides, data, and a collaborative research proposal, which 

resulted in the PBPK model of warfarin TMDD [20]. The work progressed rapidly owing 

to GL’s uncanny ability to ask questions that went to the very heart of the matter and to 

be ever ready with the next set of in silico experiments upon reaching each milestone. 

Interestingly, predictions by the model that warfarin should exhibit very rapid 

distribution and a relatively long terminal half-life at very low doses were ultimately 

confirmed by a microdosing clinical study [37]. Warfarin and bortezomib share 

similarities in that both are classified as covalent inhibitors and target ubiquitously 

expressed enzymes [15]. DEM and LZ are indebted to the vision and pioneering research 

of GL on TMDD and pharmacodynamics. His early and deep insights into the clinical 

and developmental implications of TMDD have served as inspiration for decades of 

PK/PD model development for understanding the concentration-effect relationships of 

many complex compounds now and for likely years to come.
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Fig. 1. 
Schematic of a local bortezomib PK model in mice. Blood is subdivided into RBC and 

plasma spaces. Each tissue is divided into vascular and extravascular subcompartments, 

wherein, tissue vasculature is further subdivided into tissue RBC and plasma spaces. The 

nonlinear drug-target binding occurs in RBC, tissue RBC, and extravascular 

subcompartments with the same target binding affinity KD. Bortezomib is eliminated from 

the kidney plasma space with renal clearance of CLr, and from liver extravascular space 

with hepatic clearance of CLint.
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Fig. 2. 
Schematic of a full bortezomib global PBPK model in mice. Blood and tissues are connected 

in an anatomical manner by plasma flow (solid line) and RBC flow (dashed line). Detailed 

description of bortezomib disposition in each tissue is shown in Fig. 1. The clearance is 

denoted by a renal clearance from kidney plasma space and a hepatic clearance from the 

liver extravascular subcompartment. The physiological values of tissue blood flow (Qti) and 

and volume (Vti) for each tissue are reported in Table 2.
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Fig. 3. 
Time-course of bortezomib concentrations in plasma and tissues of mice following single IV 

dosing at 0.25 and 1 mg/kg. The red triangles are measured bortezomib concentrations 

(mean ± SD, n=3) in plasma and tissue following 0.25 mg/kg dosing. The blue circles 

represent measured bortezomib concentrations (mean ± SD, n=3) in plasma and tissue 

following 1 mg/kg dosing. Dashed lines represent PBPK modeling fitted profiles.
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Fig. 4. 
(a) Rank-order correlation of model estimated proteasome density in mice versus 

experimentally reported proteasome concentrations in rats obtained from the literature [9, 

11]. Symbols on x-axis are PBPK model estimated tissue target densities in mice. Symbols 

on y axis are experimentally reported tissue proteasome concentrations in rats. The red 

dashed line is a regression line, and the blue solid line represents the line of identity. (b) 

Rank-order correlation of model estimated proteasome density in mice versus bortezomib 

tissue AUC values at 0.25 mg/kg. Symbols on x-axis are PBPK model estimated tissue 

target densities in mice. Symbols on y-axis represent bortezomib tissue AUC value at 0.25 

mg/kg. Red dashed line represents regression line.
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Fig. 5. 
(a) Time-course of bortezomib plasma concentrations in humans following 1.3 mg/m2 

bortezomib IV administration on day 1, 4, 8, and 11. Solid circles represent mean data 

extracted from reference [27], and dashed lines are PBPK model predicted profiles based on 

an interspecies scaling approach. (b) Model simulated bortezomib plasma concentration 

following 1.3 mg/m2 bortezomib IV administration on day 1, 4, 8 and 11 under different 

glomerular filtration rates (GFR) in humans. Dashed lines are PBPK model predicted 

bortezomib human plasma PK profiles under varying GFR values.
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