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Abstract 

The role of vascular endothelial growth factor (VEGF) in brain tumor angiogenesis via 

stimulation of its receptor (VEGFR) is well established, indicating that the tumor 

endothelium may be a potential target for brain tumor treatment. However, the current 

angiogenesis inhibitors used in clinical trials so far have shown limited effects on tumor 

growth and improvement in survival. Cediranib is an orally available small-molecule 

kinase inhibitor of all three VEGFR isoforms, with additional activity against PDGFRß 

and c-KIT. Its broad activities against critical targets, especially the anti-angiogenic 

activity, make cediranib an attractive option for therapy in central nervous system (CNS) 

tumors. Cediranib has shown promising anti-angiogenic efficacy in early clinical trials in 

glioblastoma (GBM), but its anti-tumor mechanisms and its effect on the efficacy of 

concurrent chemotherapies remain unclear.  

 

ATP-binding cassette transporters p-glycoprotein (P-gp) and breast cancer resistance 

protein (BCRP) have been shown to work in concert to restrict brain penetration of 

several tyrosine kinase inhibitors. This study investigated the influence of P-gp and 

BCRP at the blood-brain barrier (BBB) on the CNS penetration of cediranib. Although in 

vitro studies suggest that both P-gp and BCRP significantly affect intracellular delivery 

of cediranib, in vivo data indicated that P-gp is a dominant efflux transporter for cediranib 

and BCRP plays a minor role in limiting transport of cediranib across the BBB. The 

interaction of cediranib with these brain efflux transporters could limit the anti-

angiogenic and anti-tumor action in cells in the brain parenchyma and might lead to poor 
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outcomes in clinical trials. A more thorough understanding of the mechanisms controlling 

the delivery of cediranib to its targets will allow more efficacious use of this drug in 

GBM. 

 

To better understand the brain distributional kinetics, simulation strategies were employed to 

explore the appropriate ways to compare the true brain partitioning among different 

transporter deficient transgenic mouse groups, which, in general, helps in exploring the 

contribution of each drug transporter to the brain drug delivery. There are two partial-areas 

analyses utilized to determine the exit rate constant from the brain, the performances of 

which were evaluated and compared in the current study. The requirement for accurate 

determination of the brain-to-plasma ratio of the area under the concentration-time curve 

(AUC) also warrants the investigation of a Bayesian approach to estimate the variability 

around the ∞
oAUC and the tissue-to-plasma ∞

oAUC  ratio obtained by destructive sampling. 

 

Since anti-angiogenic agents are commonly used in combination therapy for GBM, the 

influence of anti-angiogenic therapy on tumor delivery of traditional chemotherapy and 

molecularly-targeted agents was examined using a xenograft GBM model. It has been 

shown that restoration of the BBB integrity by cediranib and bevacizumab could decrease 

the tumor site delivery of both temozolomide and erlotinib, and even the delivery of 

cediranib itself, which could also be one of the reasons for the limited efficacy of 

cediranib in clinical trials. 
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These findings provide insight into improvement of the molecularly-targeted tumor 

delivery of cediranib and proper strategies for effective combination therapy of anti-

angiogenic agents and chemotherapeutics for GBM. 
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1.1   Introduction 

1.1.1   Brain tumor and glioma angiogenesis 

Every year, there are approximately 200,000 brain tumors diagnosed in North America, 

of which 50,000 originate in the brain and 150,000 metastasize from extracranial tumors 

(Davis et al., 2001; Weil et al., 2005). Glioblastoma multiforme (GBM), a WHO grade 

IV malignant glioma, is the most common primary brain tumor, with a median survival of 

approximately 18 months, despite aggressive progress in radiotherapy, chemotherapy, 

and surgery (Stupp et al., 2005; Zhang et al., 2008). Besides maximum debulking surgery 

and radiation therapy, the current standard therapy for newly diagnosed GBM includes 

concurrent temozolomide during radiotherapy and adjuvant temozolomide followed by 6-

months of post-radiotherapy (Stupp et al., 2005; Goellner et al., 2011; Theeler and 

Groves, 2011). Temozolomide is a CNS permeable compound used in conjunction with 

and after radiotherapy, the therapeutic benefit of which depends on its ability to yield a 

monofunctional alkylating agent binding to the O6 position of guanine via chemical 

decomposition (Newlands et al., 1992). Clinical trials demonstrated that adjuvant 

temozolomide to radiation therapy was associated with an improved median survival 

from 12.1 months to 14.6 months (Chamberlain, 2011). However, the overall 5-year 

survival rate for GBM is still as low as 9.8% (Stupp et al., 2009). Tumor recurrence was 

found at the original tumor location in more than 90% of patients with glioma and 5% 

may develop new lesions at distant sites (Choucair et al., 1986). The ability of glioma 

cells to migrate and promote angiogenesis makes the treatment of GBM challenging and 

demands further investigation into novel therapies that potentially target these processes. 
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Infiltrative phenotype of the highly infiltrative gliomas leads to relapse and lethality of 

GBM. Glioma cells can either migrate by co-option of normal blood vessels or infiltrate 

through the extracellular matrix and then hide in apparently normal brain tissue 

surrounding the core tumor mass (Bergers and Hanahan, 2008; Agarwal et al., 2011a). 

This infiltration is difficult to be immediately detected by conventional magnetic 

resonance imaging (MRI) techniques and hence becomes a big challenge in brain tumor 

treatment (Gagner et al., 2005). It has been shown that invasive GBM cells can spread up 

to several centimeters away from the contrast-enhancing regions of tumor and the 

margins of surgical resection into adjacent normal brain parenchyma, causing tumor 

recurrence which typically occur within 18 months of diagnosis (Kuratsu et al., 1989; 

Silbergeld and Chicoine, 1997). Therefore, effective drug delivery to the invasive glioma 

cells co-opting blood supply from mature brain capillaries in normal brain parenchyma is 

critical for the treatment of GBM (Agarwal et al., 2011a). 

 

Moreover, gliomas are able to recruit and proliferate blood vessels to support growth by 

overexpressing pro-angiogenic ligands, such as vascular endothelial growth factor 

(VEGF, otherwise known as vascular permeability factor), platelet derived growth factor 

(PDGF) (Mrugala et al., 2004), and fibroblast growth factors (FGF) (Bergers and 

Hanahan, 2008; Rahman et al., 2010). GBM is characterized by a marked increase in 

endothelial cell proliferation and migration (Takano et al., 1996; Fischer et al., 2005; 

Reardon et al., 2011). Angiogenesis is a physiologic process of blood vessel sprouting 

from existing vasculature by endothelial cell migration and proliferation. Pathologically, 
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once tumor grows beyond 1-2 mm, continued survival of the tumor would require tumor 

angiogenesis to overcome hypoxia and limits of nutrient diffusion (Fidler et al., 2002). 

During tumor angiogenesis, vascular basement membrane is disrupted and structurally 

changed, and extracellular matrix of tissues is remodeled (Cai et al., 2011). To date, role 

of the vascular endothelial growth factor (VEGF) family of ligands (VEGF-A, VEGF-B, 

VEGF-C, VEGF-D, VEGF-E, VEGF-F, and PlGF) and receptors (VEGFR-1, -2 and -3) 

in the regulation of angiogenesis has been recognized (Carmeliet and Jain, 2000; Hoeben 

et al., 2004). It has been shown that VEGF is secreted by GBM cell lines (Masi et al., 

2005). VEGF and VEGFR-1 and -2 are present in all types of brain tumors (Mentlein et 

al., 2004; Huang et al., 2005). For brain tumors, in particular gliomas, angiogenesis is 

mainly driven by VEGF-A-mediated signaling via VEGFR-2 (also known as KDR), 

which leads to the proliferation, migration and survival of tumor endothelium, and the 

abnormal microvascular permeability (Carmeliet and Jain, 2000). The hyperpermeability 

of blood vessels causes vasogenic cerebral edema which results in morbidity and 

mortality, and increased interstitial fluid pressure which contributes to tumor hypoxia and 

prevents adequate tumor penetration of chemotherapeutics (Gerstner et al., 2009). The 

potent tyrosine kinase VEGFR-2 is overexpressed both on the luminal (blood side) and 

abluminal (stromal side) aspect of tumor endothelial cells, but the kinase domain is 

exclusively found inside the endothelial cells (Hormigo et al., 2011; Sikkema et al., 2011). 

Therefore, tumor vasculature has been investigated as a potential target for disrupting 

tumor-associated angiogenesis by inhibition of VEGF signaling (Demeule et al., 2004). It 

has also been reported that VEGFR inhibitors may result in a marked decrease in tumor 
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cell proliferation due to parenchymal tumor cell apoptosis (Prewett et al., 1999; Sasaki et 

al., 2008) and invasiveness (Du et al., 2008). Thus, a number of VEGF/VEGFR inhibitors 

such as tyrosine kinase inhibitors (TKIs) and monoclonal antibodies have been developed 

as potential therapeutics against many tumor types (Sharma et al., 2011).  

 
1.1.2   Mechanisms limiting CNS drug delivery 

Despite aggressive therapy, the majority of primary and metastatic brain tumor patients 

have a poor prognosis with low survival rates, in part due to the protection of the blood-

brain barrier (BBB) that prevents toxins, including chemotherapy, from reaching the 

brain. The BBB is a physical and metabolic barrier between the brain and the systemic 

circulation, composed of a monolayer of brain capillary endothelial cells, which are 

surrounded by extracellular matrices, pericytes, astrocytes, and neurons, all of which may 

influence formation and function of the BBB (Loscher and Potschka, 2005), (Haseloff et 

al., 2005; Hawkins and Davis, 2005). The BBB can prevent transfer and accumulation of 

therapeutic agents from the systemic circulation into the brain parenchyma and can 

significantly limit efficacy of systemic therapies for GBM, a primary brain tumor. Major 

mechanisms of the BBB that influences drug transport include the restriction of 

paracellular brain uptake through the tight junctions between the endothelial cells of the 

brain microvasculature, and the efflux function of the ATP-binding cassette (ABC) drug 

transporters expressed on the luminal side of the capillary endothelial cells.   

 

1.1.2.1   Tight junctions 



 

 6 

Tight junctions are occluding seals between adjacent endothelial cells within the brain 

microvasculature, with which passive drug diffusion out of the vasculature is limited to 

hydrophilic molecules under 500kDa and lipophilic molecules which can readily diffuse 

across the lipid bi-layer (Loscher and Potschka, 2005). Tight junctions are formed by 

occludin, junctional adhesion molecules 1-3, claudins, cingulin and the zonula occludens 

family members (ZO-1/2/3) (Colgan et al., 2008). Claudins work as the backbone of tight 

junction strands and bind to claudins on adjacent cells to produce the primary seal of the 

tight junction. Occludin is correlated with increased electrical resistance across the 

membrane and decreased paracellular permeability. The ZOs serve as recognition 

proteins for tight junctional placement and as a support structure for signal transduction 

proteins. Cingulin binds ZO proteins with other cingulin molecules. The primary 

cytoskeletal protein, actin, can bind to all of the ZO proteins, claudin and occludin  

(Huber et al., 2001). It has been demonstrated that the flux across tight junctions can be 

significant and that the permeability and selectivity of the junctions can be regulated (Ban 

and Rizzolo, 2000; Huber et al., 2001).  

 

1.1.2.2   ABC Transporters 

It is well-known that lipophilic compounds or small nonpolar molecules pass through 

the BBB by transcellular passive diffusion. But it was demonstrated that the BBB 

permeability of a number of lipophilic compounds is not proportional to their 

lipophilicity, attributed to the presence of efflux transporters at the BBB (Levin, 1980; 

Pardridge, 1998). Multiple efflux transporter proteins are members of the ABC family. 
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They are expressed on the luminal side of plasma membranes of a number of tissue 

cells such as the capillary endothelial cells of the BBB and the epithelial cells of the 

choroid plexus in the blood-cerebrospinal fluid barrier (Kusuhara and Sugiyama, 2001a; 

Kusuhara and Sugiyama, 2001b). These transporters utilize the energy from ATP 

hydrolysis to drive the transport of substrates against a concentration gradient and out 

of cells. The blood-brain barrier efflux proteins, such as p-glycoprotein (P-gp/MDR1), 

breast cancer resistance protein (BCRP/ABCG2) and the multidrug resistance protein 

(MRP) family, form a barrier for delivery of CNS disease therapeutics to target cells in 

the brain parenchyma. It has been suggested that over-expression of ABC drug efflux 

transporters such as P-gp and BCRP on the endothelial cells of the BBB may be one of 

the mechanisms of the poor response of CNS tumors to chemotherapy. Therefore, 

modulation of drug efflux transporters at the BBB forms a novel strategy to enhance the 

penetration of drugs into the brain and may yield new therapeutic options for drug-

resistant CNS diseases (Loscher and Potschka, 2005). 

 

P-gp is typical of ABC proteins and is located at the luminal surface of the microvessel 

endothelial cells that line the blood vessels and the newly formed capillaries around the 

brain tumors (Cordon-Cardo et al., 1989; Decleves et al., 2002). It has been reported 

that there is a 17-fold higher expression of P-gp in rat luminal membranes compared to 

brain capillaries and a 400-500-fold increase compared to whole brain membranes 

(Beaulieu et al., 1997). In mice, P-gp is encoded by the mdr1a and mdr1b genes. A 

number of in vivo studies have also been conducted to study the efflux function of P-gp 
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at the BBB using transgenic mice to examine the role of P-gp at the BBB (Schinkel et 

al., 1994; Schinkel et al., 1996; van Asperen et al., 1996; Kawahara et al., 1999). In 

rodents, murine P-gp is coded by two isoforms, mdr1a and mdr1b genes, but only 

mdr1a is localized in brain capillaries (Demeule et al., 2002). In absence of Pgp at the 

BBB in mdr1a knockout mice, the brain penetration of P-gp substrates can increase up 

to 10- to 100-fold, and blockade of BBB P-gp by P-gp inhibitors can also significantly 

increase the brain concentration of various drugs (Loscher and Potschka, 2005). 

 

BCRP was first detected in a chemotherapy-resistant breast cancer cell line MCF-7 but 

it is expressed in a variety of tissues including the intestine, kidney, placenta, brain 

endothelium and hematopoietic cells (Sharom, 2008) as well as solid tumors (Diestra et 

al., 2002). In the brain, BCRP has been detected mainly at the luminal surface of 

capillary endothelial cells. Murine BCRP is encoded by Bcrp1/Abcg2 gene. It shares 

some substrates with P-gp and MRPs (Sharom, 2008), and the tissue distribution of 

BCRP shows extensive overlap with that of P-gp (Schinkel and Jonker, 2003). In 

contrast, the role of BCRP in drug efflux transport from the brain is a controversy. 

BCRP expression at the BBB may not lead to visiblely low brain penetration of all its 

in vitro substrates, such as abacavir and zidovudine (Pan et al., 2007; Giri et al., 2008), 

dehydroepiandrosterone sulfate and mitoxantrone (Lee et al., 2005), as well as 

topotecan (de Vries et al., 2007).  
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Furthermore, P-gp and BCRP have been shown to team up to restrict the transport of 

several therapeutic agents into the brain, thereby influencing drug efficacy. It has been 

shown that there is an overlapping substrate specificity for these two efflux pumps, and a 

number of drugs, including many anti-cancer tyrosine kinase inhibitors (TKIs), are 

reported to be dual substrates for P-gp and BCRP (Dai et al., 2003; de Vries et al., 2007; 

Polli et al., 2008; Chen et al., 2009; Agarwal et al., 2010; Agarwal et al., 2011b; Tang et 

al., 2011). It has been shown that absence of both P-gp and BCRP may result in a 

significantly larger enhancement in brain uptake than the additive effects seen from 

absense of only one of the transporters, for several dual P-gp and BCRP substrates, such 

as topotecan (de Vries et al., 2007), lapatinib (Polli et al., 2009), dasatinib (Chen et al., 

2009), gefitinib (Agarwal et al., 2010), sorafinib (Agarwal et al., 2011b), erlotinib, 

flavoperidol, mitoxantrone (Kodaira et al., 2010), imatinib (Breedveld et al., 2005), and 

tandutinib (Yang et al., 2010). Compensation with the respective other transporter has 

been suggested as a plausible explanation. Thus dual inhibition of both transporters by 

combination therapy with TKIs may have a great impact on the brain tumor treatment. 

 

The relative activity of P-gp and BCRP at the BBB is relevant to the relative substrate-

transporter affinities and the relative transporter expression levels. It has been 

demonstrated that, at the mouse BBB, P-gp expression was approximately 5-fold higher 

than BCRP (Kamiie et al., 2008). This finding may explain the observation that P-gp is 

dominant in restricting the brain penetration of many dual P-gp/BCRP substrates while 

cooperating with BCRP (Lee et al., 2005; Zhao et al., 2009; Agarwal et al., 2011b). 



 

 10 

Nevertheless, for those dual substrates with a considerably higher BCRP affinity than P-

gp, such as sorafenib (Agarwal et al., 2011b) and dantrolene (Kodaira et al., 2010), a 

pronounced BCRP effect was observed. 

 

Since VEGFR-2 and efflux transporters are expressed in endothelial cells and variably in 

GBM tumor cells, the interaction between VEGFR inhibitors and these efflux 

transporters may limit the achievable intracellular drug levels within these target cells and 

specifically reduce the efficacy of AATs. First of all, the activity of P-gp and BCRP in 

endothelial cells limit the accumulation of a VEGFR inhibitor to target receptor signaling 

in the same cells. The limited BBB penetration may impair the anti-angiogenic efficacy 

of these molecules in CNS malignancies. In addition, reduced accumulation within 

glioma cells may also impair the anti-tumor efficacy of VEGFR inhibitors. Furthermore, 

VEGFR-2 signaling through Src and PKC-beta suppresses P-gp expression and/or 

activity in brain capillary endothelial cells such that inhibition of VEGFR-2 can 

upregulate P-gp expression and possibly enhance drug exclusion from endothelial cells 

(Liu et al., 2009; Hawkins et al., 2010).  

 

1.1.2.3   Abnormal glioma BBB 

GBM development is associated with a partial disruption of the blood-brain barrier within 

the core tumor mass where the tumor is highly angiogenic. During gliomagenesis, 

expression of VEGF and other pro-angiogenic factors such as PDGF promotes abnormal 

development of an immature tumor vasculature by promoting loss of robust tight 
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junctions between endothelial cells. The tortuous and highly permeable endothelial wall 

allows intra-tumoral accumulation of radiographic contrast and provides graphic 

evidence for disruption of the BBB in essentially every GBM. However, at the growing 

edge of the tumor and the vascular niche for invasive glioma cells, the BBB is intact 

(Gilbertson and Rich, 2007). Therefore, GBM consists of regions of relatively open BBB 

(tumor ‘core’) and other regions with an intact BBB (tumor ‘rim’). Since tumor may 

recur from either region, anti-tumor agents must be adequately delivered in different 

regions of a brain tumor, especially in the non-contrast enhancing areas (tumor rim/ 

normal brain). 

 

1.1.2.4   The brain-tumor cell barrier 

Despite the disrupted BBB in tumor core, there is a second barrier contributing drug 

resistance of gliomas, called the brain-tumor cell barrier (BTB), with ABC transporters 

expressed on glioma cell membrane. The presence of P-gp in glioma cell lines has been 

found heterogenously in high-grade gliomas (Decleves et al., 2002), even though some 

argued that P-gp is mainly expressed on glioma-associated endothelial rather than glioma 

cells (Bahr et al., 2003). BCRP has also been reported to be expressed on a stem cell like 

side-population of tumor cells and plays a role in multidrug resistance in glioma cells 

(Zhou et al., 2001; Dean et al., 2005). Moreover, an enhanced expression of MRPs, 

especially MRP1, has also been observed in malignant glioma cells (Mohri et al., 2000; 

Bahr et al., 2003; Benyahia et al., 2004). Therefore, both BBB and BTB can restrict the 

molecularly-targeted drug delivery to the intracellular targets at the tumor cells. 
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1.1.3   Anti-angiogenic therapies for glioma and its influence on chemotherapy drug 

delivery 

Since endothelial proliferation with hypoxia and necrosis is a hallmark of GBM, 

treatment with anti-angiogenic agents is promising in blocking its growth (Hormigo et al., 

2011). The effects of anti-angiogenic therapies (AATs) targeting growth factors like 

VEGF, or growth factor receptors like VEGFR, epidermal growth factor receptor (EGFR) 

and platelet-derived growth factor receptor (PDGFR) in delaying tumor progression and 

lengthening survival in recurrent GBM have been evaluated in clinical trials, either alone 

or in combination with proven effective therapies (Wurdinger and Tannous, 2009). The 

first generation of antiangiogenic therapies evaluated for treatment of GBM were 

thalidomide, lenalidomide, carboxyamidotriazole and penicillamine. However, these 

agents were not sufficiently potent and lack of significant clinical benefits compared with 

cytotoxic chemotherapies (Chamberlain, 2011). Therefore, more recent investigations 

have focused on newer, more potent anti-angiogenic agents including VEGF-blocking 

antibodies such as bevacizumab (Genentech, San Francisco, CA), fusion protein soluble 

decoy receptors such as VEGF-trap (Regeneron, Tarrytown, NY), and multitarget 

tyrosine kinase inhibitors such as cediranib (AstraZeneca, London, UK), vatalanib 

(Novartis, Basel, Switzerland), vandetanib (AstraZeneca, London, UK), pazopanib 

(GlaxoSmithKline, Middlesex, UK), sorafenib (Bayer, West Haven, CT and Onyx, 

Richmond, CA), and sunitinib (Pfizer, La Jolla, CA), the mechanisms of which are 

summaried in Figure 1.1 (Sathornsumetee et al., 2007). In spite of drugs interfering with 
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the VEGF pathway, there are other antiangiogenic agents currently in preclinical and 

clinical development, such as inhibitors to PDGFs, FGFs, angiopoietins/Tie-2 system, 

protein kinase C and integrins (Sathornsumetee and Rich, 2007). 

 
A humanized monoclonal antibody that blocks VEGF-A, bevacizumab (Avastin), was the 

first anti-angiogenic agent approved by FDA for the treatment of recurrent GBM 

following prior temozolomide-based chemoradiotherapy (Chamberlain, 2011). 

Bevacizumab, either alone or in combination with chemotherapy (most commonly 

irinotecan), has shown an improvement in response rate and 6-month progression-free 

survival in recurrent GBM (Friedman et al., 2009; Vredenburgh et al., 2011). Potential 

mechanisms have been suggested for the anti-GBM action of bevacizumab, such as 

antivascular activity by normalization of the GBM vasculature, disruption of vascular 

niche for glioma stem cells, as well as direct antitumor activity (Vredenburgh et al., 2007; 

Chamberlain, 2011). However, updated data indicate that bevacizumab treatment in 

glioma may improve survival through the alleviation of peri-tumoral brain edema, 

without effect on tumor growth (Verhoeff et al., 2010). The result conflicts with the 

initial enthusiasm based on the concept that angiogenesis is a key event in tumor 

progression. Further studies are needed to confirm the anti-tumor mechanisms of anti-

VEGF agents. 

 

Moreover, recent preclinical studies in three different orthotopic mouse models of 

glioblastoma indicate the same is true for cediranib (AZD2171, Recentin), the anti-

angiogenic molecularly-targeted tyrosine kinase inhibitor against all VEGF recepter 
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subtypes (VEGFR-1, -2, and -3), PDGFR and c-KIT (a stem cell factor receptor) (Jain et 

al., 2007; Kamoun et al., 2009; Brave et al., 2011). Cediranib is an indole-ether 

quinazoline orally available and highly potent to VEGFRs with a subnanomolar EC50 

(Batchelor et al., 2010; Rahman et al., 2010). Multitargeted kinase inhibition helps 

overcome the adaptive treatment resistance of malignant gliomas by blocking multiple 

co-activated or compensatorily signaling pathways (Sathornsumetee et al., 2007; 

Sathornsumetee and Reardon, 2009; Sathornsumetee, 2011). Additionally, the activity 

against PDGFR may help disturb the normalization of blood vessels by disrupting 

pericyte supported evasive therapeutic resistance (Bergers and Hanahan, 2008). 

Furthermore, as a potent inhibitor of those crytical receptors such as VEGFRs and 

PDGFRs, cediranib has been anticipated to convey more direct anti-tumor benefits in 

addition to its anti-angiogenic effect, since overexpression and activation of PDGFRs 

may be another important factor involved in malignancy of gliomas (Mrugala et al., 

2004). However, a recent clinical study showed that cediranib significantly abated tumor 

vessel permeability and diameter and caused other vascular changes that led to edema 

alleviation after 24 hours post treatment, without inducing true tumor regression 

(Batchelor et al., 2007). Preclinical studies have confirmed this effect in three different 

orthotopic mouse GBM models (Kamoun et al., 2009). A phase II trial in patients with 

recurrent GBM also showed that cediranib monotherapy resulted in a positive 

radiographic response of 56%  and a prolonged 6-month progression-free survival from 

10 weeks (Wong et al., 1999) to 117 days (Jain et al., 2007), as well as a steroid-sparing 

effect, due to reduced edema (Jain et al., 2007; Batchelor et al., 2010). A reduction in the 
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number of circulating endothelial cells and progenitor cells  was also demonstrated 

(Sorensen et al., 2009). These encouraging data point to the promise of the use of AATs 

in glioma treatment, even though several questions remain on mechanism and actual 

tumor effect. 

 

Since AATs function to normalize the aberrant tumor vasculature, they may influence the 

delivery of selected combination therapies to the invasive glioma cells in the perivascular 

niche. The influence might depend on properties of the drug and the mechanisms that 

limit its delivery across the BBB. As the vasculature normalizes, tight junctions reform, 

blood flow is enhanced, and drugs that are typically more permeable in the normal BBB 

could have enhanced delivery, due to their ability to diffuse transcellularly across an 

intact barrier, when used in conjunction with anti-angiogenic therapy like bevacizumab or 

cediranib. It has been investigated in a recent study that cediranib enhanced the 

effectiveness of temozolomide in two U87 GBM xenografts expressing EGFR 

(Wachsberger et al., 2011). In contrast with the positive findings, the benefit of 

combination therapy may be controversial in that another antiangiogenic agent, TNP-470, 

may reduce tumor concentrations and effectiveness of temozolomide in GBM xenograft 

models (Ma et al., 2001). It has also been hypothesized that drugs that do not cross the 

BBB readily may have their delivery diminished to the tumor when co-treated with 

antiangiogenic agents, due to a reformed vascular integrity and a restored efficient efflux 

by transporters such as P-gp and BCRP. Inadequate drug delivery to the intracellular 

targets may explain why many of these novel therapeutic strategies have failed to provide 

clinical benefits. Furthermore, the BBB integrity restroration by anti-VEGF agents might 
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increase the invasiveness of tumor cells (Rubenstein et al., 2000). This may be another 

possible reason for the lack of efficacy. Therefore, a more informed understanding for 

how AATs might influence the delivery of standard and molecularly-targeted 

therapeutics and how to use combination therapy more effectively and intelligently to 

treat brain tumors is critical and desirable. 

 

1.1.4   Evaluation of transporter function 

There are generally two in vivo approaches to manipulate the magnitude of transporter-

mediated drug exclusion from the CNS or other tissues: one is genetic modulation of 

transporter expression such as transporter gene knockout mice; and the other is through 

co-treatment of chemicals which modulate specific or overlapping transporter functions. 

Effect of transporters on brain exposure can be evaluated by comparison of brain 

distribution in these animal models and the corresponding wildtype strain. The most 

commonly used estimators for brain drug uptake are the brain-to-plasma concentration 

ratio (Cbrain/Cplasma) and the area under the concentration curve ratio for brain versus 

plasma (AUCbrain/AUCplasma) from zero to infinity. However, unlike the ratio of 

AUCbrain/AUCplasma from 0 to infinity which reflects the overall relative exposure of drug 

in brain, the Cbrain/Cplasma ratio is a function of time. Only at some distributional scenarios 

the Cbrain/Cplasma ratio can be considered as a good estimate of brain distribution. This 

study discussed the accurate determination of partition coefficient for an examined tissue 

(i.e., brain) by simulation strategies. In order to statistically compare the transporter 

functions, a novel approach has been applied to estimate the variation of 
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AUCbrain/AUCplasma ratio from 0 to infinity. Besides Cbrain/Cplasma or AUCbrain/AUCplasma 

ratios, another indirect method to evaluate transporter functions by determining the total 

rate constant out of the brain is via a partial areas analysis. Evaluation and comparison of 

two similar partial area-based analyses was also discussed based on simulations. 

 

1.2 Statement of the problem 

An intact BBB can prevent transfer and accumulation of therapeutic agents from the 

systemic circulation into the brain parenchyma and therefore can significantly limit 

efficacy of systemic therapies in GBM. Despite the leaky BBB at tumor core, invasive 

tumor cells commonly co-opt blood supply and infiltrate into brain parenchyma at 

regions distant from contrast enhancement, resulting in possible recurrence. Thus, 

successful therapeutic strategies for GBM, a whole brain disease, must adequately deliver 

effective treatment to the tumor core, the tumor growing edge, and even the normal brain 

tissues. As a molecularly-targeted antiangiogenic agent, cediranib targets to the brain 

angiogenic capillaries as well as glioma cells. However, the possible interaction of 

cediranib and efflux transporters at the BBB may limit cediranib distribution into 

different tumor regions and prevent its possible clinical benifits. Moreover, given their 

effect on the restoration of the BBB integrity, AATs, including cediranib, may have a 

detrimental impact on the delivery of concomitantly administered chemotherapeutics to 

the brain tumor. 

 

1.3 Specific aims 
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1. In order to explore possible reasons for limited efficacy of cediranib in GBM treatment, 

specific aim one is to identify and characterize the interaction of cediranib with two 

important efflux transporters present at the BBB, P-gp and BCRP, by using cell culture 

models and transporter transgenic mice models. Following the validation of an LC-MS 

assay for cediranib (chapter 2), a description of studies directed at this aim is found in 

chapter 3. 

 

2. In order to quantify the impact of efflux transporters on brain kinetics of CNS 

compounds, specific aim two is to suggest accurate estimators of partition coefficient for 

an examined tissue (i.e., brain) and the way to estimate its variability by simulation 

strategies, as well as evaluate two similar partial area-based analyses which can also be 

used to determine the transporter effect. This aim is addressed by the studies described in 

chapter 4. 

 

3. In order to test the hypothesis that concomitant AAT may influence the regional 

delivery and hence the efficacy of combination treatments for GBM, specific aim three is 

to examine the effect of AAT (bevacizumab and cediranib) on site-specific 

pharmacokinetics for two relevant agents with different mechanisms of distribution 

across the BBB (temozolomide and erlotinib), as well as cediranib itself, to tumor core, 

tumor growing edge (rim) and the normal brain parenchyma in a murine xenograft model 

of GBM. We have outlined a preliminary study that addresses this aim in chapter 5. 
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Figure 1.1 Anti-angiogenic mechanisms of anti-angiogenic agents currently in clinical 

evaluation. 
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CHAPTER 2 

DETERMINATION OF CEDIRANIB IN MOUSE PLASMA AND BRAIN TISSUE 

USING HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY-MASS 

SPECTROMETRY 
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A new high performance liquid chromatography coupled with tandem mass spectrometry 

(HPLC-MS/MS) assay for cediranib, a tyrosine kinase inhibitor for VEGFRs, was 

developed and validated, for the determination of plasma and brain levels of cediranib in 

small specimen volumes. Tyrphostin was used as internal standard. Mouse plasma and 

brain homogenate samples were prepared using liquid-liquid extraction. The assay was 

validated for a 2.5-2500 ng/mL concentration range for plasma, and for 1-2000 ng/mL 

range for brain homogenate. For these calibration ranges, within-assay variabilities were 

1.1-14.3% for plasma and 1.5-9.4% for brain homogenate; between-assay variabilities 

were 2.4-9.2% for plasma, and 4.9-10.2% for brain homogenate. Overall accuracy ranged 

from 101.5 to 107.0% for plasma and 96.5 to 100.2% for brain homogenate, for all target 

concentrations. The developed assay has been successfully applied to a cediranib brain 

distribution study in mice at an oral dose of 5 mg/kg. 

 

2.1   Introduction 

The vascular endothelial growth factor (VEGF) and receptors (VEGFR-1, -2, -3) have 

been recognized as one of the critical mediators of pathological angiogenesis and are 

involved in the regulation of vascular endothelial cell proliferation, survival, migration, 

and tumor cell invasion. Numerous solid tumors overexpress VEGF, the role of which in 

tumor angiogenesis is via stimulation of VEGFR. VEGFRs are also highly expressed in 

many types of human solid tumors, including glioma, lung, breast, renal, ovarian and 

gastrointestinal tract carcinomas (Sharma et al., 2011). Inhibition of the VEGFR-

mediated signal transduction pathways stabilizes the progression of tumors by disrupting 
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angiogenesis - the formation of new blood vessels that tumors need to grow and spread. 

There have been at least two potential therapeutic strategies for cancers via blocking 

VEGFR signaling, which have been clinically validated with FDA-approvals: (i) anti-

VEGF monoclonal antibodies (e.g., bevacizumab) and (ii) tyrosine kinase inhibitors (TKI, 

e.g., sorafenib and suntinib). TKIs are a class of small molecules blocking intracellular 

signals involved in growth and angiogenesis. 

 

Cediranib, 4-[(4-Fluoro-2-methyl-1H-indol-5-yl)oxy]-6-methoxy-7-[3-pyrrolidin-1-

yl)propoxy]quinazoline (RECENTINTM, AZD2171) (Figure 2.1a), is an orally active pan-

VEGFR inhibitor with additional activity against platelet-derived growth factor ß and c-

Kit (Batchelor et al., 2010). Cediranib has exhibited antitumor and antiangiogenic activity 

in various cell lines (Wedge et al., 2005; Takeda et al., 2007; Siemann et al., 2009) and 

xenografts including colon, lung, prostate, breast and ovary (Wedge et al., 2005; 

Medinger et al., 2009). Its pharmacological effect has been evaluated in Phase II/III 

clinical trials for advanced non-small cell lung cancer, advanced colorectal cancer, 

metastatic renal cell carcinoma, and recurrent glioblastoma, etc. (Dietrich et al., 2009). 

However, due to the physiological structures of the brain capillary endothelium, i.e., 

blood-brain barrier (BBB), the brain delivery of cediranib may be limited and lead to 

limited pharmacological effects when used as a CNS anti-tumor therapeutic. 

 

To comprehensively characterize the preclinical pharmacokinetics (PK) of cediranib and 

the brain disposition of cediranib, a highly sensitive, accurate and reproducible 

http://www.medicalnewstoday.com/info/lung-cancer/what-is-lung-cancer.php�
http://www.medicalnewstoday.com/articles/155598.php�
http://www.medicalnewstoday.com/articles/164659.php�
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quantitation assay is required. To date there are no published methods for the analysis of 

cediranib in biological samples, except for one study using HPLC with radiochemical 

detection (HPLC-RAD), UV (HPLC-UV) and mass spectrometric (HPLC–MSn) to 

characterise [14C]-cediranib and its biosynthetic N+-glucuronide metabolite in 

hepatocytes from human and pre-clinical species (Lenz et al.). The method described here 

quantifies cediranib in mouse plasma and brain homogenate utilizing high performance 

liquid chromatography coupled with mass spectrometry (HPLC-MS/MS) equipped with 

electrospray positive ionization interface following a liquid-liquid extraction. This 

method allows the evaluation of compound concentrations in both the plasma and the 

whole brain at a range of time points in mice specimens, and employs tyrphostin 

(AG1478, 4-(3-Chloroanilino)-6,7-dimethoxyquinazoline, as shown in Figure 2.1b), a 

structurely-similar tyrosine kinase inhibitor, as the internal standard (ISTD). 

 

2.2   Materials and Methods 

2.2.1   Chemicals and reagents 

Cediranib (98% purity) and internal standard tyrphostin AG1478 (free base, >99% purity) 

were purchased from Selleck Chemicals LLC (Houston, TX, USA) and LC Laboratories 

(Woburn, MA, USA), respectively. HPLC grade acetonitrile (ACN), methanol (MeOH), 

ethyl acetate (EtOH) and dimethyl sulfoxide (DMSO) were obtained from Fisher 

Scientific (Fair Lawn, NJ, USA). Ammonium formate and formic acid were of analytical 

grade and supplied from Sigma-Aldrich (St. Louis, MO, USA). Bovine serum albumin 

(BSA; ≥96% pure from agarose gel electrophoresis) was also obtained from Sigma-
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Aldrich (St. Louis, MO, USA). All other chemicals used were HPLC or reagent grade. 

Drug-free mouse plasma was obtained from Valley Biomedical (Catalog# AP3054, 

Winchester, VA, USA). Deionized water was obtained from a Milli-Q-UF system 

(Millipore, Milford, MA, USA) and used throughout. The mobile phase was vacuum-

filtered through a 0.45 µm filter (Millpore, Milford, MA, USA). 

 

2.2.2   Preparation of stock and working solutions, calibration standards, and 

quality controls 

The stock solution of cediranib at 1 mg/mL was prepared by dissolution of 1.14 mg 

cediranib in 1.14 mL DMSO. Sub-stock solutions were prepared by dilution of the stock 

solution into 100, 10, and 1 µg/mL in MeOH. The stock solutions were stored at -20℃ in 

glass vials, with caps tightly wrapped with Parafilm®. Working solutions were diluted 

with MeOH from the stock and sub-stock solutions as indicated in Table 2-1. The 

working solutions were diluted in blank mouse plasma or brain homogenate on each day 

of analysis to provide nine calibration standards containing cediranib for plasma samples 

at the following concentrations: 1, 2.5, 5, 10, 25, 50, 500, 1000, 2500 ng/mL, and for 

brain homogenate samples at 1, 2.5, 5, 10, 25, 50, 500, 1000, 2000 ng/mL.  

 

Quality control (QC) samples were prepared independently by adding the appropriate 

volume of working solution diluted with blank plasma or brain homogenate at four 

different concentrations: for plasma, 2.5 ng/mL, the lower limit of quantitation (LLOQ); 

15 ng/mL, the low QC; 200 ng/mL, the medium QC; and 800 ng/mL, the high QC; for 
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brain homogenate, 1 ng/mL, the LLOQ; 5 ng/mL, the low QC; 50 ng/mL, the medium 

QC; and 200 ng/mL, the high QC. The QC samples were stored at -80℃ until used. 

 

The ISTD compound (AG1478) was dissolved in MeOH to a concentration of 400 ng/mL.  

 

2.2.3   Sample pretreatment 

Prior to drug extraction, frozen samples were thawed in a water bath at ambient 

temperature. Brain tissues were homogenized with a tissue homogenizer (Power Gen 125, 

Fisher Scientific, Pittsburgh, PA) in 3 volumes of ice-cold 5% (w/v) BSA in phosphate-

buffered saline (PBS) solution. A 50 μL aliquot of plasma and a 100 μL aliquot of brain 

homogenate samples were dispensed into disposable borosilicate glass culture tubes 

(13mm×100 mm) containing AG1478 (400 ng/mL in 10μL MeOH) and vigorously 

mixed for 5 s on a vortex-mixer. The liquid-liquid extraction procedures were as follows: 

800 μL EtOH was added to each tube and vortexed vigorously for 30 s then centrifuged 

at 300 rpm for 10 min at 4℃ (SORVALL® LEGEND RT, Kendro). A volume of 600 

μL of the top organic layer was transferred to a glass culture tube and dried under a gentle 

stream of nitrogen. The samples were reconstituted in 75 μL mobile phase and transferred 

to autosampler vials for injection. A volume of 10 μL was injected at 10℃ using a 

temperature-controlled autosampling device. 

 

2.2.4   Chromatographic and mass-spectrometic conditions 
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HPLC analysis was performed using an Agilent Model 1200 separation system (Santa 

Clara, CA, USA). Separation was achieved on a ZORBAX Eclipse XDB-C18 RRHT 

threaded column (4.6 x 50 mm, 1.8 µm; Agilent Technologies). Column temperature was 

set to be 30℃. The mobile phase was composed of 10 mM ammonium acetate containing 

0.1% formic acid: acetonitrile (62:38 v/v). The flow rate was maintained at 0.25 mL/min 

and the chromatographic run time was 9 minutes.  

 

The HPLC system was interfaced to a TSQ® Quantum 1.5 triple quadrupole mass 

spectrometer (Thermo Finnigan, San Jose, CA, USA) equipped with an electrospray 

ionization (ESI) source. The samples were analyzed using an electrospray probe in the 

positive ionization mode operating at an ion spray voltage of 4000V for both cediranib 

and the ISTD. Selected reaction monitoring (SRM) was employed for mass spectrometric 

quantitation. Data acquisition and analysis was controlled by the Xcalibur version 2.0.7 

data system. The spectrometer was programmed to allow the [MH]+ ion of cediranib at 

m/z 451.7 and that of ISTD at m/z 317 to pass through the first quadrupole (Q1) and into 

the collision cell (Q2). The collision gas was argon (1.5 mTorr) and the collision energy 

was set at 17 volts for cediranib and 16 volts for AG1478. The transitions monitored were 

m/z 451.7 -> 112.2 for cediranib, m/z 317->301 for the ISTD, and monitored through the 

third quadrupole (Q3). The scan width for the two product ions was set 1.5 unit with 0.5 

second of scan time. 

 

2.2.5   Calibration curve 
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Calibration curves for cediranib were computed with the peak area ratios of analyte and 

ISTD using weighted quadratic regression, with a weighting factor of 1/concentration. 

Parameters of each calibration curve were used to compute concentrations for the QC 

samples and unknown samples by interpolation. Data acquisition, peak integration and 

quantification were performed by Xcalibur software (Thermo Fischer Scientific Inc, 

Waltham, MA, USA). 

 

2.2.6   Method validation 

2.2.6.1   Accuracy and precision 

The method developed for cediranib quantitation in mouse plasma and brain homogenate 

was validated for 5 different days by repeated analysis (n=5) of QC samples. The low, 

median and high QC levels correspond to the drug levels anticipated in most mouse 

samples. Precision and accuracy for the three quality controls were calculated by a single 

factor analysis of variance (ANOVA) to determine accuracy as well as within- and 

between-assay variability. The within-assay and between-assay precision was expressed 

as the relative standard deviation (RSD%), and the total accuracy as the percentage of 

mean measured (back-calculated) to nominal concentration.  

 

2.2.6.2   Limit of quantitation 

Replicate analysis of the lower limits of quantitation (LLOQ, i.e., the lower calibration 

level) samples was also performed. The assay LLOQ was determined following the 

criteria that the accuracy and precision were less than 20% with the ratio of signal/noise 
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greater than 10, according to the FDA (US Food and Drug Administration, 2001) 

guidance for bioanalytical method validation. Calculations of the signal/noise ratio were 

based on peak areas. The peak area for background noise was measured in the plasma 

blank and the brain homogenate blank at the corresponding retention time window. 

 

2.2.6.3   Recovery 

The plasma and homogenate samples were extracted in triplicate according to the liquid-

liquid extraction procedure described previously. The extraction efficiency was 

determined by comparing the absolute peak areas of drug extracted from biomatrices with 

those of non-extracted samples in the reconstitution solvent (mobile phase). The 

extraction efficiency of the ISTD was assessed with an identical procedure. Analyses 

were performed in triplicate with three levels of cediranib (10, 100 and 1000 ng/mL) and 

40 ng/mL ISTD (the concentration used in the assay). 

 

2.2.6.4   Analyte stability 

The long-term stability over five freeze-thaw cycles was evaluated for the QC samples 

stored at -80℃ up to 223 days for plasma and up to 3 weeks for brain homogenate. The 

freeze-thaw stability was expressed as a percentage of the drug concentration measured 

after those freeze-thaw cycles compared to the concentration on day one. Frozen samples 

were thawed at a 37℃ water bath and refrozen each day at -80℃. 

 

2.2.7   Method application 
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The described analytical method has been applied to the brain and plasma 

pharmacokinetic study of cediranib in mice. 28 wild-type FVB mice were randomly 

assigned to seven groups. Mice in each group were dosed via oral gavages with 5mg/mL 

cediranib suspended in 10% (w/v) Tween 80 aqueous solution as vehicle. At various time 

points (0.25, 0.5, 1, 2, 4, 8, 20 h postdose), mice (n=4) were euthanized. Blood samples 

(~400 μL) were immediately harvested into plastic tubes containing 100 unit/mL 

heparinized saline via cardiac puncture and whole brain was collected within 3 min and 

rinsed with ice-cold saline to remove extraneous blood. At the end of the experiment, 

plasma was separated from blood by centrifugation at 3500 rpm for 10 min at 4℃. 

Plasma and whole brain samples were stored at -80℃ until analysis. All studies were 

approved by the Institutional Animal Care and Use Committee of the University of 

Minnesota. Pharmacokinetic data analysis was performed using Phoenix WinNonlin 

6.1® (Pharsight, CA). 

 

2.3   Results and Discussion 

2.3.1   Chromatography 

Some TKIs have similar structures and physicochemical properties, hence we chose 

AG1478 as the ISTD for cediranib since deuterated analogues of cediranib were not 

available. Optimal resolution of analyte and ISTD peaks from one another and from the 

void volume was achieved with 62% aqueous mobile phase when run isocratically at 0.25 

mL/min. Using the chromatographic conditions as we described above, retention time 

ranges were 3.8-4.0 min for cediranib and 6.3-6.9 min for the ISTD AG1478. Typical 
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chromatograms of the highest calibrator sample in plasma and brain homogenate are 

shown in Figure 2.2a using the SRM detection mode. Figure 2.2b shows representative 

chromatographic profiles obtained from extracts of LLOQ plasma and homogenate 

samples. The low background from the biological matrix and the sharp and symmetrical 

resolution of the peaks gave good selectivity for cediranib and AG1478. 

 

2.3.2   Linearity, accuracy, precision and sensitivity 

Calibration curves over the entire ranges of concentrations (2.5-2500 ng/mL for plasma 

samples; 1-2000 ng/mL for brain samples) were adequately described by 1/x weighted 

quadratic regression of the peak-area ratios of cediranib to its ISTD and the nominal 

cediranib concentrations, with regression coefficient r2 always greater than 0.9990 in all 

analytical runs. The weighting factor was selected based on evaluation of the r2 value and 

the deviation of back-calculated calibrators from nominal values (% Diff). The assay 

LLOQ was determined in five aliquots to be 2.5 ng/mL for cediranib in plasma and 1 

ng/mL in brain homogenate. The ANOVA performed on the three QCs from 5×5 

validation runs resulted in twenty and four degrees of freedom for within- and between-

assay comparisons, respectively. The levels of QCs were selected to reflect the range of 

concentrations found in mouse plasma and brain homogenate after typical dosing. 

Accuracy and precision (RSD%) assessments are shown in Table 2-2. For plasma 

samples, within-assay variabilities ranged from 1.1 to 1.3% and between-assay 

variabilities ranged from 2.4 to 6.0%. Additionally, for brain homogenate samples, 

within-assay variabilities ranged from 1.5 to 3.7% and between-assay variabilities ranged 
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from 4.9 to 6.0%. Overall accuracy was described by the percentage of the grand mean of 

each calculated concentration to the nominal concentration, and ranged from 102.1 to 

107.0% for plasma and 96.5 to 99.8% for brain homogenate, respectively, for all target 

concentrations. Both within-assay and between-assay variabilities were within ±10% for 

QCs and within ± 20% for LLOQs. These results satisfied the acceptance criteria in the 

FDA guidance and the assay was suitable in terms of accuracy and precision. 

 

2.3.3   Recovery 

The recovery of cediranib from spiked plasma samples and brain homogenate samples 

were calculated by comparing the peak area of extracted samples at 10, 100 and 1000 

ng/mL, using the extraction conditions described above, with those from corresponding 

unextracted samples in mobile phase. Recovery for ISTD at 40 ng/mL was also assessed. 

High and similar recoveries using this extraction method were obtained for both 

compounds. Average recoveries for cediranib at all three evaluated concentration levels 

and the ISTD were above 80% in both plasma and brain homogenate. These recoveries 

allowed quantitation of cediranib down to 1 ng/mL from a sample volume of 100μL. 

The recovery results are summarized in Table 2-3. 

 

2.3.4   Stability 

Some QC samples (n=5 for each concentration level) were extracted on day one and the 

rest of them were frozen at -80℃, then thawed, extracted and refrozen each day for 

further studies. Cediranib concentrations at -80℃ undergoing four freeze-thaw cycles in 
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mouse plasma for up to 222 days and in brain homogenate for up to 20 days were all 

within ±15% of the starting concentrations, indicating that cediranib can be considered 

stable in stored plasma and homogenate samples at all three concentration levels and that 

there was no concentration-dependent degradation observed. Percentage recoveries for 

cediranib at each level and in both biological matrices are summarized in Table 2-4a and 

2-4b. Evaluation of more than one freeze-thaw cycle was performed in case that 

occasionally samples will be analyzed more than once. Evaluation of bench-top stability 

at room temperature was not deemed necessary as all samples were kept on the bench for 

less than 15 minutes. 

 

2.3.5   Method application 

The established HPLC-MS/MS assay was applied to study the brain and plasma 

pharmacokinetics of cediranib in FVB mice following a single oral dose of 5 mg/kg 

cediranib suspension. The assay was found to be sufficiently sensitive and accurate for 

determining cediranib in plasma and brain samples in order to characterize its pre-clinical 

pharmacokinetics and brain distribution in mice. Figure 2.3 shows the plasma and brain 

concentration-time profiles (means±S.D.) at 0.25, 0.5, 1, 2, 4, 8, 20 hours post-dose. All 

measured concentrations were above the LLOQ. The maximum plasma concentration 

(Cmax) achieved was 510 ± 205 ng/mL and was reached at 4 hour after oral dosing; the 

apparent oral clearance and terminal half-life of cediranib in the plasma were determined 

to be 28.8 mL/hour and 3.5 hours, respectively. However, the brain delivery of cediranib 

was limited. The brain area under the curve from time zero to the last time point (AUC) 
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was 849 ± 80 hour×ng/mL, and only 21.8% compared with that in the plasma, which 

was 3892 ± 434 hour×ng/mL. The restriction in the brain uptake of cediranib implies 

drug efflux transporter activity at the BBB. A study in wild-type mice does not provide 

sufficient information on the distribution of cediranib across the BBB. Further studies 

have been done in transporter-genetic knockout mice to fully understand the mechanistic 

interpretation of the brain penetration. The present assay has also been successfully 

utilized in our recent studies exploring the influence of drug efflux transporters on the 

brain penetration of cediranib. 

 

2.4   Conclusion 

In conclusion, a robust and reproductible HPLC-MS/MS assay for quantitation of 

cediranib in mouse plasma and brain homogenate samples has been developed and 

validated. This is the first report for quantitation of cediranib in plasma and whole brain 

samples. The liquid-liquid extraction precedure gives a high extraction yield and is 

simple to apply. The quantitation range of 2.5-2500 ng/mL is sufficient to allow both 

plasma and tissue pharmacokinetic studies. The assay is sensitive and specific, with high 

accuracy and precision. It was successfully used to quantify plasma and whole brain 

concentrations of cediranib in a preclinical pharmacokinetic study. Furthermore, given 

the sensitivity and the relatively small sample volume (50μL for plasma and 100μL for 

brain homogenate), the present assay is feasible for and has been applied in our 

laboratory to in vitro studies of cediranib (e.g., intracellular uptake studies). It may help 
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fill the current knowledge gaps in preclinical pharmacokinetic studies of cediranib in 

small specimens. 

 

2.5   Footnotes 

We thank James Fisher (Clinical Pharmacology Analytical Services Laboratory, 

Department of Experimental and Clinical Pharmacology, University of Minnesota) for 

his assistance with the method development. This work was supported by National 

Institutes of Health grant R01 CA 138437. 
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a.  

 

 

b.  

 

 

Figure 2.1 Chemical structures of cediranib and the ISTD. a, cediranib; b, AG1478. 
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Table 2-1 Sub-stock solutions were diluted with MeOH from the stock solutions and used 

to prepare calibration standards and QC samples as follows. 

  
Target 

concentration 
Initial 

concentration Solution 
Final 

volume 
Final 

concentration
  (µg/mL) (µg/mL) (mL) (mL) (µg/mL) 
Substock 

1 100 1000 0.5 5 100 
Substock 

2 10 100 0.5 5 10 
Substock 

3 1 10 0.5 5 1 
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1. 

 

2.  

 

 

Figure 2.2.a Representative HPLC-MS/MS chromatograms of extracts of the highest 

plasma and brain homogenate calibrator samples: 1, plasma; 2, brain homogenate. 

Cediranib: retention time at around 4 min; AG1478: retention time at around 6.5 min. 
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1.  

 

2.  

 

 

Figure 2.2.b Representative HPLC-MS/MS chromatograms of extracts of plasma and 

brain homogenate LLOQ samples: 1, plasma; 2, brain homogenate. Cediranib: retention 

time at around 4 min; AG1478: retention time at around 6.5 min. 
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Table 2-2 Within-assay and between-assay variabilities and accuracy of the HPLC-

MS/MS assay for cediranib in mouse plasma and brain homogenate. 

RSD (%) Matrix Nominal (ng/mL) Within-assay Between-assay Accuracy (%) 
2.5 (LLOQ) 14.3 9.2 101.5 

15 (Low QC) 1.3 6.0 107.0 
200 (Medium QC) 1.1 4.7 104.0 Plasma 

800 (High QC) 1.2 2.4 102.1 
1 (LLOQ) 9.4 10.2 100.2 

5 (Low QC) 3.7 4.9 96.5 
50 (Medium QC) 1.5 6.0 99.8 Brain 

200 (High QC) 1.7 5.5 98.2 
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Table 2-3 Absolute recoveries for cediranib and ISTD in the mouse plasma and brain 

homogenate. 

a. Cediranib recoveries 

ng/mL Recovery in Plasma Recovery in Brain Homogenate

10 83.2% ± 1.1% 101.6% ± 2.0% 

100 79.0 % ± 0.7% 80.0% ± 0.6% 

1000 83.5% ± 2.4% 89.5% ± 3.4% 
 

b. AG1478 recovery 

ng/mL Recovery in Plasma Recovery in Brain Homogenate

40 85.7% ± 3.6% 81.7% ± 0.6% 
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Table 2-4 Cediranib freeze-thaw (FT) cycle stability of the plasma and brain homogenate 

samples. a. stability in mouse plasma; b. stability in mouse brain homogenate. 

a. 

ng/mL 1st FT cycle 
recovery 

2nd FT cycle 
recovery 

3rd FT cycle 
recovery 

4th FT cycle 
recovery 

5th FT cycle 
recovery 

15 100.0% 103.8% 108.2% 99.1% 114.4% 
200 100.0% 103.6% 108.9% 98.3% 97.1% 
800 100.0% 97.8% 103.8% 98.8% 99.1% 

 
b. 

ng/mL 1st FTcycle 
recovery 

2nd FT cycle 
recovery 

3rd FT cycle 
recovery 

4th FT cycle 
recovery 

5th FT cycle 
recovery 

5 100.0% 93.8% 98.9% 103.0% 110.4% 
50 100.0% 92.5% 93.7% 106.7% 102.3% 
200 100.0% 89.1% 93.6% 99.7% 102.0% 
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Figure 2.3 Mouse plasma ( ) and brain ( ) pharmacokinetic profiles of cediranib 

following 5 mg/kg oral administration. 
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CHAPTER 3 

BRAIN DISTRIBUTION OF CEDIRANIB IS LIMITED BY ACTIVE EFFLUX 

AT THE BLOOD-BRAIN BARRIER 
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Cediranib is a highly potent and orally active tyrosine kinase inhibitor mainly targeting 

VEGFRs. Its anti-angiogenic and direct anti-tumor activities make it an attractive option 

for the treatment of glioma, a primary brain tumor. This study investigated the influence 

of two important efflux transporters at the BBB, P-glycoprotein (P-gp) and breast cancer 

resistance protein (BCRP), on the brain delivery of cediranib. In vitro studies indicated 

cediranib as a dual substrate for P-gp and BCRP. However, upon examining the effect of 

cediranib on the cellular accumulation of prototypical P-gp and BCRP substrates, no 

competitive inhibition of BCRP was observed. An in vivo mouse disposition study 

conclusively showed that P-gp is the dominant transporter restricting the brain 

distribution of cediranib. The brain-to-plasma partitioning (AUCbrain/AUCplasma) and the 

steady-state brain-to-plasma concentration ratio of cediranib were approximately 20-fold 

higher in Mdr1a/b(-/-) and Mdr1a/b(-/-)Bcrp1(-/-) mice, compared with wild-type and 

Bcrp1(-/-) mice. Moreover, there was no significant difference between wild-type and 

Bcrp1(-/-) mice, and between Mdr1a/b(-/-) and Mdr1a/b(-/-)Bcrp1(-/-) mice in cediranib 

brain distribution. Furthermore, pharmacokinetic studies also showed that cediranib 

plasma clearance was not influenced by either P-gp or BCRP, but the oral bioavailability 

was reduced by P-gp and BCRP. These finding s are clinically relevant to the efficacy of 

cediranib chemotherapy in glioma. 

 

3.1  Introduction 

Delivery of drugs through the blood-brain barrier (BBB) is one of the fundamental 

challenges in treating diseases of the central nervous system (CNS). The BBB is an 
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anatomical barrier due to the presence of endothelial tight junctions, and a functional one 

due to the expression of active drug efflux transporters. Together these two aspects 

restrict the passage of many small and large molecules into the brain making the barrier 

effectively impermeable to many desirable compounds. ATP-binding cassette (ABC) 

transporters, P-glycoprotein (P-gp, ABCB1) and breast cancer resistance protein (BCRP, 

ABCG2), are two important efflux transporters that work together at the BBB, limiting 

the transport of several therapeutic agents into the brain. It has been shown that there are 

overlapping substrate specificities for these two efflux pumps, and a number of drugs, 

including many anti-cancer tyrosine kinase inhibitors (TKIs), are reported to be dual 

substrates for both P-gp and BCRP (Dai et al, 2003; de Cries st al., 2007; Polli et al., 

2008; Chen et al., 2009; Agarwal et al., 2010; Agarwal et al., 2011; Tang et al., 2011). 

Furthermore, it has been reported that P-gp is dominant in restricting the brain 

penetration of many dual P-gp/BCRP substrates although it can work in concert with 

BCRP (Lee et al., 2005; Zhao et al., 2009; Agarwal et al., 2011).  

 

Cediranib (AZD2171, Recentin™) is a highly potent and orally active inhibitor of the 

vascular endothelial growth factor family of receptors (VEGFR-1, -2 and -3) (Batchelor 

et al., 2007). The role of VEGFRs as primary mediators of angiogenesis is well 

established in many tumors of the CNS, especially glioblastoma multiforme (GBM) 

(Huang et al., 2005). In gliomas, angiogenesis is mainly driven by VEGF-A-mediated 

signaling via VEGFR-2, which leads to the proliferation, migration and survival of tumor 

endothelium, and abnormal microvascular permeability (Carmeliet and Jain, 2000). 
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VEGFR-2 is commonly overexpressed in tumor endothelial cells in gliomas (Hormigo et 

al., 2011; Sikkema et al., 2011). Therefore, tumor vasculature has been investigated as a 

potential target for disrupting tumor-associated angiogenesis by inhibition of VEGF 

signaling (Demeule et al., 2004). Cediranib has been evaluated in clinical trials for the 

treatment of various tumors either alone or in combination with standard or experimental 

therapeutics, including recurrent glioblastoma multiforme (GBM) (Batchelor et al., 2010), 

non-small cell lung cancer (Ramalingam et al., 2010), colorectal cancer (Satoh et al., 

2011), and others. Preclinical studies in glioblastoma mouse models have shown its effect 

in reducing tumor blood vessel formation and normalizing the aberrant glioma 

vasculature, leading to an improvement in progression-free survival. However, this 

survival benefit is thought to be due to alleviation of edema, rather than a true anti-tumor 

effect (Kamoun et al., 2009). A recently concluded phase II clinical study also reported 

that cediranib significantly decreased tumor vessel permeability and diameter, as well as 

induced other vascular changes that led to edema alleviation, but did not affect tumor 

growth (Batchelor et al., 2010).  

 

As mentioned earlier, delivery of drugs across the BBB into the brain, to the intracerebral 

targets, is a requirement for efficacy of these drugs. Restricted delivery of a variety of 

TKIs across the BBB can significantly hamper their efficacy against brain tumors 

(Agarwal et al., 2010; Kodaira et al., 2010; Polli et al., 2008). We therefore hypothesized 

that cediranib may also be a substrate for either P-gp or BCRP, or for both. If this is true, 

interaction with these active efflux transporters present at the BBB could limit cediranib 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ramalingam%20SS%22%5BAuthor%5D�
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brain distribution and result in poor efficacy in treatment of brain tumors such as GBM. 

In a recent review, we discussed how efficacy of molecularly-targeted agents in GBM 

can be limited by several factors that affect drug delivery to the target (Agarwal et al., 

2011). Glioma is a very invasive disease and glioma cells infiltrate normal brain areas 

centimeters away from the tumor core and remain shielded behind an intact BBB 

(Kuratsu et al., 1989; Silbergeld and Chicoine, 1997; Lucio-Eterovic et al., 2009). Even 

though tumor core blood vessels may show poor barrier function, it may still be difficult 

for cediranib to achieve therapeutic concentrations in the brain endothelium and the 

invasive tumor cells in order to target the infiltrative tumor growth. The limited delivery 

of cediranib to its target sites may be one of the reasons for the poor effectiveness seen in 

GBM. There have been no published reports investigating the distribution of cediranib to 

the CNS. Similarly, the interaction of cediranib with drug efflux transporters has not been 

characterized. In the current study, we investigated whether cediranib is a substrate for 

the efflux pumps, P-gp and BCRP and whether this restricts delivery of cediranib across 

an intact BBB.  

 

The objective of the current study was to characterize the interaction of cediranib with the 

two important ABC transporters at the BBB, and to examine their influence on delivery 

of cediranib across the BBB. Cediranib is currently being evaluated for therapy in glioma, 

a very invasive tumor of the brain, and restricted delivery to the invasive glioma cells 

could significantly limit its effectiveness against this lethal disease. 

 

3.2   Material and methods 
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3.2.1 Chemicals and reagents 

Cediranib and tyrphostin (AG1478) were procured from Selleck Chemicals LLC 

(Houston, TX, USA) and LC Laboratories (Woburn, MA), respectively. 3H-vinblastine 

(18.2 Ci/mmol, purity - 97.4 %) was purchased from Moravek Biochemicals (La Brea, 

CA) and 3H-prazosin (70 Ci/mmol, purity - 97 %) was purchased from Perkin Elmer 

(Waltham, MA). Elacridar (GF120918, N-[4-[2-(6, 7-Dimethoxy-3,4-dihydro-1H-

isoquinolin-2-yl)ethyl]-5-methoxy-9-oxo-10H-acridine-4-carboxamide) was purchased 

from Toronto Research Chemicals, Inc. (Ontario, Canada). Ko143((3S,6S,12aS)-

1,2,3,4,6,7,12,12a-Octahydro-9-methoxy-6-( 2-methylpropyl)-1,4-dioxopyrazino[1',2':1,6] 

pyrido [3,4- b]indole-3-propanoic acid 1,1-dimethylethyl ester) was generously provided 

by Dr. Alfred Schinkel (The Netherlands Cancer Institute, Amsterdam, The Netherlands) 

and zosuquidar (LY335979, (R)-4-((1aR,6R,10bS)-1,2-difluoro-

1,1a,6,10btetrahydrodibenzo-(a,e) cyclopropa(c) cycloheptan-6-yl)-α-((5-quinoloyloxy) 

methyl)-1-piperazine ethanol, trihydrochloride) was a gift from Eli Lilly and Co. 

(Indianapolis, IN). All other reagents and chemicals were purchased from Sigma 

Chemical Co (St. Louis, MO). 

 

3.2.2 In vitro studies 

3.2.2.1   Cell lines 

In vitro studies were conducted in epithelial Madin-Darby Canine Kidney (MDCKII) 

cells that expressed either human P-gp (MDCKII-MDR1 cell line) or murine BCRP 

(MDCKII-Bcrp1 cell line). These cells were generously provided by Dr. Piet Borst and 
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Dr. Alfred H. Schinkel (The Netherlands Cancer Institute, The Netherlands). Cells were 

cultured in DMEM media containing 10% fetal bovine serum (Sigma-Aldrich, St. Louis, 

MO), penicillin (100U/ml), streptomycin (100μg/ml) and amphotericin B (250 ng/mL) 

(all Sigma-Aldrich, St. Louis, MO) and maintained at 37°C with 5% CO2 under 

humidifying conditions. 

 

3.2.2.2   Intracellular accumulation 

For the intracellular accumulation studies, cells were grown in 12-well polystyrene plates 

(Thermo Fisher Scientific Inc., Rochester, NY) that were seeded at a density of 2 x 105 

cells/well. Growth medium was changed on alternate days until the cells formed 

confluent monolayers. On the day of the experiment cells were equilibrated for 30 mins 

with 1 mL of growth medium with or without transporter inhibitors. After the 

preincubation step, the experiment was initiated by addition of 1 ml of cediranib working 

solution (1 μM) and the plates were incubated in an orbital shaker maintained at 37º C. 

The experiment was terminated after a 3-hour accumulation period by aspirating the drug 

solution from the wells and washing the cells with ice-cold phosphate-buffered saline. 

Cells were then solubilized by addition of 0.5 ml of M-PER® mammalian protein 

extraction reagent (Thermo Scientific Inc., Rockford, IL) to each well and the protein 

concentration in the solubilized cell fractions was determined by the BCA protein assay 

(Thermo Scientific Inc., Rockford, IL). Cediranib concentration associated with a 100 μL 

sample was determined by high-performance liquid chromatography coupled with mass 

spectrometry (HPLC-MS/MS). The intracellular uptake of cediranib was expressed as a 
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percentage of accumulated cediranib (nanogram per microgram of protein) measured in 

the transfected cells versus wild-type cells. For inhibition studies, the cells were treated 

with the dual inhibitor GF120918 (5 µM) and the selective inhibitors LY335979 (1 μM) 

for P-gp or Ko143 (200 nM) for BCRP during both the preincubation and the 

accumulation periods. The stock solutions for all the inhibitors used were prepared in 

dimethyl sulfoxide and diluted using cell growth medium to obtain working 

concentrations. 3H-vinblastine and 3H-prazosin were included in the accumulation studies 

as positive controls for P-gp and BCRP, respectively. Radioactivity (dpm) associated 

with a 150 μL sample was determined by liquid scintillation counting (LS-6500, 

Beckman Coulter Inc., Fullerton, CA). The radioactivity in the cell fractions was 

normalized by the respective protein concentrations and drug accumulation in the cells 

was expressed as a percentage of accumulated radioactivity (dpm per microgram of 

protein) in the transfected cells versus the WT control cells. 

 

3.2.2.3   Directional flux assays 

Transepithelial transport of cediranib was assessed using MDCKII wild-type, MDR1-, 

and Bcrp1- transfected cells. Transport assays were performed in 6-well Transwells 

(Corning Inc., Corning, NY). The cells were seeded at a density of 2 × 105 cells/well until 

they formed confluent polarized monolayers. The experiment was conducted by applying 

a 900 ng/mL solution of cediranib (in complete growth medium) to the donor 

compartment. The receiver compartment was then sampled (200 μL aliquot) at 2 and 3 

hours after addition of cediranib to the donor side and immediately replaced with fresh 
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growth medium. Transport of cediranib was assessed in two directions: apical-to-

basolateral (A-to-B) and basolateral-to-apical (B-to-A). The amount of cediranib 

transported over time was determined by measuring cediranib concentrations in the 

samples by HPLC-MS/MS. The apparent permeability (Papp) of cediranib was calculated 

by the following equation, 

Papp =
0CA

dt
dQ

×
                                                       

where, dQ/dt is the rate of mass transport (determined from the slope of the amount 

transported vs time plot), A is the apparent surface area of the cell monolayer (4.67 cm2), 

and C0 is the initial donor concentration. The efflux ratio, defined as the ratio of Papp in 

the B-to-A direction to the Papp in the A-to-B direction, was used to estimate the 

magnitude of transporter-mediated efflux. 

 

3.2.2.4   P-gp and BCRP inhibition assays 

The ability of cediranib to inhibit P-gp and BCRP was evaluated by examining the 

intracellular accumulation of prototypical probe substrates 3H-vinblastine for P-gp and 

3H-prazosin for BCRP in presence of varying concentrations of cediranib ranging from 0 

to 40μM. The accumulation was carried out for 2 hours as described earlier and the 

amount of accumulated radioactivity associated with the probe substrates (dpm per 

microgram protein) were measured and plotted versus cediranib concentration.  

 

3.2.3   In vivo studies 
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3.2.3.1   Animals 

In vivo studies were conducted in wild-type, Mdr1a/b (-/-) [P-gp knockout], Bcrp1(-/-) 

[BCRP knockout] and Mdr1a/b (-/-) Bcrp1 (-/-) [triple knockout] mice of a FVB genetic 

background from Taconic Farms, Inc.(Germantown, NY). All animals were maintained 

under temperature-controlled conditions with a 12-h light/dark cycle and unlimited access 

to food and water and were between 8 to 10 weeks old at the time of experiment. Mice 

were handled according to the guidelines set by the Principles of Laboratory Animal 

Care (National Institutes of Health) and were approved by The Institutional Animal Care 

and Use Committee (IACUC) of the University of Minnesota. 

 

3.2.3.2   Plasma and brain pharmacokinetics following intravenous or oral 

administration 

Wild-type and Mdr1a/b(-/-)Bcrp1(-/-) mice were administered a 5 mg/kg dose of 

cediranib (1.0 % w/v Tween 80) by oral gavage. Mice were euthanized using a CO2 

chamber at desired time points for up to 24 hours post-dose (n = 4 at each time point) and 

then blood and brain were harvested.  

For the intravenous administration of cediranib, the dosing solution was prepared on the 

day of the experiment by dissolving cediranib in a vehicle containing DMSO, propylene 

glycol and saline (5:3:2 v/v/v) to yield a concentration of 2 mg/mL. Wild-type, Mdr1a/b 

(-/-), Bcrp1(-/-) and Mdr1a/b (-/-) Bcrp1 (-/-) mice, received an intravenous dose of 4 

mg/kg cediranib by tail vein injection. Blood and brain were sampled at different time 

points up to 24 hours post-dose, n = 4 at each time point.  



 

 53 

Plasma was isolated from blood by centrifugation at 3500 rpm for 10 min at 4˚C. The 

brain was rinsed with ice-cold saline to remove extraneous blood and flash frozen in 

liquid nitrogen. Plasma and brain specimens were stored at -80˚C until analysis by 

HPLC-MS/MS. At the time of analysis, brain tissues were homogenized in 3 volumes of 

ice-cold 5% (w/v) BSA in phosphate-buffered saline solution. Brain concentration was 

corrected for the residual drug in the brain vasculature by using a correction factor as 

described by Dai et al (Dai et al., 2003).  

Non-compartmental and one-compartmental PK analyses using Phoenix WinNonlin 6.1® 

(Pharsight, CA) were carried out to estimate the pharmacokinetic parameters. The area 

under the curve (AUC) was calculated using the trapezoidal rule. The maximum drug 

concentration (Cmax) and the time to reach peak concentration (Tmax) were estimated from 

the observed data. Volume of distribution based on the plasma concentration (Vd), drug 

clearance (CL) and elimination rate constant (ke) were estimated utilizing an one-

compartment model. 

 

3.2.3.3   Steady-state brain distribution of cediranib 

The partition coefficient of cediranib in brain was determined by measuring 

concentrations in brain and plasma at steady-state in wild-type, Mdr1a/b (-/-), Bcrp1 (-/-) 

and Mdr1a/b (-/-) Bcrp1 (-/-) mice. Cediranib was administered as a constant rate 

intraperitoneal infusion of 50 µg/hr by using Alzet osmotic minipumps (Durect 

Corporation, Cupertino, CA). A 50 mg/ml solution of cediranib in DMSO was filled in 

the minipumps (model 1003D) and the pumps were equilibrated by soaking them 
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overnight in sterile saline solution at 37ºC. The primed pumps were surgically inserted 

into the peritoneal cavity of anesthetized mice (ketamine 100 mg/kg, xylazine 10 mg/kg) 

and the animals were allowed to recover for an hour on a heated pad. The animals were 

euthanized 72 hours post surgery and brain and blood was collected as described earlier. 

Plasma and brain specimens were stored at -80˚C until analysis by HPLC-MS/MS. The 

pumps operated at a constant flow rate of 1 μL/hr resulting in an intraperitoneal infusion 

rate of 50 ug/hr.  

The apparent plasma clearance (CLapp) following infusion to steady state was calculated 

as follows, 

CLapp = 
ssC

R0                                                         

where, R0 is the constant rate of infusion (ng/hr) and Css is the steady-state plasma 

concentration (ng/mL). 

 

3.2.3.4   Influence of P-gp and BCRP on brain distribution of cediranib 

The influence of pharmacological inhibition of P-gp and BCRP on brain distribution of 

cediranib was examined by concurrent administration of selective and non selective 

inhibitors along with cediranib. Wild-type mice received an intravenous dose of blank 

vehicle (control), 25 mg/kg LY335979, 10 mg/kg Ko143, or 10 mg/kg GF120918 , 30 

minutes prior to a 5 mg/kg oral dose of cediranib. Brain and plasma were collected at 90 

minutes after the cediranib dose. Similarly, brain distribution of cediranib was 

determined in a separate group of wild-type, Mdr1a/b (-/-), Bcrp1 (-/-) and Mdr1a/b (-/-) 

Bcrp1 (-/-) mice that were dosed orally with 5 mg/kg cediranib. The effect of 
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pharmacological inhibition was then compared with genetic deletion of transporter genes 

at the same time point. 

 

3.2.3.5   Quantitative analysis of cediranib by liquid chromatography-tandem mass 

spectrometry 

Quantitation of cediranib in cell lysate, cell culture media, mouse plasma and mouse 

brain homogenate were all conducted by HPLC-MS/MS according to the validated assay 

described in Chapter 2. 

 

3.2.3.6   Statistical analysis 

The two sample t-test was employed for statistical testing of two groups using SigmaStat, 

version 3.1 (Systat Software, Inc., Point Richmond, CA). Significance was declared at p 

< 0.05. Multiple groups were compared by one-way analysis of variance (ANOVA) with 

the Holm-Sidak post-hoc test at a significance level of p < 0.05. 

 

3.3   Results 

3.3.1   In vitro studies 

3.3.1.1   Intracellular accumulation of cediranib in MDCKII cells 

Intracellular accumulation of cediranib in MDCKII wild-type and MDR1- or Bcrp1-

transfected cells was examined. 3H-vinblastine and 3H-prazosin, prototypical substrates 

for P-gp and BCRP, respectively, were included as positive controls. As seen in Fig. 3.1A, 

accumulation of the P-gp substrate vinblastine was significantly reduced in the MDR1-
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transfected cells compared with wild-type control (~24% of wild-type). Likewise, 

cediranib accumulation in the MDR1-transfected cells was 44% lower compared with the 

wild-type cells (p<0.05). Accumulation in the MDR1-transfected cells increased upon 

treatment with the P-gp specific inhibitor LY335979 and the P-gp/BCRP dual inhibitor 

GF120918 (Fig. 3.1A), such that it was not significantly different from the accumulation 

in wild-type cells. This suggested that P-gp is involved in efflux of cediranib from the 

cells. In the Bcrp1-transfected cells, there was significantly lower accumulation of the 

BCRP substrate prazosin compared with wild-type control (~44% of wild-type, Fig. 

3.1B). Similarly, cediranib accumulation in the Bcrp1-transfected cells was statistically 

lower than that in wild-type cells (~68% of wild-type). The efflux activity of BCRP can 

be abolished upon treatment with the BCRP-selective inhibitor Ko143 (Fig.3.1B), which 

suggests that BCRP also limits intracellular accumulation of cediranib. 

 

3.3.1.2   Directional permeability of cediranib across MDCKII cells 

Transcellular transport of cediranib was determined in MDCKII wild-type and MDR1- or 

Bcrp1-transfected cells. In the MDR1-transfected cells, the rate of cediranib transport was 

significantly increased in the B-to-A direction compared to that in the A-to-B direction 

(Fig. 3.2, p < 0.05). The apparent permeability of cediranib in the B-to-A direction was 

2–fold greater than the A-to-B permeability in the MDR1-transfected cells. The P-gp 

inhibitor LY339579 effectively inhibited P-gp mediated efflux transport in the MDR1-

transfected cells, such that there was no significant difference in the permeability of 

cediranib transported in both directions (Fig. 3.2). The directional permeabilities of 
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cediranib in wild-type and MDR1-transfected cells are shown in Table. 3-1. Directional 

flux experiments in the Bcrp1-transfected cells showed increased directionality in the 

flux of cediranib (Fig. 3.3), with the apparent permeability in the B-to-A direction being 

4–fold greater than the A-to-B permeability (Table. 3-2). The BCRP inhibitor Ko143 

reversed the BCRP-mediated efflux transport in that there was no difference in the 

permeability of cediranib transported in the two directions (Fig. 3.3). These studies 

suggest that cediranib is a substrate of both P-gp and BCRP and is efficiently transported 

by both transporters.  

 

3.3.1.3   Cediranib as a P-gp or BCRP inhibitor 

Figure 3.4 shows the effect of cediranib on accumulation of 3H-vinblastine in MDR1- 

transfected cells (Figure 3.4.A) and 3H-prazosin Bcrp1-transfected cells (Figure 3.4.B). 

Increasing concentrations of cediranib enhanced the intracellular accumulation of 

vinblastine in the MDR1-transfected cells (Fig. 3.4.A). However, cytotoxicity associated 

with cediranib restricted the maximum dose to 40 μM. Thus we were not able to 

accurately estimate the IC50 of cediranib for inhibition of P-gp. But these results clearly 

show that cediranib inhibits the P-gp-mediated transport of vinblastine. Interestingly, 

cediranib treatment did not increase prazosin accumulation in the Bcrp1-transfected cells 

(Fig. 3.4.B), indicating that cediranib does not inhibit BCRP-mediated efflux, even 

though it is a substrate for BCRP. This suggests that cediranib may be transported by 

BCRP via binding to a different site than the prazosin binding site. 
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3.3.2   In vivo studies 

3.3.2.1   Cediranib brain and plasma pharmacokinetics 

Since cediranib is an orally administered compound, cediranib pharmacokinetics in 

plasma and brain was first examined after oral administration in wild-type and Mdr1a/b(-

/-)Bcrp1(-/-) mice. Cediranib brain concentrations in the wild-type mice were 

significantly lower than the plasma concentrations (Figure 3.5A), indicating restricted 

transport of cediranib across the BBB. In comparison, in the Mdr1a/b(-/-)Bcrp1(-/-) mice, 

cediranib brain exposure were 26–fold higher than plasma (Table 3-3 and Figure 3.5B), 

showing the influence of P-gp and/or BCRP on cediranib transport across the BBB. There 

was no significant difference in plasma AUC(0-20hr) between these genotypes (Table 3-3), 

suggesting that P-gp and BCRP do not influence the apparent systemic clearance of 

cediranib.  

 

In order to further investigate whether the limited brain penetration of cediranib is 

mediated by either P-gp or BCRP or both, brain and plasma pharmacokinetics of 

cediranib were studied following intravenous injection into wild-type, Mdr1a/b (-/-), 

Bcrp1 (-/-) and Mdr1a/b (-/-) Bcrp1 (-/-) mice (Figure 3.6.A~D). Plasma 

pharmacokinetics of cediranib in all the four genotypes followed one-compartment 

kinetics. Table 3-4.A shows the one-compartment pharmacokinetic parameters of 

cediranib in mouse plasma for all four genotypes. There was not an obvious difference in 

the means of volume of distribution (Vd) of cediranib among different mice groups, 

although the Vd in Mdr1a/b (-/-) Bcrp1 (-/-) mice was a little higher than the other mice. 
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It was also shown that the means of total body clearance (CL) of cediranib in those 

transporter-knockout mice were not quite different, although the plasma CL in wild-type 

mice was to some extent lower than transporter-knockout mice. 

 

It has been shown in Table 3-4.B that  brain concentrations were significantly lower than 

the plasma concentrations yielding an AUCbrain / AUCplasma of around 0.2 in wild-type 

and Bcrp1-/- mice, but brain exposure increases dramatically in both Mdr1a/b-/- and 

Mdr1a/b-/-Bcrp1-/- mice (AUC ratio ≈ 6). Interestingly, the absence of BCRP in the 

Bcrp1(-/-) mice does not result in any change in the BBB permeability of cediranib. 

Similarly, there was no significant difference in the brain exposure of cediranib in 

Mdr1a/b(-/-) and Mdr1a/b(-/-) Bcrp1(-/-) mice. These in vivo results differ from the in 

vitro observations that cediranib was shown as a dual substrate for P-gp and BCRP. Thus, 

we concluded that cediranib brain distribution in vivo is dominantly limited by P-gp-

mediated efflux. BCRP might play an insignificant role in pumping cediranib out of the 

BBB. 

 

3.3.2.2   Effect of P-gp and BCRP on steady-state brain and plasma 

pharmacokinetics of cediranib 

The role of P-gp and BCRP in transporting cediranib out of the brain was also 

investigated by determining the steady-state brain distribution of cediranib in wild-type, 

Mdr1a/b(-/-), Bcrp1(-/-), and Mdr1a/b(-/-)Bcrp1(-/-) mice. The brain-to-plasma steady-

state concentration ratios (Css,brain/Css,plasma) were compared across the four genotypes 
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(Table 3-5). From the intravenous studies described above, the half-life of cediranib in 

the plasma was determined to be ~ 1.8 to 3 hours, and ~3 to 7 hours in the brain, 

suggesting that an infusion lasting 72 hours would be sufficient to attain steady-state in 

both plasma and brain. There was no significant difference in Css,plasma or CLapp between 

the four genotypes, confirming our earlier results that P-gp and BCRP do not influence 

the systemic elimination of cediranib. However, Css,brain of cediranib was pronouncedly 

enhanced in the Mdr1a/b(-/-) and Mdr1a/b(-/-) Bcrp1(-/-) mice, compared to wild-type 

and Bcrp1(-/-) mice, leading to a 20.8- and 25-fold higher steady-state brain-to-plasma 

ratio, respectively. These results were consistent with the AUC ratios seen in both of the 

oral and i.v. PK studies. 

 

3.3.2.3   Influence of P-gp and BCRP inhibitors on brain distribution of cediranib 

There are generally two in vivo approaches to quantify the magnitude of transporter-

mediated drug exclusion from the CNS: one is through use of transporter-deficient animal 

models; and the other is through co-treatment of chemical modulaters of transporter 

function. In this experiment, we examined the consistency of these experimental 

approaches. Results from the transporter-deficient animal models showed that the brain-

to-plasma concentration ratios at 90 minutes after an oral cediranib dose were 0.14 ± 

0.055, 0.16 ± 0.032, 2.20 ± 0.36, 2.32 ± 0.20 in wild-type, Mdr1a/b(-/-), Bcrp1(-/-), and 

Mdr1a/b(-/-) Bcrp1(-/-) mice, respectively (Figure 3.7A). Concurrent administration of 

the selective P-gp inhibitors LY335979 and the dual P-gp and BCRP inhibitor GF120918 

resulted in an enhancement in brain-to-plasma concentration ratios of cediranib (2.35 ± 
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0.89 and 3.15 ± 1.92, respectively) at the same time point in the wild-type mice, 

compared with the vehicle control (0.18 ± 0.025) (Figure 3.7B). However, similar to what 

we saw in the Bcrp1(-/-) mice, pretreatment of BCRP specific inhibitor Ko143 has no 

significant effect on the brain distribution of cediranib in the wild-type mice, with the 

brain-to-plasma ratio being 0.17 ± 0.072. The pharmacological inhibition recapitulates 

our findings in the genetic knockouts and confirms that P-gp is the main efflux 

transporter that limits the brain distribution of cediranib. Coadministration of the 

pharmacological inhibitors for the two transporter proteins, especially for P-gp, may have 

the potential to enhance the brain delivery of cediranib by inhibiting the efflux function. 

 

3.4   Discussion 

Cediranib is a pan-inhibitor of VEGFR family and other regulators of tumor growth and 

angiogenesis such as PDGFR and c-KIT. These targets of cediranib are expressed on 

glioblastoma vasculature (Batchelor et al., 2007). Moreover, cediranib can inhibit tumor 

cell migration and invasion by inhibiting VEGF/VEGFR autocrine signaling (Morelli et 

al., 2009). The VEGFR-blockade by cediranib may also lead to the tumor cell apoptosis 

(Kamoun et al., 2009). Thus, cediranib has been an attractive option for brain tumor 

therapy (Batchelor et al., 2007; Batchelor et al., 2010). However, clinical trials for 

cediranib and other anti-angiogenic agents fail to attain anti-tumor efficacy. The reasons 

for their failures remain unclear. Gioma, in particular, is an infiltrative and malignant 

brain tumor, where invasive tumor cells may be protected from anti-cancer therapeutics 

by an intact BBB. We hypothesize that the restricted delivery of cediranib to its target 



 

 62 

sites (brain tumor endothelial cells and invasive glioma cells) in the brain might be one of 

possible reasons for its failure in GBM therapy. Thus, the aim of the current study was to 

investigate the interaction of cediranib with active efflux transporters at the BBB. We 

have been the first to show that cediranib is a P-gp and BCRP dual substrate. Furthermore, 

our in vivo findings conclusively show that the brain delivery of cediranib is mainly 

limited by P-gp rather than BCRP. 

 

In vitro accumulation and directional transport studies showed that cediranib is a 

substrate for both P-gp and BCRP. Inhibition of P-gp and BCRP by their inhibitors can 

increase the restricted intracellular accumulation of cediranib in the transporter-

overexpressed cell lines to the wild-type level. Interestingly, cediranib inhibits the P-gp 

activity, rather than BCRP. These findings can be clinically relevant since inhibition of P-

gp by cediranib may alter tissue pharmacokinetics of concurrently administered drugs 

which are potential P-gp substrates. The finding that cediranib is transported by BCRP, 

but it does not inhibit the BCRP efflux transport of other substrates, like prazosin, is 

similar to the behavior of another TKI sorafinib, as reported by Agarwal (Agarwal et al., 

2010b). This is yet another possible example of multiple binding sites on BCRP for drug 

transport. 

 

The results of our animal studies showed that P-gp has a leading impact in limiting the 

brain delivery of cediranib and that BCRP does not have a significant effect in keeping it 

out of the brain, although in vitro studies indicated cediranib as a dual substrate for both 
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P-gp and BCRP. To date, there are a number of findings reported about the cooperation 

of P-gp and BCRP in restricting TKIs across the BBB, such as imatinib (Breedveld et al., 

2005), dasatinib (Chen et al., 2009), gefitinib (Agarwal et al., 2010a), lapatinib (Polli et 

al., 2009), erlotinib (Kodaira et al., 2010), and sunitinib (Tang et al., 2011), with P-gp as 

their dominant transporter. Cediranib is different in that P-gp and BCRP do not have a 

combined effect on its brain distribution in vivo. Our data suggested that P-gp might 

compensate for the absence of BCRP, but BCRP did not compensate for the loss of P-gp. 

Even if P-gp was absent or inhibited, BCRP activity still did not become apparent. The 

BCRP-mediated transport of cediranib does not show any in vitro-in vivo correlation. A 

similar finding was reported by Giri et al. for zidovudine (AZT) (Giri et al., 2008). A 

possible mechanism behind the subdued BCRP effect might be the 5-fold lower amount 

of BCRP at the mice BBB than P-gp (Kamiie et al., 2008). Our results are consistent with 

the finding by Kodaira et al. that P-gp-mediated efflux transport was greater than BCRP 

for many dual substrates (Kodaira et al., 2010). 

 

Mouse pharmacokinetic studies also indicated that P-gp and BCRP may influence the 

oral absorption of cediranib by reducing the oral bioavailability and absorption rate, with 

a prolonged absorption peak and a slightly increased F in Mdr1a/b(-/-)Bcrp1(-/-) mice 

compared with wild-type mice. However, the plasma clearance of cediranib remained 

unchanged no matter the presence or absence of the transporters. The mean of volume of 

distribution was increased in Mdr1a/b(-/-)Bcrp1(-/-) mice compared with the other 

groups. We have postulated that since P-gp and BCRP restrict cediranib from getting into 
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some tissues, the simultaneous absence of these transporters may result in a better 

distribuion of cediranib into those tissues or organs. Our current studies are also the first 

to report the pharmacokinetics of cediranib in mice, which will be helpful for other 

studies such as a constant rate infusion and a multiple oral administration in animal 

models treated with cediranib. 

 

We also compared the brain-to-plasma Css ratio in the four genotypes. The results were 

consistent with results of the single dose pharmacokinetic studies following both i.v. and 

oral administration in that cediranib exposure in Mdr1a/b(-/-) and Mdr1a/b(-/-)Bcrp1(-/-) 

mice was ~20-fold higher than that in wild-type and Bcrp1(-/-) mice. There was no 

significant increase in the brain-to-plasma Css ratio when BCRP alone was absent in the 

Bcrp1(-/-) mice compared to the wild-type mice. Moreover, no significant contribution of 

the absence of BCRP in addition to the absence of P-gp in the increase of cediranib brain 

partitioning was detected when we compared Mdr1a/b(-/-) and Mdr1a/b(-/-)Bcrp1(-/-) 

mice. 

 

The finding that inhibition or genetic deletion of P-gp alone or both of P-gp and BCRP is 

consistent in enhancing brain penetration of cediranib in vivo, and has significant clinical 

implications. It is a promising therapeutic strategy to give cediranib by coadministration 

with P-gp inhibitors in order to alleviate the efflux activity. This might improve the 

clinical efficacy of cediranib for the treatment of brain tumors. 
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3.5 Conclusion 

In conclusion, cediranib is a substrate of active efflux transporters P-gp and BCRP in 

vitro but only P-gp plays a critical in limiting brain delivery of cediranib. The use of 

potent inhibitors for P-gp may be able to significantly enhance delivery and efficacy of 

cediranib against glioma, which might be related to the ability of cediranib to achieve 

therapeutic concentrations in brain tumor endothielial cells and invasive glioma cells. To 

deepen our insight into the effective delivery, additional studies are needed to 

quantitatively determine the cediranib distribution in the brain tumor endothelium.  

 

3.6   Footnotes 

We would like to thank Sagar Agarwal for his continuous help in the animal experiments. 

We thank Dr. Piet Borst and Dr. Schinkel from Netherlands Cancer Institute for 

providing the wild-type, Mdr1- and BCRP-transfected MDCKII cells. We also thank Dr. 

Schinkel for generously providing us Ko143, and Eli Lilly and Co. for LY335979. 
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Figure 3.1.A   Accumulation of cediranib in wild-type and Mdr1-transfected MDCKII 

cells with and without presence of the P-gp selective inhibitor, 1 μM LY335979, and the 

P-gp and BCRP dual inhibitor, 5 μM GF120918. 3H-vinblastine accumulation was 

measured in wild-type and Mdr1-transfected cells as a positive control. Results are 

presented as mean ± SD, n=4 (*, p < 0.05). 
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Figure 3.1.B   Accumulation of cediranib in wild-type and Bcrp1-transfected MDCKII 

cells with and without presence of the BCRP selective inhibitor, 200 nM Ko143, and the 

P-gp and BCRP dual inhibitor, 5μM GF120918. 3H-prazosin accumulation was measured 

in wild-type and Bcrp1-transfected cells as a positive control. Results are presented as 

mean ± SD, n=4 (*, p < 0.05). 
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Figure 3.2   Directional flux of cediranib across MDCKII cell monolayers. (Wildtype: 

  , transport from Apical-to-Basolateral chamber;   , transport from Basolateral 

chamber; Mdr1-transfected:    , transport from Apical-to-Basolateral chamber;   , 

transport from Basolateral-to-Apical chamber; , transport from Basolateral-to-Apical 

chamber with the treatment of LY335979.) The results are expressed as mean ± SD, 

n=3~4. 
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Figure 3.3   Directional flux of cediranib across MDCKII cell monolayers. (Wildtype: 

    , transport from Apical-to-Basolateral chamber;     , transport from Basolateral 

chamber; Bcrp1-transfected:   , transport from Apical-to-Basolateral chamber;    , 

transport from Basolateral-to-Apical chamber; , transport from Basolateral-to-Apical 

chamber with the treatment of Ko143.) The results are expressed as mean ± SD, n=3~4. 
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Figure 3.4.A   Accumulation of 3H-vinblastine in MDR1- transfected cells in presence of 

increasing concentrations of cediranib ranging from 0 to 40 μM. Results are presented as 

mean ± SD, n=4 (n=2 for 40 μM cediranib point). 
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Figure 3.4.B Accumulation of 3H-prazosin in Bcrp1- transfected cells in presence of 

increasing concentrations of cediranib ranging from 0 to 40 μM. Results are presented as 

mean ± SD, n=4. 
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Figure 3.5.A   Cediranib concentrations in wild-type mice after oral dosing (5mg/kg). For 

the 1-hour, 2-hour and 4-hour time points, 12 male mice were randomized, and 16 female 

mice were randomized for the rest of time points. (   , cediranib concentrations in the 

plasma;    , cediranib concentrations in the brain). Results are expressed as mean ± SD, 

n=4. 
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Figure 3.5.B   Cediranib concentrations in Mdr1a/b(-/-) Bcrp1(-/-) mice after oral dosing 

(5mg/kg). For the 1-hour, 2-hour and 4-hour time points, 12 male mice were randomized, 

and 16 female mice were randomized for the rest of time points. (   , cediranib 

concentrations in the plasma;    , cediranib concentrations in the brain). Results are 

expressed as mean ± SD, n=4. 
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Figure 3.6.A  Cediranib concentrations in wild-type mice by i.v. injection (dose = 4 

mg/kg). For the 30-min and 1-hour time points, 8 female mice were randomized; for the 

other time points, the mice were all male. (     , cediranib concentrations in the plasma;     , 

cediranib concentrations in the brain). Results are expressed as mean ± SD, n=4. 
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Figure 3.6.B  Cediranib concentrations in Bcrp1(-/-) mice by i.v. injection (dose = 4 

mg/kg). For the 15-min, 1-hour and 4-hour time points, 11 male mice were randomized; 

all the rest mice were female. (    , cediranib concentrations in the plasma;     , cediranib 

concentrations in the brain). Results are expressed as mean ± SD, n=4. 
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Figure 3.6.C  Cediranib concentrations in Mdr1a/b(-/-) mice by i.v. injection (dose = 4 

mg/kg). For the 1-hour time point, 4 male mice were randomized; for the other time 

points, the mice were all female. (    , cediranib concentrations in the plasma;    , cediranib 

concentrations in the brain). Results are expressed as mean ± SD, n=4. 
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Figure 3.6.D  Cediranib concentrations in Mdr1a/b(-/-)Bcrp1(-/-) mice by i.v. injection 

(dose = 4 mg/kg). For the 30-min, 2-hour, 4-hour and 16-hour time points, 12 male mice 

were randomized; all the rest mice were female. (   , cediranib concentrations in the 

plasma;    , cediranib concentrations in the brain). Results are expressed as mean ± SD, 

n=4. 
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Figure 3.6.E   Cediranib  brain-to-plasma concentration ratio after i.v. injection (dose = 4 

mg/kg). (     , brain-to-plasma cediranib concentration ratios in wild-type mice;     , brain-

to-plasma cediranib concentration ratios in Bcrp(-/-) mice;      , brain-to-plasma cediranib 

concentration ratios in Mdr1a/b(-/-) mice;    , brain-to-plasma cediranib concentration 

ratios in Mdr1a/b(-/-)Bcrp(-/-) mice). Results are expressed as mean ± SD, n=4. 
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Figure 3.7.A   Brain-to-plasma concentration ratios at 90 minute post oral dose of 5mg/kg 

cediranib into the wild-type, Bcrp1(-/-), Mdr1a/b(-/-), and Mdr1a/b(-/-)Bcrp1(-/-) mice. 

Wild-type mice were all female, and the gene knockout mice were all female. Results are 

expressed as mean ± SD, n=4. 
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Figure 3.7.B   Brain-to-plasma concentration ratios at 90 minute post oral dose of 5 

mg/kg cediranib into the wild-type mice pretreated with vehicle control, 10 mg/kg BCRP 

inhibitor Ko143, 25 mg/kg P-gp inhibitor LY335979, and 10 mg/kg dual inhibitor 

GF120918. Results are expressed as mean ± SD, n=4. For the Ko143 treatment group, 

mice were all female; mice in all the other groups were male except that one mouse 

within the vehicle control group was female. The pharmacological inhibition of the 

transporters works consistently with the transporter-gene deletion. 
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Table 3-1  Papp of cediranib across wild-type and MDR1-transfected MDCKII cell 

monolayers, in the presence and absence of P-gp selective inhibitor LY335979. 

Wild-type MDR1-transfected 
A-to-B Papp B-to-A Papp A-to-B Papp B-to-A Papp

  (×10-4cm/s) 
Treatment Control 3.17 3.65 3.98 8.13 
1μM LY335979 - - - 1.79 
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Table 3-2   Papp of cediranib across wild-type and Bcrp1-transfected MDCKII cell 

monolayers, in the presence and absence of BCRP selective inhibitor Ko143. 

Wild-type Bcrp1-transfected 
A-to-B Papp B-to-A Papp A-to-B Papp B-to-A Papp

  (×10-4cm/s) 
Treatment Control 2.04 1.98 1.50 5.94 
200nM Ko143 - - -  2.13  
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Table 3-3   Plasma and brain oral non-compartmental PK parameters in wild-type and 

Mdr1a/b(-/-) Bcrp1(-/-) mice (n=4, respectively). Results are expressed as the estimation 

of the mean ± the standard error of the estimate. 

Genotype 
Tmax 

(hour) 

Cmax 

(ng/mL)
F * 

Plasma 

AUC(0-20) 

(hr*μg/mL) 

Brain AUC(0-20) 

(hr*μg/mL) 

Brain-to-

Plasma AUC 

Ratio 

FVB (wild-type) 4 510 0.32 3.892±0.434 0.849±0.080 0.218 

Mdr1a/b(-/-) 

Bcrp1(-/-) 
9 313 0.52 4.493±0.360 22.536±0.798 5.02 

 

*: The bioavailability (F) was calculated based on the following equation. 

∞

∞

⋅
⋅

=
ivpo

poiv

AUCDose
AUCDose

F
,0

,0  
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Table 3-4.A   One-compartment plasma PK parameters following i.v. dosing in wild-type, 

Mdr1a/b (-/-), Bcrp1 (-/-) and Mdr1a/b (-/-) Bcrp1 (-/-) mice. Results are expressed as 

mean estimate ± standard error of the estimate. 

Genotype Vd (mL) CL (mL/hr) 

wild-type 81.5±5.1 7.924±0.928 

Bcrp1(-/-) 70.5±4.1 11.32±1.157 

Mdr1a/b(-/-) 91.6±3.7 15.97±0.921 

Mdr1a/b(-/-) Bcrp1(-/-) 109.8±5.5 12.41±1.17 
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Table 3-4.B   Brain and plasma non-compartmental PK parameters following i.v. dosing 

in wild-type, Mdr1a/b (-/-), Bcrp1 (-/-) and Mdr1a/b (-/-) Bcrp1 (-/-) mice (n=4, 

respectively). Results are expressed as the estimation of the mean ± the standard error of 

the estimate. 

 

Genotype 
Plasma AUC(0-last) 

(hr*μg/mL) 

Brain AUC(0-last) 

(hr*μg/mL) 

Brain-to-Plasma 

AUC Ratio 

FVB (wild-type) 9.200±0.364 2.449±0.162 0.266 

Bcrp1(-/-) 8.393±0.387 1.947±0.113 0.232 

Mdr1a/b(-/-) 7.640±0.243 48.185±0.807 6.31 

Mdr1a/b(-/-) Bcrp1(-/-) 8.307±0.407 51.11±1.918 6.15 
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Table 3-5   Steady-state brain and plasma concentrations and apparent plasma cleances 

and the brain-to-plasma concentration ratios. Results are expressed as mean ± SD, n=4. 

Bcrp1(-/-) and Mdr1a/b(-/-) mice were all male; one female and three male mice were 

randomized within groups of the wild-type and Mdr1a/b(-/-) Bcrp1(-/-) mice, 

respectively. 

 

# Kp Ratio = Ratio of steady-state brain-to-plasma concentration ratio in knockout mice to 

the steady-state brain-to-plasma concentration ratio in wild-type mice.  

 

 

 

 

 

 

 

Genotype 
Plasma CLapp 

(mL/hr) 

Css, plasma 

(μg/mL) 

Css, brain 

(μg/gm) 

Brain-to-plasma 

Css Ratio 
Kp Ratio # 

FVB (wild-type) 39.9 ± 9.6 262 ± 63 65 ± 27 0.252 ± 0.094 - 

Bcrp1(-/-) 44.6 ± 12.3 237 ± 67 65 ± 22 0.274 ± 0.013 1.1 

Mdr1a/b(-/-) 44.9± 16.5 243 ± 72 1264 ± 452 5.24 ± 1.10 20.8 

Mdr1a/b(-/-) 

Bcrp1(-/-) 
41.4 ± 14.5 276 ± 128 1696 ± 750 6.30± 1.23 25 
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CHAPTER 4 

MODELING AND SIMULATION OF BRAIN DISTRIBUTIONAL KINETICS  
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Accurate determination of the effect of active transport processes at the BBB on brain 

uptake requires complete understanding the brain distribution kinetics. The first part of 

this chapter employed simulation strategies to explore the relationship between the brain 

partitioning and the sampling time. Concentration-time profiles were simulated with a 2-

compartment system (plasma and brain parenchyma). Time to achieve the distributional 

equilibrium was simulated in different genotypes by knocking out one or more efflux 

transporters. The simulation illustrated that impact of efflux transporters can be 

accurately estimated at the brain Tmax and reasonably compared in the terminal 

elimination phase, although the latter will overestimate the true brain partition coefficient.  

 

With the knowledge of the brain-to-plasma ∞
0AUC  ratio, a further interpretation to the 

magnitude of efflux transport for a substrate is through a partial-areas analysis. The 

second part of the chapter aimed to examine the behavior of two partial-areas analyses by 

simulation strategies for determining the exit rate constant from the target compartment 

(kout), which is the sum of the rate constants for both passive diffusion and efflux 

transport out of the brain (Elmquist et al., 1994), and compare their accuracy of 

determination when differing levels of error are incorporated into the concentration data. 

A four-compartmental mamillary system with first-order rates between central and target 

compartment was simulated in order to generate concentration-time data sets in the 

central and target compartments with 0, 5%, 10% and 20% relative error. The results 

showed that both cumulative and interval partial-areas analysis work adequately well 

when there is no error in the concentration data. However, when error exists in the 
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concentration data, interval partial-areas analysis seemed more accurate regardless of 

robustness of linear regression. The cumulative method was robust for large nominal kout; 

and the interval method worked better for small nominal kout. It was also found that 

accuracy of both partial-areas analysis methods depends on experimental design – 

intervals of the sampling time relative to the kinetic constants when the concentrations 

are measured. 

 
The third part of this chapter presents a Bayesian approach to non-compartmental 

analysis (NCA), which could provide not only an estimate of the complete AUC ( ∞
0AUC ) 

with its 95% confidence interval, but also accuracy and precision of the estimate of brain-

to-plasma ratio of the complete AUC. Noninformative priors were assumed for all model 

parameters. In order to assess the prediction performance of the new method, a Monte 

Carlo simulation was performed using R following Bayesian estimation of the brain and 

plasma ∞
0AUC s and the brain-to-plasma ∞

0AUC  ratio. The coverage of Bayesian credible 

intervals was examined. The availability of posterior distributions of NCA parameters 

assessed in a serial sacrifice sampling design should allow one to statistically evaluate the 

precision of these predictors. We conclude with an application of the method to in vivo 

studies of brain distribution in wild-type vs. three different transporter-gene knockout 

mice following an intravenous injection of cediranib.  

 
4.1  Introduction 

4.1.1   Distributional kinetics of brain partitioning 
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For CNS compounds, it is important to get across the BBB to attain sufficient brain 

exposure. The brain exposure can be influenced by a number of factors, including passive 

membrane permeability, protein binding, ionization, metabolism at the blood-brain 

interface, active uptake and efflux by protein transporters at the BBB, and CSF bulk flow 

(Kalvass et al., 2007). Drug disposition within the brain may be evaluated by the 

commonly-called brain partition coefficient (Kp,brain). In order to determine Kp,brain, the 

true steady-state brain-to-plasma concentration ratio after constant rate infusion is 

desirable to measure. When the constant rate infusion technique is not feasible, there are 

usually two alternatives as follows in a single dose study: quantification of the brain-to-

plasma ratio of AUC from time zero to infinity, and determination of the brain-to-plasma 

concentration ratio at a discrete time point. Since it is with less cost of labor and animals 

than determining the brain-to-plasma AUC ratios, many studies and publications (Chen et 

al., 2009; Oostendorp et al., 2009; Agarwal et al., 2010; Kodaira et al., 2010) intend to 

screen the P-gp- or BCRP- mediated efflux activities in different animal models via 

comparison of  concentration ratios at a discrete time point after a single dose in the 

absence vs. presence of efflux activity. However, unlike the time-independent AUC ratio, 

brain-to-plasma concentration ratio is inherently time-dependent. After administration, 

the concentration ratio increases from zero to a plateau value reflecting the distributional 

equilibrium at which substrate concentrations in brain and plasma begin to change in 

parallel (Gibaldi, 1969). Thus, comparison of brain-to-plasma partitioning at any single 

time prior to the blood-brain distributional equilibrium may lead to an inaccurate 

determination of the transporter-derived effect, dependent upon sampling time, especially 
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when differences between the efflux clearances are significant. In order to assess the 

impact of efflux transport on brain distribution, it is of importance to explore the right 

sampling time to measure the true brain-to-plasma partitioning.  

 

The objective of the first part of this simulation study is to explore the factors influencing 

the magnitude of partitioning between brain and plasma in presence vs absence of BBB 

efflux transporters, to develop mathematical descriptors of the relationship between brain 

partitioning and sampling time, and to illustrate the ideal time to fairly compare the 

transporter effect of different genotypes by simulation strategies. Complete understanding 

of distributional kinetics is important not only for designing brain uptake experiments but 

also for correctly interpreting measurements of the extent of transporter-derived effect. 

 

4.1.2   Partial-areas analysis 

With a knowledge of the partition coefficient ( ∞

∞

plasma

tissue

AUC
AUC

,0

,0 ), a further interpretation to the 

magnitude of efflux transport for a substrate is through a partial-areas analysis. As 

methods of measuring drug concentration at tissue sites become available and accepted, it 

is desirable to find a simplified and optimized method to describe the distributional 

kinetics between the blood or plasma and sites of extravascular measurement. Non-

compartmental analysis (NCA), which was introduced in the late 1970s, provides a 

means of obtaining the primary pharmacokinetic parameters of a drug without the 

specific assumptions inherent to compartmental analysis. NCA methods are usually based 

on the estimation of the area under a plot of drug concentration versus time (Gibaldi and 
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Perrier, 1982). But non-compartmental analysis is not ‘model-independent’. These 

methods can be applied to virtually any compartmental model (Gibaldi and Perrier, 1982). 

In this study, the concentration-time data were generated from a compartmental model; 

thus the partial-areas analysis which was used here is also called semi-NCA. This method 

has been used to examine the efflux kinetics of zidovudine from the cerebrospinal fluid in 

a study in rabbits (Sawchuk and Hedaya, 1990) and of diclofenac from synovial fluid in a 

human study (Elmquist et al., 1994). It has also been applied to estimate metabolite 

kinetics (Riad and Sawchuk, 1998). There are two ways to accomplish a partial-areas 

analysis for the determination of the first-order exit rate constant (kout) for drug transport 

out of the target compartment (e.g., a site of extravascular measurement): cumulative 

partial-areas analysis (current work) and interval partial-areas analysis (Sawchuk and 

Hedaya, 1990; Elmquist et al., 1994; Riad and Sawchuk, 1998). Cumulative partial-areas 

analysis is based on the following linear relationship: 

 
                                                                       (Equation 4-1, see Appendix I for derivation)                         

where Ct,T is the concentration of target compartment at time t; CLout is the clearance 

from target compartment; VT is the volume of target compartment; R is the partition 

coefficient, i.e., the ratio of the AUC in target compartment to the AUC in central 

compartment from time zero to infinity; t
CAUC ,0 is the cumulative area under the 

concentration-time curve in central compartment from time zero to the time of 

measurement; and t
TAUC ,0  is the cumulative area under the concentration-time curve in 

target compartment from time zero to the time of measurement. 

)( ,0,0,
t

T
t

C
T

out
Tt AUCAUCR

V
CLC −⋅=
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Interval partial-areas analysis is based on the similar linear relationship: 

                                                                      (Equation 4-2, see Appendix I for derivation)                          

 
where TCΔ  is the difference of concentrations in target compartment between time = t1 

and time = t2; 2
,1

t
CtAUC  is the interval area under the concentration-time curve in central 

compartment between time = t1 and time = t2; and 2
,1

t
TtAUC  is the interval area under the 

concentration-time curve in target compartment between time = t1 and time = t2. Both 

analyses are based on the assumption that CLout is a constant average throughout the 

experiment. 

 
The object of the second part of the present simulation study was to examine the behavior 

of these methods and compare their accuracy to determine kout, particularly in the case 

when there is some error in the concentration data. The methods were evaluated for their 

applicability of determination of kout. Statistical tests were performed to draw conclusions 

from simulated data that were subject to different levels of error. 

 
4.1.3   Bayesian approach to estimate AUC and brain-to-plasma AUC ratio for 

sacrifice design data 

As illustrated in the first part of this part, the brain-to-plasma AUC ratio is an accurate 

metric to reflect the brain exposure of a substrate. Nevertheless, the ability to determine 

the true AUC ratio will be affected by experimental error and the variation between 

animals. For the purpose of the first part, it was desirable to perform statistical 

comparison for the AUC from time zero to infinity ( ∞
0AUC ) ratio between different 

)( 2
,1

2
,1

t
Tt

t
Ct

T

out
T AUCAUCR

V
CLC −⋅=Δ
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groups/treatments. However, this was not feasible without knowing the precision of 

estimation for ∞
0AUC s and their ratio. In chapter 3, we could only estimate the AUC up 

to the last sampling time point ( tCUA 0
ˆ ) by Phoenix WinNonlin®, and approximately 

used the brain-to-plasma ratio of tCUA 0
ˆ  in replacement of ∞

0AUC  ratio by assuming a 

small percent of extrapolated AUC (from time of the last measurable concentration to 

infinity). A parametric (1-α) % confidence interval of tCUA 0
ˆ  could be calculated based 

on the standard deviation (SD) of tCUA 0
ˆ  by assuming that both concentration and AUC 

follow normal distributions. 

 
In order to determine the variation of AUC, it is ideal to perform intensive serial 

sampling in each individual subject. However, the withdrawal of a sufficient number of 

blood samples from individual rodents for AUC determination is restricted due to 

technical and cost reasons. A common scenario in preclinical pharmacokinetic studies 

with small animals is the use of a sparse sampling approach with few time points, in 

which each subject is not sampled at all time points. In this scenario, since each subject is 

sampled at two or more different times, the variances of data that belong to the same 

subject are correlated. Typically, in a serial sacrifice design (or so-called “destructive 

sampling”), only one sample per subject is available (Navarro-Fontestad et al., 2011). In 

those experimental scenarios, estimation of AUC variance is not as straightforward as 

that from intensive sampling design. In the present study, we will focus on the variation 

estimation of NCA parameters to serial sacrifice data. 
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In order to deal with serial sacrifice data, Bailer’s method was first proposed and has 

been most commonly used to estimate tCUA 0
ˆ  based on the linear trapezoidal rule. The 

corresponding Var( tCUA 0
ˆ ) was claimed to be based on the linear relation of normally 

distributed sample errors of concentration at the jth time point (sj) (Bailer, 1988): 

                                                                              (Equation 4-3) 

where, nj represents the sample size at the jth time point and wj is the sampling time 

intervals (Bailer, 1988): 

 

Thus, the (1-α)% confidence interval of tCUA 0
ˆ can be described as follows: 

                                                                           (Equation 4-4)                         

Bailer’s method depends on the assumptions that the data are normally distributed and 

that the variances are known (Bailer, 1988). However, the latter assumption is not 

statistically sound. Nedelman et al modified the Bailer’s method by substituting the 

critical value from the standard normal distribution to the critical value from a two-tailed 

students t-distribution with a degrees of freedom obtained from Satterthwaite’s 

approximation. They suggested that the sample variance 
j

j

j
j n

s
w

2
2∑  could not accurately 

approximate the population variance when sample sizes are not adequately large. The 

improved method was known as the Bailer-Satterthwaite method (Nedelman et al., 1995). 
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However, neither Bailer’s method nor Bailer-Satterwaite method are able to obtain the 

variation of the ∞
0AUC , as described as follows: 

z

tt CAUCAUC
λ

+=∞
00                                                                                      (Equation 4-5)                         

In Equation 4-5, tAUC0 denotes the AUC from time zero to the last sampling time point. 

Ct represents the concentration at the last sampling time point. λz stands for the terminal 

elimination rate constant usually determined by the linear regression from the logarithm 

of concentrations at the last 3~5 sampling points, according to the commonly used 

program WinNonlin® and Phoenix WinNonlin®. Nevertheless, WinNonlin® software 

provides only calculations of the point estimate ∞
0AUC , without approximation of its 

variation. 

 

Now the question at hand is how to obtain the variation of ∞
0AUC , so that contrasts 

between ∞
0AUC s can be subsequently conducted. One option to extend the Bailer’s 

method to infinite time and construct confidence intervals for ∞
0AUC is through Yuan’s 

method (Yuan, 1993). Yuan’s method proposed the following approximation of 

SD( ∞
0AUC ) by assuming that all the samples are independent and the terminal rate 

constant λz is known and identical for all tested animals: 

∑
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(Equation 4-6) 

where SEi is the standard error of Ci, the concentration at the ith time point, and the zλ̂ is 

the estimated terminal rate constant. Yuan also pointed out that because of the covariance 

between zλ̂ and the mean concentration at the ith time point, the above equation 

underestimated the SD( ∞
0AUC ). It was proposed that one more term should be added to 

the variance of ∞
0AUC  if λz is estimated from an independent study. However, it lacks of 

statistical soundness and is hard to fulfill in practice. Thus, Yuan’s method has some 

limitation inherent in its assumptions. Moreover, in some studies such as bioequivalence 

studies and brain uptake studies, it is usually desired to estimate the tissue-to-plasma 

AUC ratio ( ∞

∞

plasma

tissue

AUC
AUC

,0

,0 ) and statistically compare the AUC ratio by using the confidence 

interval inclusion approach. This requires more strict assumptions and complicated 

mathematical computation. Yuan’s method does not provide solutions for those scenarios. 

 

Note that there is a strong correlation between plasma and brain concentrations (Figure 

4.1). The occurrence of plasma and brain correlation at each time point further 

complicates the estimation of the variability around ∞

∞

pl

br

AUC
AUC

,0

,0 . 

 

Alternatively, resampling-based approaches have become an option to obtain the non-

parametric confidence intervals of tCUA 0
ˆ or ∞

0
ˆCUA via bootstrapping and jackknife 

(Bonate, 1998; Wolfsegger and Jaki, 2005; Jaki et al., 2009; Wolfsegger and Jaki, 2009; 
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Navarro-Fontestad et al., 2011). However, these approaches are time-consuming and the 

sample size is an issue arousing controversy. 

 

In recent years, Bayesian approaches have been widely applied to pharmacokinetic and 

pharmacodynamic (PK/PD) studies (Lunn et al., 2002; Jelliffe et al., 2011). Unlike the 

frequentist view that the conclusions made from the current work should be independent of 

prior work, a Bayesian believes that existing knowledge should always be incorporated and 

that population parameters can be treated as random variables (not as fixed, unknown 

constants). According to Bayes Theorem, 

                                    (Equation 4-7) 

In words, it says the probability of the parameter θ, given the data y, is proportional to the 

product of the probability of y given θ, which is also called likelihood, and the marginal 

probability of θ. P(θ) is called the “prior probability” in Bayesian statistics as it reflects prior 

beliefs about the probability of a given parameter. The prior probability allows you to 

estimate a parameter of interest by incorporating existing knowledge. When there is little or 

no prior information available, an uninformative prior can be used. P(θ|y) is usually called 

the “posterior probability”, reflecting the belief about the parameter after collecting the data. 

The posterior distribution of a certain parameter is explored via the simulation-based 

method, with the knowledge of prior distribution of the parameter estimates and the 

actual data. P(y) is a normalization constant of posterior which is computable but hard to 

integrate. With the help of WinBUGS software, it is feasible to draw samples from posterior 

distribution of parameters of interest by Markov chain Monte Carlo (MCMC) sampling 
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methods, such as Gibbs sampling (Spiegelhalter et al., 2003). It gives us a simulation-based 

approach to obtain the point estimate of posterior expectation and any quantile of interest 

and can be applied to sparse sampling data. 

 

The third part of this chapter presents a novel approach to NCA by Gibbs sampler, a 

computationally intensive Bayesian method, which provides not only the point estimate 

of the complete AUC with its 95% credible interval but also of the brain-to-plasma ratio 

of the complete AUC, and even the drug targeting index (DTI), which is defined as the 

ratio of brain-to-plasma AUC ratio in one genotype/treatment group vs. that in another. 

Since no prior information was known in our study, noninformative prior distributions 

were assumed for all model parameters.  

 

4.2   Methods 

4.2.1   Distributional kinetics of brain partitioning 

The simulations constructed in this session were intended to illustrate the distributional 

kinetics of a substrate of active efflux transporters (P-gp and BCRP) during certain 

physiological or pharmacological conditions such as transporter deficiency or inhibition, 

and to guide in the design of brain uptake experiments. Transport mechanisms such as 

passive diffusion and active efflux transporters were examined and compared by 

simulating the intact BBB in wild-type mice and the less permeable BBB in various 

transporter knock-out genotypes.  
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4.2.1.1   Isee systems STELLA ® 

In this study the isee systems STELLA ® software was utilized to construct a model 

representing a process or a system desirable to investigate. Different compartments in the 

body were represented by “stocks”, which were linked by distributional “flows”, which 

represent rates of drug distribution between compartments. Arbitrary independent model 

parameters were incorporated as “converters” and linked using “connectors” to an 

appropriate stock, flow or other converter.  

 
Difference equations were automatically generated according to the model structure and 

solved by numerical approximation. In STELLA ® there are three integration methods to 

choose – Euler Method, Runge-Kutta 2 or Runge-Kutta 4. In this study, the Euler Method 

was utilized. The run time of the simulation was adjusted depending on the chosen model. 

Graphs and tables were automatically generated by the software to evaluate the model 

behavior and to examine the influence of parameters assumed in the model. 

 

4.2.1.2   Construction of models 

In this simulation, two transport mechanisms were examined – a bidirectional clearance 

(CL) between plasma and brain mediated by passive diffusion and a unidirectional CL 

from the brain to the plasma mediated by active efflux transporters, such as P-gp and 

BCRP. The simulation illustrated the behavior of a hypothetical P-gp and BCRP dual 

substrate in different mouse genotypes with respect to transporter genes – wild-type, 

BCRP knockout, P-gp knockout, and triple knockout mice.  
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Two-compartment models were built with a central compartment, representing the 

plasma, and a peripheral compartment, which represented the brain parenchyma (Figure 

4.2). The dose was administered via intravenous bolus into the central compartment at 

time zero.  

 

Since rate of distribution is dependent on CL and the concentration (C) in that 

compartment, 

Rate = CL · C                                                                                                  (Equation 4-8) 

The total flow of passive diffusion (Rate passive diffusion) was described as follows. 

Rate passive diffusion= CL passive diffusion(C pl – C br)                                                (Equation 4-9)                         

CL passive diffusion is a constant representing the quantitative estimation of permeability and 

surface area product of the compound of interest, which, in this study, is assumed to be 

0.5 volume unit/time for all groups of mice. 

The flow mediated by active efflux transporters (Rate active efflux) is based on equation 4-10. 

Rate active efflux= CL active efflux· C =
brm CK

T
+
max · C br                                          (Equation 4-10) 

where CL active efflux is a nonlinear clearance described by a Michaelis-Menten equation; 

Tmax reflects the transporter expression; and Km represents the compound-transporter 

binding affinity. For triple knockout mice, since both P-gp and BCRP have been 

genetically deleted, we set CL active efflux as zero by assuming there is no other efflux 

transporter involved in the transport of the compound. Given the fact that the amount of 

P-gp protein expression at the mouse BBB vs. BCRP is 3.5:1 (Kamiie et al., 2008), we 
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assumed in our simulation model that Tmax for P-gp is 140 units and for BCRP is 40 units. 

We also assumed that Km for both P-gp and BCRP are same (50 concentration units).  

 

The volume of distribution was hypothetically assumed to be 100 units for the plasma 

compartment and 10 units for the brain compartment. Concentrations were calculated 

based on the amount of drug (A) in a compartment divided by the volume of distribution 

of that compartment. 

 

In this model the compound’s plasma and brain protein binding was assumed to be zero. 

The total body rate of elimination depends on the total body clearance (CLelim) that 

includes processes, such as hepatic metabolism, hepatic clearance, and renal clearance. 

CLelim was assumed to be 10 volume units/time. 

 

4.2.1.3   An illustration using a cediranib study in mice 

In order to evaluate the consistency of simulation with experiment results, we illustrated 

an example of a cediranib brain PK study described in Chapter 3. Briefly, brain 

concentration-time profiles of cediranib were obtained following intravenous injection 

into wild-type, Mdr1a/b (-/-), Bcrp1 (-/-) and Mdr1a/b (-/-) Bcrp1 (-/-) mice (as shown in 

Figure 3.6.A~D). The influence of CL active efflux on the time to reach the concentration 

peak in brain and on the time to attain distributional equilibrium was examined. Based on 

the animal data, Tmax was determined when the cediranib level in brain reached the peak 

value in each group by visual observation. 
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4.2.2   Partial-areas analysis  

A four-compartment pharmacokinetic model with first-order rates between central and 

target compartment was created in STELLA ® (Figure 4.3). It was assumed that the 

target site is a single compartment and that there is no drug at the target site at t=0. The 

model parameters are listed in Table 4-1.  

 

Before exploration of the two partial-areas analyses, we first examined the influence of 

parameters in non-measured compartments, i.e., exit rate constant for peripheral 

compartments (k1 or k3), on concentrations (Ct,C, Ct,T), AUCs ( t
CAUC ,0 , t

TAUC ,0 ) and the 

partial and complete AUC ratios of the target and central compartments 

( t
TAUC ,0 / t

CAUC ,0  and R, respectively). 

 

The partial AUCs at each time-point were computed by integration, and kout was the slope 

of the linear regression line of concentrations at target compartment (Ct) versus the term 

(R•AUCc-AUCt) or ΔCt versus the term (R•ΔAUCc-ΔAUCt) (according to Equation 4-1 

and 4-2). The estimates of kout were compared with the nominal value from the model 

simulation, which is simply the ratio of the clearance from target compartment to the 

volume of target compartment, to evaluate the accuracy of the two methods. The 

comparisons were done when kout varied from 0.02 to 2, in order to investigate the 

influence of the magnitude of kout in the estimation behavior of the partial-areas analysis. 
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Performance of the two methods was also examined when there was 5%, 10% and 20% 

relative random error in concentrations in central compartment and target compartment. 

The concentration-time data with unrepeatable random error were also generated by 

STELLA ®. The average kout (n = 20 simulations) was calculated by both methods. 

 

The paired t-test was done to compare the accuracy of the determined kout in the cases 

with 5%, 10% and 20% relative error. The paired t-test is generally used when the 

numbers of points in data sets are the same and organized in pairs, in which there is a 

definite relationship between each pair of data points. As a rule, scientists accept a 

probability of 0.05 or less as convincing evidence that a particular outcome is unlikely. 

 

The accuracy of these two methods was also evaluated for different sampling time 

intervals. This study aimed to achieve a better understanding of the relationship between 

the sampling time interval and analytic performance of partial area analysis. Good 

performance of both partial-areas analyses require an accurate determination of the 

overall partition coefficient ∞

∞

C

T

AUC
AUC

,0

,0 , which warrants an investigation of the following 

part of this chapter.  

 

4.2.3   Bayesian approach to estimate AUC and brain-to-plasma AUC ratio for 

sacrifice design data 

4.2.3.1   Model specification 
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As with all Bayesian analyses, a full likelihood and a prior distribution for every 

parameter are required. Without old information, we constructed a noninformative (vague) 

prior distribution model for the parameters. The posterior distributions can be 

approximated by random draws using Gibbs sampling. Parameter mean estimate, along 

with standard deviation, median, and 95% confidence intervals (known as credible 

intervals), are calculated directly from the posterior distribution. 

 
4.2.3.1.1   Likelihood distribution 

We had two PK measurements (C pl and C br) on the ith animal at the jth sampling time. 

For each sampling time point, there were n animals sampled. Distributional assumption 

was made as log-normality regarding the individual-specific PK measurement ijC
v

.  

                                                                                                                      (Equation 4-11) 
 
Or explicitly, 

                                                                                                                      (Equation 4-12) 

                                                                                                                                         

where i represents the ith animal; j represents the jth time point. MVN (·, ·) denotes a 

two-dimensional multivariate normal distribution. μj stands for the true concentration 

mean vector at the jth time point; jμv  is a vector of two fixed effects parameters 

representing the mean (μpl,j and μbr,j) of log-transformed plasma and brain concentrations 

(Cpl,ij and Cbr,ij) at the jth time point. Σj (2×2) is the within-animal precision matrix at time 

j; and σj denotes the variance or covariance of the plasma and brain concentrations at the 

jth time point. With the precision matrix, we took into account the correlation between 

Cpl,ij and Cbr,ij easily, which could increase the precision of estimate. 

),(~ln jjij MVNC Σμv
v

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎥
⎦

⎤
⎢
⎣

⎡
2

,,,

,,
2

,

,

,
,, ,~)ln,(ln

jbrjbrpl

jplbrjpl

jbr

jpl
ijbrijpl MVNCC

σσ
σσ

μ
μ



 

 106 

 
4.2.3.1.2   Priors on parameters ( jμv  and Σ j) 

The prior distributions of jpl ,μ  and jbr ,μ  were assumed as uniform distributions, for 

instance, 

                                                                                                                                              (Equation 4-13) 

Typically, prior distributions of parameters are specified for mathematical convenience in 

order to derive closed form posteriors. Thus, the inverse of the variance-covariance 

matrix (Σ-1), or so-called precision matrix, was assumed to follow a 2-dimensional 

Wishart distribution, a probability distribution of random nonnegative-definite symmetric 

matrices. Therefore, the variance-covariance matrix of concentrations at time j (Σj) was 

assumed to follow an Inverse-Wishart distribution. 

                                                                                                                                              (Equation 4-14)                              

where R is a two-dimensional matrix called scale matrix; d is the degree of freedom. By 

setting a small value (e.g., 0.01) to the diagonal of R as follows, and a small number (e.g., 

2) to the degree of freedom, we could also assume a minimally informative but proper 

Inverse-Wishart distribution. 

 
 
 
 

4.2.3.2   AUC estimation 

The posterior distributions can be approximated by random draws using Gibbs sampling 

performed in WinBUGS 1.4.3 (Bayesian inference Using Gibbs Sampling), a general 

program for performing Bayesian inference using MCMC methods (Lunn, 2000). Since 

),(~),(~ ,, +∞−∞+∞−∞ UnifUnif jbrjpl μμ

),(~ dRWishartInversej −Σ

⎥
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both brain and plasma tAUC0  can be calculated from concentrations on the basis of the 

trapezoidal rule, a sample from the posterior of tAUC0  is a linear combination of the 

samples from the posteriors for μ j , the mean concentrations at time j. According to 

Equation 4-5,  ∞
0AUC  is a additive combination of lastAUC0  and Clast/λz. Thus it was 

desirable to determine the posterior distribution of the terminal elimination rate constant 

λz, in order to examine the posterior of AUC from the last sampling time to infinity. 

 

4.2.3.3   Posterior distribution of terminal elimination rate constant 

By assuming a first-order elimination process at terminal phase, which, in our study, was 

assumed to be the last three time points (tj*), the terminal elimination rate constant λz, can 

be estimated using linear regression on the naturally-log-transformed concentrations, 

which yields a log-normal likelihood as shown in Equation 4-15. 

ln Cj* ~ N (α – β•tj*, σ* 2)                                                                              (Equation 4-15)                         

where N (·, ·) denotes a normal distribution with mean μ* equal to (α – β•tj*) and standard 

deviation σ* ; α is the intercept of the linear regression; and β is the slope, which equals to 

the terminal elimination rate constant λz. α and β were assumed to arise from uniform 

distributions: 

α ~ Unif(-∞, +∞)        β ~ Unif(0, 100)                                                        (Equation 4-16)                         

Similar to the variance-covariance matrix Σ j as described above, σ* 2 was specified as an 

inverse-gamma prior, Inverse-Gamma (k, θ), which is the standard conjugate prior for the 

normal variance. To be suitable in situations with little prior knowledge, the values of k 

and θ were assumed as follows so that the inverse-gamma distribution is “vague”: 
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σ* 2  ~ Inverse-Gamma (0.01, 0.01)                                                              (Equation 4-17)                         

In this way, the posterior distribution of λz can be approximated by Gibbs sampling with 

the help of WinBUGS. 

 

4.2.3.4   Model convergence 

Two Markov chains of 30000 simulations were generated and the first 10000 simulations 

(termed “burn-in period”) were discarded to get past any initial transients. From the 

20000 simulations, we drew posterior inferences. Markov chain convergence was 

assessed by visual inspection of the trace plot (i.e., plotting the draw of the parameter 

against iteration number for each Markov chain), autocorrelation, and the Gelman–Rubin 

diagnostic for each parameter. If the model has converged, all the chains will appear to 

move around the parameter space and be overlapping one another in the trace plots. 

Autocorrelation measures dependency among sequential draws of Markov chain samples. 

The level of autocorrelation is desirable to decline as the number of lags in the chain 

increases. Moreover, once convergence is attained, within-chains and between-chains 

variations should coincide, so the Gelman-Rubin statistic (the red line) should 

approximately equal one. The green line (representing the variance between the chains) 

and the blue line (representing the variance within the chains) are both desirable to be 

stable (Brooks and Gelman, 1998).  

 

4.2.3.5   Method validation 
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The performance of the Bayesian approach was verified on both simulated and real data, 

as outlined below.  

 

4.2.3.5.1   Simulation 

In order to validate the new method and evaluate its credible interval coverage, we 

applied the proposed method to 100 sets of simulated data with serial sacrifice design, 

and compared the obtained results with nominal values of the parameters. The 

experiment was simulated in R (Version 2.11.0) (R.Development.Core.Team, 2010) for 

100 times. Sampling from 28 animals was simulated at 7 arbitrary time points, with 4 

animals at each one, following a serial sacrifice design. The time points were 0.5, 1, 2, 4, 

8, 16, 24 hr. The PK was assumed as a two-compartment model consisting of the plasma 

compartment and the brain compartment (Figure 4.4). An i.v. bolus dose of 1000 units 

was given to the plasma compartment at time zero. Arbitrary PK parameters were defined 

in Table 4-2. Log-normally distributed between-animal variability (5% or 20%) and 

proportional residual variability (CV = 5% or 20%) were incorporated. For each 

simulated data set, posterior means and medians of ∞
plAUC ,0 , ∞

plAUC ,0  and ∞

∞

pl

br

AUC
AUC

,0

,0  

along with 95% credible interval were obtained. The results were compared to the 

corresponding true AUC values. The true ∞
plAUC ,0  value was considered as Dose/(Vβ•β). 

Vβ and β denote the population values of total volume of distribution at terminal phase 

and terminal elimination rate constant, respectively. The true ∞
plAUC ,0  was considered to 
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be the same as the true ∞
plAUC ,0  as the population clearance in and out of the brain were 

set to be the same. 

 

The Bayesian method was utilized to obtain the posterior distributions of three 

parameters – ∞
plAUC ,0 , ∞

plAUC ,0 , and ∞

∞

pl

br

AUC
AUC

,0

,0  in each of the 100 simulations. For each 

parameter, we considered three aspects: the posterior mean, median, and the 95% 

credible interval. In order to assess the robustness of the Bayesian estimators, we simply 

calculated the average of all the 100 posterior means and posterior medians, comparing 

with the nominal values, and counted the proportion of nominal values falling within the 

Bayesian intervals. The coverage was anticipated to be close to 95%. The percentages of 

simulations with lower 95% credible intervals less than zero were also calculated for the 

purpose of validation. The method performance was assessed when data have different 

levels of variability (5% between-animal coefficient of variation + 5% residual error; or 

20% between-animal coefficient of variation + 20% residual error), although we 

recognized that the variability in human data is usually much higher. 

 

4.2.3.5.2   Model application to real data 

We evaluated the applicability of the Bayesian method to the real-world experiment 

described in Chapter 3. Briefly, brain and plasma levels of cediranib were determined 

following intravenous injection into wild-type, Mdr1a/b (-/-), Bcrp1 (-/-) and Mdr1a/b (-

/-) Bcrp1 (-/-) mice (as shown in Figure 3.6.A~D). In this experiment, we did not know 
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how the error was distributed, so we assumed that concentrations followed a normal 

distribution. In order to explore whether absence of P-gp or BCRP changes the BBB 

permeability of cediranib, the brain-to-plasma partition coefficient (i.e., the brain-to-

plasma ratio of ∞
0AUC ) was the desirable variable to compare statistically among the four 

genotypes. By utilizing the Bayesian approach, the posterior mean and 95% credible 

interval of the complete AUC ratios in different mouse groups (genotypes) were obtained 

and compared with the point estimate and 95% confidence interval approximated by 

Yuan’s method (Yuan, 1993) utilizing Equation 4-6. The Kernel density plots were 

obtained to evaluate the posterior distributions of parameters. In order to further evaluate 

the performance of Bayesian method in estimating partial AUCs, posterior means of 

AUC from the initial time to the last sampling time point were also obtained and 

compared with the estimators obtained from a commonly used program, Phoenix 

WinNonlin® 6.1 (Mountain View, CA), which utilizes the Bailer-Satterthwaite method 

(Nedelman et al., 1995; Nedelman and Jia, 1998). 

 

4.3   Results and discussion 

4.3.1   Distributional kinetics of brain partitioning 

4.3.1.1   Effect of efflux clearance on the brain Tmax 

The time after a single dose when the peak concentration occurrs in the brain (Tmax) is 

dependent on the clearance mediated by active efflux transporters as follows and different 

in every examined genotype. 
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βα
β
α

−
=

)ln(
maxT                                               (Equation 4-18, see Appendix II for derivation) 

where limeoutin kkk ++=+ βα  and limeout kk ⋅=⋅ βα . kin is the first-order rate constant 

from the plasma into the brain mediated by the passive diffusion; kout is the rate constant 

out of the brain due to the combined effect of efflux transporter activity and passive 

diffusion; and kelim is the elimination rate constant out of the plasma. The simulation 

illustrates how the change of transporter activity influences the Tmax, which is difficult to 

readily ascertain from the equation. 

 

As shown in Figure 4.5, in the wild-type mice group (WT) where both passive diffusion 

and P-gp- and BCRP-mediated efflux contribute to transport out of the brain, it took 

shortest time to achieve the peak concentration (Cmax) in the brain compared to the other 

genotypes. This is because the compound was quickly excluded from the brain. In the 

BCRP knockout group (BCRP KO) where only P-gp was present as an efflux transporter, 

the efflux CL was still significant because the model was set up in such a manner that the 

expression of P-gp is 3.5 fold of that of BCRP (Kamiiee et al., 2008). Thus it took a little 

longer time to attain Cmax than the WT mice. For the same reason, the P-gp knockout 

group (P-gp KO), with no P-gp but BCRP activity, has longer Tmax in the brain 

compartment than BCRP KO. The triple knockout group (TKO) was assumed to have no 

efflux activity at all, where the distribution in the brain is slowest due to the only passive 

diffusion. Therefore, the brain concentration peak occurs at a later time than for the other 
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genotypes. According to the model parameters, the rank order of the brain Tmax should be: 

WT < BCRP KO < P-gp KO < TKO. 

 

At Tmax, the clearance from the plasma into the brain mediated by the passive diffusion 

(CLin) is at pseudo-distributional equilibrium to the clearance out of the brain (CLout) due 

to the combined effect of efflux transporter activity and passive diffusion since rate of 

change in the brain concentration (d C br/d t) is 0 at the Tmax time point. So the Tmax is also 

called the time at a transient steady state. The relationship between C br/C pl and ∞

∞

pl

br

AUC
AUC

,0

,0  

was also explored. It is anticipated that C br/C pl at the transient steady state would equal 

to the brain-to-plasma AUC from zero to infinity ratio (
pl

br

AUC
AUC

∞

∞

0

0 ), which then would 

provide accurate information of brain partitioning. It reflects the overall exposure of drug 

in the brain relative to the level of drug in the plasma. The illustration is as shown in 

Figure 4.6.  

 

The cediranib study in mice reflected the impact of efflux clearance on the brain Tmax. As 

anticipated, cediranib achieved the brain Tmax quickly in WT mice. It took significantly 

longer time to get to the peak in the Mdr1a/b(-/-)Bcrp1(-/-) mice. Data were summarized 

in Table 4-3. Note that in WT, Bcrp1(-/-), and Mdr1a/b(-/-) mice, Tmax  was not an exact 

time but a time range because there was no significant difference between concentrations 

at those time points around the exact Tmax, which made it difficult to identify the exact 
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Tmax in those groups. This indicates the need for extensive sampling around Tmax to assure 

an accurate determination of the brain partitioning using this method. 

 

4.3.1.2   Brain-to-plasma concentration ratio vs time profile 

A profile describing simulated C br/C pl ratio with respect to time was constructed (Figure 

4.7). For all four genotypes, the C br/C pl ratio increases from zero to an constant, which is 

called pseudo-distributional equilibrium, or, terminal elimination phase (β phase) after a 

single bolus. Similar to the brain Tmax, the time to reach distributional equilibrium varies 

between those mouse groups because of their different efflux clearances. It took the 

shortest time for the WT and the longest time for the TKO mice group to reach 

equilibrium. Thus, this difference makes the use of single-timepoint measurement of C 

br/C pl ratio for different genotypes misleading without knowing in what phase the 

samples were taken. 

 

Once reaching the β phase, the C br/C pl ratio in this model is a constant independent of 

time which follows Equation 4-19. 

 
 
                                                                  (Equation 4-19, see Appendix III for derivation)                         
 
 

where β represents the terminal-phase elimination rate constant and kout represents the 

rate constant out of the brain mediated by efflux transporters and passive diffusion. Note 

that this ratio is higher than the brain-to-plasma AUC zero to infinity ratio. Therefore it 
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overestimates the true brain partitioning. The extent of overestimation depends on the 

relative magnitude of kout and β. Thus, by assuming that efflux transporters do not 

influence the compound metabolism and excretion, it is anticipated that the β-phase C 

br/C pl ratio measured in WT mice should be closer to 
pl

br

AUC
AUC

∞

∞

0

0 , and the brain partitioning 

measured in TKO mice should be more overestimated. The relationship between C br/C pl 

ratio, the partial brain-to-plasma AUC ratio, and the clearance ratio which is equal to the 

complete AUC ratio is illustrated in Figure 4.8. However, as a constant, the C br/C pl ratio 

at the terminal phase is reasonable to compare relative drug brain exposures and 

transporter activities among different genotypes. 

 

Figure 4.9 shows the time course of brain partitioning of cediranib (C br/C pl) in four 

mouse groups. The time to reach a distributional equilibrium depends on the transporter-

derived clearance. In transporter gene knockout mice, clearance out of the brain differs 

depending on contribution of the transporters. As shown in the profile, for the Mdr1a/b(-

/-) and Mdr1a/b(-/-) Bcrp1(-/-) mice, since P-gp plays an dominant role, the time for 

Cb/Cp to reach distributional equilibrium was 2~4 hours, which was significantly longer 

than that for wild-type and Bcrp1(-/-) mice (15~30 minutes). 

 

4.3.2   Partial area analysis 

The influence of a exit rate constant from a peripheral compartment (k1 in Figure 4.3) on 

t
CC ,0 , t

TC ,0 , t
CAUC ,0 , t

TAUC ,0 , t
TAUC ,0 / t

CAUC ,0 , and R of the target and central 
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compartments was explored. It was shown that even though t
CC ,0 , 

t
TC ,0 , t

CAUC ,0 and t
TAUC ,0 changed when k1 changed (Figure 4.10~4.11), the ratio 

t
TAUC ,0 / t

CAUC ,0  did not change with k1 (Figure 4.12.A), and R remained constant 

(Figure 4.12.B). This finding suggested that even though the partial-areas analysis is a 

mammillary compartment-dependent method, it does not rely on the assumption of any 

peripheral compartment other than the target site. 

  

When errorless simulated concentration data were used to estimate kout, both the 

cumulative and interval partial-areas analysis methods generated non-biased estimates 

(Table 4-4). However, as shown in Figure 4.13, 4.14 and 4.15, the two methods provided 

similar results when nominal values of kout were relatively small. On the other hand, the 

cumulative method showed some advantage over the interval method for larger nominal 

values of kout, because the data points tend to evenly spread out rather than form clusters 

from which a statistically-sound linear regression could not be done. Generally, the 

interval method would generate a smaller intercept for the linear regression, which 

ideally equals zero. 

 

When error was added to the data, the estimated kout showed increased bias in both 

methods as error increased. The estimated kout was estimated as the slope of the linear 

regression line (Figures 4.16, 4.17, and 4.18). In these cases, the nominal kout was 2 hr-1. 

When there was 5%, 10% and 20% relative random error in the concentrations of both 

central compartment and target compartment, statistical analysis showed that the 
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estimated kout values (mean ± SD) from cumulative method were 1.92 ± 0.12, 1.82 ± 0.33, 

1.43 ± 0.28 hr-1 for 5%, 10%, and 20% error, respectively, and from interval method they 

were 2.00 ± 0.21, 2.01 ± 0.37, 1.93 ± 0.61 hr-1 for 5%, 10%, and 20% error, respectively 

(Table 4-5). These results suggested that interval method seems to be more accurate than 

cumulative one when error exists in the concentration-data, if only the bias of estimate 

with the nominal value was of interest. Results of paired t-tests (Table 4-6) showed that 

when error was 5%, P-value was 0.09, which meant that there was no significant 

difference between the estimated kout from cumulative and interval methods; when error 

was 10%, P-value decreased to 0.04; and when error was 20%, P-value decreased to 

0.00047, which meant there was significant difference between these methods. However, 

since the data points were in a clustered manner, the accuracy of the interval method 

estimate depended strongly on the largest data point at the x-axis, which might be the first 

few time points post dose in this i.v. bolus simulation. With that in mind, it is dangerous 

to make a conclusion that the interval method will provide more accurate estimate of kout 

than the cumulative method. The advantages of one method over the other depend on the 

magnitude of true kout. If the kout is small enough to make the data points evenly spread 

out the x-axis, the interval method is better and more accurate. The critical magnitude of 

kout to show a good estimate based on the interval method can be further explored in 

future studies. 

  

When sampling time intervals for the concentrations in central and target compartments 

differed, the behaviors of cumulative and interval partial-areas analyses with 5% 
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concentration error were shown in Figure 4.19 and Figure 4.20. The simulated results 

suggested that the estimated kout would be more accurate when the time interval was 

smaller. 

 

4.3.3   Bayesian approach to estimate AUC and brain-to-plasma AUC ratio for 

sacrifice design 

4.3.3.1   Simulated serial sacrifice design 

Model diagnostics for one of 100 simulations were shown in Figure 4.21~4.23 as an 

illustration. All the three forms of diagnostic plots indicated the two Markov chains 

converged well. Other simulation runs converged successfully as well (diagnostics not 

shown).  

 
As shown in Table 4-7, when the data had low variation (5% between-animal variability 

(BAV) and 5% residual error (or called within-animal variability (WAV) ), both the 

posterior mean and median worked as a robust estimator, with the averaged values very 

close to the nominal population AUCs and their ratio. However, when the data had 

greater noise (20% BAV and 20% WAV), the posterior means of all three parameters of 

interest were biased. Interestingly, the averages of the 100 posterior medians of those 

parameters were closer to the nominal values, and they were acceptable. The results 

suggested that occasionally the posterior median is preferred over the mean for non-

symmetric distributions, such as multimodal or skewed distributions (Bochkina and 

Sapatina, 2005). For purposes of prediction, the posterior mean may not always be 

reliable. The robustness of the posterior mean depends on the variability of the data and 
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the way in which samples are drew. In our study, the optimal estimator could be 

identified as the one with the value comparable to the point estimate provided by the 

Bailer’s method or any other classic method. 

 
The proportions of simulations in which the nominal population mean was covered by the 

95% credible interval were also shown in Table 4-7. At all tested levels of variability, 

Bayesian credible interval had a good coverage (close to or above 95%). The proportion 

of simulations in which the lower boundary of the posterior credible interval was below 

zero was all zero, suggesting that the draws of samples would not give negative credible 

limits. 

 
4.3.3.2   Cediranib i.v. study in mice 

The Bayesian approach has been applied to the cediranib brain distribution study in wild-

type and gene-knockout mice of brain efflux transporters, such as P-gp and BCRP, the 

details of which were described in Chapter 3. The aim of the study was to compare the 

cediranib brain partitioning among the genotypes in order to explore the role of brain 

efflux transporters in the brain penetration of cediranib. The conventional approach to 

estimating the complete AUC from time zero to infinity is through the Bailer-

Satterthwaite method. The method can provide a point estimate of ∞
0AUC  but is not able 

to assess the precision of the estimation. The Bayesian method developed here could 

approximate the posterior distribution of any NCA parameter including ∞
0AUC , 
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), etc. According to the model diagnostics, 

there was no MCMC chain unable to converge (Figure 4.24). Based on the Bayesian 

simulation-based estimation, posterior distributions of the cediranib plasma and brain 

∞
0AUC  and their ratio from the wild-type, Mdr1a/b(-/-), Bcrp1(-/-), and Mdr1a/b(-/-) 

Bcrp1(-/-) mice were obtained (Figure 4.25~4.27). Figure 4.28 also illustrated the DTI of 

cediranib across the BBB that lacks expression of drug efflux transporters, a credible 

interval around which would be challenging using frequentist approaches. Thus, the 

biggest benefit of the Bayesian approach is the feasibility in determining the estimation 

precision of parameters of interest in brain uptake studies.  

 

Table 4-8 listed the posterior means and 95% credible intervals of the complete brain and 

plasma ∞
0AUC  and their ratios in four genotypes. This helps make a reliable conclusion 

that BCRP might play a small, but significant, role in excluding cediranib out of the brain, 

based on the fact that there was a significant difference of the brain-to-plasma ∞
0AUC  

ratio of cediranib between the wild-type mice and the Bcrp1(-/-) mice, and between the 

Mdr1a/b(-/-) and Mdr1a/b(-/-) Bcrp1(-/-) mice. The Bayesian estimators of the plasma 

and brain ℵ
0AUC s were compared with the point estimate and 95% confidence interval 

(C.I.*), as estimated by the Bailer’s approximation extended by Yuan. Yuan’s method 

provided tighter confidence intervals than the Bayesian method. However, it is hard to 
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say that Yuan’s method has an advantage over the Bayesian method, since Yuan’s 

method is anticipated to underestimate the variance of ∞
0AUC  because of its double 

usage of the last sampling time point for estimation of λz and calculation of the AUC 

from the last sampling time up to infinity (Yuan, 1993). 

 
Table 4-9 shows that the Bayesian posterior estimates of partial AUC in those mice 

groups, which is the AUC from time zero up to the last sampling time point, were very 

close to the mean, SD and 95% confidence interval estimated by the Bailer-Satterthwaite 

method. Note that Bayesian credible intervals and frequentist confidence intervals 

produced from the same data set are not necessarily similar, especially if informative 

prior information is included in the Bayesian analysis. The reason for our comparison 

was simply to show that in this particular case, the noninformative Bayesian method 

produced approximately similar parameter estimates as the Bailer-Satterthwaite method. 

 

Note that we compared the new approach with the conventional methods derived from 

the Bailer’s method, such as Bailer-Satterthwaite method and Yuan’s method, but we did 

not compare the performance of Bayesian approach with other nonparametric methods 

such as bootstrap and jacknife. The comparison of accuracy and precision for the 

Bayesian method and these nonparametric approaches may be of value in further studies. 

 

The Bayesian approach does not rely on any compartmental assumption but it only 

requires the assumption that the terminal elimination rate follows first-order kinetics. The 

biggest advantage over other methods is that it is able to provide the precision of 
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∞

∞

pl

br

AUC

AUC

,0

,0  estimation easily taking into account the correlation between brain and plasma. 

The limitation of this method is that the setting of the prior distribution is subjective and 

different priors may yield different posterior results. One of the drawbacks of using 

noninformative priors, e.g., the uniform prior for log-concentration means, is that there is 

a possibility that extremely large samples could be drawn. This might result in a poor or 

slow convergence, or sometimes can influence results. In the present simulation, the error 

at each sampling time follows a log-normal distribution (proportional to the mean value 

of concentrations). Thus, the concentration data were log-transformed and the entire 

analysis was done on a log-scale. In the animal study, the normal likelihood worked 

adequately well and we did not notice any significant difference between the normal 

likelihood and the log-normal likelihood in that case. Other appropriate assumptions of 

likelihood and priors are worth exploring in further studies. However, when prior 

knowledge is available, it is strongly recommended to incorporate informative priors into 

the Bayesian approach. This will help narrow down the credible intervals of the Bayesian 

estimate and generate a more reliable posterior distribution. 

 

4.4   Conclusions 

4.4.1   Distributional kinetics of partition coefficient 

It can be concluded that the concentration-time profiles will be different in every 

genotype or treatment group. The time for C br/C pl to reach a transient steady state and to 

attain a pseudo-distributional equilibrium value depends on the CL mediated by efflux 
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transporters. Comparing C br/C pl at any single time point before distributional equilibrium 

is dangerous, especially if CLs due to efflux are quite different among genotypes or 

treatment groups. The true brain (or other tissues or organs) partitioning, which is 

described by brain-to-plasma AUC from zero to infinity ratio, can only be measured by 

the C br/C pl ratio when the C br/C pl ratio at the transient steady-state (brain Tmax) in the 

case of single dose bolus studies. However, for comparison purposes, the efflux transport 

activities can also be examined by measuring the C br/C pl ratio at a pseudo-distributional 

equilibrium (terminal elimination phase), noting that at the terminal phase the true tissue 

partition coefficient will be overestimated. It is very possible that a single-time C br/C pl 

measurement in TKOs might require a late sampling times since the elimination out of 

brain is slower compared to other genotypes and the distribution into brain takes longer 

time to reach pseudo equilibrium. 

 
4.4.2   Partial-areas analysis 

The partial-areas analysis is a compartment-dependent method, but it is independent of 

the number of peripheral compartments and peripheral compartmental parameters. The 

estimated value of exit-rate constant from the target site by using partial-areas analysis is 

reliable. The cumulative method shows some advantage over the interval method for 

larger kout values, because the data points tend to evenly spread out rather than form 

clusters which do not generate sound linear regression. Nevertheless, the interval method 

worked similar to the cumulative one for estimation of smaller nominal values of kout. 

When concentration data have significant error, the interval partial-areas analysis can 

yield more accurate estimate than the cumulative one. Although the interval partial-areas 
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analysis has advantages over the cumulative one for accuracy, it still has to be taken into 

account that the linear regression behavior of the interval technique depends strongly on 

the data at the first few time points post i.v. dose. This requires that concentration 

measurement for large concentrations should be with the least error. It has also been 

indicated that accuracy of partial-areas analysis depends on experimental design. Both 

techniques work best when the time-interval for concentration measurements relative to 

the time constants are smallest.  

 
4.4.3   Bayesian approach to estimate AUC and brain-to-plasma AUC ratio for 

sacrifice design data 

Unlike the conventional frequentist approach, the Bayesian approach considers each 

parameter of interest as a statistical distribution with some uncertainty, rather than a 

known point estimate (Kitanidis, 1986). The Bayesian approach can easily estimate the 

variability around ∞
0AUC  without complicated mathematical computation, and make it 

possible to statistically compare the tissue-to-plasma ratios of ∞
0AUC obtained following 

destructive sampling. Posterior distribution of other NCA parameters could be obtained 

in likewise fashion. When prior knowledge is available, it is strongly recommended to 

incorporate informative priors into the Bayesian approach, in order to obtain a more 

reliable posterior estimation. 

 

4.5   Footnotes 

We would like to thank Dr. Kyle Baron for his initial inspiring idea of applying Bayesian 

approach to NCA and his kind help in WinBUGS programming. We would also like to 
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express our gratitude to Wei Zhong, from Department of Biostatistics, for his help in 

Bayesian method development. We are also thankful for the help of Magdalena Burström, 

from Department of Pharmaceutical Biosciences, Uppsala University, in STELLA model 

building and discussion for the Tmax simulation session. 
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Figure 4.1   Correlation between plasma and brain concentrations after intravenous 

injection of 4mg/kg cediranib into four genotypes of FVB mice. 
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A.  

B.  
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C. 

 

D.  

 

 

Figure 4.2   STELLA simulation model to illustrate the effect of efflux transport on brain-

to-plasma partitioning in four genotypes. A. Wild-type mice (WT); B. BCRP knockout 

mice (BCRP KO); C. P-gp knockout mice (Pgp KO); D. Triple knockout mice (TKO). 
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Figure 4.3   STELLA model for partial area analysis simulation 
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Table 4-1   Parameters of the STELLA model for partial-areas analysis 
 
Parameter Value 

CLin 30 
CLout 100 

k 0.3 
k1 0.3 
k2 0.3 
k3 0.6 
k4 0.4 
Vc 100 
Vt 50 
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Figure 4.4   Simulated two-compartment PK model for Bayesian model validation 
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Table 4-2   Model parameters of the simulated two-compartment model. 

Parameter Population Parameter Value Between-animal Variability 
Vp 100 Yes 
Vb 50 No 

CL12 15 Yes 
CL21 15 Yes 
CL10 5 Yes 
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Figure 4.5   The brain concentration vs. time profiles of four genotypes. Tmax in the brain 

compartment varies depending on the clearance due to active efflux transporter activity. 
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Figure 4.6   At the time when C brain achieves the maximum, the C brain/C plasma ratio equals 

to the brain-to-plasma AUC zero to infinity ratio, which exactly reflects the CL in/CL out 

ratio. The profile shows the wild-type mice group (WT) as an illustration. 
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Table 4-3   The observed brain Tmax in four genotypes of transporters. 
 

Genotype Brain Tmax (hour) 
Wild-type 0.5~1 
Bcrp1(-/-) 0.25~1 

Mdr1a/b(-/-) 0.5~1 
Mdr1a/b(-/-) Bcrp1(-/-) 2 
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Brain-to-plasma Concentration Ratio
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Figure 4.7   The simulated brain-to-plasma concentration ratio vs. time profiles of four 

genotypes. 
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B. 

BCRP Knockout Mice
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C. 

P-gp Knockout Mice
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D. 

Pgp-BCRP-Combined Knockout Mice
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Figure 4.8   The relationship between the concentration ratio, partial AUC ratio, and 

clearance ratio. A. Wild-type mice (WT); B. BCRP knockout mice (BCRP KO); C. P-gp 

knockout mice (Pgp KO); D. Triple knockout mice (TKO). 
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Figure 4.9   The brain-to-plasma concentration ratio vs. time profiles in a real-world 

experiment – cediranib brain-to-plasma concentration ratio after i.v. injection (dose = 4 

mg/kg). Results are expressed as mean ± SD, n=3~4. 
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Figure 4.10.A   Influence of k1 on Cc. 1: k1= 0.1, 2: k1= 0.5, 3: k1= 0.9. 
 
 
 

  
 
Figure 4.10.B   Influence of k1 on Ct. 1: k1= 0.1, 2: k1= 0.5, 3: k1= 0.9.  
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Figure 4.11.A   Influence of k1 on t

CAUC ,0 . 1: k1= 0.1, 2: k1= 0.5, 3: k1= 0.9.  

 

 

Figure 4.11.B   Influence of k1 on t
TAUC ,0 . 1: k1= 0.1, 2: k1= 0.5, 3: k1= 0.9. 
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Figure 4.12.A   Influence of k1 on t
TAUC ,0 / t

CAUC ,0 . 1: k1= 0.1, 2: k1= 0.5, 3: k1= 0.9. 

 

 

Figure 4.12.B   Influence of k1 on R ( ∞
TAUC ,0 / ∞

CAUC ,0 ). 1: k1= 0.1, 2: k1= 0.5, 3: k1= 

0.9. 
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Table 4-4   The estimated values of kout by the two partial-areas analysis. 
 

Estimated kout (hr-1) Nominal kout (hr-1) Cumulative partial-areas analysis Interval partial-areas analysis
2 1.9997 1.9984 

0.2 0.2 0.2 
0.02 0.02 0.02 
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Figure 4.13.A   Linear regression by cumulative partial-areas analysis when nominal kout 

= 2hr-1 
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Figure 4.13.B   Linear regression by interval partial-areas analysis when nominal kout = 

2hr-1 
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Figure 4.14.A   Linear regression by cumulative partial-areas analysis when nominal kout 

= 0.2hr-1 
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Figure 4.14.B   Linear regression by interval partial-areas analysis when nominal kout = 

0.2hr-1 
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Figure 4.15.A   Linear regression by cumulative partial-areas analysis when nominal kout 

= 0.02hr-1 
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Figure 4.15.B   Linear regression by interval partial-areas analysis when nominal kout = 

0.02hr-1 
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Cumulative Partial‐Areas Analysis for Data with 5% Random Error
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Figure 4.16.A   Linear regression by cumulative partial-areas analysis when 

concentration data have 5% error 
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Figure 4.16.B   Linear regression by interval partial-areas analysis when concentration 

data have 5% error 
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Cumulative Partial‐Areas Analysis for Data with 10% Random Error
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Figure 4.17.A   Linear regression by cumulative partial-areas analysis when 

concentration data have 10% error 
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Figure 4.17.B   Linear regression by interval partial-areas analysis when concentration 

data have 10% error 
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Cumulative Partial‐Areas Analysis for Data with 20% Random Error

y = 1.0463x + 4.7159

R2 = 0.7001
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Figure 4.18.A   Linear regression by cumulative partial-areas analysis when 

concentration data have 20% error 
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Figure 4.18.B   Linear regression by interval partial-areas analysis when concentration 

data have 20% error 
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Table 4-5   Estimated values of kout by the two partial-areas analysis when concentration 

data had 5%, 10%, and 20% error. 
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Table 4-6   Statistical comparison of the estimated kout values by two methods when 

residual error was set to be 5%, 10%, and 20%. 

a. t-Test: Paired two sample for means (5% error) 

 
** variable 1 – kout from cumulative partial-areas analysis 
   variable 2 – kout from interval partial-areas analysis 
 
 
b. t-Test: Paired two sample for means (10% error) 
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c. t-Test: Paired two sample for means (20% error) 
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Cumulative Partial‐Areas Analysis for Data with 5% Random Error
Sampling Time Interval = 1 hr

y = 2.0582x ‐ 0.0186
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Figure 4.19.A   Linear regression by cumulative partial-areas analysis when time-interval 

was 1 hr. 

 

Cumulative Partial‐Areas Analysis for Data with 5% Random Error
Sampling Time Interval = 15 min
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Figure 4.19.B   Linear regression by cumulative partial-areas analysis when time-interval 

was 15 min. 
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Interval Partial‐Areas Analysis for Data with 5% Random Error
Sampling Time Interval = 1 hr

y = 2.1554x ‐ 0.0004

R2 = 0.9892
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Figure 4.20.A   Linear regression by interval partial-areas analysis when time-interval 

was 1 hr. 

 

Interval Partial‐Areas Analysis for Data with 5% Random Error
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Figure 4.20.B   Linear regression by interval partial-areas analysis when time-interval 

was 15 min. 
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Figure 4.21   Traceplots of the posterior parameters for the simulated data (A: ∞
plAUC ,0 , 

B: ∞
brAUC ,0  C: ∞

∞

pl

br

AUC
AUC

,0

,0 ). Red: chain 1; Blue: chain 2. 
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Figure 4.22   Auto-correlation plots of the posterior parameters for the simulated data 

((Top panel: ∞
plAUC ,0 ; Middle panel: ∞

brAUC ,0 ; Bottom panel: ∞

∞

pl

br

AUC
AUC

,0

,0 ). 
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Figure 4.23   Gelman-Rubin diagnostics of the posterior parameters for the simulated data 

(Top left: ∞
plAUC ,0 ; Top right: ∞

brAUC ,0 ; Bottom: ∞

∞

pl

br

AUC
AUC

,0

,0 ). 

 

 

 

Table 4-7   Evaluation of the robustness of posterior estimators of ∞
plAUC ,0 , ∞

brAUC ,0  and 

∞

∞

pl

br

AUC
AUC

,0

,0  obtained by the Bayesian approach based on 100 Monte Carlo simulations (See 

next page). 
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A.                                                                     B. 

 

C.                                                                     D. 

   
 

Figure 4.24   Traceplots of the posterior parameters for the FVB mice with the i.v. dose 

of cediranib. A. Wild-type mice; B. Bcrp1(-/-) mice; C. Mdr1a/b(-/-) mice; D. Mdr1a/b(-

/-)Bcrp1(-/-) mice . (Top panel: ∞
plAUC ,0 ; Middle panel: ∞

brAUC ,0 ; Bottom panel: 

∞

∞

pl

br

AUC
AUC

,0

,0 .) 
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Figure 4.25   Posterior distributions of the plasma ∞
0AUC  in four genotypes of brain 

efflux transporters. Black: wild-type mice; Blue: Bcrp1(-/-) mice; Red: Mdr1a/b(-/-) mice; 

Green: Mdr1a/b(-/-)Bcrp1(-/-) mice. 
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Figure 4.26   Posterior distributions of the brain ∞
0AUC  in four genotypes of brain efflux 

transporters. Black: wild-type mice; Blue: Bcrp1(-/-) mice; Red: Mdr1a/b(-/-) mice; 

Green: Mdr1a/b(-/-)Bcrp1(-/-) mice. 
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Figure 4.27   Posterior distributions of the brain-to-plasma AUC ratio ( ∞

∞

pl

br

AUC
AUC

,0

,0 ) in four 

genotypes of brain efflux transporters. Black: wild-type mice; Blue: Bcrp1(-/-) mice; Red: 

Mdr1a/b(-/-) mice; Green: Mdr1a/b(-/-)Bcrp1(-/-) mice. 
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Figure 4.28   Posterior distributions of the brain drug targeting indexs (DTI) for the three 

transporter knockout mice. Blue: Bcrp1(-/-) mice; Red: Mdr1a/b(-/-) mice; Green: 

Mdr1a/b(-/-)Bcrp1(-/-) mice. 
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Table 4-8   Bayesian posterior mean and 95% credible interval (C.I.) of the plasma and 

brain ℵ
0AUC s and their ratios and the comparison with the point estimate and 95% 

confidence interval (C.I.*) estimated by the Bailer’s approximation extended by Yuan. 
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Table 4-9   Comparisons of Bayesian posterior mean, standard deviation (SD) and 95% 

credible interval (C.I.) for partial AUCs (the AUC up to the last sampling time point) in 

four genotypes of transporters with Bailer-Satterthwaite approximation of mean, SD and 

95% confidence interval (C.I.*) estimated by Phoenix WinNonlin. 
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CHAPTER 5 

EFFECT OF ANTI-ANGIOGENIC THERAPY ON DRUG DELIVERY TO 

BRAIN TUMOR SITE 
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The delivery of effective anti-tumor agents across an intact BBB in different regions of a 

brain tumor remains an important concern in the effort to treat primary brain tumors, such 

as glioblastoma (GBM), and secondary, metastatic brain tumors. Anti-angiogenic therapy 

(AAT) targeting the VEGF-mediated signaling pathway is an important component of 

treatment for recurrent GBM and many novel therapeutic strategies are being developed 

in combination with AAT as the next generation of clinical trials for GBM. However, the 

efficacy of combination regimens of AAT with conventional or novel therapeutics may 

be variably affected by AAT-mediated restoration of BBB integrity and function on brain 

tumor vasculature. GBM12 (a human GBM) intracranial xenografts were treated with 

combination AAT (e.g., avastin or cediranib) and chemotherapy (e.g., temozolomide and 

erlotinib) to examine drug delivery (site-specific pharmacokinetics) to the tumor core, 

rim and normal brain. This study helped in understanding the potential impact of AAT on 

brain tumor drug delivery, and may help guide the rational development of AAT 

combination strategies for recurrent GBM. 

 

5.1   Introduction 

For CNS therapeutic agents, access via the blood-brain barrier (BBB) is limited 

physically by tight junctions between endothelial cells and functionally through the 

activity of drug efflux pumps acting on the luminal side of the capillary endothelial cells. 

However, during gliomagenesis, the BBB is partially disrupted by loss of robust tight 

junctions between endothelial cells. There are some regions of relatively open BBB 

called tumor ‘core’ and other regions with an intact BBB such as tumor ‘rim’ and part of 
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normal brain (Agarwal et al., 2011). It is therefore essential to adequately deliver 

effective treatment to different regions of the brain tumor in order to prevent tumor 

recurrence. 

 

Anti-angiogenic therapy (AAT) targeting the vascular endothelial growth factor (VEGF)-

mediated signaling is an important component of treatment for recurrent GBM (Butowski, 

2011). Many novel therapeutic strategies are being developed in combination with AAT 

as the next generation of clinical trials for GBM (Table 5-1). Since aberrant VEGF 

signaling promotes BBB disruption in GBM, anti-VEGF therapy normalizes tumor 

vasculature and results in a significant reduction in contrast accumulation in GBM 

patients (Batchelor et al., 2007; van den Bent et al., 2009). However, uptil now, few 

studies have examined the influence of AAT on the delivery of concomitant therapy in 

the treatment of glioma. These studies have all focused on the angiogenic tumor core, and 

have examined the tumor distribution of relatively BBB permeable drugs only, such as 

temozolomide. For example, recently Zhou and Gallo reported the effect of an anti-

angiogenic agent sunitinib on the brain tumor distribution of temozolomide in a dose-

dependent manner (Zhou and Gallo, 2009). It has been observed that low dose of 

sunitinib resulted in adequate normalization of tumor vasculature, determined by CD31 

staining of the brain endothelial cells, to an extent that the tumor delivery of 

temozolomide was optimized. Despite of the encouraging result of sunitinib on 

temozolomide, it has been seen that there exists a converse interaction between AAT and 

other anti-tumor drugs. Vandetanib (ZD6474, Zactima), a tyrosine-kinase inhibitor 
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against VEGFR2, reduced the apoptotic effects of temozolomide in a xenograft glioma 

model (Claes et al., 2008). The authors here suggested that this was due to vandetanib-

induced BBB normalization that limited the temozolomide tumor penetration. These data 

highlight a potentially complex interaction between AAT and chemotherapeutic agents 

with different mechanisms. 

 

Bevacizumab (Avastin®) is a monoclonal antibody directed against the VEGF ligand, 

VEGF-A. Treatment with avastin can lead to normalization of tumor vasculature in GBM 

patients within days of starting therapy (Thompson et al., 2011). Given the clinical single 

agent activity and FDA approval for avastin treatment in recurrent GBM, there is 

significant enthusiasm for evaluating combinations of avastin with other therapeutic 

agents in recurrent GBM. However, the majority of avastin combination regimens being 

clinically tested are developed empirically without pre-clinical testing in clinically 

relevant orthotopic xenograft models and without consideration for the potential 

detrimental effect of AAT on drug delivery across a normalized BBB. 

 

Cediranib acts intracellularly to inhibit VEGF-receptor kinase activity in endothelial cells. 

In a recent clinical trial, cediranib failed to demonstrate a significant survival benefit in 

recurrent GBM similar to avastin (T. Batchelor, 2010 Society of NeuroOncology Annual 

Meeting). In Chapter 3 in this thesis, we have shown approximately 20-fold higher 

cediranib brain distribution in MDR1a/b (P-gp) and MDR1a/b/BCRP1 triple knock-out 

mice as compared to wild-type mice. Moreover, co-treatment of wild-type mice with the 
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P-gp/BCRP1 inhibitor elacridar increases the brain to plasma ratio of cediranib by 17-

fold. Thus, activity of drug efflux pumps within the BBB may account for the reduced 

efficacy of cediranib as compared to avastin therapy. In order to test the hypothesis, that 

the reduced clinical activity of cediranib is related to inadequate drug delivery to the 

relevant target, the effects of both avastin and cediranib were studied in the primary 

xenograft model of GBM. 

 

Primary GBM xenografts were developed by directly implanting GBM tumors from 

patients into nude mice. These xenograft lines faithfully maintain key histologic and 

molecular features of the original human GBM, including elevated invasion, EGFR 

amplification and MGMT promoter methylation status (Giannini et al., 2005; Carlson et 

al., 2009). The Mayo GBM xenograft panel used in this study is recognized as a highly 

relevant model system for evaluating glioma biology (Giannini et al., 2005; Carlson et al., 

2011). 

 

As detailed in Table 5-1, the majority of novel therapeutic agents for GBM currently 

being studied in combination with AAT are at least partially excluded by the BBB, and 

can be broadly classified as: i) conventional cytotoxic agents, ii) molecularly targeted 

agents, and iii) therapeutic antibodies. Thus, it becomes imperative to explore the effect 

of AAT on BBB integrity, and hence drug delivery, for the rational development of AAT 

combination strategies for recurrent GBM. Here, in this study we have focused on the 

first two categories of agents and specifically evaluated the influence of AATs, such as 

avastin and cediranib, on tumor accumulation of a cytotoxic drug, temozolomide 
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(Schering-Plough Corporation, Kenilworth, NJ), and a tyrosine kinase inhibitor, erlotinib 

(OSI Pharmaceuticals, Inc., Melville, NY). 

 

5.2   Material and methods 

5.2.1   Chemicals and Mayo GBM xenograft model 

5.2.1.1   Chemicals 

Avastin was purchased from Genentech (San Francisco, CA, USA). Cediranib was 

procured from Selleck Chemicals LLC (Houston, TX, USA). Temozolomide and 

erlotinib were purchased from Toronto Research Chemicals (North York, On., Canada) 

and LC laboratories (Woburn, MA, USA), respectively. All other chemicals used were 

HPLC or reagent grade. 

 

5.2.1.2   Mayo GBM xenograft model 

Mayo GBM xenograft line (GBM12) was transduced into six week-old female nude mice 

with a lentiviral construct pSIN-fLuc-eGFP(enhanced green fluorecent protein) construct 

to provide both bioluminescent and fluorescent tumor detection. Tumor growth in the 

model was monitored by bioluminescence imaging. They were housed in a pathogen-free 

facility accredited by the Association for the Assessment and Accreditation of Laboratory 

Animal Care (AAALAC). This animal model was done in collaboration with Dr. Jann N. 

Sarkaria, from Mayo Clinic. 

 

http://en.wikipedia.org/wiki/Schering-Plough�
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5.2.2   Determine the effect of anti-angiogenic treatment on drug delivery to tumor 

sites 

Seven days after implant, mice with established intracranial tumors, as determined by 

luciferase imaging, were randomized into 3 groups of 12 mice each and treated for 9 days 

with the following regimens: 1) placebo, 2) avastin 5 mg/kg dosed twice weekly by 

intraperitoneal injection (i.p.), and 3) cediranib 6mg/kg dosed daily by oral gavage (p.o.). 

On day 9, mice were euthanized. Prior to euthanization, all mice were dosed orally with 

temozolomide 66 mg/kg and erlotinib 100 mg/kg. Time of dosing was recorded precisely 

for each mouse and dosing was staggered appropriately. For each treatment group, mice 

were euthanized at 1 and 4 hours post-dosing of temozolomide /erlotinib with 6 mice at 

each time-point. Blood was collected in heparinized (100 units/mL) tubes and centrifuged 

at 3500 rpm for 10 minutes at 4℃, and supernatant plasma was collected. 1 part of 0.1% 

formic acid was immediately added to every 5 parts of plasma. The brain was removed 

and frozen. Since mice were implated with intracranial tumors transducted with 

TurobGFP, eGFP glasses were used to define the extent of tumor (green). Normal 

adjacent brain was evaluated as a control. The core of tumor (bright green), rim (not so 

green) and contralateral hemisphere were dissected out. Samples were frozen on dry ice 

and stored at -80℃ until analyzed for drug levels. 

 

5.2.3   Quantitative Analysis by Lipid Chromatography-Tandem Mass 

Spectrometry 
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The concentrations of temozolomide, erlotinib, and cediranib in mouse plasma and brain 

specimen were all determined by an Agilent 1200 high-performance liquid 

chromatography (HPLC) (Santa Clara, CA, USA) coupled with Thermo-Finnegan™ 

TSQ® quantum classic triple quad mass spectrometer (San Jose, CA, USA). The system 

included a ESI and APCI interface. Data collection and analysis was conducted with 

XCalibur version 2.0.7 software. Prior to analysis, frozen samples were thawed at room 

tempreature. 60 μL ice-cold 5% bovine serum albumin in phosphate-buffered saline was 

added to each of the tumor core, rim, and normal brain samples followed with 

homogenization using a tissue homogenizer (Fisher Scientific, Pittsburgh, PA, USA).  

 

5.2.3.1   Temozolomide 

A 50 μL aliquot of plasma and brain homogenate were spiked with a certain amount of 

the internal standard, d3- temozolomide, and extracted by vigorous vortexing with 1mL 

acetonitrile. Samples were centrifuged at 7500 rpm for 10 mins at 4 ℃ and a volume of 

750 μL of the organic layer was transferred and dried under nitrogen. Samples were 

reconstituted in 100 μL mobile phase and 10 μL was injected. The mobile phase was 

composed of 10: 90 (v/v) acetonitrile/20mM ammonium formate with 0.1% formic acid. 

Separation of analytes was achieved using a Phenomenex Synergi 4µ Polar – RP80A 

column (75 x 2.0 mm) (Torrance, CA, USA). The mobile phase flow rate was maintained 

at 0.25 mL/min, resulting in a run time of 7 min. Samples were analyzed using an 

electrospray probe with spray voltage of 4500V in the positive ionization mode. The 

collision energy for temozolomide was set at 7V, and 8V for internal standard, with 1.5 
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mTorr collision gas pressure. The transitions monitored were m/z 195 -> 138.02 for 

temozolomide and 198 ->137.97 for d3- temozolomide. The two product ions were 

monitored with the scan width 2 m/z and scan time 0.5 s. 

 

5.2.3.2   Erlotinib 

100 μL aliquots of plasma and brain homogenate were spiked with 50ng of AG1478 as 

internal standard, and alkalinized by adding 100 µL of a pH 11 buffer (1 mM sodium 

hydroxide, 0.5 mM sodium bicarbonate). Then they were extracted by vigorous vortexing 

with 1 mL ethyl acetate. Samples were centrifuged at 7500 rpm for 10 mins at 4 ℃ and a 

volume of 750 μL of the organic layer was transferred and dried under nitrogen. Samples 

were reconstituted in 100 μL mobile phase and 10 μL was injected at 10ºC. The mobile 

phase was composed of 45/55 (v/v) acetonitrile: 20mM ammonium formate with 0.1% 

formic acid. Separation of analytes was achieved using an Agilent Eclipse XDB-C18 

RRHT threaded column (4.6 x 50mm, 1.8 μ) (Santa Clara, CA, USA). The mobile phase 

flow rate was maintained at 0.25 mL/min, yielding a run time of 8 min. Samples were 

analyzed using an electrospray probe with spray voltage of 4500V in the positive 

ionization mode. The collision energy for erlotinib was set at 14V, and 9V for AG1478, 

with 1.5 mTorr collision gas pressure. The transitions monitored were m/z 395.1 -> 278.9 

for erlotinib and 316.7 ->300.9 for AG1478. The two product ions were monitored with 

the scan width 1.5 m/z and scan time 0.5 s. 

 

5.2.3.3   Cediranib 
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Cediranib drug levels were assessed using an LC/MS assay that was outlined in Chapter 2. 

 

5.2.4   Statistical analysis 

The drug levels of temozolomide, erlotinib and cediranib in brain vs. plasma and in tumor 

vs. plasma were compared between placebo vs. avastin/cediranib groups using two 

sample t-test (or rank sum) at a single time point. 

 

5.3   Results 

5.3.1   Effect of anti-angiogenic therapy pre-treatment on temozolomide delivery to 

tumor sites 

As shown in Figure 5.3, at 1 hour post chemotherapy dose, brain-to-plasma ratios of 

temozolomide in avastin-treated groups and cediranib-treated groups were not 

significantly different from placebo groups. Moreover, in the placebo group, 

temozolomide delivery to tumor surrounding parenchyma (rim) at 1 hour post dose was 

not significantly different from the normal brain (contralateral hemisphere) but slightly 

lower than the tumor core, suggesting that in patients with recurrent GBM, even though 

the BBB integrity at the tumor core may be disrupted, the infiltrative tumor growth could 

be protected by the intact BBB at tumor surrounding parenchyma. At 4 hours post dose, 

however, there was no significant difference in temozolomide distributions among the 

tumor core, rim and normal brain in the placebo group, suggesting passive diffusion 

equilibrium being reached at 4 hours post dose. 
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At 4 hours post chemotherapy dose, brain-to-plasma ratios of temozolomide in the tumor 

core were on average lower (~ 0.35, which was similar to normal brain) in the avastin-

treated group than the placebo group (~ 1.1). The reduced delivery of temozolomide into 

the tumor core suggested that avastin might limit the brain tumor delivery of BBB 

permeable compounds, through normalization of brain tumor vasculature. Nevertheless, 

following once daily cediranib pre-treatment, temozolomide delivery was unchanged 

(~1.1) in the normal brain and the tumor-bearing hemisphere, and not significantly 

different with the placebo group, indicating that treatment of cediranib may not influence 

temozolomide delivery to the tumor core and surrounding parenchyma. 

 

5.3.2   Effect of anti-angiogenic therapy pre-treatment on erlotinib delivery to tumor 

sites 

Erlotinib has been shown to be a P-gp and BCRP dual substrate (Marchetti et al., 2008; 

Kodaira et al., 2010). Figure 5.4 shows that for erlotinib, there was no difference in 

delivery at 1 hour post chemotherapy dose following avastin pre-treatment, however at 4 

hours post dose, the erlotinib delivery to tumor core was reduced on average by one-half 

following avastin pre-treatment, suggesting that avastin might decrease the tumor 

delivery of erlotinib through restored tight junctions in conjuction with a restored 

efficient efflux by transporters. 

 

Figure 5.4 also shows that there was no site-difference in erlotinib delivery at either 1 

hour or 4 hours post chemotherapy dose following once daily cediranib pre-treatment, 
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suggesting that treatment of cediranib may not influence erlotinib delivery to the tumor 

core and surrounding parenchyma. 

 

5.3.3   Effect of cediranib pre-treatment on its own delivery to tumor sites 

Since cediranib itself is mainly a P-gp substrate (see Chapter 3), the influence of 

cediranib pre-treatment on its own delivery to brain tumors was examined. Figure 5.5 

shows that at 1 hour post dose, the brain-to-plasma concentration of cediranib in the 

tumor core was on average 0.54, however, the cediranib distribution in tumor core was on 

average reduced by one-half to 0.27 at 4 hours post dose while the cediranib levels in the 

tumor rim and the normal brain remained unchanged (~0.4). This suggested that as a 

VEGFR pan-inhibitor, cediranib might to some extent restore the efflux by P-gp and 

hence reduce its own delivery to brain tumors. Activity of drug efflux transporters such 

as P-gp within the BBB may account for the reduced efficacy of cediranib even if the 

BBB has been disrupted in GBM. However, due to the large variability within the 

preliminary data, further studies need to be done to confirm this hypothesis. 

 

5.4   Discussion 

Normalization of the brain tumor vasculature with AAT reinforces the disrupted BBB 

enhancing blood flow. Thus, delivery of drugs that are typically more permeable in the 

intact BBB could be enhanced, due to their ability to diffuse transcellularly across an 

intact barrier. However, it has been observed that avastin reduced the tumoral delivery of 

temozolomide, suggesting that AAT can influence drug delivery through different 
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mechanisms rather than simply changes in perfusion. Surprisingly, there was no similar 

impact of once daily treatment of cediranib on temozolomide brain delivery as avastin. 

One of possible reasons might be that cediranib is less efficacious than avastin in patients 

with recurrent GBM in that cediranib may restore the P-gp efflux and hence limit its own 

delivery to brain tumors, yielding a reduced AAT efficacy. 

 

Since VEGFR2 signaling through Src and PKC-beta suppresses Pgp expression and/or 

activity in brain capillary endothelial cells, AAT through inhibition of VEGFR2 can lead 

to increased Pgp expression and possibly higher levels of drug exclusion from the 

endothelial cells (Liu et al., 2009; Hawkins et al., 2010). Therefore, besides of restoring 

tight junction integrity, AAT is likely to increase efflux pump activity within the brain 

capillary endothelium, and hence, drugs that are limited by efficient efflux transporters 

may have their delivery to the tumor diminished as the vasculature normalizes, due to 

lack of permeability through passive diffusion and a restored efficient efflux by 

transporters. Our observations showed that the delivery of erlotinib into brain tumors 

following avastin pre-treatment and the delivery of cediranib into brain tumors following 

its own pre-treatment were both on average reduced by one-half. These results were 

consistent with previous studies in our lab on brain tumor delivery of dasatinib, another 

P-gp and BCRP dual substrate (Chen et al., 2009), that upon avastin treatment, dasatinib 

brain-to-plasma ratios were unchanged in the normal brain, but significantly lower in the 

tumor-bearing hemisphere (40% with avastin vs. 130% with placebo).  
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However, it is unclear why the once daily treatment of cediranib, a VEGFR2 inhibitor, 

did not have a similar impact on erlotinib delivery as avastin, but might have an influence 

on its own delivery. One possible explanation is that the reduced delivery of erlotinib by 

avastin might be mainly due to normalization of the tumor vasculature such as the 

reformed tight junctions, rather than the restoration of P-gp efflux mediated by VEGFR2 

inhibition. Because of the restored P-gp efflux, cediranib might limit its own delivery to 

brain tumors, yielding a reduced efficacy of restoring disrupted tight junctions. Further 

studies need to be conducted to explore other possible mechanisms in the future. 

 

Another observed phenomenon, the reason for which remains unclear, was that in the 

placebo group, erlotinib delivery to the tumor core, rim and normal brain was not 

significantly different at either 1 hour or 4 hours post dose. According to the hypothesis, 

the BBB at tumor core is broken down during gliomagenesis, hence, the delivery of 

erlotinib into the tumor core should have been higher than other sites. This observation 

requires further studies to confirm this result. 

 

5.5   Conclusion 

In summary, anti-angiogenic therapy mediated restoration of BBB integrity could 

significantly decrease delivery of chemotherapy, such as temozolomide and erlotinib, to 

the brain tumor, leading to reduced efficacy. Changes in perfusion may not be at play in 

influencing drug delivery, but vessel permeability may change delivery for compounds of 

varying permeability across the intact BBB. Cediranib may be less efficacious than 
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avastin in patients with recurrent GBM in that cediranib may limit its own delivery to 

brain tumors, yielding a reduced AAT efficacy. 

 

5.6   Footnotes 

We would like to thank Dr. Sarkaria's laboratory from Mayo Clinic, for the animal model 

and their help in designing and conducting animal studies. We thank Sagar Agarwal and 

Dr. Rajendar Mittapalli for their kind help with analytical analysis of temozolomide and 

erlotinib. 
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Table 5-1   List of agents being studied in combination with avastin in GBM clinically. 
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Figure 5.1   Chemical structure of temozolomide, an alkylating agent 
 
 
 
 
 

 
 

Figure 5.2   Chemical structure of erlotinib, a selective tyrosine kinase inhibitor against 

EGFR 
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Figure 5.3   Impact of AATs (cediranib and avastin) on temozolomide uptake into tumor 

core, rim, and normal brain at 1 hour and 4 hours post dose of temozolomide. 
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Figure 5.4   Impact of AATs (cediranib and avastin) on erlotinib uptake into tumor core, 

rim, and normal brain at 1 hour and 4 hours post dose of erlotinib. 
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Figure 5.5   Impact of once daily treatment of cediranib on its own uptake into tumor core, 

rim, and normal brain at 1 hour and 4 hours post dose. 
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Glioblastoma multiforme (GBM) is the most common and fatal primary brain tumor, the 

treatment of which is a challenge due to the high relapse rate. Despite aggressive 

treatments, relapse occurs within virtually all GBM, and only 25% of patients survive 

over 2 years (Stupp et al., 2007). Glioma cells evade treatment through migration to 

normal brain parenchyma. The invasive growth pattern of glioblastoma (GBM) gives rise 

to salellite lesions shielded by an intact blood-brain barrier (BBB) in areas away from the 

boundary of surgical resection and eventually causes glioma recurrence. Therefore, novel 

therapies capable of targeting invasive GBM cell populations are needed. In addition to 

the high invasiveness, endothelial proliferation is another defining feature of GBM. 

Vascular endothelial growth factor (VEGF) and its receptor VEGFR are highly expressed 

in GBM and correlated to tumor malignancy (Carlson et al., 2007). Thus, brain vascular 

endothelium has been suggested as a target for anti-angiogenic agents for the treatment of 

recurrent GBM (Hormigo et al., 2011). Anti-angiogenic therapies (AATs) function to 

promote normalization of tumor vasculature and hence significantly reduce cerebral 

edema. 

 

Although the demonstrable clinical achievements with the current generation of VEFG 

pathway inhibitors establish a milestone for angiogenesis research, these AATs have 

shown in some cases to produce temporary efficacy or no objective clinical benefit to 

block tumor progression (Bergers and Hanahan, 2008). Failure of a variety of VEGF 

pathway inhibitiors, including bevacizumab and small molecule tyrosine kinase inhibitors, 

to show clinical benefit is counterintuitive to the proposition that VEGF is a key mediator 
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of angiogenesis (Carmeliet, 2005), a characterastic of GBM. Other than intrinsic 

resistance to AATs, some adaptive mechanisms have been hypothesized for the evasive 

resistance to AATs, including compensatory upregulation of alternative pro-angiogenic 

signaling pathways, recruitment of bone marrow derived vascular progenitor cells, and 

increased tumor cell invasiveness by inhibition of angiogenesis (Bergers and Hanahan, 

2008; Rahman et al., 2010). For instance, Norden, Zuniga and Iwamoto et al. reported 

that it is more likely that glioma recurrence after bevacizumab therapy is distant to the 

primary tumor location and exhibits diffuse patterns (Norden et al., 2008; Iwamoto et al., 

2009; Zuniga et al., 2009). A recent study (Pope et al., 2011) demostrated that before 

initiation of bevacizumab treatment, 72% of patients followed by combination treatment 

of temozolomide and radiotherapy had local recurrent GBM, with 7% diffuse, 2.4% 

distant and 8% multifocal recurrence. However, after bevacizumab therapy, there was no 

change in disease pattern within 82% of patients, but 16% of patients who had local 

glioma recurrence converted to a diffuse pattern (Chamberlain et al., 2010).  

 

Cediranib, an anti-angiogenic molecularly-targeted tyrosine kinase inhibitor (TKI) of 

pan-VEGFRs, has shown great improvement in both glioma vessel structure and function 

after monotherapy as soon as one day after treatment initiation (Batchelor et al., 2007). 

Since cediranib has a variety of additional kinase targets, such as PDGFRs and c-Kit, it 

may provide more therapeutic benefit than just anti-angiogenesis (Bergers and Hanahan, 

2008). However, more and more studies showed that cediranib has anti-angiogenic effect 
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but not anti-tumor effect (Batchelor et al., 2007; Kamoun et al., 2009), which may be one 

of the reasons for the limited clinical benefit of cediranib. 

 

Since GBM can be treated as a whole brain disease, the delivery of possibly effective 

anti-tumor agents, such as cediranib, in different regions of a brain tumor is an important 

concern in the effort to treat brain tumors. P-glycoprotein (P-gp) and breast cancer 

resistance protein (BCRP), the important drug exclusion systems at the BBB, have been 

shown to limit brain penetration of various chemotherapeutics including a variety of TKIs. 

Despite the permeable vasculature in the tumor core, the intact BBB in the tumor rim and 

in the normal brain still presents an intact barrier for the drugs that target the invasive 

GBM cell populations, due to high expression of these efflux transporters. Interaction 

with these active efflux transporters may limit cediranib brain distribution and result in 

poor efficacy in treatment of brain tumors such as GBM. The limited delivery of 

cediranib to different regions of brain tumor may be another possible reason for the poor 

effectiveness seen in GBM. 

 

Last but not least, beneficial effects of anti-angiogesis encourage the application of 

combination therapies of anti-angiogenic agents and chemotherapies for anti-cancer 

treatment. However, it is unclear how one therapy modality may influence the delivery 

and hence efficacy of another. Two competing effects of AATs on the efficacy of 

concurrently used chemotherapies have been hypothesized. One suggests that improved 

vasculature could improve delivery of chemotherapy agents to poorly perfused regions 
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within the tumor and therefore result in an enhanced delivery. The other hypothesizes that 

the restored BBB integrity could limit delivery to the tumor cells for drugs that do not 

cross the BBB readily. 

 

The ultimate objective of the work addressed in this thesis is to improve the molecularly-

targeted tumor delivery of cediranib and to provide insight into proper strategies for 

administration of effective cediranib treatment and combination therapy. 

 

Initial studies, as outlined in chapter 3, focused on investigation of effect of efflux 

transporters present at the BBB on the brain penetration of cediranib. Cediranib is 

different from some other TKIs in that although both P-gp and BCRP were involved in 

restricting the intracellular accumulation of cediranib, P-gp played a predominant role in 

excluding cediranib out of the brain. This was examined by comparing brain partitioning 

of cediranib in Mdr1a/b (-/-), Bcrp1 (-/-) and Mdr1a/b (-/-) Bcrp1 (-/-) mice with the 

relevant wild-type strain. We further examined this by concurrent administration of 

transporter selective and combined inhibitors along with cediranib. These studies 

confirmed the results from transgenic mice models and provided conclusive evidence for 

the dominant role of P-gp in preventing cediranib across the BBB. 

 

Since elimination half-life appears to be relevant to efficacy of AATs (Cai et al., 2011), 

in our preclinical PK studies, it was suggested that cediranib had an approximate half-life 

of 7 hours in mice, implying the necessity of daily administration. Additionally, the time 
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to reach the brain concentration peak (Tmax) for different genotypes of transporters varied 

because of the different efflux clearance out of the brain. The influence of efflux 

clearance on Tmax and the time to achieve steady state of the brain-to-plasma partition 

coefficient was further investigated by simulation strategies in chapter 4. 

 

We next examined the analysis of brain distributional kinetics. Our simulations in chapter 

4 illustrated that impact of efflux transporters can be reasonably estimated at the brain 

Tmax or in the terminal elimination phase, although the latter will overestimate the true 

brain partitioning. Partial area analysis can also be used to intepret the maginitude of 

efflux transport for a substrate. Performances of cumulative and interval partial-areas 

analyses were evaluated. Furthermore, since the ability to determine the true brain-to-

plasma ∞
0AUC  ratio, the accurate metric to reflect the brain exposure of a substrate, is 

affected by experimental error and the variation between animals, a Baysian approach 

was proposed and utilized to determine the variation of brain-to-plasma ∞
0AUC  ratio 

under a serial sacrifice study design. 

 

The final preliminary study, described in chapter 5, investigated the influence of AAT 

(bevacizumab and cediranib) on the tumor delivery of both traditional chemotherapy 

(such as temozolomide) and molecularly-targeted agents (such as erlotinib) using a 

xenograft GBM model. The eGFP-transducted tumor allows dissection of the brain into 

the following regions: 1) tumor core, 2) rim and 3) normal tissues. Our preliminary data 

showed that AAT-mediated restoration of BBB integrity by cediranib or bevacizumab 
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could decrease the tumor site delivery of both temozolomide and erlotinib, and even the 

delivery of cediranib itself, making its own anti-angiogenic efficacy reduced over time. 

 

Future work will examine the distribution of cediranib within the brain vascular 

endothelial cells with and without the presence of drug efflux transporters. It would be 

interesting to investigate the distribution of cediranib in the endothelium in the tumor 

core and in other regions with an intact BBB. Further studies are also needed to confirm 

our conclusion of the effect of AATs on limiting the delivery of chemotherapeutics to 

tumor sites. The efficacy (changes in pharmacodynamic endpoints and overall survival) 

of combination anti-angiogenic therapy and traditional (such as temozolomide) and 

investigational (such as other TKIs) chemotherapy against GBM is also desirable to be 

examined in the future. 
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Appendix I 

Partial Area Analyses 

 
 

The block schematic diagram above represents a tissue distribution model with 

intravenous bolus. For simplicity, a two-compartment model was proposed. CL’s 

represent the corresponding clearances in and out of the tissue compartment (T). On the 

basis of mass balance principles, we can get the following differential equation: 

ToutCin
T

T CCLCCL
dt

dCV ⋅−⋅=⋅                                                                           Equation 1 

1) Cumulative partial area analysis 

Integrating both sides of Equation 1 from time zero to infinity, we get, 

∫∫∫
∞

⋅⋅−
∞

⋅⋅=
∞

⋅ 000 dtCCLdtCCLCV ToutCinTT  

∞∞ ⋅−⋅= ToutCin AUCCLAUCCL ,0,00  

Thus, 

∞∞ ⋅=⋅ ToutCin AUCCLAUCCL ,0,0  

Let R denote the AUC ratio, then 

out

in

C

T

CL
CL

AUC
AUC

R == ∞

∞

,0

,0                                                                                             Equation 2 

Integrating both sides of Equation 1 from time zero to a certain time, t, we get, 

C T 

CLout 

CLin 
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∫∫∫ ⋅⋅−⋅⋅=⋅
t dtCCLt dtCCLt CV ToutCinTT 000  

t
Tout

t
CinTtT AUCCLAUCCLCV ,0,0, ⋅−⋅=⋅  

t
T

T

outt
C

T

in
Tt AUC

V
CLAUC

V
CLC ,0,0, ⋅−⋅=  

According to Equation 2, outin CLRCL ⋅= , thus 

t
T

T

outt
C

T

out
Tt AUC

V
CLAUCR

V
CLC ,0,0, ⋅−⋅⋅=  

Therefore, 

( )t
T

t
C

T

out
Tt AUCAUCR

V
CLC ,0,0, −⋅⋅=                                                                 Equation 4-1 

 

2) Interval partial area analysis 

Integrating both sides of Equation 1 for a certain time interval from t1 to t2, we get, 

∫∫∫ ⋅⋅−⋅⋅=⋅
2

1

2

1

2

1

t
t dtCCL

t
t dtCCL

t
t CV ToutCinTT  

2
,1

2
,1

t
Ttout

t
CtinTT AUCCLAUCCLCV ⋅−⋅=Δ⋅  

2
,1

2
,1

t
Tt

T

outt
Ct

T

in
T AUC

V
CLAUC

V
CLC ⋅−⋅=Δ  

Since outin CLRCL ⋅= ,  
2
,1

2
,1

t
Tt

T

outt
Ct

T

out
T AUC

V
CLAUCR

V
CLC ⋅−⋅⋅=Δ  

Therefore, 

( )2
,1

2
,1

t
Tt

t
Ct

T

out
T AUCAUCR

V
CLC −⋅⋅=Δ                                                               Equation 4-2 
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Appendix II 

Derivation of Time to Attain Peak Concentration in the Brain 

 

 

 

The block schematic diagram above represents a two compartment pharmacokinetic 

model consisting of a central compartment of plasma (pl) and a brain compartment (br). 

The drug is administered intravenously into the plasma compartment at time zero. k’s 

represent the corresponding rate constant. Based on this model, two differential equations 

can be generated as follows: 

brbroutplpleplplin
pl

pl VCkVCkVCk
dt

dC
V ⋅⋅+⋅⋅−⋅⋅−=⋅ lim                                    Equation 1 

brbroutplplin
br

br VCkVCk
dt

dCV ⋅⋅−⋅⋅=⋅                                                                Equation 2 

Laplace transform of Equation 1 is as below: 

brbroutplpleplplinplpl CVkCVkCVkDoseCSV ⋅⋅+⋅⋅−⋅⋅−=−⋅⋅ lim  

( ) DoseCVkCkkSV brbroutpleinpl =⋅⋅−⋅++⋅ lim                                                   Equation 3 

Laplace transform of Equation 2 is as below: 

brbroutplplinbrbr CVkCVkCSV ⋅⋅−⋅⋅=⋅⋅  

( ) 0=⋅⋅−⋅+⋅ plplinbroutbr CVkCkSV  

pl br

kout 

kin 

kelim 
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( )
inpl

broutbr
pl kV

CkSVC
⋅

⋅+⋅
=                                                                                       Equation 4 

Solve Equation 3 and 4 for brC : 

( )[ ] ( )( ) br

in

eouteoutinbr

in
br VSS

kDose
kkkkkSSV

kDoseC
⋅++

⋅
=

⋅+++⋅+⋅
⋅

=
βαlimlim

2              Equation 5 

where, limeoutin kkk ++=+ βα and limeout kk ⋅=⋅ βα . 

Solve Equation 5 by Hidden-Hand method, we get the expression of Cbr: 

( ) ( )tt

br

in
br ee

V
kDoseC ⋅−⋅− −
−⋅
⋅

= αβ

βα
                                                                            Equation 6 

At the time to attain the peak concentration at the brain compartment (Tmax), the rate of 

change in brain concentration is zero. Thus, 

( ) ( ) ( )[ ] 0maxmax =⋅−−⋅−
−⋅
⋅

= ⋅−⋅− TT

br

inbr ee
V

kDose
dt

dC αβ αβ
βα

 

Therefore, 

0maxmax =⋅−⋅ ⋅−⋅− TT ee βα βα  

max

max

T

T

e
e

⋅−

⋅−

= α

β

β
α  

βα
β
α

−

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

=
ln

maxT                                                                                               Equation 4-18 
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Appendix III 

Derivation of Terminal Phase Brain-to-Plasma Concentration Ratio 

 

 

 

The block schematic diagram above represents a two compartment pharmacokinetic 

model consisting of a central compartment of plasma (pl) and a brain compartment (br). 

The drug is administered intravenously into the plasma compartment at time zero. k’s 

represent the corresponding rate constant. Based on this model, two differential equations 

can be generated as follows: 

brbroutplpleplplin
pl

pl VCkVCkVCk
dt

dC
V ⋅⋅+⋅⋅−⋅⋅−=⋅ lim                                    Equation 1 

brbroutplplin
br

br VCkVCk
dt

dCV ⋅⋅−⋅⋅=⋅                                                                Equation 2 

Laplace transform of Equation 1 is as below: 

brbroutplpleplplinplpl CVkCVkCVkDoseCSV ⋅⋅+⋅⋅−⋅⋅−=−⋅⋅ lim  

( ) DoseCVkCkkSV brbroutpleinpl =⋅⋅−⋅++⋅ lim                                                   Equation 3 

Laplace transform of Equation 2 is as below: 

brbroutplplinbrbr CVkCVkCSV ⋅⋅−⋅⋅=⋅⋅  

( ) 0=⋅⋅−⋅+⋅ plplinbroutbr CVkCkSV  

pl br

kout 

kin 

kelim 
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( )
inpl

broutbr
pl kV

CkSVC
⋅

⋅+⋅
=                                                                                       Equation 4 

Solve Equation 3 and 4 for brC : 

( )[ ] ( )( ) br

in

eouteoutinbr

in
br VSS

kDose
kkkkkSSV

kDoseC
⋅++

⋅
=

⋅+++⋅+⋅
⋅

=
βαlimlim

2              Equation 5 

where, limeoutin kkk ++=+ βα and limeout kk ⋅=⋅ βα . 

Solve Equation 3 and 4 for plC : 

( )( )
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outbr
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kSV
VSS

kDoseC
⋅++
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=

⋅
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⋅
⋅++

⋅
=

βαβα
                          Equation 6 

Solve Equation 5 and 6 by Hidden-Hand method, we get: 

( ) ( )tt

br

in
br ee

V
kDoseC ⋅−⋅− −
−⋅
⋅

= αβ

βα
                                                                            Equation 7 

( ) ( ) ( )[ ]t
out

t
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pl ekek

V
DoseC ⋅−⋅− −−−

−⋅
= αβ αβ

βα
                                               Equation 8 

At terminal phase of elimination, the absorption phase is gone, so 

( )
t

br

in
br e

V
kDoseC ⋅−⋅
−⋅
⋅

= β
β βα,                                                                                 Equation 9 

( ) ( ) t
out
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pl ek

V
DoseC ⋅−−⋅

−⋅
= β

β β
βα,                                                                     Equation 10 
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Since plin Vk ⋅ =CLin 
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         brout Vk ⋅ =CLout 

out
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in

pl

br

k

CL
CL

C
C

β
β −
=⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛

1
                                                                                              Equation 11 

According to Equation 2,  

dtCVkdtCVkdCV brbroutplplinbrbr ⋅⋅⋅−⋅⋅⋅=⋅  

Integrate it from time zero to infinity, and we get: 

∫∫∫
∞∞∞

⋅⋅⋅−⋅⋅⋅=⋅
000

dtCVkdtCVkdCV brbroutplplinbrbr  

0= ∞∞ ⋅−⋅ broutplin AUCCLAUCCL ,0,0  

Thus, 

∞

∞
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AUC
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,0                                                                                                 Equation 12 

So we get 
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                                                                        Equation 4-19 

 

 

 

 
 
 

 
 


