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Abstract Pazopanib is an inhibitor of the vascular

endothelial growth factor receptor, platelet-derived growth

factor receptor, fibroblast growth factor receptor and stem

cell receptor c-Kit, and has been approved for the treatment

of renal cell carcinoma and soft tissue sarcoma. The

pharmacokinetics of pazopanib are complex and are char-

acterized by pH-dependent solubility, large interpatient

variability and low, non-linear and time-dependent

bioavailability. Exposure to pazopanib is increased by both

food and coadministration of ketoconazole, but drastically

reduced by proton pump inhibitors. Studies have demon-

strated relationships between systemic exposure to pazo-

panib and toxicity, such as hypertension. Furthermore, a

strong relationship between pazopanib trough level

C20 mg/L and both tumor shrinkage and progression-free

survival has been established. At the currently approved

daily dose of 800 mg, approximately 20% of patients do

not reach this threshold and may be at risk of suboptimal

treatment. As a result of this, clinical trials have explored

individualized pazopanib dosing, which demonstrate the

safety and feasibility of individualized pazopanib dosing

based on trough levels. In summary, we provide an over-

view of the complex pharmacokinetic and pharmacody-

namic profiles of pazopanib and, based on the available

data, we propose optimized dosing strategies.

Key Points

The pharmacokinetics of pazopanib are described by

low, non-linear and time-dependent bioavailability

and large interpatient variability.

A multitude of pharmacokinetic and

pharmacodynamic biomarkers have been proposed

for pazopanib, but only area under the

concentration–time curve (AUC) and minimum

concentration (Cmin) have been studied prospectively

to individualize treatment.

There are opportunities to optimize pazopanib

dosing through monitoring of Cmin and by switching

to twice-daily dosing in selected patients. These

strategies hold promise to optimize pazopanib dose

selection and individualization and improve

treatment outcomes for cancer patients.

1 Introduction

Pazopanib is an inhibitor of the vascular endothelial growth

factor receptor (VEGFR), platelet-derived growth factor

receptor (PDGFR), fibroblast growth factor receptor

(FGFR) and stem cell receptor (c-Kit), and has been
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approved for the treatment of renal cell carcinoma (RCC)

and soft tissue sarcoma (STS) [1–3]. In patients with

locally advanced or metastatic RCC, pazopanib increased

progression-free survival (PFS) from 4.2 to 9.2 months

compared with placebo, with a hazard ratio (HR) of 0.46

(95% confidence interval [CI] 0.34–0.62; p\ 0.0001) [2].

In the phase III trial in STS patients, PFS was 4.6 months

in the pazopanib-treated group versus only 1.6 months in

the placebo group, corresponding to an HR of 0.31 (95%

CI 0.24–0.40; p\ 0.0001) [3].

Treatment with pazopanib has also been explored in a

range of other tumor types, such as thyroid cancer [4],

gastrointestinal stromal tumors (GISTs) [5] and ovarian

cancer [6]. The most common adverse events related to

pazopanib include fatigue, nausea, diarrhea, hypertension,

anorexia and hair depigmentation, as well as aspartate

transaminase (AST) and alanine transaminase (ALT) ele-

vations [2, 3].

The purpose of this review was to provide an overview

of the available clinical pharmacokinetic and pharmaco-

dynamic data for pazopanib. In addition, we describe

population pharmacokinetic models that have been devel-

oped for pazopanib and the clinical trials studying adaptive

dosing strategies in an effort to optimize treatment out-

comes of patients treated with this drug.

2 Physiochemical Properties and Preclinical
Pharmacology

2.1 Physiochemical Properties

Pazopanib is a synthetic 5-[[4-[(2,3-dimethyl-2H-indazol-

6-yl)methylamino]-2-pyrimidinyl]amino]-2-methyl-ben-

zenesulfonamide and is part of the group of indazolyl

pyrimidines [7] (see Fig. 1 for the chemical structure of

pazopanib). Pazopanib has three pKa values of 2.1, 6.4, and

10.2. Commercially, it is formulated as a hydrochloride

salt, which is slightly soluble at very low pH (1) but

practically insoluble at pH values C4 in aqueous matrices

[8]. The permeability of pazopanib was measured in vitro

by Caco-2 monolayer experiments, with the results point-

ing towards dissolution rate-limited permeability. Given

the above, pazopanib was classified as a class II compound,

according to the Biopharmaceutics Classification System

[8].

2.2 Mechanism of Action and Preclinical

Pharmacology

Angiogenesis is one of the hallmarks of cancer and is partly

controlled by the vascular endothelial growth factor

(VEGF) [9]. VEGF and its receptor VEGFR mediate

numerous changes within the tumor vasculature, and

inhibition of this pathway affects vascular function (in-

cluding both flow and permeability) in addition to inhibi-

tion of further new blood vessel growth [10].

In vitro, pazopanib has shown to inhibit VEGFR1, 2 and

3, with a half maximal inhibitory concentrations (IC50) of

10, 30 and 47 nM, respectively [7]. It has also shown

affinity for other proteins such as PDGFRa and b (with an

IC50 of 71 and 81 nM, respectively), c-Kit (74 nM) and

FGFR1, 3 and 4 (140, 130 and 800 nM, respectively) [1].

The activity of pazopanib based on these kinase assays was

further confirmed in cell-based assays where it inhibited

ligand-induced autophosphorylation of VEGFR2, PDGFRb
and c-Kit in human umbilical vein endothelial cells, human

foreskin fibroblasts, and NCI-H526 cells, respectively [1].

In vivo, pazopanib has been shown to have dose-de-

pendent anti-tumor activity in a variety of tumor xenograft

models based on colon, melanoma, prostate, renal, breast

and lung cancer cell lines [1]. To establish the pazopanib

concentration required for optimal efficacy, VEGF-induced

VEGFR2 phosphorylation was assessed in mice lungs after

oral doses of pazopanib, with the results indicating maxi-

mal inhibition at a concentration of approximately

40 lmol/L, which corresponds to a steady-state Cmin of

17.5 mg/L [1].

3 Clinical Pharmacokinetics

3.1 Pharmacokinetics in Cancer Patients

In a phase I study (n = 63), pazopanib doses ranging from

50 to 2000 mg were explored [11]. Pazopanib pharma-

cokinetics did not increase linearly with dose. Although the

highest exposure after single administration was seen at the

2000 mg dose, steady-state exposure to pazopanib seemed

Fig. 1 Chemical structure of pazopanib [(5-[[4-[(2,3-dimethyl-2H-

indazol-6-yl)methylamino]-2-pyrimidinyl]amino]-2-methyl-

benzenesulfonamide]
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to plateau at doses above 800 mg [11]. Four patients

experienced dose-limiting toxicities (DLTs): gastrointesti-

nal hemorrhage, extrapyramidal involuntary movements,

hypertension, and fatigue. The maximum tolerated dose

(MTD) was not reached but, based on a plateau in exposure

at the 800 mg once-daily dose, this dose was selected for

further clinical development.

A single 800 mg dose (n = 10) resulted in a mean (co-

efficient of variation percentage [CV%]) maximum con-

centration (Cmax) of 19.46 (176) mg/L, area under the

plasma concentration–time curve from zero to 24 h

(AUC0–24) of 275.1 (203) mg h/L, minimum concentration

(Cmin) of 9.4 (240) mg/L, and time to reach Cmax (tmax) of

3 h. Pazopanib was eliminated with a terminal elimination

half-life (t�) of 31.1 h, resulting in accumulation with

repeated daily dosing. At steady state (day 22, n = 10)Cmax,

AUC0–24, Cmin, and tmax were 45.1 (68.8) mg/L, 743.3

(76.1) mg h/L, 24.0 (67.4) mg/L, and 2 h, respectively [11].

Administration of pazopanib as a crushed tablet or oral

suspension increased Cmax by 2.09- and 1.29-fold, and

AUC from time zero to 72 h (AUC0–72) by 1.46- and 1.33-

fold, respectively [12]. Pazopanib is bound to plasma

proteins to a very large extent ([99.9%), with an unbound

fraction, on average, of 0.011 ± 0.0013%. Protein binding

did not seem to be influenced by the total pazopanib plasma

concentration. Pazopanib was mainly bound to albumin

and, to a lesser extend, a1 glycoprotein or other plasma

proteins [13].

The bioavailability, metabolism, and disposition of

pazopanib were studied in cancer patients using 14C-la-

beled pazopanib [14]. Absolute bioavailability was deter-

mined by comparing the dose-normalized ratio of AUC0–24

on day 15, at an 800 mg once-daily tablet dose, with the

AUC from time zero to infinity (AUC0–inf) of a 5 mg

intravenous dose. Mean bioavailability was estimated to be

21.4% (range 13.5–38.9%) [14].

Seven metabolites were identified, M1–M7, two of

which were hydroxylated metabolites, i.e. M1 (or

GSK1268992) and M2 (or GSK1268997), and one of

which was an N-demethylated metabolite, i.e. M3 (or

GSK1071306). Pazopanib was also directly glucuronidated

to form M4. The hydroxylated metabolites M1 and M2

were subsequently glucuronidated to form M5 and M6,

respectively. Lastly, M7 was thought to be the carboxylic

acid derivative of pazopanib. In total, pazopanib metabo-

lites accounted for B10% of plasma radioactivity and the

contribution to the effect of the parent compound was

shown to be low, based on their low relative concentrations

and in vitro potency [14].

Pazopanib was primarily excreted via feces (82.2%),

with unchanged pazopanib being the most abundant com-

pound excreted following oral administration. Only 2.6%

of radioactivity was found in urine.

3.2 Pharmacokinetics in Special Populations

3.2.1 Pediatric Cancer Patients

A phase I study was conducted in children with STS or

other treatment-refractory solid tumors (n = 51) [15].

Pazopanib was administered as a tablet formulation at

doses of 275, 350, 450, and 600 mg/m2, and as a suspen-

sion for oral use at 160 and 225 mg/m2. DLTs included

lipase, amylase and ALT elevations, proteinuria, hyper-

tension, and intracranial hemorrhage (which occurred in a

patient with brain metastases). The MTD was reached at

450 mg/m2 (for the tablet formulation). At steady state, this

dose resulted in a mean (CV%) Cmin of 23.9 (13.5) mg/L

[15], which was very similar to the average (CV%) Cmin of

24.0 (67.4) mg/L observed in the adult phase I trial at

800 mg [11].

3.2.2 Patients with Renal Impairment

As pazopanib was only excreted in urine to a very limited

extent (2.6%) [14], no dedicated clinical trial was per-

formed to assess the pharmacokinetics of pazopanib in

patients with impaired renal function. However, in a small

cohort of end-stage renal disease (ESRD) patients, nine

patients with metastatic renal cell cancer were treated with

pazopanib [16]. Five patients received 800 mg once daily

and four patients received 600 mg once daily. Two of the

patients treated with 800 mg once daily required a dose

reduction to 400 mg, while all patients who started at

600 mg once daily were reduced to 400 mg once daily.

Median time on treatment was 11.6 months [16]. Unfor-

tunately, no pharmacokinetic data were available in this

study.

Further sporadic case reports are available of patients

treated with pazopanib during dialysis [17, 18]. However, no

pharmacokinetic sampling in patients with severe renal

impairment or those undergoing dialysis has been reported.

In a population pharmacokinetic analysis, creatinine clear-

ance (values ranging from 30 to 150 mL/min) did not show

an effect on the clearance of pazopanib (n = 408) [8]. Cur-

rently, no dose adjustments are recommended for patients

with a creatinine clearance C30 mL/min, but caution is

advised in patients with lower clearance values [19].

3.2.3 Patients with Hepatic Impairment

To study the effect of hepatic impairment on the pharma-

cokinetics of pazopanib, a phase I study was conducted in

89 patients with solid tumors. Patients were stratified into

four groups (A, normal; B, mild; C, moderate; and D,

severe), using the National Cancer Institute Organ Dys-

function Working Group (NCI-ODWG) categories of liver
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dysfunction [20]. Patients in the mild group tolerated

800 mg once daily, while patients in the moderate and

severe groups only tolerated 200 mg once daily. At steady

state, the 800 mg once-daily dose led to a median (range)

Cmin and AUC0–24 of 24.0 (8.3–74.6) mg/L and 774.2

(214.7–2034.4) mg h/L in patients with mild hepatic dys-

function (n = 12). The 200 mg dose was associated with a

median (range) Cmin and AUC0–24 of 16.2 (3.1–24.2) mg/L

and 256.8 (65.7–487.7) mg h/L, respectively, in patients

with moderate dysfunction (n = 11), and 5.7

(1.5–18.4) mg/L and 130.6 (46.9–473.2) mg h/L, respec-

tively, in patients with severe dysfunction (n = 14). Based

on this study, a dose of 800 mg is advised in patients with

mild hepatic impairment, and a 200 mg dose is recom-

mended for patients with moderate hepatic impairment.

Use of pazopanib is not recommended in patients with

severe liver impairment [19]. Although patients with

moderate impairment were shown to tolerate doses of

200 mg once daily, it should be taken into account that the

mean Cmin value of 16.2 mg/L in these patients was below

the concentrations found to be efficacious in preclinical

models (C17.5 mg/L) [1] and clinical trials (C20.5 mg/L)

[21].

3.3 Food Effect

In an open-label, randomized, crossover, phase I study

(n = 35), pazopanib pharmacokinetics were investigated in

a fasted state and with a high- or low-fat meal [22].

Compared with a fasted state, AUC0–72 and Cmax increased

2.34- and 2.08-fold, respectively, with administration of a

single dose of pazopanib with a high-fat meal, and 1.92-

and 2.10-fold, respectively, with a low-fat meal. The t�
was not affected by either a high- or low-fat meal, and

although the pharmacokinetics of metabolites were also

altered, the AUC0–72 and Cmax of the metabolites remained

below 5% that of pazopanib.

Based on this study, the authors advocated that food

increased pazopanib exposure, and that pazopanib should

therefore be administered in a fasted state, at least 1 h before

or 2 h after a meal, to reduce variability in pazopanib

exposure that may be caused by the variability of food intake

in cancer patients. Given the clear food effect, it has been

hypothesized that the large pharmacokinetic variability of

pazopanibmay be partially caused by the intake of food [23],

a larger fasted interval around ingestion could therefore

theoretically reduce variability, however this hypothesis has

not been confirmed in a clinical trial.

3.4 Drug–Drug Interaction Studies

Pazopanib has been studied in a range of combination

regimens, including combinations with chemotherapy

[24, 25], hormonal agents [26], and other targeted therapies

[27]. In general, efforts to combine tyrosine kinase inhi-

bitors such as pazopanib with other anticancer drugs have

been unsuccessful due to limited tolerability. As none of

these combinations with pazopanib are currently approved

by the US Food and Drug Administration (FDA) or the

European Medicines Agency (EMA), only dedicated

pharmacokinetic interaction studies will be discussed in

detail in this review.

To study the potential of pazopanib for drug–drug

interactions, a trial in patients with advanced solid

tumors (n = 24) evaluated the effect of pazopanib on

cytochrome (CYP) 450 isoforms using a cocktail of

probe drugs [28]. The probes used were midazolam

(CYP3A), warfarin (CYP2C9), omeprazole (CYP2C19),

caffeine (CYP1A2), and dextromethorphan (CYP2D6).

Pazopanib did not have a significant effect on the

AUC0–24 or Cmax of warfarin, omeprazole or caffeine.

However, the AUC0–24 and Cmax of midazolam were

increased 1.3-fold from 53 ng h/mL and 21 ng/mL to

71 ng h/mL and 27 ng/mL, respectively, demonstrating

that pazopanib is a weak inhibitor of CYP3A4. When

pazopanib was coadministered with dextromethorphan, it

increased the dextromethorphan/dextrorphan ratio in

urine by 1.33- to 1.64-fold, indicating only moderate

inhibition of CYP2D6. Although the inhibition of

CYP3A and CYP2D6 was weak, the authors concluded

that it might be necessary to closely monitor therapy

when coadministrating pazopanib with CYP3A and

CYP2D6 substrates with a narrow therapeutic index.

A dedicated drug–drug interaction study was performed

with pazopanib and the CYP3A4 inhibitor ketoconazole

[29]. In total, 21 patients were treated with pazopanib

400 mg and ketoconazole 400 mg. After 5 days of coad-

ministration, pazopanib AUC0–24 increased 1.66-fold and

Cmax increased 1.45-fold. The formation of metabolites

was inhibited resulting in a 0.39-fold lower AUC of

GSK1268997 (M2) and 0.56-fold lower AUC of

GSK1071306 (M3). GSK1268992 (M1) was less affected,

with an AUC ratio of 1.06, suggesting that this metabolite

is not formed through CYP3A4 metabolism [29].

Pazopanib exposure at 400 mg once daily in combina-

tion with ketoconazole 400 mg once daily was approxi-

mately similar to that of the pazopanib 800 mg once-daily

dose in the phase I monotherapy study [geometric mean

(95% CI) Cmax of 59.2 (45.1–77.6) mg/L and 1300

(1030–1620) mg h/L versus mean (CV%) 45.1 (68.8) mg/

L and 743.3 (76.1) mg h/L]. Therefore, lowering the dose

of pazopanib to 400 mg is now recommended when

coadministration with a strong CYP3A4 inhibitor is ther-

apeutically necessary [19, 29].

The pharmacokinetics of pazopanib were also studied in

13 patients who were treated with pazopanib 800 mg (once
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daily 1 h before or 2 h after breakfast) and esomeprazole

40 mg (once daily before bedtime) for 7 days. Pazopanib

exposure was markedly reduced by a proton pump inhibitor

(PPI), with an AUC ratio of 0.60 and Cmax ratio of 0.58.

Mean Cmin was also reduced from 27.2 mg/L under control

conditions to 17.3 mg/L. If concomitant use of a PPI is

unavoidable, pazopanib should be administered when

gastric pH is expected to be lowest (i.e. in the evening) and

together with a PPI [29, 30]. Therefore, the current rec-

ommendation is to avoid the use of gastric acid-reducing

agents and, if unavoidable, take pazopanib without food

once daily in the evening concomitantly with a PPI [19]. If

concomitant use of an H2-receptor antagonist is necessary,

pazopanib could best be taken without food at least 2 h

before or at least 10 h after a dose of an H2-receptor

antagonist. For short-acting antacids, the interval can be

shorted to at least 1 h before or 2 h after administration of

an antacid [19].

4 Clinical Pharmacodynamics

4.1 Pharmacodynamic Markers

An overview of all pharmacodynamic biomarkers signifi-

cantly related to the efficacy of pazopanib treatment is

provided in Table 1.

4.1.1 Pharmacodynamics in Soft Tissue Sarcoma

Hypertension is generally considered to be a relevant bio-

marker for the response of angiogenesis inhibitors [31], an

often-studied example of which is bevacizumab [32].

However, for pazopanib, a retrospective analysis of 337

sarcoma patients did not find any significant relationship

between hypertension and PFS (HR 0.88, 95% CI

0.64–1.23; p = 0.467) or overall survival (OS) (HR 0.76,

95% CI 0.54–1.08; p = 0.123) [33].

Cytokines and circulating angiogenic factors in serum

were investigated as predictors of pazopanib efficacy and

toxicity in STS patients [34]. With regard to efficacy,

increased interleukin (IL)-12 and mitochondrial pyruvate

carrier 3 (MPC3) levels at baseline were related to a

higher probability of PFS after 12 weeks, while low

(B7000) soluble vascular endothelial growth factor

receptor 2 (sVEGFR2) and high ([50) placental growth

factor (PlGF) levels were related to lower PFS after

12 weeks. Moreover, PlGF levels were also significantly

related to shorter OS [34]. A full overview of all asso-

ciations is provided in Table 1. Low sVEGFR2 and high

PlGF levels were also related to increased grades of

hypertension and elevations of thyroid-stimulating hor-

mone [34].

4.1.2 Pharmacodynamics in Renal cell Carcinoma

In RCC patients, a change in blood pressure was not sig-

nificantly related to PFS, although a trend toward increased

PFS was seen for higher systolic blood pressure at weeks 4

and 12 (p = 0.06 and 0.07, respectively) [35].

A retrospective analysis of pazopanib phase II and III

trials in RCC assessed the prognostic and predictive value

of plasma concentrations of cytokine and angiogenic fac-

tors [36]. Pazopanib-treated patients with high concentra-

tions of IL-8 (p = 0.006), osteopontin (p = 0.0004),

hepatocyte growth factor (HGF; p = 0.010), and tissue

inhibitor of metalloproteinases-1 (TIMP-1; p = 0.006) had

shorter PFS than those with low concentrations, while high

IL-6, VEGF and E-selectin concentrations were not pre-

dictive of PFS (p = 0.445, 0.689, and 0.844, respectively)

[36]. In the placebo-treated group, higher IL-6 and osteo-

pontin were associated with shorter PFS, which could

suggest a relationship between progression in RCC instead

of a relationship with pazopanib pharmacodynamics [36].

Analysis of VEGF genotypes in RCC biopsies suggested

increased benefit of pazopanib compared with sunitinib for

the s833061 TT, rs2010963 CC, and rs699947 CC geno-

types [37]. However, this was based on only 19 pazopanib-

treated patients for which RCC nephrectomy or biopsy

tissue was available.

An analysis of germline pharmacogenetic markers in

peripheral blood was performed on samples of 397 patients

with RCC from the pazopanib phase II and III trials. Three

polymorphisms in the IL-8 gene and hypoxia-inducible

factor 1A (HIF1A) showed a significant relation with PFS

[38]. The response rate was significantly associated with

polymorphisms in HIF1A, nuclear receptor subfamily 1,

group I, member 2 (NR1I2), and VEGFA genes [38]. A

complete overview of all relationships found for the

genotypes and PFS and response rates is provided in

Table 1.

A randomized trial comparing pazopanib with sunitinib

in RCC patients found a shorter PFS for pazopanib-treated

patients with a higher ([55) H-score for programmed death

ligand 1 (PD-L1) in immunohistochemical stainings of

tumor biopsies (15.1 vs. 35.6 months; p = 0.03) [39].

However, since a similar effect (15.3 vs. 27.8 months;

p = 0.03) was seen in the sunitinib arm, it seems possible

that this is a prognostic marker in RCC rather than a marker

specific for pazopanib pharmacodynamics.

Dynamic contrast-enhanced magnetic resonance imag-

ing (DCE-MRI) is a modality used for imaging of tumor

vasculature and angiogenesis, and DCE-MRI parameters,

such as the volume transfer constant (Ktrans), which reflects

the perfusion rate and capillary permeability, have been

related to treatment response of other VEGFR inhibitors

[40]. DCE-MRI was also explored as potential biomarker
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for PFS in a cohort of RCC patients treated with pazopanib

[41]. The parameter Ktrans was tested dichotomously

(above or below the median of 0.472/min) in a survival

analysis. Patients with high Ktrans values had a longer PFS

in univariate analysis (p = 0.036). However, this was no

longer significant in multivariate Cox regression, including

prognostic markers and previous treatments (p = 0.83)

[41].

It should be noted that although many of the proposed

biomarkers discussed above were numerically significant at

the p\ 0.05 or even\0.01 level, many of these associa-

tions are likely to be considered statistically negligible after

correction for multiple testing, given the multitude of

biomarkers, sampling times, and endpoints tested in several

of these studies. Therefore, further prospective confirma-

tion of these proposed biomarkers is necessary before

treatment of patients could be guided by these markers.

4.2 Exposure–Response Analyses

An overview of all pharmacokinetic parameters signifi-

cantly related to pazopanib treatment efficacy and toxicity

is provided in Table 2. Most exposure–response studies

have used Cmin as the pharmacokinetic parameter instead

of AUC0–24. However, for pazopanib, Cmin correlated sig-

nificantly with AUC0–24. Interestingly, this relation was

better for the concentration exactly 24 h after intake than

the concentration just before intake of the next tablet

(R2 = 0.940 vs. 0.596) [23].

In the phase I trial, five of the six RCC patients with

partial response or stable disease had a steady-state Cmin of

C15 mg/L, while all patients with progressive disease as

best response had a Cmin of \15 mg/L [11]. In a retro-

spective analysis of 177 RCC patients, relationships

between exposure and response were explored. A threshold

Cmin of C20.5 mg/L was significantly related to both tumor

Table 1 Biomarkers related to pazopanib treatment efficacy

Study Tumor type N Matrix Biomarker Association p value

Sleijfer et al. [34] STS 85 Serum High sVEGFR2 (12 weeks)a PFS12wks: 0.0039

Low PlGF (12 weeks) PFS12wks: 0.0318

OS : 0.0009

Low IL12 p40 PFS12wks: 0.0305

Low MPC3 PFS12wks: 0.0271

Low HGF PFS : 0.0079

Low bNGF PFS : 0.0044

Low ILra2 OS : 0.0078

ICAM-1 OS : 0.0072

Tran et al. [36] RCC 129 Plasma Low IL8 PFS : 0.006

Low HGF PFS : 0.010

Low TIMP-1 PFS : 0.006

Low osteopontin PFS : 0.0004

Xu et al. [38] RCC 397 Whole blood IL8 2767A[T PFS 0.009

IL8 251 T[A PFS 0.01

HIF1A 1790 G[A PFS 0.03

RR 0.02

NR1I2 25385 C[T RR 0.03

VEGFA 2578 A[C RR 0.02

VEGFA 1498 C[T RR 0.02

VEGFA 634 G[C RR 0.03

Sweis et al. [41] RCC 18 DCE-MRI High Ktrans PFS : 0.036

bNGF basic nerve growth factor, DCE-MRI dynamic contrast-enhanced magnetic resonance imaging, HGF hepatocyte growth factor, HIF1a

hypoxia-inducible factor 1A, ICAM-1 intercellular adhesion molecule-1, IL12 p40 interleukin 12 p40 subunit, IL interleukin, Ktrans volume

transfer constant, MPC3 mitochondrial pyruvate carrier 3, NR1I2 nuclear receptor subfamily 1, group I, member 2, OS overall survival, PFS

progression-free survival, PFS12wks probability of PFS at 12 weeks, PlGF placental growth factor, RCC renal cell carcinoma, RR response rate,

STS soft tissue sarcoma, sVEGFR2 soluble vascular endothelial growth factor receptor 2, TIMP-1 tissue inhibitor of metalloproteinases-1,

VEGFA vascular endothelial growth factor A, : indicates increased
a High and low biomarker levels were defined based on the median
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shrinkage and PFS. Patients below the threshold had a

median tumor shrinkage of 6.9 versus 37.9% for patients

with a pazopanib Cmin above the threshold (p\ 0.001).

PFS was also strongly associated with Cmin, with patients

with a pazopanib Cmin level\20.5 mg/L having a PFS of

only 19.6 weeks compared to 52.0 weeks for patients with

a pazopanib Cmin level C20.5 mg/L (p = 0.0038).

Exposure–response relationships have also been studied

in other tumor types. A post hoc subgroup analysis in a

randomized phase II study of pazopanib versus best sup-

portive care in GIST patients found a 4-month PFS of

42.5% in patients with a pazopanib Cmin level\20 mg/L

versus 71.1% in patients with a pazopanib Cmin level

C20 mg/L (n = 26; p = 0.17) [5]. In patients with meta-

static, rapidly progressive, radioiodine-refractory differen-

tiated thyroid cancers, pazopanib Cmax correlated with

tumor response (maximum change in tumor size,

p = 0.021) and was significantly higher in responders than

in patients with no tumor response (p = 0.009). In a

pediatric phase I trial in STS and advanced solid tumors, all

but one patient with clinical benefit had a Cmin C20 mg/L,

and all five patients who received therapy for 1 year or

more had a Cmin C30 mg/L [15].

Unfortunately, no pharmacokinetic samples were taken

in the pivotal study of pazopanib in STS [3]. Therefore, the

threshold of C20 mg/L was not clinically validated for STS

patients. However, a trial in advanced solid tumors found a

trend towards improved tumor size reduction (-6.01 vs.

?13.5%; p = 0.28) and PFS (47.9 vs. 11.5 weeks;

p = 0.06) in a subset of STS patients (n = 7) with an

average Cmin C20.0 mg/L [42]. The same trial found a

significant relationship using the same threshold and tumor

size reduction in the overall population of patients with

advanced solid tumors (-6.49 vs. ?14.6%, n = 30;

p = 0.01) [42].

In summary, multiple studies support the use of a

pazopanib Cmin of C20 mg/L as a pharmacokinetic

threshold for efficacy.

4.3 Exposure–Toxicity Analyses

In a retrospective analysis of exposure as a predictor of

toxicity in RCC patients (n = 205), the frequency of

hypertension, diarrhea, hair color change, ALT elevations,

stomatitis, and hand–foot syndrome increased with

increasing pazopanib Cmin. However, other adverse events

such as vomiting, fatigue, nausea, dysgeusia, and rash

displayed no obvious relationship with exposure [21].

The relationship between pharmacokinetic exposure and

toxicity was studied further and, interestingly, the corre-

lation between exposure and hypertension was stronger for

Cmin than for AUC0–24 (r2 of 0.91 [p = 0.0075] and 0.25

[p = 0.23], respectively) [21]. In pediatric cancer patients,

Cmin was related to the occurrence of DLTs. Patients

experiencing a DLT had a mean ± standard deviation Cmin

of 38.8 ± 11.1 versus only 29.6 ± 13.6 mg/L for patients

who did not experience a DLT (p = 0.04). Cmin was also

related to grade 2 or higher hypertension. Here, Cmin was

43.7 ± 13.3 mg/L (n = 11) in hypertensive patients com-

pared with only 29.4 ± 13.0 mg/mL (n = 27) in

Table 2 Pharmacokinetic parameters significantly related to pazopanib treatment efficacy and toxicity

Relationship Pharmacokinetic

parameter

N Tumor type Value Association p value References

Efficacy Cmax 36 Thyroid cancer r = –0.40� Maximum tumor size

reduction :
0.021 [4]

Cmin 177 Renal cancer C20.5 mg/L threshold PFS : 0.0038 [21]

Cmin 177 Renal cancer C20.5 mg/L threshold Maximum tumor size

reduction :
\0.001 [21]

Cmin
a 30 Advanced solid

tumors

C20.0 mg/L threshold Maximum tumor size

reduction :
0.01 [36]

Toxicity Cmin 54 Renal cancer r = 0.95� Blood pressure : 0.0075 [21]

Cmin 59 Pediatric advanced

solid tumors

Cmin 38.8 ± 11.1 vs.

29.6 ± 13.6 mg/L

Any DLT : 0.04 [15]

Cmin 38 Pediatric advanced

solid tumors

Cmin 43.7 ± 13.3 vs.

29.4 ± 13.0 mg/L

Blood pressure : 0.004 [15]

AUC0–24 29 Pediatric advanced

solid tumors

r = 0.595� DLT cycle 1 : 0.01 [15]

AUC0–24 area under the plasma concentration–time curve from zero to 24 h, Cmax maximum plasma concentration (during the first cycle), Cmin

minimum plasma concentration/trough level (at steady state), DLT dose-limiting toxicity, PFS progression-free survival, r Spearman’s rank

correlation coefficient� or correlation coefficient�, : indicates increased
a Mean of all available Cmin samples
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normotensive patients (p = 0.004). There also was a strong

association between AUC0–24 and the occurrence of DLTs

in cycle 1 (n = 29; r = 0.595; p = 0.001) [15].

A randomized, double-blind, placebo-controlled trial

comparing pazopanib with placebo and moxifloxacin (as a

positive control) did not find an effect of pazopanib or its

metabolites on the QTcF interval [43].

In the registration trials, the probability of grade 3 or

higher ALT elevation has been reported to increase with

higher pazopanib Cmin [8]. However, a recent study sug-

gested that the mechanism of this hepatotoxicity may be

related to genetic mutations in the human leukocyte antigen

(HLA), specifically with the HLA-B*57:01 genotype. It

may therefore be the case that hepatotoxicity is mediated

by an immunological reaction that would most likely be

unrelated to pazopanib exposure or dose [44].

Pazopanib-related ALT elevations have also been shown

to be associated with the rs2858996 and rs707889 poly-

morphisms in the hemochromatosis HFE gene [45].

Moreover, the risk of ALT elevations in cancer patients

treated with pazopanib was shown to be higher in those

patients who concomitantly used simvastatin [46].

Interestingly, case reports show that administration of a

starting dose of prednisolone 30 mg (which is subsequently

slowly tapered down) is a promising treatment strategy for

pazopanib-related transaminase elevations [47]. The sugges-

tion that immunosuppressive drugs are effective in treating

this form of toxicity further supports the hypothesis that this

drug-induced liver injury is immunologically mediated.

5 Population Pharmacokinetic
and Pharmacodynamic Studies

To date, several pharmacometric models have been devel-

oped for pazopanib. Two models focused on tumor growth

kinetics and two focused on pharmacokinetic modeling. The

first tumor growth model quantified the effect of pazopanib

in clinical data from phase II (n = 220) and III studies

(n = 423). This study quantified the tumor inhibition of

pazopanib using a modified Wang model and identified

prognostic markers (including prior radiotherapy, baseline

tumor size, tumor shrinkage rate, and tumor regrowth rate) as

predictors for the formation of new lesions [48]. The second

tumor growth model used both preclinical and clinical

(n = 47) data. This semi-mechanistic model also described

the role of tumor vasculature (based on preclinical experi-

ments) in tumor growth and shrinkage. This study suggested

the antitumor effect of pazopanib might be comprised of two

separate mechanisms—the first a direct cytotoxic effect and

the second a slower antiangiogenic effect [49].

At present, two model-based pharmacokinetic studies

have been reported. The first was a one-compartment

model with first-order absorption and elimination-based

pharmacokinetic data obtained from a phase I study of

pazopanib in combination with bevacizumab (n = 15)

[50]. Coadministration of bevacizumab did not influence

pazopanib Cmin. Interindividual variability in this study

was quantified at 40% and an interoccasion variability at

27%. However, in these 15 patients, no significant rela-

tionships were found between measures of exposure and

either DLTs or treatment response (measured by Response

Evaluation Criteria In Solid Tumors [RECIST] 1.1) [50].

The second population pharmacokinetic model was

based on a larger data set from three clinical studies

(n = 96) [51]. The pH-limited solubility of pazopanib [8]

was best described by a two-phase first-order absorption

[51]. To account for the non-linear bioavailability, a rela-

tive bioavailability parameter (rF) was introduced as a

function of dose (rFd) and time (rFt). rFd was set at 1 for

the (lowest) 200 mg dose and decreased in a maximum

effect (Emax) manner. The influence of time on rFt was best

described by a first-order decay [51].

Simulation studies were performed to quantify the effect

of time on pazopanib pharmacokinetics. When comparing

exposure in week 2 to week 4, both the Cmin and AUC

dropped by 11%. A decrease in exposure has also been

reported for other tyrosine kinase inhibitors such as ima-

tinib [52]; the mechanism behind this effect is unclear [53].

For pazopanib, it is hypothesized that this reduced expo-

sure could be caused by autoinduction of CYP3A4 as it has

been reported that pazopanib induces CYP3A4 in vitro

through interaction with the human pregnane X receptor

[8, 51], but this theory has not yet been confirmed in

clinical studies. Simulations also indicated that the non-

linear bioavailability could be leveraged to increase Cmin in

low-exposure patients by switching from a once- to twice-

daily dosing regimen. At steady state, Cmin on the 400 mg

twice-daily dose was 75% higher than on the 800 mg once-

daily dose, i.e. 39 mg/L compared with 22 mg/L, respec-

tively. AUC increased by 59%, from 665 to 1056 mg h/L,

by switching from 800 mg once daily to 400 mg twice

daily [51].

This strategy of splitting intake moments, has the

advantage of increasing exposure without increasing the

overall daily dose and the cost of therapy. However, future

prospective clinical trials are needed to confirm this

hypothesis before such a strategy can be implemented.

6 Individualizing Pazopanib Therapy

Several studies have identified pharmacokinetic and phar-

macodynamic biomarkers for pazopanib treatment efficacy

in cancer patients (Tables 1, 2). Moreover, it has been

shown that at the currently approved dose of 800 mg once
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daily, approximately 20% of patients do not reach the

pharmacokinetic threshold of Cmin C20 mg/L and are

therefore at risk of suboptimal efficacy [21]. Furthermore,

intrapatient variability in pharmacokinetics (25–27%)

[23, 50] was markedly smaller than interpatient variability

(67–72%) [11, 42].

As a result of this, two clinical trials have investigated

individualized pharmacokinetically-guided dosing of

pazopanib in cancer patients [23, 42]. The first was a study

in advanced solid tumors (n = 13) which used an AUC0–24

range of 715–920 mg h/L as the pharmacokinetic target

and set a reduction in variability as the primary endpoint

[23]. All patients were treated for three consecutive periods

of 2 weeks. In the first period, all patients received pazo-

panib 800 mg once daily to reach steady-state exposure; in

the second period, patients either received a pharmacoki-

netic-guided dose or the fixed 800 mg dose; and during the

last period, the regimens were switched. In this trial, AUC-

guided dosing did not significantly reduce interpatient

variability. Interpatient variability in Cmin was 36.9 and

31.9% in the AUC-guided and fixed-dose arms, respec-

tively. Overall, 53.9% of patients in the AUC-guided

dosing arm and 46.2% of patients in the fixed-dosing arm

achieved the target exposure. Based on these results, the

authors concluded that it might be more beneficial to target

the Cmin threshold rather than an AUC range.

The second study was a prospective trial in 30 patients

with advanced solid tumors. This study set Cmin C20.0 mg/

L as the target exposure [42] At weeks 3, 5, and 7, the

pazopanib dose was increased if Cmin was \20.0 mg/L.

Patients with a Cmin\15.0 mg/L received a dose increase

of 400 mg in the absence of grade 2 or higher toxicity, or

200 mg when experiencing grade 2 toxicity, while patients

with a Cmin of 15.0–19.9 mg/L received a 200 mg dose

increase if toxicity was below grade 3. No patients were

treated above the prespecified limit of 2000 mg once daily.

Furthermore, the dose was reduced in cases of grade 3 or

higher toxicity. This dosing algorithm led to patients being

treated at dosages ranging from 400 to 1800 mg/day. Mean

Cmin in patients whose dose was successfully increased

above 800 mg (n = 10) rose significantly from only 13.2

to 22.9 mg/L (above the prespecified target of C20 mg/L).

Patients with a high Cmin who experienced grade 3 or

higher toxicity (n = 9) and who initially required a dose

reduction had a mean Cmin of 51.3 mg/L, but, even after

subsequent dose reductions, mean Cmin was still above the

[20 mg/L target, at 28.2 mg/L [42]. The overall vari-

ability in Cmin was reduced from 71.9% on the fixed-dose

schedule (week 2) to 33.9% (week 8) after applying the

pharmacokinetically-guided dosing algorithm.

This trial demonstrated the feasibility of individualized

Cmin-guided dosing. Future prospective clinical trials to

validate this dosing strategy on clinically relevant endpoints

are warranted. Furthermore, given its evident exposure–re-

sponse relationship, pazopanib Cmin monitoring in routine

care is already of clear importance in specific clinical situ-

ations, such as hepatic impairment [54] or coadministration

of PPIs or CYP3A4 inhibitors/inducers [29].

To facilitate pharmacokinetic monitoring of pazopanib

in routine care, dried blood spot sampling could be used as

a less invasive alternative to venous blood sampling.

Multiple validated bioanalytical assays are already avail-

able for this purpose [55, 56].

7 Conclusions

We have provided an overview of the complex pharmacoki-

netic and pharmacodynamic profile of pazopanib, and criti-

cally reviewed the published (population) pharmacokinetic

and pharmacodynamic data on pazopanib in patients and

special patient populations. The pharmacokinetics of pazo-

panib are described by low, non-linear and time-dependent

bioavailability and large interpatient variability. A multitude

of pharmacokinetic and pharmacodynamic biomarkers have

been proposed for pazopanib, but only AUC and Cmin have

been studied prospectively to individualize treatment.

There are opportunities to optimize pazopanib dosing

through monitoring of Cmin and by switching to twice-daily

dosing in selected patients. These strategies hold promise

to optimize pazopanib dose selection and individualization,

and improve treatment outcomes for cancer patients.
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