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In 2016, it was estimated that more than 15.5 million cancer survivors were living 

in the US, and this number will increase to more than 20 million by 2026. Highly effective 

treatments have been developed, and the increase in survival demands more attention to 

patient’s quality of life and management of adverse effects. Chemotherapy-induced 

peripheral neuropathy (CIPN) is a dose-limiting adverse effect of various cancer therapies, 

such as paclitaxel and cisplatin. CIPN is one of the most challenging pain conditions with 

poor response to pharmacotherapy; therefore, discontinuation of chemotherapy or dose 

reduction often remains the only clinical solution. 

The thesis focused on using quantitative approach for improving our understanding 

of the relationships between tissue distribution of the chemotherapeutic agents and CIPN 

development. In an introductory Chapter 1, an overview of the chemotherapeutics, CIPN, 

formulations, and modeling approaches is presented. In Chapter 2, a physiologically-

based pharmacokinetic (PBPK) model was developed to characterize the whole-body 

disposition of paclitaxel following administration of a commercially available formulation 

(Taxol®).  Pharmacokinetic data of paclitaxel in mice from multiple publications was 

collected and used for model development. Interspecies scaling approaches were 

incorporated in the model and provided reasonable prediction of tissue disposition of 
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paclitaxel in rats and plasma pharmacokinetics in humans. In Chapter 3, a nanoparticle 

formulation of paclitaxel was developed. The neurotoxicity development in rats was 

significantly reduced after administration of the PEGylated liposomal paclitaxel compared 

to Taxol®. The formulation has also significantly altered paclitaxel disposition into tissues.  

In Chapter 4, a quantitative relationship between the dose, plasma pharmacokinetics, and 

paclitaxel-induced peripheral neurotoxicity was established by evaluating the paw 

withdrawal threshold to mechanical stimuli after intravenous administration of Taxol® to 

rats using experimental data and published literature. Indirect response models 

adequately described the pharmacokinetic-pharmacodynamic relationship. In Chapter 5, 

a PBPK model of cisplatin (another neurotoxic compound) was developed based on 

multiple published data sets from preclinical species. The model included the uncommon 

metabolism and binding pattern of cisplatin, and an interspecies scaling approach based 

on protein turnover rate was developed. The model successfully predicted cisplatin 

pharmacokinetics in humans. Collectively, the studies provided important insights into 

quantitative relationships for neurotoxic chemotherapeutics. Translational PBPK and PK-

PD modeling approaches can be further utilized for optimization of therapy with neurotoxic 

chemotherapeutics. 
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Chapter 1 Introduction 

1.1 Chemotherapy-Induced Peripheral Neuropathy (CIPN) 

1.1.1 Peripheral Neuropathy 

It was estimated that over 15.5 million cancer survivors were living in the US in 

2016, and this number will increase to more than 20 million by 2026 (1). Based on recent 

data from the Center of Disease Control and Prevention, about 650,000 cancer patients 

receive chemotherapy in an outpatient oncology clinic in the US each year. Although 

highly effective treatments have been developed in oncology field, new approaches are 

needed to manage and prevent severe adverse effects associated with these treatments 

and to improve patients’ quality of life.  

Neuropathy (and especially neuropathic pain) is a challenging clinical problem with 

8% of the population worldwide suffering from this condition (2). Neuropathy is defined as 

“pain caused by a lesion or disease of the somatosensory nervous system”. Neuropathic 

pain may have a much greater impact on patients compared to people with other types of 

chronic pain; and significantly more patients with neuropathy rated their quality of life as 

“worse than death”, according to a generic health-related quality of life study (3). 

Chemotherapy treatment often cause both acute and chronic peripheral neuropathy – 

chemotherapy-induced peripheral neuropathy (CIPN).  

 

1.1.2 CIPN 

CIPN is caused by various chemotherapeutic agents including taxanes (paclitaxel, 

docetaxel), platinum-based compounds (cisplatin, oxaliplatin, carboplatin), vinca alkaloids 

(vincristine, vinblastine), epothilones (ixabepilone), proteasome inhibitors (bortezomib) 

and immunomodulators (thalidomide) (4). Although chemotherapy is often highly effective, 

many cancer survivors suffer from CIPN during and after the treatment. CIPN is a major 
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dose limiting side effect that often leads to dose reduction or discontinuation of treatment 

(5). In a meta-analysis on 31 studies from 4179 patients, CIPN prevalence was 68% when 

measured in the first month after chemotherapy, 60% at 3 months, and 30% at 6 months 

after chemotherapy (6). The incidence of CIPN usually depends on the cumulative dose 

and the type of the chemotherapeutic agent, with reported prevalence rates ranging from 

19% to 85% (7). CIPN is more common in patients with preexisting nerve damage, such 

as previous CIPN and diabetic neuropathy (8).  

The mechanisms of toxicity and molecular targets in CIPN vary and depend on 

chemotherapeutic drug; and most agents cause neuronopathy, axonopathy, myelinopathy, 

mitochondrial dysfunction and/or oxidative stress (9, 10). Several cellular mechanisms in 

the peripheral nervous system are affected by chemotherapeutic agents, including 

neuronal and/or mitochondrial DNA and gene expression, axonal transport, ion channel 

expression and function, and neuroimmune system (4). Notably, peripheral nerves contain 

a variety of nerve fibers with the longest nerves having the greatest vulnerability and 

consequently first affected by neurotoxic agents (11). Therefore, a typical clinical symptom 

observed in patients with CIPN is occurs in a “glove and stocking” pattern, where the 

predominantly sensory syndrome is first observed in the hands and feet of patients, 

including numbness, paresthesia, ongoing/spontaneous pain, and hypersensitivity to 

mechanical and/or cold stimuli (2). Patients with CIPN will experience extreme difficulties 

in essential daily activities including difficulty in fine finger movement, such as picking up 

coins (numbness), walking with pain (mechanical hypersensitivity), inability to retrieve food 

from a refrigerator (cold hypersensitivity). Sometimes chemotherapeutics causes 

“coasting” symptom, which represents either worsening of mild neuropathy or 

development of new neuropathy after cessation of the treatment (2, 4). Such symptom will 

continue to impact the quality of life of patients even after discontinuation of chemotherapy 

(often for many years after therapy). CIPN is also associated with a substantial economic 
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burden because of the healthcare costs, resource use, and work-loss of patients to treat 

and manage the severe symptoms (12). 

 

1.1.3 Clinical Treatment and Prevention of CIPN 

CIPN is a challenging clinical syndrome without effective preventive or curative 

options. American Society of Clinical Oncology clinical practice guideline did not 

recommend any agent for the prevention of CIPN, based on a systematic literature review 

of randomized controlled trials for the treatment of CIPN (13). Preventive drugs also may 

potentially counteract the desired effect of chemotherapy. Such phenomena have been 

observed with multiple preventive therapies, including vitamins B and E, glutathione, alpha 

lipoic acid, acetylcysteine, amifostine, calcium and magnesium (5). Furthermore, the 

effectiveness of preventive approaches is often questionable. For example, preventive 

drugs did not work on CIPN induced by platinum drugs (14). Current treatment options for 

CIPN are mostly based on experience from managing other types of chronic neuropathy, 

rather than specifically designed for CIPN based on its mechanisms (2). Anticonvulsants, 

antidepressants, and opioids have been used for symptomatic treatment of neuropathy 

(5), yet there is scarce evidence for their clinical utility. For example, in an uncontrolled 

clinical trial of 75 patients with CIPN from the first-line chemotherapy, patients who 

received 800 mg/day of gabapentin reported significant improvement in pain compared 

with patients who refused to take gabapentin (15). However, another crossover 

randomized trial of 115 patients with CIPN showed no difference between the control 

group and patients who received 900 mg of gabapentin three times a day (16). Similarly, 

amitriptyline, nortriptyline, and lamotrigine failed to demonstrate any effect on CIPN in 

several randomized controlled trials (17-19). Topical preparations are often used off-label, 

such as 0.025% capsaicin cream, 8% capsaicin and 5% lidocaine patches with 

questionable benefit (20). 
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1.1.4 Methods of assessment of CIPN (in animals and humans) 

1.1.4.1 Difference between pain and nociception 

Pain is defined by the International Association for the Study of Pain (IASP) as “an 

unpleasant sensory and emotional experience associated with actual or potential tissue 

damage or described in terms of such damage”. Different from pain, nociception is a result 

of central nervous system processing of the physiological signal from of the peripheral 

nervous system responding to potential harmful stimuli (21, 22). In other words, the ability 

to detect a harmful or potentially harmful stimulus is called nociception, which is a 

fundamental physiological function in humans and animals. Pain, on the other hand, is an 

experience that encompasses both sensory and emotional components, which is one of 

many end points of nociception and the term cannot interchange with nociception. 

1.1.4.2  Measurement of Pain and Nociception in Humans 

There are no widely accepted and standardized assessment tools to reliably 

classify patients with CIPN. Several clinician-administered grading scales are available to 

assess CIPN clinically, including grading benchmarks from the World Health Organization, 

Eastern Clinical Oncology Group, National Cancer Information Center-Common Toxicity 

Criteria, and Common Terminology Criteria for Adverse Events (23). Majority of the 

grading systems rely on the patient’s self-report of symptoms, from grade 0 at no symptom 

to higher grade levels as the symptom gets more severe. In addition to grading the 

neurotoxicity levels, patients are also evaluated on how CIPN affects their lives. The most 

common self-report measurement is the Functional Assessment of Cancer 

Therapy/Gynecologic Oncology Group Neurotoxicity. This assessment evaluates the 

severity of symptoms by reporting scores range from 0 to 44 points, where a higher score 

is associated with a higher quality of life (23).  
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1.1.4.3 Nociception in Animals 

Pain assessment is difficult and often subjective in humans, and study of pain is 

limited by ethical considerations. Various animal models (mostly rats and mice) to study 

pain/nociception have been developed (24). However, to appropriately quantify behavioral 

responses in animals that translates to various degree of pain in humans is extremely 

challenging. Some possible surrogate end points include but not limited to withdrawal 

reflexes, vegetative and hormonal responses, and vocalization (25). It should be noted 

that none of the assessments in animals directly measured pain, but an enhanced 

nociception because animals cannot provide verbal feedback of a painful experience. This 

distinction between measurement of nociception in animals and assessment of pain in 

humans often leads to lack of effective translation between preclinical and clinical settings.  

 Instead of measuring CIPN directly in animals, “pain-like” behaviors, such as paw 

withdrawal from a nociceptive stimulus, are commonly used to quantify nociception in 

animal models (26). If the animal withdraws from a stimulus that does not normally evoke 

a withdrawal response, the animal is considered to have allodynia. If the animal withdraws 

with an exaggerated response from a normally noxious stimulus, the animal is considered 

to have hyperalgesia. However, it is very difficult to differentiate between allodynia and 

hyperalgesia in animals, and these two terms are often being used incorrectly or 

interchangeably in the literature. Therefore, in this work, the term “sensitivity” is used 

instead of hyperalgesia or allodynia. Similarly, nociception and pain are often used 

interchangeably in the literature, although the term “pain” should not be used in animal 

studies.  

 The outcomes of most behavioral studies are subjective and somewhat biased. 

For example, the investigator must determine if paw withdrawal occurred because of 

aversive nature of applied stimulus or other reasons, such as tickle, grooming, or 

ambulation. Therefore, preferred method of behavioral studies is blinding the treatment 
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groups from the investigator and performing randomization of treatment groups by a 

different investigator (26). The behavioral methods can be divided into three stimulus-

evoked modalities: mechanical, heat, and cold stimuli. Commonly used methods to assess 

nociception in animals are listed in Table 1.1. In the current study, electronic Von Frey 

and Hargreaves tests were used to evaluate development of CIPN in animals.  

1.1.4.3.1 Measurement of animal response to mechanical stimuli - Electronic Von 

Frey 

 Electronic Von Frey systems were developed based on the “gold standard” manual 

Von Frey test introduced by the physiologist Maximilian von Frey (26). The main 

advantage of electronic Von Frey compared to manual Von Frey is that the threshold is 

determined by a single, un-bending filament with a continuously increasing mechanical 

force. The force is automatically recorded by the apparatus when paw withdrawal 

response is elicited. In addition, the experimental time is also significantly reduced 

compared to manual Von Frey test. However, the investigator needs to be experienced to 

differentiate a true response from other responses (tickle, grooming, or ambulation). 

Several electronic Von Frey systems are commercially available, the dynamic plantar 

aesthesiometer (Ugo Basile, Italy) was selected in the current study because it is very 

robust and user-friendly. The dynamic plantar aesthesiometer comes with a perforated 

platform with plastic enclosures on top of it (Figure 1.1a). Animals are placed inside the 

plastic enclosures for ~20 min of habituation before the actual measurement. A metal 

filament (0.5 mm diameter) is placed under the mesh screen floor to apply a continuous 

linearly increasing mechanical force to the plantar surface on the hind paw at 2.5 g/s, with 

a cut-off time of 20 seconds to prevent damage. A withdrawal threshold in grams is 

automatically recorded, either when the animal withdraws the paw in response to the 

mechanical stimuli or at the cut-off force. The measurement is repeated at least 3 times 

with a 5 min interval.  
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1.1.4.3.2 Measurement of animal response to thermal stimuli - Hargreaves Test 

(Plantar Test) 

 Hargreaves test, also known as plantar test, was developed to quantify response 

to heat in the hind paw of rodents by applying a beam of radiant or infrared heat (27). 

Similar to the electronic Von Frey test, animals are placed inside the plastic enclosures 

for ~20 min of acclimation before measurement (Figure 1.1b). A radiant or infrared heat 

generator is positioned underneath the glass floor, directly below the plantar surface of 

hind paws. The time of withdrawal from the heat stimulus is recorded automatically as the 

withdrawal latency. The cut-off time is 20 seconds to prevent potential tissue damage.  

The measurement is repeated at least 3 times with a 5 min interval. The intensity of the 

heat is constant during the experiment, and it should be adjusted to produce a withdrawal 

latency of 10-12 s in naïve animals. The disadvantage of this test is that the withdrawal 

latency is recorded rather than directly measuring the response temperature. The paw 

withdrawal temperature can be derived from the response time (27). A modified 

Hargreaves test has been reported to determine the actual withdrawal temperature (28). 

However, this method takes much time consuming and it is not commercially available. 
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Table 1.1 Common methods for assessment of pain-like behaviors in rodents* 

 Name Test Methods Testing Sites Outcome Parameter 

Mechanical 

Stimuli 

Manual Von Frey 
Application of non-noxious calibrated static 

hairs on skin 
Hindpaw 

Force threshold of paw 

withdrawal 

Electronic Von Frey 
Application of linearly increasing mechanical 

force in non-noxious range on skin 
Hindpaw 

Force threshold of paw 

withdrawal 

Randall-Selitto 
Application of linearly increasing mechanical 

force in noxious range on skin 
Hindpaw, tail 

Force threshold of paw 

withdrawal 

Heat 

Stimuli 

Tail Flick 
Application of radiant heat on tail or 

immersion of tail in hot water 
Tail 

Time latency of tail 

flick/withdrawal 

Hot Plate Animal placed on heated metal plate Hindpaw (forepaw) 
Time latency of nociceptive 

behavior 

Hargreaves Application of radiant heat on skin Hindpaw 
Time latency of paw 

withdrawal 

Cold 

Stimuli 

Cold Plate Animal placed on cooled metal plate Hindpaw 
Time latency of nociceptive 

behavior 

Acetone Evaporation Application of acetone on skin Hindpaw 
Duration/intensity of 

nociceptive behavior 

*Adapted from (25) 
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a)  

 

b) 

 

Figure 1.1 a) Electronic Von Frey apparatus used to measure animal response to 

mechanical stimuli (29) and b) Hargreaves test apparatus (30) used to measure animal 

response to thermal stimuli. 
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1.2 Chemotherapy Agents (Paclitaxel and Cisplatin) 

1.2.1 Clinical Facts 

CIPN is caused by many chemotherapeutic agents (31). In this work, paclitaxel 

and cisplatin were selected as model drugs because they demonstrated many similarities 

in their mechanism of action, related adverse effects, are often clinically used alone or in 

combination.  

Paclitaxel is an effective therapeutic agent to treat many types of cancer, including 

ovarian, breast, lung, colon, bladder, esophagus, head and neck, multiple myeloma, and 

Kaposi’s sarcoma (32, 33). Paclitaxel is a diterpenoid pseudo alkaloid having molecular 

formula C47H51NO14 and a molecular weight of 853 Da (Figure 1.2). It is the first of a class 

of microtubule stabilizing agent (34). Paclitaxel is poorly soluble in aqueous medium (0.77-

35 µM) and high lipophilic (logP ~ 4) (35-38). Therefore, the first approved formulation of 

paclitaxel, Taxol® (Bristol-Myers Squibb Company, Princeton, NJ), was developed in a 

vehicle composed of Cremophor EL® (polyoxyethylated castor oil) and ethanol (v:v, 1:1), 

which should be diluted subsequently with saline or dextrose solution (5%) to 0.3-1.2 

mg/mL for administration (39). Common and often dose-liming adverse effects of Taxol® 

therapy includes peripheral neurotoxicity (42–70%), nephrotoxicity (18–34%) and 

hypersensitivity (31–45%), neutropenia (78-98%), leukopenia (90%), anemia (47-90%) 

(reported as percentages of patients after single-agent therapy) (40). Presence of 

Cremophor EL® is indicated to contribute to some of the side effects of Taxol® treatment, 

including hypersensitivity, hyperlipidaemia, aggregation of erythrocytes, and peripheral 

neuropathy (41). Taxol® is commonly given every 3 weeks intravenously (IV) over 3 h at 

a dose of 175 mg/m2 or over 24 h at a dose of 135 mg/m2 with cisplatin for non-small cell 

lung cancer. Other than being used with cisplatin, paclitaxel may be administered alone 

(for example, at 175 mg/m2 over 3 h every 3 weeks for breast and ovarian cancer) (40).  

Reduction in dosage by 20% is required for patients experiencing severe CIPN.  In a 
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recent study, 49 patients who received 80 mg/m2 weekly of paclitaxel, 12 patients 

developed dose-limiting CIPN; and more than half (58.3%) of the 12 patients had their 

treatment discontinued (42).  

Cisplatin (cis-diamminedichloroplatinum(II); CDDP) has been widely used since its 

approval in 1978 for treatment of metastatic testicular, metastatic ovarian, transitional cell 

bladder cancer, non-small cell lung cancer (in combination with gemcitabine) and cervical 

cancer (in combination with radiation). It is also commonly used off-label for head and 

neck, esophageal, gastric, colorectal, hepatocellular, metastatic melanoma, and as 

second-line to metastatic breast, prostate, etc. (43). Cisplatin is a platinum-based 

alkylating compound with the molecular formula PtCl2H6N2 and a molecular weight of 

300.1 Da (Figure 1.2). The drug was first approved as Platinol® (Bristol-Myers Squibb 

Company, Princeton, NJ), which is formulated with sodium chloride and mannitol since its 

water solubility is up to 1 mg/mL (44). Pretreatment hydration with 1-2 L of fluid is 

recommended prior to cisplatin treatment for all cancers. Cisplatin is administered in 

cycles, for example, at 50-70 mg/m2 every 3-4 weeks for bladder cancers and 100 mg/m2 

every 4 weeks for ovarian cancers (40). Cisplatin and its metabolites are mostly renally 

excreted and often causes nephrotoxicity because of the excessive accumulation in the 

renal proximal tubules. Patients with a creatine clearance less than 60 mL/min require 

dose adjustment (45). Other than nephrotoxicity (28-36%), common and often dose-liming 

adverse effects of cisplatin therapy includes peripheral neurotoxicity, leukopenia (90%), 

ototoxicity (40-60% in children and 10-31% in adults) (reported as percentages of patients 

after single-agent therapy) (40). Neurotoxicity developed in nearly 50% of patients who 

received cisplatin-containing regimen compared to 25% of patients treated with non-

cisplatin-containing regimen. Additionally, the severity of neurotoxicity in cisplatin treated 

patients was more pronounced (46). Notably, almost 100% of patients who received a 
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cumulative dose of cisplatin at 500-600 mg/m2 have an objective evidence of peripheral 

neuropathy (47-49). 

 

1.2.2 Mechanisms of action of paclitaxel and cisplatin 

The mechanisms of action of paclitaxel and cisplatin in cancer are well described 

(Figure 1.3). Different from other microtubule agents, such as vinca alkaloids, paclitaxel 

is acting by inhibition of microtubule disaggregation from the microtubule polymer. The 

microtubule formed in the presence of paclitaxel is very stable, which causes cell cycle 

arrest in the G2-M phase junction (50). Cisplatin (similar to other platinum compounds) 

interferes with cancer cell proliferation by binding to the DNA.  DNA bound cisplatin reacts 

with nitrogen in the purine rings and disrupt cell division and transcription to mRNA (51). 

Both agents alter function of the respiratory chain in mitochondria and subsequently 

increase production of reactive oxygen species. In addition, cisplatin result in damage to 

tumor cell by binding to the mitochondrial DNA and inhibition of mDNA replication and 

transcription (4). Both agents cause activation of immune cells by release of pro-

inflammatory cytokines and activation of intrinsic and extrinsic apoptotic pathways, which 

may contribute to tumor cell death. Additionally, cisplatin causes cell death by altering 

calcium signaling pathways and function of protein kinases, such as protein kinase C and 

mitogen active protein kinases (51).  

 

1.2.3 Mechanisms of CIPN induced by paclitaxel and cisplatin 

The pathophysiology of CIPN development have been studied extensively. Even 

though paclitaxel and cisplatin have distinct neurotoxic and neuroinflammatory properties, 

several common pathologies have been proposed, including oxidative stress, activation 

of apoptotic pathways, axon degeneration, inflammatory processes, membrane 

remodeling, and ion channel alteration (Figure 1.4).  Several pathophysiology processes 
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that involves axon degeneration, oxidative stress, apoptotic mechanisms, altered calcium 

homeostasis as well as immune process and neuroinflammation will be discussed. 

1.2.3.1 Axon degeneration 

Long-term chemotherapy treatment causes axon degeneration, such as loss of 

large myelinated axons, small unmyelinated axons, and intraepidermal nerve fibers, which 

subsequently induces sensory-motoric peripheral neuropathy, (52-56). Since paclitaxel 

acts as a tubulin-stabilizer and prevents depolymerization, it disrupts axonal transport and 

leads to axonal degradation, axonopathy, and loss of epidermal innervation (57-59). 

Paclitaxel causes swelling and atypical morphology changes in mitochondrial C fibers and 

myelinated axons by opening the mitochondrial permeability transition pore (60, 61). 

Similarly, axonal degeneration of large myelinated fibers and secondary myelin 

breakdown have been observed in the peripheral nerves in cisplatin treated patients (62). 

1.2.3.2 Oxidative stress and apoptotic pathways 

Mitochondrial damage in neuronal and non-neuronal cells by chemotherapeutic 

agents leads to increased production of reactive oxygen species and increase oxidative 

stress (63-66). Since the mechanism of action of cisplatin is binding to DNA, it also forms 

mitochondrial DNA adducts and impair replication and transcription of mitochondrial DNA, 

leading to altered protein synthesis and respiratory chain disfunction (67).  Unlike cisplatin, 

paclitaxel does not directly affect mitochondrial DNA, but it causes swollen and vacuolated 

mitochondria in myelinated and unmyelinated axons in saphenous nerves of the mid-thigh 

area in rats (60). These changes induce reactive oxygen species production in sensory 

neurons and spinal cord (68, 69).  

1.2.3.3 Calcium homeostasis 

Changes in intracellular calcium levels influence membrane excitability, 

neurotransmitter release and gene expression (70). Both paclitaxel and cisplatin have 

been shown to dysregulate calcium homeostasis, which contributes to CIPN development. 
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Paclitaxel induces rapid mitochondrial depolarization and calcium release in neuronal cells 

by activation of mitochondrial permeability transition pore (71, 72). Additionally, paclitaxel 

increases activity of both ligand-gated and voltage-gated ion channels in rodents, 

including voltage-gated sodium channel, voltage-gated potassium channel, transient 

receptor potential channel, and voltage-gated calcium channel (73). Similarly, cisplatin 

increases the activity of N-type voltage-gated calcium channels in sensory neurons (74, 

75); but the contribution of calcium to cisplatin-induced neuropathy remains largely 

unknown. 
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Paclitaxel 

 

 

Cisplatin 

 

Figure 1.2 Chemical structure of paclitaxel (34) and cisplatin. 
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Figure 1.3 Anti-tumor mechanisms of action of paclitaxel and cisplatin. A) paclitaxel 

promotes microtubule aggregation, leading to arrest of cancer cell division and cell death. 

B) Cisplatin binds to nuclear DNA, affecting DNA replication and mRNA transcription, 

which subsequently cause cell division arrest and cell death. C) Both agents affect the 

mitochondrial function, followed by disruption of respiratory chain function and production 

of reactive oxygen species. D) Both agents activated the immune cells, which contribute 

to cancer cell degradation. Adapted from (4).  

 

  



 
 

  

1
7 

 

Figure 1.4 Putative mechanism involved in the development of paclitaxel and cisplatin-induced peripheral neuropathy. Overview of 

possible effect of paclitaxel and cisplatin on the immune system, microglia, and peripheral neurons leading to neuronal inflammation 

and altered excitability of peripheral neurons. Common mechanisms for paclitaxel and cisplatin are shown in black, paclitaxel specific 

mechanisms are shown in blue, and cisplatin specific mechanisms are show in red. TLR4, toll-like receptor 4; TNFα, tumor necrosis 



 
 

  

1
8 

factor alpha; ROS, reactive oxygen species; Nav, voltage-gated sodium channel; Kv, voltage-gated potassium channel; TRP, transient 

receptor potential channel; Cav, voltage-gated calcium channel. Adapted from (4). 
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1.3 Nanoparticle formulations 

1.3.1 Nanoparticle formulations 

 Chemotherapeutic agents provoke cytotoxic effects by inhibition of cell replication 

or induction of cell apoptosis (76). Although most cytotoxic agents are highly effective, one 

of the primary concerns of using chemotherapeutic drugs is the lack of ability to 

differentiate healthy cells from tumor cells (77). Chemotherapeutic drugs are most harmful 

to rapidly proliferating cells, such as hair follicle, intestinal epithelial cells, and bone 

marrow (76). One of the advantages of using nanoparticles for treatment of cancer is their 

potential to address the lack of specificity of anticancer drugs and narrow therapeutic 

window. Nanoparticles are colloidal carriers with dimensions between 1-100 nm (78). 

Various properties of nanoparticles can be manipulated to target and enhance interaction 

with tumor cells, including size, composition, surface functionalization, and stability (79, 

80). Nanoparticles could significantly alter drug biodisposition (81), facilitate drug transport 

to intracellular organelles and induce greater cytotoxic effect (82). The most common 

nanoparticles are liposomes, micelles, dendrimers, nanospheres, and nanocapsules.  

 

1.3.2 Liposomes 

 Liposomes is one of the most attractive drug delivery systems because its 

amphiphilic nature that is capable of encapsulating both polar and nonpolar compounds 

(83).  They are spherical vesicles composed of one or more phospholipid bilayers 

surrounding an internal aqueous core. Due to this structure, hydrophilic molecules are 

encapsulated in the internal aqueous space, whereas hydrophobic molecules are 

incorporated into the lipid bilayer (84, 85).  Liposomes are biodegradable, biocompatible, 

non-toxic and suitable both hydrophilic and hydrophobic molecules (86). Potential 

disadvantages of liposomes can be relatively low stability and rapid clearance from the 

bloodstream. To overcome this problem, functionalized liposomes (e.g., with 
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poly(ethylene glycol - PEG) were developed to shield the nanoparticles from opsonin 

adsorption and subsequently decrease their clearance by the mononuclear phagocyte 

system and reticuloendothelial system - system (87, 88). The shape, density, and length 

of the PEG chains can be modified to achieve different rates of clearance. It has been 

shown that PEG chains with molecular weight above 2000 Da increase the half-life of the 

nanoparticles (89). Based on a recent review, two drugs using PEGylated liposomes 

formulation have been approved for clinical use, and five PEGylated based liposome 

formulations are in clinical trial (90). Doxil® was the first PEGylated liposome formulation 

approved by the Food and Drug Administration in 1995. It is a formulation of doxorubicin 

to treat Kaposi’s sarcoma, ovarian cancer, and multiple myeloma (91, 92). The formulation 

is very stable due to the presence of PEGylated liposomal surface, which improves the 

circulation half-life significantly to several days, and subsequently increases the likelihood 

of extravasating at sites with leaky vascular system causing hand-foot syndrome (93-95). 

 

1.3.3 Liposomal Paclitaxel 

 Currently, one liposomal formulation of paclitaxel has been commercialized 

(Lipusu®) in China, and two formulations have reached to phase II clinical trials (LEP-ETU 

and EndoTAG-1). Lipusu® (Luye Pharma Group, Jiangsu, China) is approved for treatment 

of ovarian, breast, non-small cell lung cancer, gastric, head and neck cancers by IV 

administration. In a clinical trial of oxaliplatin (in combination with tegafur) in 58 patients 

with advanced gastric cancer, patients that received Lipusu had similar overall response 

rate, and no significant differences were observed in hematologic and neurologic toxicities 

similar to Taxol® at the same dose level. (96). The CIPN and hypersensitivity of LEP-ETU 

(NeoPharm) and EndoTAG-1 (Medigene) treatments have not been sufficiently 

investigated. In a phase I study of LEP-ETU, dose limiting toxicities occurred at 375 mg/m2 

and included febrile neutropenia and neuropathy (that appeared to be no worse than that 
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for Taxol®) (97). In another clinical study evaluating EndoTAG-1 treatment, fatigue and 

hypersensitivity reactions were reported (98). 

 

1.3.4 Change of pharmacokinetics properties 

The physicochemical properties of liposomes may affect the pharmacokinetics (PK) 

properties of the drug such as tissue distribution, drug elimination half-life, and drug 

release rate. Therefore, incorporation of a chemotherapeutic drug into liposome can 

potentially increase antitumor efficacy by providing more selective distribution into tumor 

tissues or reduce toxicity by avoiding of healthy tissues. Modulation of the PK of the drug 

improves the overall pharmacological properties. For example, drug distribution to healthy 

tissues may be reduced because of the particle size limitation for transport across healthy 

vascular endothelium; drug circulating half-life may be increased by reducing drug removal 

(clearance) from the blood (84, 99). Subsequently, the pharmacodynamic (PD) effects 

would manifest themselves following PK effects on drug distribution at tissue and cellular 

levels. The potency of a liposomal drug relative to the non-encapsulated drug often arises 

from alteration of PK of the encapsulated drug (100). 
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1.4 Physiologically-Based Pharmacokinetics (PBPK) 

1.4.1 Pharmacokinetics (PK) of Paclitaxel and Cisplatin 

 Highly variable PK of paclitaxel has been reported in clinical studies. The PK of 

paclitaxel shows an initial rapid distribution to the peripheral compartments. In humans, 

the half-life elimination is about 13-20 h for a 3 h infusion and about 16-53 h for a 24 h 

infusion of Taxol® (32, 40). Paclitaxel is a substrate of cytochromes P450 2C8 and 3A4 

and P-glycoprotein; and the protein binding rate is 89-98% (101-103). The fecal excretion 

is approximately 70% of the dose with one of the metabolites, 6a-hydroxypaclitaxel, being 

the major component (104); about 14% of the dose was excreted into urine as unchanged 

paclitaxel and metabolites (40, 104).  

Unlike majority of drugs, cisplatin undergoes special metabolic transformation after 

administration into animals and humans. Cisplatin (parent drug) and its aquated species 

irreversibly bind to low molecular weight nucleophiles and nucleophilic sites on 

macromolecules to form mobile metabolites and fixed metabolites (105, 106). The tight 

and irreversible binding results in a slow elimination with a prolonged half-life (44). Most 

studies measured the total platinum concentration without differentiating between parent 

drug of cisplatin and its mobile or fixed metabolites. Plasma concentrations of cisplatin 

parent drug show a monoexponential decay with a half-life of about 0.5 h following 

intravenous (IV) bolus administration at a dose of 50 or 100 mg/m2, or 2 h infusions at 100 

mg/m2 in clinical uses (44). In humans, cisplatin clearance and volume of distribution at 

steady state were reported as 15-16 L/h/m2 and 11-12 L/m2 respectively. Renal clearance 

is the major elimination pathway for cisplatin and its metabolites. Fecal excretion of 

platinum is insignificant because very minimal amount of platinum is present in the bile 

and large intestine (44).  
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1.4.2 PBPK 

Classical PK analysis can be performed using compartmental or non-

compartmental approaches (107, 108). Non-compartmental analysis (NCA) requires few 

assumptions compare to compartmental analysis where NCA can be applied practically 

to any PK data (109). The classical compartmental approach describes the body as a 

system of one-compartment (mono-exponential) or multiple-compartments (bi- or tri-

exponential) that usually have no direct physiological or anatomical meaning. Rate 

constants describe drug movement between compartments and out of the compartments 

(elimination).  

In the classical PK analysis, certain tissues of the body are lumped together to 

form hypothetical compartments, such as rapidly- or slowly-equilibrating compartments. 

The absorption and distribution process of a drug is dependent on multiple biochemical 

and physiological parameters, such as organ perfusion rate and tissue volume. Unlike the 

classical PK system, the physiologically-based approach separates the body into multiple 

anatomical compartments that are connected by the body fluid systems (Figure 1.5). Each 

compartment represents an organ or tissue which has anatomical significance. These 

models not only provide common PK parameters (e.g. clearance, volume of distribution) 

but also can be used to predict plasma, and importantly, tissue concentration-time profiles 

of drugs in human and other animals. PBPK model can also be used to extrapolate from 

healthy volunteers to diseased/special population if the related physiological properties of 

the targeting population are known. For example, a dose adjustment for patients with 

chronic liver disease can be easily done by incorporating data related to reduced 

cytochrome P450 expression into the PBPK model (110). 

The use of PBPK modeling was initially limited to the pharmaceutical industry 

because of the mathematical complexity and the large number of parameters require 

extensive drug concentration measurement in multiple tissues. However, the application 
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of PBPK has increased significantly over the past decade in both academia and industry. 

One of the reasons is the ability to use in vitro and in silico data to predict one of the key 

drug-specific parameters, tissue to plasma partition coefficient (111-113). Application of 

PBPK modeling is often used during drug discovery where most of the preclinical ADME 

(absorption, distribution, metabolism, excretion) data in vitro and in vivo can be modeled. 

In addition, PBPK modeling approach demonstrates utility to assess drug-drug interaction 

in new drug application to regulatory agencies (114). There were 33 investigational new 

drug or new drug application to the FDA that included PBPK modeling between June 2012 

and December 2012 (114). The guidance documents on drug-drug interaction 

assessment with drug candidate were issued by the FDA (115) and the European 

Medicines Agency (116) in the recent years. 

1.4.2.1 PBPK model structure and assumptions 

 As mentioned previously, PBPK models are consist of multiple compartments 

which defined by tissue volume or weight and tissue blood flow rate. Each tissue is 

typically described as either perfusion rated limited kinetics (Figure 1.6a) or permeability 

rate limited kinetics (Figure 1.6b) (117). Perfusion rate limited model is common for small 

lipophilic molecules where the blood flow rate is the limiting step for disposition. The model 

assumes that the total drug concentration in tissue is in equilibrium with total drug 

concentration in the blood circulation at steady states, which can be described by the drug-

specific tissue to plasma partition coefficient value (Kp). The time to reach steady state of 

each tissue is influenced by blood flow rate, Kp value, and tissue volume.  Permeability 

rate limited kinetic model may be needed for larger hydrophilic molecules were the 

permeability across the cell membrane is the limiting step. The tissue is considered to 

have two sub-compartments, representing intravascular and extravascular space. The 

rate-limiting step is dependent on drug-specific permeability rate constant which drives the 

equilibrium across the membrane between intracellular and extracellular spaces. The 
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unbound drug concentration in intracellular space may be higher or lower than 

extracellular space when the active transport process is involved. Such process can be 

described by incorporating uptake parameters into the model.  

 In general, each tissue compartment follows the principle of “the rate of change of 

drug in the tissue is equal to the rate in minus the rate out”, which described as the 

following mass-balance differential equation 𝑉 ∙ 𝑑𝐶
𝑑𝑡⁄ = 𝑄 ∙ 𝐶𝐴 − 𝑄 ∙ 𝐶𝑇 , where Q is the 

blood flow, C is the drug concentration, V is the tissue volume, 𝐶𝐴  is arterial blood 

concentration and 𝐶𝑇 is venous blood concentration (118, 119). 

The PBPK model is defined by physiological parameters and drug-specific input 

parameters. Physiological parameters include tissue volumes, blood flow rates, cardiac 

output, glomerular filtration rate, etc. PBPK models could be developed for many species, 

and the physiological parameters are different from one species to another, which are 

available in the literature (120-122) and routinely used by researchers (118, 119). It is also 

possible to incorporate physiological features to predict drug PK in special or disease 

populations. For example, hepatic flow, liver/renal function as a function of disease or age 

can be incorporated into PBPK models (3, 32,33). 

Drug-specific input parameters are often estimated using the PBPK model or 

acquired from in vitro or in vivo experiments (e.g., clearance and tissue-specific partition 

coefficient). For example, the hepatic clearance can be scaled from in vitro system, using 

recombinant enzymes, hepatocytes, and microsomes (117). For renal or biliary excretion, 

the allometry scaling approach 𝐶𝐿 = 𝑎 ∙ 𝐵𝑊𝑏 (a is the allometric coefficient, b is the 

allometric power function, BW is body weight) is most frequently used where unbound 

clearance is scaled from one species to another or across multiple species (123, 124). 

Another important drug-specific parameter is Kp values, which defined as the ratio of total 

concentration of the drug in the tissue to plasma at steady state.   
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Figure 1.5 Schematic of a whole-body physiologically-based pharmacokinetic model 

(adapted from (125)). Elimination is depicted from liver and kidneys, where it can possibly 

happen at other sites for some drug. Qi blood flow of the tissues, pul lungs, ca heart, re 
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kidneys, bo bone, mu musles, sp spleen, ha liver, gu gut, hv hepatic vein, th thymus, sk 

skin, fa fat.  
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Figure 1.6 Examples of perfusion rate limited (a) and permeability rate limited (b) model 

structures. Kp tissue to plasma partition coefficient, RBC red blood cells (adapted from 

(117)) 
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1.5 Mechanism-based Pharmacodynamic Models 

Pharmacodynamics refers to the relationship between the substance 

concentration at the site of action, where the therapeutic targets are located, and the 

magnitude of the pharmacological response (126). The pharmacological effect produced 

by the compound includes the intensity of therapeutic and adverse effects, which is 

quantified by the PD analysis by linking the compound effect and concentration at the 

site of action (127). Mechanism-based models are very useful to estimate the 

inaccessible PD variables and parameters based on the mechanism of action of the drug 

and underlying mechanisms of biological systems. In general, there are irreversible 

effects and reversible effects, where the reversible effects can be broadly classified as 

direct and indirect responses.  

Direct effect models are used if a drug immediately and directly produce a PD 

response being measured and is related to the drug concentration at the site of action. 

However, for compounds exhibiting a lag time between the peak in plasma concentration 

and peak of response, a biophase or indirect response models are commonly utilized 

depending on a reason for delayed response. When the delayed response is caused by 

equilibration delay between plasma compartment and the drug concentration at the site 

of action, the term “biophase” was proposed to link the plasma concentration and drug 

effect through a hypothetical effect compartment (Figure 1.7) (128). The biophase model 

is only appropriate for delayed response due to drug distribution. In contrast, if there is a 

lag time for development of a response even after the drug reaches the site of action, 

indirect response model or more complex PD relationship would be coupled with or 

without biophase to incorporate the changes. 

Indirect response models (IDR) are considered to represent a mechanistic delay 

in the process of inhibition or stimulation of the production or dissipation of factors 

controlling the measured effect (129). IDR models may be suitable for many mechanisms 



30 
 

  

when a lag time exists between biophase drug concentrations and the time course of 

response. Four basic IDR models include inhibition of production of response (I), 

inhibition of dissipation of response (II), stimulation of production of response (III), and 

stimulation of dissipation of response (IV) with the corresponded differential equations 

(Figure 1.8).   
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Figure 1.7 Biophase model structure (130). Cp, drug concentration in plasma; Ce, drug 

concentration in effect compartment, keo, first-order distribution rate constant 
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Figure 1.8 Four basic indirect response model representing process that inhibit or 

stimulate the factors controlling the measured effect (129). k0
in, a zero-order production 

rate constant; kout, first-order elimination rate constant; Imax, maximum fractional factors of 

inhibition; Smax, maximum fractional factors of stimulation; IC50, drug concentrations at 50% 

of the maximum inhibition effects; SC50, drug concentrations at 50% of the maximum 

stimulation effects; Cp, plasma concentration; R, response. 
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1.6 Summary 

Chemotherapeutic agents, such as paclitaxel and cisplatin, are a standard of care 

for many cancer treatments. Although they demonstrated superior efficacy, the associated 

side effects, especially CIPN, often lead to dose-reduction or discontinuation of the 

treatment.  

The excipients of Taxol®, Cremophor EL, contribute to hypersensitivity and 

mechanical neuropathy in animal models as well as clinical trials (131, 132). Since 

significant number of patients experience hypersensitivity, premedication with 

corticosteroids, diphenhydramine, and H2 antagonists is needed with Taxol® treatment. 

Therefore, researchers have been developing Cremophor EL-free formulations of 

paclitaxel for less toxicity. Multiple drug delivery systems have been investigated, such as 

albumin-bound nanoparticles, micelles, liposomes, nanogel polymers, solid lipid 

nanoparticles, and polymer-drug conjugates (78). Investigation of liposomal nanoparticles 

of paclitaxel has demonstrated similar or superior efficacy to Taxol® treatment because of 

the absence of Cremophor EL. Liposome paclitaxel has the potential of targeting delivery 

to tumors because of the enhanced permeability and retention effect. Additionally, 

PEGylated liposomes prolong the duration of pharmacological activities and decrease the 

adverse effects. However, none of the liposomal paclitaxel formulation have been tested 

clinically using PEGylation modification. There is an urgent need to investigate in the 

efficacy and toxicity profile of PEGylated liposomal paclitaxel. 

The study of translational research from preclinical to clinical is critical to improve 

the understanding of pathophysiology of neuropathy and further apply to effective 

preventive and treatment approaches. Paclitaxel and cisplatin have been commercially 

available over decades but the PBPK mechanisms have not been fully understood. PBPK 

model development for chemotherapeutic drugs would advance the understanding of its 

pharmacokinetics and pharmacodynamics. Establishing such models could benefit 
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optimization for therapy with existing paclitaxel formulation and understand the potential 

correlation between the adverse effect (e.g. peripheral neuropathy) and tissue 

concentrations.  

Similarly, the quantitative relationship between PK profiles of paclitaxel and its 

related CIPN has not been established in animals or clinically. Since CIPN is the dose-

limiting toxicity of paclitaxel treatment, there is an urgent need to quantify the dose-CIPN 

relationship to assess the safety profiles. The PKPD model built up in animal models may 

ultimately be applied to clinical CIPN evaluation with paclitaxel treatment. 
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1.7 Specific Aims  

1. To characterize tissue disposition of paclitaxel after administration of Taxol® 

using PBPK modeling approach.  

PBPK model of paclitaxel disposition was developed based on published data. Animal 

data from several publications was used for model development, and pertinent model 

parameters were successfully estimated. The model was used to predict paclitaxel tissue 

disposition in other species, including humans.  

 

2. To evaluate the effect of encapsulation of paclitaxel in liposomes on tissue 

disposition and neurotoxicity in an animal model of neuropathic pain. 

Pegylated liposomes containing paclitaxel were successfully developed and 

demonstrated reduced neurotoxicity in-vitro. Furthermore, in an animal study liposomal 

formulation did not produce neuropathic symptoms, in contrast to Taxol® that was 

neurotoxic.  

 

3. To develop quantitative model to capture the time-course of development of 

neuropathy in rats following administration of Taxol®. 

PK-PD (a combination of a biophase and indirect response) model was successfully 

developed and captured induction of neuropathy in rats and recovery using several data 

sets (experimentally obtained and collected from the literature).  

 

4. To characterize tissue disposition of cisplatin using PBPK modeling approach.  

PBPK model of cisplatin disposition was developed based on multiple animal data sets 

from published literature. The model included conversion of cisplatin to mobile and fixed 

metabolites. The PBPK in combination with interspecies scaling based on protein turnover 

successfully predicted tissue disposition of platinum in humans. 
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Chapter 2. Physiologically-Based Modeling and Interspecies Prediction of 

Paclitaxel Pharmacokinetics1 

2.1 INTRODUCTION 

Paclitaxel is a standard therapy for various types of cancer, including ovarian, 

breast, lung, colon, bladder, esophagus, head and neck, multiple myeloma, and Kaposi’s 

sarcoma (32, 33). First discovered in the early 1960s (33), paclitaxel was approved by the 

Food and Drug Administration for drug-resistant ovarian cancer in 1992 and breast cancer 

in 1994. This diterpenoid pseudoalkaloid has a molecular weight of 853 Da, and was the 

first in a new class of microtubule stabilizing drugs. Different from vinca alkaloids, which 

promote the disassembling of microtubules, paclitaxel stimulates the polymerization of 

tubulin (102, 133-135). The disruption of cytoskeletal microtubule homeostasis leads to 

termination of the cell cycle at interphase and metaphase and inhibition of cell division 

(136).  

Paclitaxel poses a significant pharmaceutical development challenge due to is high 

lipophilicity (logP~4) and poor aqueous solubility (0.77-35 µM) (35-38). Taxol® (Bristol-

Myers Squibb Company, Princeton, NJ), the first approved formulation of paclitaxel is 

based on dissolving the drug in polyoxyethylated castor oil (Cremophor EL) and ethanol 

(1:1, v/v). Taxol® is commonly administrated in cycles. For example, treatment for breast 

and ovarian cancer is 175 mg/m2 intravenous infusion over 3 h every 3 weeks for 4 cycles 

or 135 mg/m2 over 24 h every 3 weeks for non-small cell lung cancer in combination with 

cisplatin (40). Although highly efficacious, Taxol® therapy is associated with serious (and 

often dose-limiting) adverse effects, including peripheral neurotoxicity (42-70%), 

nephrotoxicity (18-34%) and hypersensitivity (31-45%) (reported as percentages of 

patients after single-agent therapy) (40). Some of the adverse reactions, including the 

                                                           
1  Part of the chapter has been published by Zang and Kagan in J Pharmacokinet 
Pharmacodyn. 2018 Aug; 45(4):577-592 
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hypersensitivity, have been partly attributed to Cremophor EL (137); and significant effort 

was invested into developing alternative formulations of paclitaxel. Abraxane®, a 

Cremophor EL-free albumin-bound paclitaxel formulation, became available in the US in 

2005. Later, polymeric micelle (Genexol®-PM) and liposome (Lipusu®) formulations were 

approved in Korea and China, respectively. A variety of particulate formulations has been 

developed mostly focusing on enhanced tumor penetration and improved efficacy (78, 138, 

139). 

Highly variable pharmacokinetics of paclitaxel has been reported in clinical studies. 

In humans, the terminal half-life ranges from 13 to 20 h with a 3 h infusion of Taxol® and 

up to 53 h after a 24 h infusion in adults (32, 40). Paclitaxel is extensively metabolized by 

cytochromes P450 2C8 and 3A4 in the liver, and >90% is bound to plasma proteins (101-

103). The fecal excretion was approximately 70% of the dose with 6α-hydroxypaclitaxel 

metabolite being the major component (104), and about 14% of the drug is excreted in 

urine as unchanged paclitaxel and metabolites (40, 104). Paclitaxel plasma 

pharmacokinetic profiles follow multiphase decline, and variety of pharmacokinetic models 

have been proposed to capture this behavior (140-142); however, a model of whole-body 

biodisposition of paclitaxel has not been reported before. Development of physiologically-

based pharmacokinetic (PBPK) models can provide important insights into the 

mechanisms of biodisposition, allow for predicting drug exposure profiles in human tissues, 

and establishing pharmacokinetic-pharmacodynamic relationships (125).  

Establishing a PBPK model for paclitaxel can advance the understanding of its 

pharmacokinetics and pharmacodynamics, will be beneficial for optimization of therapy 

with existing paclitaxel formulations, and will inform development of novel formulation with 

improved efficacy and safety profiles. The primary goal of this work was to develop a PBPK 

model to characterize the disposition of paclitaxel in mice. The second goal was to 
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evaluate the utility of the PBPK model for predicting paclitaxel pharmacokinetic in other 

species including humans.  
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2.2 MATERIALS AND METHODS 

2.2.1 Data sources 

To investigate whole-body biodisposition of paclitaxel, pharmacokinetic data were 

collected from the literature. Only studies that evaluated the Taxol® formulation 

administered by the intravenous route were included in the analysis in order to minimize 

formulation-dependent or absorption-dependent variability. Mean data (total paclitaxel 

concentration in plasma and tissues) in each publication were captured by Plot Digitizer 

(version 2.6.8). Twelve publications reporting paclitaxel pharmacokinetic profiles in 

plasma and tissues after a single intravenous (IV) bolus administration to mice were 

identified after initial screening. Only four of these publications were selected for the 

subsequent PBPK model construction, and others were excluded from the analysis based 

on one or combination of the following reasons: 1) insufficient data (no plasma profiles or 

too few tissue samples); 2) reported concentration was a thousand times higher than in 

any other sources, 3) did not use a commercially available Cremophor EL/ethanol 

formulation. The selected studies (six dose levels) were used to construct a PBPK model 

of paclitaxel disposition in mice (Table 2.1) (143-146). Shin and colleagues reported 

plasma pharmacokinetic profiles and tissue concentrations (stomach, small intestine, 

large intestine, liver, kidney, spleen, and lung) up to 24 h following IV injection of Taxol® 

at three different dose levels of 5, 10, and 20 mg/kg to female ICR mice. For the data sets 

derived from Shin et al., the concentration in the gastrointestinal (GI) tract compartment 

was calculated by taking the mean of concentrations reported for small intestine, large 

intestine, and stomach. Gong and colleagues reported plasma and tissue biodistribution 

(liver, kidney, spleen, lung, and heart) up to 24 h following IV injection of Taxol® at 4 mg/kg 

to C57BL/6 mice. Li et al. and Yang et al. reported plasma and tissue distribution (liver, 

kidney, spleen, lung, and heart) up to 12 h and 6 h respectively, following IV administration 

of 15 mg/kg and 3 mg/kg of Taxol® to Kunming mice.  
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Rat and human data were used for evaluating interspecies prediction using the 

PBPK approach. Thirteen studies were identified that reported plasma pharmacokinetic 

data of Taxol® following single IV administration to rats (147-159), and four of them 

reported tissue concentrations, including liver, kidney, spleen, lung, heart, and muscle. 

The doses ranged from 2.5 to 10 mg/kg. Five studies that reported plasma profiles of 

Taxol® following IV infusion administration in cancer patients were used. The drug was 

administered as an IV infusion of 175 mg/m2 over 3 h (160-162), and 125 mg/m2 as an IV 

infusion over 3 h (163), and 160 mg as an IV infusion over 3 h (164). No information on 

concentration of paclitaxel in human tissues could be identified in the literature. 

2.2.2 Physiological parameters 

Physiological parameters, including tissue weights, fractions of vascular space in 

tissues, and plasma flow rates to organs, were fixed to literature values (120-122). Plasma 

cardiac output (CO) for rats and mice was calculated using allometric relationships: 

𝐶𝑂𝑟𝑎𝑡(𝐿/ℎ) = 14.1 ∙ (1 − 𝐻𝑒𝑚𝑎𝑡𝑜𝑐𝑟𝑖𝑡) ∙ (𝑏𝑜𝑑𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 𝑖𝑛 𝑘𝑖𝑙𝑜𝑔𝑟𝑎𝑚𝑠)0.75 and 𝐶𝑂𝑚𝑜𝑢𝑠𝑒(𝐿/

ℎ) = 16.5 ∙ (1 − 𝐻𝑒𝑚𝑎𝑡𝑜𝑐𝑟𝑖𝑡) ∙ (𝑏𝑜𝑑𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 𝑖𝑛 𝑘𝑖𝑙𝑜𝑔𝑟𝑎𝑚𝑠)0.75  (120). Cardiac output for 

humans was fixed to 312 L/h (120). All tissues that were not reported in the publications 

were lumped into a remainder compartment (107). The densities of all tissues were 

assumed to be 1.  

2.2.3 Drug-specific parameters 

 For model development, the fraction unbound of paclitaxel (𝑓𝑢
𝑝𝑙) was fixed to 0.1 

for all species since paclitaxel was reported to be 89-98% bound to plasma protein in 

humans (40), 89-95% bound in mice (165, 166), and approximately 90% bound in rats 

(167). Paclitaxel is extensively metabolized by cytochrome P450 enzymes (CYP2C8 and 

CYP3A4) in humans, rats, and mice (168). Major biliary metabolites identified includes 6α-

hydroxypaclitaxel (humans and mice), 3’-p-hydroxypaclitaxel (humans, rats, and mice), 2-

m-hydroxypaclitaxel (rats), and 6α,3’-p-dihydroxypaclitaxel (humans) (40, 169-171). 
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Metabolites of paclitaxel are mostly recovered in feces in mice, rats, and humans, with 

minimal contribution of urinary excretion (40, 104, 169, 172). A total of 90  6% of 

radioactivity was recovered in feces by labeling 3[H]-paclitaxel in mice, and the amount of 

unchanged drug recovered in urine were very limited (1%) (172). In a clinical study, the 

amount of unchanged drug collected in urine was 4.5% of the total dose (up to 12 h after 

dosing) (104). Because only a minor fraction of the dose is recovered in the urine as an 

unchanged drug, renal clearance was fixed to zero and only hepatic clearance was 

estimated in the final PBPK model. 

2.2.4 Initial data assessment and modeling strategy 

Multiple publications reported plasma concentration-time profiles of paclitaxel (and 

some included tissue data) in mice and rats. Initial data evaluation using visual inspection 

and noncompartmental analysis revealed a very high between-study variability. For the 

same formulation and the same dose level, the reported concentrations often differed 

more than 10-fold (representative plasma concentration-time profiles following Taxol® 

injection to mice are shown in Figure 2.1). In our previous works, a common PBPK model 

of amphotericin B disposition was developed by combining data from multiple publications 

(173, 174). However, in case of paclitaxel, initial attempts to fit multiple data sets using the 

proposed PBPK model structure (as described below) and a single set of parameters 

demonstrated that this approach was not feasible. While nonlinear pharmacokinetics has 

been reported for paclitaxel before (140-142), visual inspection of dose-normalized 

profiles pooled from multiple sources did not reveal any trends. To allow for development 

of a useful PBPK model, it was assumed that paclitaxel disposition in mice follows the 

same model irrespective the specific study design. Each of the murine data sets was fitted 

separately using the same structural model and separate sets of parameters were 

estimated and compared. Available rat data sets contained only limited number of 

sampled tissues or time points and could not be reliably used for parameter estimation. 
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Therefore, rat and human data were used for assessment of interspecies scaling 

approaches using the PBPK model as described below.  

2.2.5 Construction of the PBPK model using murine data 

The PBPK model was developed using murine data, and only organs that were 

sampled in more than two studies were incorporated. The final structural model included 

plasma, gastrointestinal (GI) tract (gi), spleen (sp), liver (li), kidneys (kd), lungs (lu), heart 

(hr), and remainder (rm) (lumped all non-sampled tissues) compartments (Figure 2.2). 

Initially, each tissue was represented by a single “well-stirred” compartment, where the 

venous plasma is considered to be in instant equilibrium with the tissue concentration; and 

tissue-specific partition coefficients (𝐾𝑝
𝑡𝑖𝑠𝑠𝑢𝑒 = 𝑓𝑢

𝑝𝑙/𝑓𝑢
𝑡𝑖𝑠𝑠𝑢𝑒

) were used to describe these 

compartments. However, this structural model could not satisfactory describe some of the 

data sets. In the final model, the structure of the remainder compartment was changed to 

include two sub-compartments (vascular and extravascular spaces) that were described 

using two parameters: permeability-surface area term (𝑃𝑆𝑟𝑚) and tissue-specific unbound 

fraction (𝑓𝑢
𝑟𝑚). The differential equations used to describe the model were similar to our 

previous publication (173), as shown in the Appendix. Because drug concentration in the 

GI tract were unavailable in the data sets derived from Li et al. and Yang et al. studies, 

and concentration in the heart were unavailable in the data sets derived from Shin et al., 

the corresponding parameters could not be estimated with sufficient precision. To 

overcome this difficulty, 𝐾𝑝
𝑔𝑖  for Li et al. and Yang et al. data sets and 𝐾𝑝

ℎ𝑟  for Shin et al. 

were set to be equal to 𝐾𝑝
𝑟𝑚 (which was calculated from 𝑓𝑢

𝑟𝑚 as 𝐾𝑝
𝑟𝑚 = 𝑓𝑢

𝑝𝑙/𝑓𝑢
𝑟𝑚). 

2.2.6 Interspecies scaling and PBPK simulations for rats and humans 

To evaluate predictive performance of the PBPK model, pharmacokinetic profiles 

of paclitaxel in rats and humans were simulated and compared to published results. Body 

weights of 213 g and 66 kg were assumed for rats and humans, respectively, by taking 
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the mean of the reported body weight values from used publications. Rat and human 

physiological parameters, including organ volumes, blood flows, and fraction of vascular 

space in the tissues, were reported previously (120-122, 173). Unbound fraction of plasma 

(𝑓𝑢
𝑝𝑙) was fixed to 0.1 for rats and human as previous stated, and 𝐾𝑝

𝑡𝑖𝑠𝑠𝑢𝑒 and 𝑓𝑢
𝑡𝑖𝑠𝑠𝑢𝑒 

were assumed to be identical among different species. 𝐶𝐿𝑙𝑖 and 𝑃𝑆𝑟𝑚 were scaled from the 

values estimated for mice using an allometric equation: 𝑃 = 𝑃𝑚𝑜𝑢𝑠𝑒 ∙ (
𝐵𝑊

𝐵𝑊𝑚𝑜𝑢𝑠𝑒
)𝐵, where P 

is the parameter of interest, BW is species body weight, and B is an allometric exponent. 

Based on the assumptions that permeability of tissues for paclitaxel among species is 

similar and that the surface area is proportional to the BW2/3, the allometric exponent B 

was fixed to 0.67 for 𝑃𝑆𝑟𝑚 (173, 175).  To determine the allometric exponent for clearance, 

regression analysis of total clearance vs. body weights across different species was 

performed. Plasma concentration-time profiles from 6 mouse (143-146), 12 rat (147-150, 

152-159), 1 rabbit (176), and 5 human (160-164) studies were used to calculate the 

systemic clearance using noncompartmental analysis in Phoenix WinNonlin (64-bit 

version 7.0, Pharsight, a Certara Company). Clearance values were plotted against 

species body weights on a log-log scale, and a power-based regression was generated 

based on simple allometry equation 𝐶𝐿 =  𝑎 ∙ 𝐵𝑊𝑏.  

 Plasma and tissue distribution profiles of paclitaxel following IV bolus 

administration of Taxol® to rats and IV infusion of Taxol® to humans were simulated using 

the final PBPK model structure and six separate parameters sets. The resulting profiles 

were overlaid with and compared to data obtained from the literature. Because the final 

PBPK model did not contain non-linear mechanisms, for simplicity the simulations were 

performed for a single dose level: 1 mg/kg (for rats) and 175 mg/m2 (for humans). 

Sensitivity analysis was performed to evaluate the effect of allometric exponent (B) for 

clearance term and the effect of protein binding on human predictions.  
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2.2.7 Data analysis 

Modeling and simulation were conducted using MATLAB R2015b software (The 

MathWorks, Natick, MA). All pharmacokinetic parameters were estimated using the 

maximum likelihood method. The variance model was defined as  𝑉𝐴𝑅𝑖 = (𝜎1 + 𝜎2 ∙

𝑌(𝜃, 𝑡𝑖))2, where 𝑉𝐴𝑅𝑖  is the variance of the 𝑖th data point, 𝜎1 and 𝜎2 are the variance 

model parameters, and 𝑌(𝜃, 𝑡𝑖) is the 𝑖th predicted value from the pharmacokinetic model. 

The goodness of fit was assessed by system convergence, Akaike Information Criterion, 

estimator criterion value for the maximum likelihood estimation method, and visual 

inspection of residuals and fitted curves. 



45 
 

  

2.3 RESULTS 

Initial evaluation of paclitaxel pharmacokinetic data in published literature revealed 

large variability. Some reported plasma concentration profiles differed by several orders 

of magnitude for the same dose level. Therefore, to overcome the uncertainty and allow 

for a meaningful comparison of the results, each of the murine datasets was fitted 

separately to the same structural model. Then, each separate parameter set was used to 

provide the simulation for other species generating a range of predicted concentration-

time profiles. 

2.3.1 Whole-body PBPK model in mice 

A whole-body PBPK model was constructed according to the schematic presented 

in Figure 2. Initial model structure, in which all tissues were represented using a single 

compartment, could not capture the data. The modified PBPK model (that included two 

sub-compartments for the remainder) provided a good description of the experimental 

plasma and tissues data (representative fits are shown in Figure 2.3), and all parameters 

were estimated with sufficient precision (Table 2.2). For some of the parameters the 

estimates differed by 10-fold; however, no dose-dependence could be identified across all 

data sets. Additional model modification (e.g., using two sub-compartments for other 

organs) did not improve model fits and resulted in decreased precision in parameter 

estimation.  

2.3.2 Interspecies scaling and PBPK simulations for rats and humans 

To evaluate the performance of the PBPK model in predicting paclitaxel 

biodisposition in other species, pharmacokinetic profiles of paclitaxel in rats and humans 

were simulated and compared to published results. The allometric relationships between 

species body weights (mice, rats, rabbits, and humans) and paclitaxel clearance is shown 

in Figure 4. Data were fitted well by power-based regression and the resulting allometric 

equation was 𝐶𝐿 =  0.5514 ∙ 𝐵𝑊0.8634  (R2=0.9, and the standard errors were 0.0587 and 
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0.001 for the allometric exponent and allometric coefficient). Therefore, the allometric 

exponent of 0.86 was used for interspecies scaling of the hepatic clearance in the PBPK 

model for simulating pharmacokinetics of paclitaxel in rat and human studies. 

Figure 2.5 shows simulated paclitaxel plasma and tissue concentration-time 

profiles following administration of 1 mg/kg IV bolus dose of Taxol® to rats. A range of 

predictions was generated using six mice parameter sets (Table 2.2) and overlaid onto 12 

observed plasma profiles and a limited number of tissue concentration-time data from rats. 

To facilitate the comparison, the observed data were normalized to 1 mg/kg dose level. In 

general, reasonable predictions of paclitaxel concentrations were obtained for plasma, 

spleen, liver, lung, heart, kidney, and muscle (Figure 2.5). Concentration of paclitaxel in 

the muscle tissue was not evaluated in mice studies, and muscle was incorporated into 

the remainder compartment of the model. Muscle accounts for approximately 50% of the 

mass of the remainder compartment; and the model was able to reasonably predict the 

concentration of paclitaxel in muscle using the simulated curves for the remainder 

compartment. The simulations showed that predictive performance of each separate 

parameter set varied among different tissues. For example, pharmacokinetic estimates 

from Shin et al. at the dose level of 20 mg/kg resulted in an underestimation of paclitaxel 

concentrations in the spleen, liver, lung, and kidney; and overestimation in the heart. 

At the next stage, the ability of the PBPK model to predict paclitaxel 

pharmacokinetics in humans was evaluated. Plasma and tissue concentration-time 

profiles in humans were simulated using the model structure and six parameter sets 

estimated in mice (Figures 2.6a and 2.7). Simulations were performed for 175 mg/m2 

dose level and the observed plasma data from human studies were normalized 

accordingly (paclitaxel tissue disposition in humans were not available in the literature). 

The allometric exponent of 0.86 was applied for hepatic clearance parameter as described 

above. The model predicted profiles are in good agreement with the experimental data 



47 
 

  

except for the simulation resulting from the use of parameters estimated for Shin et al. at 

the dose level of 20 mg/kg (Figure 2.6a).  

Allometric exponent of 0.75 is frequently used for interspecies scaling of clearance of 

compounds that are eliminated through a physical process, such as biliary or renal 

excretion. However, the appropriate approach for scaling of metabolic clearance among 

species is less defined. Sensitivity of the model predictions to the allometric exponent for 

the hepatic clearance term was conducted, and a range of exponents was evaluated. 

Figure 6b shows representative simulation results of the human pharmacokinetic profiles 

obtained using allometric exponents (B) of 0.75, 0.86, and 0.95 and the parameter set 

estimated for Shin et al. at the dose level of 5 mg/kg murine data set. The observed data 

were reasonably predicted using allometric exponents of 0.86 and 0.95. A range of 

paclitaxel plasma protein binding values has been reported in human, (89%-98%) (40). 

Therefore, sensitivity analysis was also performed using different fraction unbound values, 

including 0.02, 0.06, and 0.1 (Figure 2.6c); the parameter set estimated for Shin et al. at 

the dose level of 5 mg/kg was used. The observed data were better described using the 

value of 0.1.  
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2.4 DISCUSSION 

A better understanding of PKPD relationships for paclitaxel is required for 

improving efficacy and minimizing the toxicity of therapy. Multiple preclinical and clinical 

pharmacokinetic studies with paclitaxel have been conducted mostly focusing on the time-

course of plasma concentrations of the drug. Recently, a model-based population meta-

analysis has evaluated the variability in plasma pharmacokinetics of paclitaxel and 

associated neutropenia using data from 20 clinical studies (177). Severe neutropenia and 

peripheral neuropathy might limit the dose and affect the frequency of paclitaxel 

administration (39). However, definitive quantitative relationships between the exposure 

to paclitaxel in-vivo and the efficacy and toxicity have not been established. For example, 

no relationship between the steady-state concentration of paclitaxel in plasma and the 

response rate to treatment, time to treatment failure, survival, or development of 

neurotoxicity was found in non-small cell lung cancer patients (treated with 135 or 250 

mg/m2 of paclitaxel in combination with cisplatin and granulocyte colony-stimulating factor) 

(178). In another clinical study, the incidence of grade 3 or 4 neutropenia was not 

correlated with plasma Cmax, AUC, or dose in advanced breast or ovarian cancer patients 

(140). In an in-vitro study using eight human tumor cell lines, the IC50 of paclitaxel was 

found to be 2.5-7.5 nM, and no additional cytotoxicity was observed with concentrations 

above 50 nM (42.7 ng/mL) (179). In thyroid cancer cells, paclitaxel concentrations below 

10 nM led to cell cycle changes typical for apoptosis without cell cycle arrest; however, 

exposure above 50 nM arrested cell cycle in G2/M phase (180). Previously, it has been 

demonstrated that the duration of exposure to paclitaxel when the plasma concentration 

exceeds 50 nM may be predictive of the severity of haematologic toxicity (neutropenia) 

(140, 181). Our simulations of human data show that total plasma and tissue 

concentrations are higher than 115 nM (100 ng/mL) for at least first 24 hour after IV 

infusion of 175 mg/m2 over 3 h of Taxol® (Figures 2.6 and 2.7). The extent of neurotoxicity 
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in humans has not been directly connected with a concentration but shown to increase 

with cumulative dose (182). On the other hand, in an animal model of paclitaxel-induced 

neuropathy, no correlation was found between paclitaxel dose (0.5-2 mg/kg) and the 

mechanical and thermal sensitivity (183), which may be related to a similar exposure of 

the central or peripheral nervous system to the drug at tested dose levels. Therefore, a 

better understanding of the time-course of paclitaxel disposition to various tissues (both 

tumors and sites of toxicities) may be required for establishing a link between 

pharmacokinetics and pharmacodynamics and optimization of paclitaxel therapy. Since 

comprehensive evaluation of drug disposition to tissues in humans is usually not feasible, 

a combination of animal whole-body disposition studies, PBPK modeling, and interspecies 

scaling is a valuable approach for achieving this goal. 

Despite development of alternative formulations and the fact that Cremophor EL 

can contribute to toxicity, modulate efficacy and the pharmacokinetics (137, 177, 179), 

Taxol® remains the standard paclitaxel formulation in clinical practice. Taxol® is also 

commonly used as a control arm in in-vitro activity studies and preclinical disposition 

studies for novel paclitaxel delivery systems. Therefore, it was essential to characterize 

the whole-body distribution of paclitaxel after administration of Taxol®. It should be noted 

that only total paclitaxel concentrations in animal plasma and tissues were available in the 

literature; and pharmacokinetic behavior of the formulation entrapped drug and the 

released drug could not be separately characterized (as we have reported before for 

liposomal amphotericin B) (174). Therefore, pharmacokinetic parameters of paclitaxel 

reported in this work should be viewed as formulation-dependent.  

A certain degree of lab-to-lab (or between study) variability is an expected 

challenge in meta-analyses. For example, Caco-2 cell permeability assay results of drug 

candidates are always interpreted relative to the permeability of standards, as substantial 

differences in permeability of the same compounds has been demonstrated among 
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various laboratories (184).  In this study, an exceptional extent of variability in reported 

preclinical paclitaxel pharmacokinetic data was found, which made it unfeasible to 

estimate a single set of parameters for multiple data sets. The use of nonlinear mixed 

effect modeling approach has been considered for data analysis with a purpose of linking 

some of variability to know factors. However, this approach was not feasible due to a large 

number of parameters in the PBPK, limited data, and lack of some pertinent details on 

experimental design in the utilized publications. Several plausible sources for such 

variability can be proposed (in addition to commonly mentioned inter-animal and bioassay-

related variability). Due to physicochemical properties of paclitaxel, preparation of the 

dosing formulation can be difficult (185). For clinical use, commercially available Taxol® (6 

mg/mL) is supposed to be diluted 5- to 20-fold with normal saline or 5% dextrose to 

achieve an infusion solution of 0.3 – 1.2 mg/ml, which is stable for 12 h (185). However, 

the details of the preparation (and dilution) of paclitaxel dosing solution are commonly not 

reported in animal studies and the drug is commonly given as an IV bolus (rather than 

infusion in clinical studies). In one of the analyzed studies, the working solution was used 

at concentrations of 2 and 4 mg/mL, which potentially supersaturated the solution (143). 

The dosing container and tubing may be incompatible with Taxol® formulation; and it was 

recommended to prepare working solution in glass or polyolefin containers and 

polyethylene-lined tubing to avoid the complication (186, 187). Furthermore, binding of 

paclitaxel to plastic and glass was reported during sample storage which might have 

significantly affected the performance of the bioanalytical assay (188). It can be 

speculated that precipitation of paclitaxel and binding might have largely contributed to the 

reported variability of pharmacokinetic profiles.  

As described above, an estimation of a single set of parameters for all murine data 

was not feasible; therefore, each murine data set was fitted separately using the same 

structural model. Reasonable fits of tissue-disposition profiles were obtained and 
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parameters were estimated with good precision (Table 2.2). The estimated parameters 

were generally within a 10-fold range among various data sets; however, no dose 

dependence could be identified. It should be noted that in all evaluated studies distribution 

profiles to the largest organs (muscle, fat, bone, and skin) were not available.  

 Some previous studies in humans and mice reported nonlinear pharmacokinetic 

behavior of paclitaxel in plasma. Plasma concentrations of paclitaxel were described by a 

two-compartment model with saturable elimination and saturable tissue distribution after 

a 24 h infusion to pediatric patients with refractory solid tumor (189); and similarly, a three-

compartment model with saturable distribution to one of the peripheral compartments and 

saturable elimination was used to capture paclitaxel kinetics after a 3 h or 24 h infusion to 

patients with advanced ovarian or breast cancer (140). Saturable tissue transport or 

saturable binding was also used to describe the plasma concentration-time course of 

paclitaxel in mice (141). Cremophor EL was shown to affect the pharmacokinetics of 

paclitaxel in mice (190); and nonlinear pharmacokinetics was attributed to entrapment of 

paclitaxel in plasma by Cremophor EL in the form of micelles (191). It was suggested that 

nonlinear distribution could be explained by Cremophor EL binding and that the unbound 

drug displayed linear pharmacokinetics (142). A combination of “carrier-mediated drug 

disposition” and saturable protein binding was recently used in the model-based meta-

analysis of paclitaxel kinetics in humans (177). Although saturable protein binding has 

been reported for paclitaxel (140-142, 189, 190), such data (or free drug concentration) 

were not available in the publications used for building the model. Sensitivity analysis was 

performed to evaluate the effect of unbound fraction in the plasma on model performance 

(as described in the Methods). Similarly, blood-to-plasma partition data were not available 

in the publications used for building the model; and therefore, this process could not be 

included into the PBPK model. In this study, published data from different mice xenograft 

models and healthy mice studies were included. While uptake of the drug to a tumor could 
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have potentially contributed to elimination of paclitaxel, no correlation between changes 

in paclitaxel exposure and animal strain or presence of tumor could be identified. It can be 

potentially attributed to the fact that only animals with very small tumors (200 mm3) were 

used.  

During the initial data evaluation in this study, nonlinear pharmacokinetic behavior 

was observed in Shin et al. publication and these data could be captured by adding a 

Michaelis-Menten elimination mechanism (data not shown). However, no trends were 

identified by combining Shin et al. data sets with other references. Due to high between-

study variability and limited data in each separate study, nonlinear disposition 

mechanisms were not included into the final PBPK model. Furthermore, no relationships 

could be identified between the dose levels and the pharmacokinetic parameters (that 

were estimated separately for each data set).  

 

An important advantage of the PBPK modeling is the ability to predict distribution 

to human tissues, which can be rarely tested experimentally. However, approaches for 

combining PBPK with interspecies scaling approaches are not fully developed. Recently, 

the plasma pharmacokinetics of moxifloxacin in five species was simultaneously fitted 

using a minimal PBPK model (192), and the allometric exponent for the clearance term 

was estimated to be 0.59. For amphotericin B, renal and biliary clearances were scaled 

among species using an exponent of 0.75 (173, 174). Docetaxel hepatic and intestinal 

clearances were scaled using as an allometric exponent of 0.67 (193). The use of an 

exponent of 0.67 or 1 has been proposed for scaling of the PS terms for “permeability-

limited” tissues in the PBPK models (173, 174, 194). Determining species differences in 

clearance for compounds eliminated through metabolism can be challenging (195). In their 

analysis of published data for multiple compounds, Hu and colleagues suggested using 

an allometric exponent of 0.67 for clearance of compounds eliminated mainly by renal 
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excretion, and 0.75 when substances are mostly eliminated by metabolism or by 

metabolism and excretion combined (196); and they further noticed that often the 

exponent values of 0.67 and 0.75 cannot be differentiated statistically. In this study, the 

allometric exponent for the clearance term was determined using noncompartmental 

analysis of plasma paclitaxel concentration-time profiles from four species; and the 

exponent estimated using the regression analysis (Figure 2.4) was incorporated into the 

PBPK model for interspecies simulations. A range of predicted paclitaxel concentration-

time profiles in human plasma and in rat plasma and tissues was generated and visually 

compared to observed data. In general, a reasonable prediction of paclitaxel 

pharmacokinetics was achieved (Figures 2.5 and 2.6a); however, the performance of 

each separate set of parameters was different. The parameters estimated from Shin et al. 

20 mg/kg data set demonstrated the worst prediction performance. To further evaluate the 

effect of the allometric exponent on interspecies predictions a sensitivity analysis using a 

range of values of for the clearance term was performed; exponent values of 0.86 and 

0.95 provided reasonable predictions of plasma paclitaxel profiles in humans (Figure 

2.6b). It is proposed that the use of multiple values for allometric relationships to generate 

a range of predictions can be beneficial for enhancing the interspecies predictive 

performance of PBPK models. To further understanding the source of variability in plasma 

and tissue concentrations, an additional sensitivity analysis using a range of 𝑓𝑢
𝑝𝑙

 values in 

human was conducted; protein binding of 90% provided a better prediction of the plasma 

paclitaxel profiles in humans (Figure 2.6c). 
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2.5 CONCLUSION 

In conclusion, a PBPK model for paclitaxel administered as Cremophor EL and 

ethanol formulation (Taxol®) was developed using mice data and provided reasonable 

prediction of paclitaxel pharmacokinetics in other species. Given the variability of the 

observed data especially in preclinical studies the use of multiple separate data sets for 

creating a range of predictions of drug pharmacokinetics in humans, rather than 

generating a single profile, appears to be a valuable approach for translational research. 

Formulation (Taxol®)-dependent PBPK parameters has been determined and can be 

further utilized for development of novel formulations of paclitaxel. Future studies, that 

measure free, released, and formulation-associated drug concentrations in multiple 

tissues after administration of a range of dose levels are needed to fully resolve the 

complexities associated with paclitaxel pharmacokinetics. 
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Table 2.1 Sources of paclitaxel pharmacokinetic data in mice used for model development. 

Author 
Route of 

Administration 

Dose 

(mg/kg) 
Strain Tumor 

Tumor Size 

(mm3) 
Sex 

Weight 

(g) 

Formulation 

a 

Analysis 

Method 

Shin et al., 

2009 

(143) 

IV Bolus 
5, 10, 

20 
ICR None - F 28-35 Taxol® HPLC-UV 

Gong et al., 

2012 (144) 
IV Bolus 4 C57BL/6 

Pulmonary 

carcinoma 
200 M 16-20 Taxol® HPLC 

Li et al., 2012 

(145) 
IV Bolus 15 Kunming Armpit tumor 200 M NA Taxol®  HPLC 

Yang et al., 

2013 (146) 
IV Bolus 3 Kunming 

Right axillary 

tumor 
200 NA 18-22 Taxol® HPLC-UV 

 

ICR, Institute for Cancer Research; IV, intravenous; NA, Not Applicable;  

a In Li et al. and Yang et al. the manufacturer of Taxol® was not specified. 
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Table 2.2 Estimated pharmacokinetic parameters of paclitaxel in mice using the PBPK model 

  
Shin et al., 
2009 (143) 

Shin et al., 
2009 (143) 

Shin et al., 
2009 (143) 

Gong et al., 
2012 (144) 

Li et al., 2012 
(145) 

Yang et al., 
2013 (146) 

Dose  5 mg/kg 10 mg/kg 20 mg/kg 4 mg/kg 15 mg/kg 3 mg/kg 

Parameter, 
units 

Definition 
Estimat

e 
%C
V 

Estimat
e 

%C
V 

Estimat
e 

%C
V 

Estimat
e 

%C
V 

Estimat
e 

%C
V 

Estimat
e 

%C
V 

CLli, L/h 
Hepatic 

Clearance 
0.214 11 0.133 12 0.0465 12 0.0772 11 0.106 13 0.358 11 

Kpgi 

Partition 
coefficients 

3.33 13 3.27 15 2.18 16 7.48 29 1.90a - 1.94a - 

Kpsp 3.61 13 2.14 15 0.913 16 0.728 13 2.98 14 2.38 11 

Kpli 11.1 14 8.75 15 3.62 16 1.44 13 9.71 15 4.68 13 

Kpkd 3.35 13 2.26 15 1.05 16 1.67 14 3.25 15 2.69 11 

Kplu 3.26 14 3.08 16 1.28 16 0.403 14 2.58 15 2.80 11 

Kphr 1.50a - 1.25a - 9.01a - 1.18 13 2.62 15 4.05 11 

furm 
Unbound 
fraction 

0.0665 12 0.0798 13 0.0111 24 0.0253 16 0.0525 24 0.0516 11 

PSrm, L/h 
Permeability

-surface 
area term 

0.317 23 0.0862 19 0.0220 18 0.121 13 0.0887 17 0.209 13 

fupl 
Unbound 
fraction in 
plasma 

0.100b - 0.100b - 0.100b - 0.100b - 0.100b - 0.100b - 

%CV estimator criterion value for the maximum likelihood method. 

a Calculated from 𝐾𝑝
𝑡𝑖𝑠𝑠𝑢𝑒 = 𝑓𝑢

𝑝𝑙/𝑓𝑢
𝑡𝑖𝑠𝑠𝑢𝑒

 because tissue pharmacokinetic profile was not reported in the publication. The parameter was not 

estimated. 

b Fixed to match previously reported values.
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Figure 2.1 Variability in reported paclitaxel plasma concentration-time profiles following 

IV bolus administration of Taxol® to mice. Six datasets obtained from four different 

laboratories were used for model development (143-146). The legend identifies the first 

author of the study and the dose level; for illustration, the concentrations were normalized 

by the dose. 
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Figure 2.2 Schematic of the whole-body PBPK model used to describe the disposition of 

paclitaxel in mice, rats, and humans following intravenous dose of Taxol®. Qti - plasma flow 

rate to different organs; CLli – hepatic clearance; 𝑓𝑢
𝑝𝑙

– fraction unbound in plasma; 𝑔𝑖 – 

gastrointestinal; ℎ𝑟 – heart; 𝑘𝑑 – kidneys; 𝑘𝑝 – partition coefficient; 𝑙𝑖 – liver; 𝑙𝑢 – lungs; 

PS – permeability-surface area term; 𝑝𝑙 – plasma; 𝑟𝑚 – remainder; 𝑠𝑝 – spleen. 
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Figure 2.3 Representative observed (symbols) and the PBPK model fitted (lines) 

pharmacokinetic profiles of paclitaxel in plasma and tissues of mice following single IV 

bolus administration of 15 mg/kg of Taxol®. Observed data extracted from Li et al. (145).  
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Figure 2.4 Allometric scaling plot of paclitaxel plasma clearance calculated using the 

noncompartmental approach. Data were obtained in mice (143-146), rats (147-150, 152-

159), rabbit (176), and humans (160-164) as described in the Methods.  
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Figure 2.5 Time-course of paclitaxel in plasma and tissues of rats following single IV bolus 

administration. Symbols represent data extracted from 12 different references (147-159). 

Lines represent PBPK model predicted profiles using six different parameters sets (see 

Methods for detail). The data were dose-normalized and simulation performed for 1 mg/kg 
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dose level. For the muscle tissue, the lines represent predicted concentrations in the 

remainder compartment.   
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Figure 2.6 Time-course of paclitaxel in human plasma following IV infusion administration 

of Taxol® at the dose level of 175 mg/m2. Symbols represent data extracted from 

references (160-164) (all observed data were normalized to 175 mg/m2). Lines represent 

PBPK model predicted profiles after: a) simulation using six different parameters sets and 

clearance scaled with body weight using exponent of 0.86 (see Methods for detail), b) 

sensitivity analysis - simulation using parameters estimated from Shin et al. at the dose 
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level of 5 mg/kg with different allometric exponents for clearance, and c) sensitivity 

analysis - simulation using parameters estimated from Shin et al. at the dose level of 5 

mg/kg with different fraction unbound values in humans.   
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Figure 2.7 Predicted time-course of paclitaxel in human tissues following single IV infusion 

administration of Taxol® at the dose level of 175 mg/m2. Lines represent PBPK model 

predicted profiles using six different parameters sets (see Methods for detail). For the 

muscle tissue, the lines represent predicted concentrations in the remainder compartment.  
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Chapter 3. Prevention of Paclitaxel-Induced Neuropathy by 

Formulation Approach  

3.1 INTRODUCTION 

In 2014, it was estimated that more than 14.5 million cancer survivors were living 

in the US, and this number was estimated to increase to 19 million by 2024 (197). Based 

on recent data from the Center of Disease Control and Prevention, about 650,000 cancer 

patients receive chemotherapy in an outpatient oncology clinic in the US. Highly effective 

treatments have been developed, and the increase in survival demands more attention to 

patients’ quality of life and management of adverse effects.  

Chemotherapy-induced peripheral neuropathy (CIPN) is a major, often dose-

limiting adverse effect of various cancer therapies (198). Taxanes (paclitaxel, docetaxel) 

is one out of the six main classes of agents that induce toxicity to peripheral sensory and 

motor neurons that leads to CIPN. Other drugs associated with CIPN include platinum-

based chemotherapeutics (cisplatin, carboplatin, oxaliplatin), proteasome inhibitor 

(bortezomib), immunomodulator (thalidomide), epothilones (ixabepilone), and vinca 

alkaloid (vincristine and vinblastine). Up to 40-90% of patients treated with neurotoxic 

chemotherapy will develop CIPN, which may lead to long-term morbidity and reduced 

quality of life. CIPN can be particularly severe and long-lasting (199), symptoms have 

been reported for up to 11 years after completion of therapy (200). Neuropathic pain is 

one of the most challenging pain conditions with poor response to pharmacotherapy (201). 

Therefore, discontinuation of chemotherapy or dose reduction often remains the only 

clinical solution (202). 

Paclitaxel is used for treatment of various cancers, including ovarian, breast, small 

and non-small-cell lung, colon, bladder, esophagus, head and neck, multiple myeloma, 

and advanced forms of Kaposi’s sarcoma (32, 33). It was the first in a new class of 
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microtubule stabilizing drugs that inhibit mitosis and normal cell division by stimulating the 

polymerization of tubulin (102, 133-135). Paclitaxel is a Biopharmaceutics Classification 

System class IV drug with high lipophilicity (logP~4) and poor aqueous solubility (0.77 - 

35 µM) (35-38). Taxol® (the first approved formulation of paclitaxel by Bristol-Myers Squibb 

Company) is formulated with polyoxyethylated castor oil (Cremophor EL) and ethanol (1:1, 

v/v) due to the poor solubility of the drug. Although highly efficacious, several severe (and 

often dose-limiting) adverse events were reported with Taxol® treatment, including 

peripheral neurotoxicity (42-70%), nephrotoxicity (18-34%) and hypersensitivity (31-45%) 

(reported as percentages of patients after single-agent therapy) (40). Presence of 

Cremophor EL in the formulation was reported to contribute to mechanical hyperalgesia 

after five weekly intravenous (IV) doses in rodents (137), and it is a major cause of 

hypersensitivity reactions. While some other formulations of paclitaxel became available, 

Taxol® remains the standard of care for many cancers. 

For successful clinical use, efficacy of a drug should be balanced with an 

acceptable level of adverse reactions. Several liposome-based products have been 

approved and demonstrated superior efficacy and safety profiles. For example, Doxil® 

(PEGylated liposomal doxorubicin) that is used for Kaposi’s sarcoma and recurrent 

ovarian cancer enhanced the bioavailability at the tumor site and reduced side effects 

(203-205). AmBisome® (liposomal amphotericin B) significantly improved toxicity profile 

compared to conventional amphotericin B while retaining the antifungal effect (206). 

Although multiple groups developed various particulate formulations of paclitaxel, the 

majority of efforts was focused on enhancing delivery to the tumor and improving efficacy. 

Reducing toxicity, and especially neurotoxicity, of these formulations was not a primary 

objective and was rarely tested. Only one liposomal paclitaxel formulation, Lipusu®, was 

approved for clinical use by Chinese Food and Drug Administration (207); no liposomal 

paclitaxel formulation is available in the US yet. 
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The first aim of this work was to evaluate the effect of liposome formulation of 

paclitaxel (L-PTX) on neurotoxicity in-vitro and in-vivo in comparison to the standard 

Taxol® formulation. The second aim was to investigate the effect of formulation on 

paclitaxel biodistribution following IV administration in a preclinical model.  
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3.2 MATERIALS AND METHODS 

3.2.1 Materials 

Taxol® (6 mg/mL, Teva, North Wales, PA) was generously provided by Rutgers 

Cancer Institute of New Jersey (New Brunswick, NJ). Paclitaxel was purchased from 

Sigma Aldrich (St. Louis, MO). A549 human non-small-cell lung adenocarcionoma 

epithelial cells were purchased from American Type Culture Collection (ATCC, Manassas, 

VA) and human neuroblastoma SH-SY5Y cells were generously provided by Dr. 

Kiledjian’s laboratory at Rutgers University. Egg phosphatidylcholine (egg PC), cholesterol, 

and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-

2000] (ammonium salt) (mPEG 2000) were purchased from Avanti Polar Lipids (Alabaster, 

AL). All other chemicals were of analytical grade, and solvents were of HPLC grade.  

 

3.2.2 Synthesis and Characterization of Liposomes Containing Paclitaxel 

Drug-loaded liposomes were prepared with three lipids as described previously 

(208). Briefly, PEGylated liposomes were formulated from egg PC:cholesterol:mPEG 

2000 in mole ratio 55:40:5 by dissolving in 100% ethanol and loading with paclitaxel. The 

solution was subsequently evaporated to a thin film layer using a rotary evaporator 

Rotavapor® R-210/R-215 (BUCHI Corp., New Castle, DE) and rehydrated with 0.9% NaCl 

to final lipid concentration 20 mM. The suspension was aliquoted to 5 mL in a small glass 

vial for probe sonication to obtain a more homogenous population of nano-sized liposomes 

(Fisher Scientific Model 120 Sonic, Waltham, MA, 50 constant output for 4 min with 15 

sec/cycle and 5 sec pauses to avoid overheating). The probe was immersed to a depth of 

15 mm above the bottom of the glass vial. The time for sonication was optimized to obtain 

a mean diameter of 50-60 nm. Free paclitaxel was separated from liposomes by dialysis 

using dialysis membrane with pore size 50 kDa (Spectrum Labs, New Brunswick, NJ) 

against 100 volumes of 0.9% NaCl three times (0.5 h, 3 h, and overnight) at 4°C.  
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The particle size distribution was measured by Malvern ZetaSizer NanoSeries 

(Malvern Instruments Enigma Business Park, UK) according to the manufacturer’s 

instruction. All measurements were carried out at room temperature. The stability of 

liposome was monitored up to 4 weeks at 4 °C. The free drug was removed by dialysis as 

described above. Encapsulation efficiency of paclitaxel was determined (after free drug 

was separated from the liposomes) using the following formula, 𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑 =

 
[𝑇𝑜𝑡𝑎𝑙 𝑝𝑎𝑐𝑙𝑖𝑡𝑎𝑥𝑒𝑙]−[𝐹𝑟𝑒𝑒 𝑝𝑎𝑐𝑙𝑖𝑡𝑎𝑥𝑒𝑙]

[𝑇𝑜𝑡𝑎𝑙 𝑝𝑎𝑐𝑙𝑖𝑡𝑎𝑥𝑒𝑙]
× 100%. The concentration of paclitaxel encapsulated in 

liposomes was further determined by the HPLC. Each parameter was measured three 

times for each batch, and average and standard deviations were calculated.  

 

3.2.3 Cell Culture and Cell Viability Study 

The experiments were carried out using two cell lines. A549 human lung carcinoma 

cells were cultured in RPMI 1640 medium (Corning, Manassas, VA) supplemented with 

10% fetal bovine serum (Corning, Manassas, VA). SH-SY5Y human neuroblastoma cells 

were cultured in Dulbecco’s modified Eagle’s medium / Ham’s F-12 50/50 mix (Corning, 

Manassa, VA) supplemented with 10% fetal bovine serum. Both cell lines were maintained 

in tissue culture-treated dish (Falcon, Catalog No. 353003, Durham, NC). All cells were 

grown at 37°C in a humidified atmosphere of 5% CO2 (v/v) in air and passed every 3-4 

days. The experiments were performed on cells in the exponential growth phase.  

Cell viability was assessed using CellTiter-FluorTM assays (Promega Corporation, 

Madison, WI) that was performed according to the manufacture’s protocol. Briefly, 50,000 

cells/well of SH-SY5Y cells and 20,000 cells/well of A549 cells were plated in the 96-well 

plate with the complete medium. After 24 hours, the cells were treated with either paclitaxel 

or liposomal paclitaxel at 0.1, 0.2, 0.39, 0.78, 1.56, 3.13, 6.25, 12.5, 25, 50, 100 µg/mL for 

another 24 h with 0.1% DMSO in all wells. On the third day, cell viability was assessed by 
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CellTiter-FluorTM assay using a microplate reader Spectra Max M3 (Molecular Devices, 

San Jose, CA) with excitation and emission wavelengths of 390 and 505 nm. Untreated 

cells (medium only) served as a negative control (100% viability), and cells treated with 

0.1% Triton X-100 in medium served as a positive control for maximal cytotoxicity. Cell 

viability tests were performed in triplicate. 

 

3.2.4 In-Vivo Neurotoxicity Study 

Veterinary care followed the guidelines of the Association for Assessment and 

Accreditation of Laboratory Animal Care (AAALAC), and all procedures were approved by 

the Rutgers Institutional Animal Care and Use Committee (IACUC). Adult (140-160 g) 

male Sprague-Dawley rats (Envigo, Somerset, NJ) were used for all experiments. Rats 

were housed two per cage in a temperature- and humidity-controlled room on a 12:12 h 

light:dark cycle with free access to food (Catalog No. 5001, LabDiet, St. Louis, MO) and 

water. All experiments were performed during the same period of the day (8:30 am to 

12:00 pm) to avoid diurnal variations in animal responses.  

The animal study was conducted to evaluate the difference in paclitaxel-induced 

peripheral neuropathy in rats following administration of L-PTX and the control formulation 

(Taxol®). A previously reported in-vivo model of Taxol®-induce peripheral neurotoxicity 

(increased sensitivity of hind paws to mechanical and thermal stimuli) was used (209). In 

this model, development of neurotoxicity is observed after a few days following a series of 

IV injections of Taxol® with animal recovery after approximately 4-5 weeks. 

Baseline sensitivity of animals to mechanical and thermal stimuli was measured 

for 3-4 times before drug administration (as described below). The investigator collecting 

behavioral data was blinded to the treatment groups. Rats were randomly assigned to two 

treatment groups. Neuropathy was induced by repeated IV dosing of paclitaxel at a 

cumulative dose of 8 mg/kg (2 mg/kg, every other day for a total of 4 doses) (183, 209). 
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Prior to administration, Taxol® was freshly diluted in sterile normal saline and injected at a 

concentration of 1 mg/mL. Liposomal paclitaxel (L-PTX) formulation was freshly prepared 

two days before injection at a concentration of 1 mg/mL. Rats were administered dosing 

solutions via tail vein (under isoflurane anesthesia) on days 0, 2, 4, and 6. Drug 

administration was performed after animal sensitivity thresholds were measured. 

 Assessment of sensitivity of rats to mechanical stimuli was performed using the 

dynamic plantar aesthesiometer (Ugo Basile, Italy), as previously described (210). Rats 

were habituated to the testing procedure, equipment, and the investigator for two or three 

days before the collection of baseline data. To obtain a reliable baseline, rats’ sensitivity 

was measured on at least 3 consecutive days. Briefly, rats were left to habituate inside 

plastic enclosures on top of a perforated platform before starting the measurement for 

approximately 30 min. A linearly increasing force was applied on the plantar surface of 

hind paws using a metal filament which was programmed with the microprocessor (2.5 

g/s, with a cut-off of 50g). A “positive response” signal was automatically recorded when 

the animal withdrew the paw. Withdrawal thresholds in response to the mechanical stimuli 

was recorded in grams. Each animal was tested 3 times with a 5-min interval, and the 

average of the 3 measurements for each paw was considered the withdrawal threshold.  

 Assessment of sensitivity of rats to thermal stimuli was performed using the 

Hargreaves apparatus (plantar test) (Ugo Basile, Italy), as previously described (211). 

Similar to the assessment of mechanical sensitivity, rats were habituated before the study 

and a reliable baseline was established before drug administration. Briefly, rats were left 

to habituate inside plastic enclosures on top of a glass surface for approximately 30 min. 

A radiant heat source was located below the glass platform. The paw withdrawal reaction 

time of rats exposed to a radiant heat on their plantar surface of hind paws was recorded 

with a precision margin of 0.1 s. The response of the animal was calculated by taking the 
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average of 3 measurements with a 5-min interval. The maximum time was set to 20 s to 

prevent damage to the plantar surfaces. 

 

3.2.5 Paclitaxel Tissue Disposition Study 

 Sprague-Dawley rats were used to investigate the effect of formulation on the 

biodistribution of paclitaxel after IV administration. Rats were randomly divided to receive 

a single dose of 6 mg/kg of Taxol® or L-PTX via the tail vein. Animals were sacrificed under 

isoflurane anesthesia (n=3-4 for each time point). Blood and tissue (liver, lung, brain, 

spinal cord, skin, and muscle) samples were collected at 0.5, 1, 2, 4, and 6 h after drug 

injection. Blood samples were collected into heparinized tubes and immediately processed 

for plasma by centrifugation at 1300 x g for 10 min. Tissue samples were washed with 

saline and blotted dry with Kimwipes to remove excess fluid. Samples were stored at -

80°C until analysis. 

 

3.2.6 Bioanalytical procedure 

The analysis of paclitaxel was carried out using an HPLC-UV system (Agilent 1260 

Infinity, Santa Clara, USA). A reverse phase column EC-C18 (4.6 x 100 mm, 2.7 µm) 

(Agilent, Santa Clara, USA) was used at 45 °C. The mobile phase consisted of a mixture 

of (A) acetonitrile and (B) water with the following gradient scheme: 0 – 1 min, A – 30%; 1 

– 8 min, A increased to 85%; 8 – 8.5 min, A – 85%; 8.5 – 8.7 min, A decreased to 30%; 

8.7 – 10 min, A – 30%. The run time was 10 min with flow rate of 1.0 mL/min. The detector 

wavelength was set at 225 nm. Retention times for paclitaxel and internal standard (N-

benzylbenzamide) were 7.0 and 5.0 min. The lower limit of quantification for paclitaxel was 

50 ng/mL, and the method was linear between 50 and 20,000 ng/mL.  

Paclitaxel was extracted from plasma samples using a liquid-liquid extraction 

method. Briefly, 100 µL of plasma was mixed with 10 µL of N-benzylbenzamide (100 
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µg/mL in acetonitrile, internal standard), 300 µL of acetonitrile, and 3 mL of methyl tert-

butyl ether by vortexing for 10 min and followed by centrifugation for 5 min at 3000 rpm. 

The supernatant was transferred to new glass tubes and evaporated under a light stream 

of nitrogen at 40°C. The residue was reconstituted with 100 µL of 50% acetonitrile in water 

and filtered through a 0.2 µM nylon filter (Thermo scientific, Rockwood, TN). The injection 

volume was 40 µL. 

 Liver, lungs, brain, and spinal cord were sliced into strips and weighted. The 

density of all tissues was assumed to be 1 mg/mL. Each tissue was mixed with PBS (a 

double volume of the sample) and 0.5 mm zirconium oxide beads or 3.2 mm stainless 

steel round beads followed by 3-4 min of homogenization at speed 8, 12, or 20 (Bullet 

Gold Blender®, Next Advance, Troy, NY).  Skin and muscle were sliced into strips and 

mixed with PBS (a quadruple volume of the sample) followed by homogenization. 

Paclitaxel was extracted from tissue homogenates using a solid phase extraction method. 

Briefly, tissue homogenate (100 µL for liver, lungs, brain, and spinal cord or 200 µL for 

skin and muscle) were combined with an equal amount of methanol and the internal 

standard (10 or 20 µL, respectively). The samples were then vortexed for 20 s and 

centrifuged at 13,000 rpm for 5 min. The supernatant was transferred to the 

preconditioned cartridges (Bond Elut Plexa 30mg, Agilent, Santa Clara, CA) followed by 

washing with 5% methanol in water, then eluted by applying 400 µL of methanol twice. 

The eluent was evaporated and reconstituted as described for plasma extraction. For each 

tissue a separate calibration curve was used using the corresponding blank tissue matrix. 

 

3.2.7 Data Analysis 

 Mean plasma and tissue concentrations of paclitaxel at each time point were 

calculated for both formulations. Noncompartmental analysis was completed using a 

Phoenix WinNonlin version 7.0 (Pharsight Corp., California, USA). Logarithmic trapezoidal 
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method was used to calculate the area under curve (AUC) to the last available timepoint 

(AUClast). 

Data from different experiments are presented as mean ± SD. For statistical 

analysis of the differences in mechanical and thermal sensitivity between two 

administration groups, Student’s t-test of independent means was used. A value of P < 

0.05 was considered statistically significant. Cell viability analysis and determination of 

IC50 values were conducted using GraphPad Prism 7 software.  
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3.3 RESULTS 

Liposomal formulation of paclitaxel was developed and characterized. The size of 

the liposomes was 55.1 ± 8.9 nm (n=5), and the encapsulation efficiency was 99.6% ± 

3.6% (n=3). The formulation stability in the 4 °C was evaluated for up to 4 weeks. After a 

week of storage in the 4 °C, 79% of the drug were encapsulated in the liposome after a 

second round of dialysis; the particle size changed from 55.1 nm to 54.1 nm. After 4 weeks, 

67% of the drug was encapsulated in the liposomes after dialysis, the particle size 

increased to 121.7 nm. 

The cytotoxicity of L-PTX formulation was compared with paclitaxel with human 

lung carcinoma A549 (Figure 3.1a) and human neuroblastoma SH-SY5Y (Figure 3.1b) 

cell lines. The IC50 value for A549 cells for paclitaxel solution and L-PTX were 59.1 and 

33.7 µg/mL. The IC50 value for SH-SY5Y cells for paclitaxel solution and L-PTX were 18.4 

and 31.8 µg/mL.  The study showed that free paclitaxel was toxic to cell of neuronal origin 

at a lower concentration than to lung cancer cells, and liposomal formulation demonstrated 

a comparable toxicity to both cell lines. 

To evaluate the effect of pharmaceutical formulation on paclitaxel-induced 

neurotoxicity, changes in rat sensitivity to mechanical and thermal stimulation of hind paws 

was tested after administration of Taxol® and L-PTX formulations by IV route at 2 mg/kg 

per dose for a total of 4 doses on day 0, 2, 4, and 6 (Figure 3.2a). The study was initiated 

when the animals were at 6 weeks of age. The baseline response to mechanical 

stimulation before drug administration was similar between the groups (30.17 ± 1.15 g for 

Taxol® group, and 29.62 ± 0.77 g for L-PTX group). Administration of Taxol® resulted in a 

significant reduction of withdrawal threshold in response to mechanical stimuli from day 9 

to day 26 after the first drug injection (as compared to the baseline threshold). In 

comparison, administration of L-PTX did not result in increased sensitivity to mechanical 

stimulation. From day 4 till day 34, a statistically significant difference was observed 
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between the groups. The nadir of reduction (24.64 ± 2.17 g) for Taxol® treated rats was 

achieved on day 11 as compared to 38.04 ± 3.55g for L-PTX treated rats.  

Animals in both groups returned to a similar withdrawal threshold after day 36, at 

which time Taxol® group had a withdrawal threshold of 40.11 ± 4.82 g compared to 40.71 

± 5.32 g for L-PTX treated rats. The withdrawal threshold by the end of the study was 

higher than the baseline before paclitaxel injections. An increase in withdrawal threshold 

with age (and body weight) was previously observed in a separate animal cohort without 

paclitaxel administration (Figure 3.2b), from 30.2 ± 3.6 g on week 6 to 45.4 ± 2.0 g on 

week 10.  

 In addition, animal sensitivity to thermal stimuli was investigated in animals 

receiving Taxol® or L-PTX formulations at 2 mg/kg every other day for a total of 4 doses 

(Figure 3.3). The baseline sensitivity before drug administration was similar between two 

groups, 12.99 ± 2.48 s for Taxol® and 14.32 ± 3.60 s for L-PTX treated group. Taxol® 

treatment produced a significant reduction in reaction time to heat stimulation, from day 9 

to day 26 after the first drug dose administration compared to the L-PTX treatment group. 

The nadir of reduction of the response time was on day 18, when Taxol®-treated rats had 

a reaction time of 10.80 ± 1.61 s compared to 17.87 ± 3.00 s for L-PTX-treated rats. For 

technical reasons thermal thresholds were not measured beyond day 26. 

To investigate the effect of formulation of paclitaxel biodisposition, Sprague-

Dawley rats were given a single IV injection of Taxol® or L-PTX at 6 mg/kg dose level. The 

time-course of drug concentrations in the plasma and tissues was determined (Figure 3.4 

and Table 3.1). The disappearance of paclitaxel from plasma was much faster for L-PTX 

than for Taxol® group. Plasma concentration extrapolated to time zero (C0) and the area 

under the plasma concentration-time curve (AUC to the last measured concentration) for 

Taxol® group were 3.5-fold and 6.2-fold higher than for L-PTX, respectively. Furthermore, 

plasma half-life of paclitaxel was 3.2 times longer for Taxol® than for L-PTX group. 
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Biodistribution of paclitaxel to liver and lungs was studied because the 

reticuloendothelial system represents a major mechanism for clearance of circulating 

liposomes. L-PTX was taken up by the liver to a greater extent than was Taxol®; the 

concentration of paclitaxel at 0.5 h was 112.7 ± 11.4 µg/mL for L-PTX and 30.6 ± 2.7 

µg/mL for Taxol®. In the lungs, the drug concentration at 0.5 h was 46.2 ± 7.7 µg/mL for 

L-PTX and 12.2 ± 1.2 µg/mL for Taxol®. As neurotoxicity was the main focus of the study, 

exposure to paclitaxel in the nervous system (brain and spinal cord) and in the skin and 

muscle (location of sensory axons) was evaluated. The exposure to paclitaxel in the skin, 

muscle, brain, and spinal cord was lower in the L-PTX group compared to Taxol® group. 

In the brain and spinal cord, the concentration of paclitaxel at 0.5 h was 138.0 ± 26.1 

ng/mL and 111.8 ± 20.4 ng/mL for L-PTX group; and 220.6 ± 34.3 ng/mL and 134.1 ± 28.5 

ng/mL for Taxol® group. In the skin and muscle, the concentration of paclitaxel at 0.5 h 

was 462.9 ± 187.3 ng/mL and 289.3 ± 87.3 ng/mL for L-PTX group; and 1973.9 ± 373.2 

ng/mL and 2236.5 ± 460.2 ng/mL for Taxol® group. Drug concentration for plasma, brain 

and spinal cord after 2 h time points was below the lower limit of quantification. 

 To further highlight the difference between paclitaxel exposure between two 

formulations, the ratio of paclitaxel concentrations in various tissues between Taxol®- and 

L-PTX-treated groups was calculated (Figure 3.5).   
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3.4 DISCUSSION 

Chemotherapy-induced neuropathy is a very common, serious, and debilitating 

adverse effect of paclitaxel and many other anticancer drugs. Common neuropathic 

symptoms include numbness, tingling, pain or impaired sensory function in hands and/or 

feet, hypersensitivity to mechanical and cold stimuli, clumsiness in fingers, peripheral 

muscular weakness or difficulties in walking (2).  CIPN is often presents in a “stocking and 

glove” pattern in feet and hands because longer axons are affected first (10). Variable 

statistics exists regarding the prevalence of CIPN, depending on the study design and 

assessment period. A recent systematic review (31 studies, 4179 patients) reported CIPN 

prevalence of 68% when measured in the first month after chemotherapy, 60% at 3 

months and 30% at 6 months or more (6). Prevalence as high as 80-90% has been 

reported (7, 212). Different drugs may result in a different clinical presentation of 

neuropathy symptoms; the underlying mechanism of development of CIPN are complex 

(212, 213) and not fully understood. The pathophysiological changes caused by paclitaxel 

include immune-mediated processes, loss of peripheral fibers, demyelination and axon 

degradation, and mitochondrial dysfunction (4). Treatment of CIPN is mostly symptomatic 

(using anticonvulsants, gabapentin, opioids (202)) and remains largely ineffective (201). 

Some prevention treatments using vitamin E, amifostine, and glutathione were reported 

(202); however, discontinuation of chemotherapy or dose reduction remains the only 

clinical solution (202). Therefore, there is an urgent need to develop approaches for 

prevention of CIPN. 

Taxol® remains the standard therapy for many cancers, although some other 

formulations are available. Abraxane®, a nanoparticle albumin-bound paclitaxel 

formulation (Cremophor EL-free), was approved in the US in 2005. However, this 

formulation also resulted in dose-dependent mechanical and cold allodynia in rats, which 

tended to be even stronger (in degree of sensitivity) than that of Taxol® at the doses used 
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clinically (214). Later, polymeric micelle (Genexol®-PM) and liposome formulations 

(Lipusu®) of paclitaxel were approved in Korea and China, respectively. The incidence for 

peripheral neurotoxicity did not differ significantly between Genexol®-PM and Taxol® 

treatments in recurrent or metastatic HER2-negative breast cancer patients (215). Limited 

information could be found for Lipusu® treatment, and the incidence of peripheral 

neurotoxicity was reported as 62% in the package insert (216).  

Preclinical formulation development for paclitaxel and other cancer drugs is often 

primarily focused on tumor targeting and overall efficacy, without specifically considering 

adverse effects and especially neurotoxicity. Only two groups reported assessment of 

neurotoxicity as a part of formulation development for paclitaxel. A phase I study with a 

polymer-conjugated prodrug of paclitaxel in refractory solid tumors patients was 

discontinued prematurely because of severe neurotoxicity - 4 out of 12 patients developed 

grade 2-3 peripheral neuropathy (217). Another micellar nanoparticle formulation was 

found to be less neurotoxic than free paclitaxel; however, only in-vitro studies were 

completed (131). 

In this study, the liposomal formulation of paclitaxel was less toxic to neuronal cells 

than paclitaxel solution and prevented development of neurotoxicity in-vivo as compared 

to Taxol® administration (that resulted in a significant increase in sensitivity of rats to 

mechanical and thermal stimuli). In the animal study, rats were randomly assigned to 

treatment groups and the investigator that measured sensitivity thresholds was blinded to 

the treatment group assignment. Moreover, the results closely resembled our pilot study 

with 5 animals in each group (L-PTX vs. Taxol®, data not shown). The time-course of 

dynamics of animal responses (increased sensitivity followed by a recovery phase) after 

administration of Taxol® in our study was also similar to previous result by other 

investigators (209). Increased sensitivity to mechanical stimuli developed on day 4 after 

first injection of Taxol®, and animals recovered on day 37.  



81 
 

  

In this study, L-PTX showed lower IC50 in lung cancer cells compared to paclitaxel 

solution. We have previously showed that nontargeted and targeted liposomal 

formulations of paclitaxel are effective in suppression of tumor growth in nude mice 

bearing human A549 lung carcinoma xenografts (208). Future studies in orthotopic cancer 

mice models are needed to simultaneously assess efficacy and toxicity and establish 

dose-response relationships tor L-PTX. High paclitaxel exposure in the lungs following 

administration of L-PTX further supports potential use of this formulation for lung cancer.  

Assessment of drug concentration in target tissues is important for establishing 

dose-response relationships for efficacy and toxicity. Previously, we developed a 

physiologically-based pharmacokinetic (PBPK) model to describe paclitaxel biodistribution 

after Taxol® administration based on published data (218). Large variability in reported 

tissue concentrations was found across multiple publications. Some of the differences 

were attributed to bioanalytical procedures and other experimental techniques. Observed 

tissue concentration data of paclitaxel after Taxol® dosing obtained in this study were in 

good agreement with model-based predictions generated based on our previously 

developed PBPK model (Figure 3.6) (218). 

In majority of previous studies paclitaxel disposition to the brain and other parts of 

the nervous system was not reported. Furthermore, assessment of drug disposition into 

skin and muscle is rarely evaluated, and these tissues are lumped in a “remainder” 

compartment in PBPK models. In this study, we evaluated concentrations of paclitaxel in 

tissues that may help establish dose-CIPN relationships, including peripheral tissues (skin 

and muscle) where sensory axons are located (202) and the central nervous system 

(spinal cord and brain). Changes in the CNS due to administration of paclitaxel have been 

previously reported, e.g. increased reactive nitrogen species production in the spinal cord 

of rats (68) and increased expression of voltage gated sodium channel in forebrain of mice 

(219). Persistent muscle and cutaneous hyperalgesia were observed in Taxol® induced 
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peripheral neuropathy in rats (220). Administration of L-PTX led to a significantly lower 

drug exposure in the brain, spinal cord, muscle and skin compare to Taxol®-treated group, 

which corresponds to the results of mechanical and thermal sensitivity testing. 

Surprisingly low concentrations of paclitaxel in the plasma and short circulation 

half-life were obtained after L-PTX dosing, which may be related to efficient uptake by the 

reticuloendothelial system. The size of the particles was relatively small for liposomes with 

mPEG 2000, which might be caused by probe sonication during formulation preparation. 

Future studies are needed to determine the optimal size of particulates for preserving (or 

enhancing) efficacy and minimizing neurotoxicity. In a previous animal study, no 

correlation was found between Taxol® dose (0.5-2 mg/kg) and the extent of neuropathy 

(183). However, the exposure of the nervous system to paclitaxel was not tested. Dose-

response relationships for L-PTX will be addressed in future studies that will require more 

sensitive bioanalytical methods.  
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3.5 CONCLUSION 

 Proof of concept study was performed and showed that formulation in 

nanoparticles is a promising approach for reducing (or preventing) neurotoxicity caused 

by cancer drugs. L-PTX significantly reduced cytotoxicity in-vitro in neuronal cells and 

prevented development of peripheral neuropathy in-vivo. Future studies are needed for 

development of an optimized formulation for paclitaxel; and this approach can be 

potentially extended to other neurotoxic compounds. 
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Table 3.1 Plasma pharmacokinetic parameters of paclitaxel after single IV administration 

of Taxol® and L-PTX formulations to rats 

 

PK 
Parameters 

t1/2 C0 AUClast Vss CLT MRT 

h ng/mL ng*h/mL mL/kg mL/h/kg h 

Taxol® 1.06 9126 7872 857 721 0.94 

L-PTX 0.33 2599 1275 2283 4630 0.46 

 

AUClast, area under the curve to the last measurable concentration; C0, concentration at time 0 h; 

CLT, total body clearance; MRT, mean residence time; t1/2, half-life; Vss, volume of distribution at 

steady state. 
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Figure 3.1 Cell viability after incubation with various concentrations of L-PTX formulation 

and paclitaxel solution for 24 hours a) cancer cell line A549 and b) neuroblastoma cell line 

SH-SY5Y from 0.1 – 100 µg/mL. Data are shown as mean ± SD. Lines are fitted curves. 
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Figure 3.2 a) Threshold for withdrawal in response to mechanical stimulation to the plantar 

surface of hind paw before and after injection of L-PTX or Taxol® at 2 mg/kg for 4 times (n 

= 10 each group). Statistically significant difference between treatment groups (* p < 0.05), 

and before and after Taxol® treatment (# – the first day that the significance (p < 0.05) vs. 

baseline was reached). Arrows indicate days of drug administration. b) Changes to the 

mechanical sensitivity threshold and animal body weight in a group without drug 

administration. Data are shown as mean ± SD. 
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Figure 3.3 Response time to thermal stimulation to the plantar surface of hind paw before 

and after injection of L-PTX or Taxol® at 2 mg/kg for 4 times (n = 10 each group). 

Statistically significant difference between treatment groups (* p < 0.05) or before and after 

Taxol® treatment (# p < 0.05). Arrows indicate days of drug administration. Data are shown 

in mean ± SD. 
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Figure 3.4 Exposure to paclitaxel in the plasma, liver, lungs, brain, spinal cord, skin, and 

muscle, for Taxol® (filled symbols) and L-PTX (open symbols) groups after IV 

administration at a dose level of 6 mg/kg to rats. Data are presented as the mean ± SD 

(n=3-4). 
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Figure 3.5 Ratio of paclitaxel concentrations in the liver, lungs, brain, spinal cord, skin, 

and muscle at 0.5 and 1 h in rats following IV bolus administration of Taxol® or L-PTX at 

6 mg/kg. 
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Figure 3.6 Observed paclitaxel tissue distribution (open symbols) after IV administration 

of Taxol® 6 mg/kg overlaid with predictions generated using previously developed 

physiologically-based pharmacokinetic model (218) (dotted lines) for plasma, liver, lungs, 

skin, and muscle tissues. In the model, skin and muscle were lumped into a ‘remainder’ 

compartment; the simulated line on skin/muscle panel represents a profile for the 

‘remainder’ compartment. 
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Chapter 4. Pharmacokinetic-Pharmacodynamic Model of Paclitaxel-

induced Peripheral Mechanical Sensitivity After Administration of 

Taxol® to Rats 

4.1 INTRODUCTION 

Chemotherapy-induced peripheral neuropathy (CIPN) is a major, often dose-

limiting adverse effect of various drugs, including taxanes (paclitaxel, docetaxel), platinum-

based drugs (cisplatin, carboplatin, oxaliplatin), proteasome inhibitor (bortezomib), 

immunomodulator (thalidomide), epothilones (ixabepilone), and vinca alkaloids 

(vincristine and vinblastine) (198). Up to 40-90% of patients treated with chemotherapy 

develop CIPN. The symptoms of CIPN may be severe and long-lasting (up to 11 years 

after discontinuation of chemotherapy) (200). The quality of life of cancer patients are 

significantly affected by CIPN since current treatments are often not effective and no 

effective prevention is available, which leaves the discontinuation of chemotherapy or 

dose reduction the only clinical solution (202). 

Paclitaxel is one of the chemotherapeutic drugs for treatment of various cancers, 

including ovarian, breast, small and non-small-cell lung, colon, bladder, esophagus, head 

and neck, multiple myeloma, and advanced forms of Kaposi’s sarcoma (32, 33). It was the 

first in a new class of microtubule stabilizing drugs that defect in mitotic spindle assembly 

and normal cell division by stabilizing microtubule polymers and protect them from 

disassemble (102, 133-135). Paclitaxel is highly lipophilic (logP~4) and poor aqueous 

soluble (0.77 - 35 µM) (35-38). Taxol® (Bristol-Myers Squibb, Princeton, NJ) is the first 

approved formulation of paclitaxel, which is formulated with polyoxyethylated castor oil 

(Cremophor EL) and ethanol (1:1, v/v) due to the poor solubility of the drug. Although 

several adverse events were reported with Taxol® treatment, such as peripheral 

neurotoxicity (42-70%), nephrotoxicity (18-34%) and hypersensitivity (31-45%) (reported 
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as percentages of patients after single-agent therapy) (40), Taxol® is the standard of care 

for many cancers and is used on a daily basis in the clinic.  

 

Several risk factors for CIPN have been described, including dose, schedule, 

exposure, and genetic polymorphism. In patients with metastatic breast cancer, Taxol® 

given at 250 mg/m2 dose level every 3 weeks was found to cause more grade 3 CIPN 

compared to 210 and 175 mg/m2 every 3 weeks dosing (221). In another study, weekly 

Taxol® at 80 mg/m2 for 6 cycles (combined with carboplatin for treatment of ovarian cancer 

patients) resulted in higher rate of neuropathy (grade≥2) compared to Taxol® at 175 mg/m2 

administered every 3 weeks for 6 cycles (222). Other studies reported that patients with 

polymorphism in a congenital peripheral neuropathy gene (223) and women who were 

CYP3A4*22 carriers (224) had a higher risk of CIPN development. Higher area under the 

time-course curve of paclitaxel concentrations above 0.05 µM was also correlated with the 

severity of CIPN (224, 225). However, no dose-response relationship was discovered in 

rats that received Taxol® at 0.5, 1, or 2 mg/kg dose levels on alternate days for four times 

(183). Despite all these studies, it remains challenging to predict the time course and 

extent of CIPN development in patient receiving Taxol®. 

 Because dose level and administration schedule are widely recognized as risk 

factors for CIPN development, CIPN is commonly managed by dose reduction and 

treatment discontinuation. However, the quantitative relationship between the dose, 

plasma pharmacokinetics, and paclitaxel induced peripheral neurotoxicity has not been 

established. To optimize the efficacy and toxicity of paclitaxel, there is an urgent need to 

establish a model-based approach for connecting between the pharmacokinetics and 

toxicokinetic profile (for peripheral neurotoxicity). Since there are no widely accepted and 

standardized assessment tools to reliably classify patients with CIPN (23), animal models 

have been utilized to study neurotoxicity (response to mechanical or thermal stimuli) after 
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Taxol® administration. The first aim of this work was to utilize the data from previous 

publications as well as our experimental data to describe the quantitative relationship 

between the dosing regimen and paw withdrawal threshold due to mechanical stimuli after 

IV administration of Taxol® to rats. The second aim was to perform simulations to compare 

paw withdrawal threshold to mechanical stimuli in order to propose an optimized dosing 

regimen of paclitaxel.  
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4.2 MATERIALS AND METHODS 

4.2.1 Data Sources 

 To investigate the pharmacokinetic-pharmacodynamic (PK-PD) relationship 

between Taxol® dose and degree of sensitivity to mechanical stimulus in rats, paclitaxel 

PK profile in plasma and paw withdrawal threshold to mechanical stimuli after IV 

administration of Taxol® were collected from the literature or acquired experimentally.  

PK data 

Paclitaxel pharmacokinetic profile in plasma after a single intravenous (IV) bolus 

administration at 6 mg/kg to Sprague Dawley rats were obtained. The detailed 

experimental design, material and methods were reported previously in Chapter 2. Briefly, 

rats were randomly divided to receive a single dose of 6 mg/kg of Taxol® (1 mg/mL diluted 

with saline) via the tail vein. Animals were sacrificed (n=3-4 for each time point) and blood 

samples were collected at 0.5, 1, 2, and 4 h after drug administration. Blood samples were 

collected into heparinized tubes and immediately processed for plasma by centrifugation. 

Samples were stored at -80 °C until analysis using an HPLC-UV system (Agilent 1260 

Infinity, Santa Clara, USA). The lower limit of quantification for paclitaxel was 50 ng/mL, 

and the method was linear between up to 20,000 ng/mL. Plasma was mixed with N-

benzylbenzamide (100 µg/mL in acetonitrile, internal standard) and extracted using liquid-

liquid extraction method with 300 µL of acetonitrile, and 3 mL of methyl tert-butyl ether. 

After extraction, the injection volume was 40 µL. 

PD data 

Several sets of paw withdrawal threshold to mechanical stimuli data after IV Taxol® 

administration were collected from the literature. Previous publications have reported in-

vivo model of Taxol® induced peripheral neurotoxicity (increased sensitivity of hind paws 

to mechanical stimuli) following administration of Taxol® (209, 214, 226). Only studies that 

evaluated Taxol® formulation administered by the IV route were included in the analysis. 
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Mean data (paw withdrawal threshold to mechanical stimuli before and after Taxol® 

administration) and standard error of the mean (SEM) in each publication were captured 

by Plot Digitizer (Version 2.6.8). Three publications reporting Taxol® induced peripheral 

sensitivity to mechanical stimuli after multiple IV bolus dosing to rats were identified after 

screening (Table 4.1) (209, 214, 226).  

In addition, experimental data collected in our laboratory after multiple IV bolus 

doses of Taxol® to rats were included (Table 4.1). The assessment of sensitivity of rats to 

mechanical stimuli was performed using dynamic plantar aesthesiometer (Ugo Basile, 

Italy), as previously described in Chapter 2.  Briefly, a baseline of paw withdrawal threshold 

was measured on at least 3 consecutive days before Taxol® administration. Peripheral 

sensitivity was induced by repeated IV dosing of paclitaxel at a cumulative dose of 8 mg/kg 

(2 mg/kg, every other day for a total of 4 doses). A linearly increasing force was applied 

on the plantar surface of hind paws of rats using a metal filament which was programmed 

with the microprocessor (2.5 g/s, with a cut-off of 50 g). paw withdrawal threshold in 

response to the mechanical stimuli was automatically recorded in grams when the animal 

withdrew the paw.  

 

4.2.2 PK-PD Model Structure 

A one-compartment model with first order elimination was used as the structural 

model to describe the concentration time course of paclitaxel (Figure 4.1). An indirect 

response model (IDR) linked to plasma concentrations through a biophase compartment 

was utilized to describe the time course of paw withdrawal threshold to mechanical stimuli. 

The onset of peripheral neurotoxicity occurs gradually over several days, and hence, a 

direct effect model could not be used because the plasma half-life of paclitaxel is relatively 

short. After initial assessment of the data using biophase model alone, IDR model alone, 

or a combination of biophase model and IDR, the later one was selected (Figure 4.1.). 
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Since the mechanisms of paclitaxel-induced peripheral neuropathy are not fully 

understood, IDR model I and IDR model IV were both evaluated to describe the PK-PD 

relationship.  

Model I 

The mechanisms that contribute to paclitaxel-induced neuropathy includes loss of 

neuronal fibers, demyelination, axon degeneration and subsequently changes axon 

morphology; changes of cell shape and cell stability in microtubules; and alters calcium 

homeostasis and mitochondrial function in neurons (4). It was assumed that baseline 

sensitivity of animals to mechanical stimuli (paw withdrawal threshold before 

administration of chemotherapy) can be described using a homeostasis equation 𝑑𝑅
𝑑𝑡⁄ =

𝑘𝑖𝑛 − 𝑘𝑜𝑢𝑡 ∙ 𝑅 , with a hypothetical production rate and elimination rate constants. IDR 

models have been utilized to describe such data before (227). IDR model I (inhibition of 

production) was evaluated and ascribed the action of paclitaxel to inhibition of the factors 

regulating the production of the response variable.  The following equation was used to 

describe the model I: 

                                 𝑑𝑅
𝑑𝑡⁄ = 𝑘𝑖𝑛 ∙ (1 −

𝐼𝑚𝑎𝑥∙𝐶𝑏𝑖𝑜

𝐼𝐶50+𝐶𝑏𝑖𝑜
) − 𝑘𝑜𝑢𝑡 ∙ 𝑅    where 𝑅(0) = 𝑅0                            

(1)  

where R is the response variable, 𝑅0 is the baseline value for paw withdrawal threshold to 

mechanical stimuli, 𝑘𝑖𝑛  and 𝑘𝑜𝑢𝑡  are zero- and first-order rate constants for the 

appearance and disappearance of the peripheral sensitivity, respectively, 𝐶𝑏𝑖𝑜  is the 

concentration in biophase, 𝐼𝑚𝑎𝑥  is the maximum inhibition, and 𝐼𝐶50  is the drug 

concentration that produces 50% of the maximum inhibition. 

Model IV 

On the other hand, the paclitaxel induced peripheral neurotoxicity results in 

maladaptive responses in nociceptive pathways that drives sensory amplification. In 
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somatosensory pathway, an enhanced response to noxious stimuli and low-threshold 

sensory in amplitude, duration and spatial extent, and subsequently active the pain circuit 

(228). Therefore, IDR model IV was also evaluated due to the amplification the neural 

signaling within central nervous system that elicits pain hypersensitivity. The following 

equation was used to describe the model IV: 

                       𝑑𝑅
𝑑𝑡⁄ = 𝑘𝑖𝑛 − 𝑘𝑜𝑢𝑡 ∙ (1 +

𝑆𝑚𝑎𝑥∙𝐶𝑏𝑖𝑜

𝑆𝐶50+𝐶𝑏𝑖𝑜
) ∙ 𝑅   where 𝑅(0) = 𝑅0                           

(2) 

where 𝑆𝑚𝑎𝑥 is the maximum stimulation, and 𝑆𝐶50 is the drug concentration that produces 

50% of the maximum stimulation. However, the parameters could not be identified and a 

simplified model was used. When 𝐶𝑏𝑖𝑜 ≪ 𝑆𝐶50, k represents the ratio of 
𝑆𝑚𝑎𝑥

𝑆𝐶50
⁄ , and 

the model was described as below: 

                                    𝑑𝑅
𝑑𝑡⁄ = 𝑘𝑖𝑛 − 𝑘𝑜𝑢𝑡 ∙ (1 + 𝑘 ∙ 𝐶𝑏𝑖𝑜) ∙ 𝑅   where 𝑅(0) = 𝑅0                           

(3)             

where k represents the ratio of 
𝑆𝑚𝑎𝑥

𝑆𝐶50
⁄  when 𝐶𝑏𝑖𝑜 ≪ 𝑆𝐶50. 

 When there is no drug present, the baseline (paw withdrawal threshold to 

mechanical stimuli) was determined by 𝑅0 =
𝑘𝑖𝑛

𝑘𝑜𝑢𝑡
⁄ . The baseline (without intervention) 

animal sensitivity measured in an experiment can be dependent on multiple factors, 

including animal-dependent, method of measurement-dependent and investigator-

dependent; and conversion (or scaling factors) have not been determined. The baseline 

value in all utilized data sets varied significantly. Therefore, for each of the four data sets, 

baselines were calculated based on starting value (29.6 g for Yilmaz et al. and 14.9 g for 

Ochi-ishi et al.) or an average of starting and returning response values (12.2 g for 

Yamashita et al. and 34.0 g for Zang et al.).  Since 𝑅0 is fixed to paw withdrawal threshold 

values before drug administration and determined by 𝑘𝑖𝑛  and 𝑘𝑜𝑢𝑡 , two cases can be 
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explored, namely that the parameterization is in either 𝑘𝑖𝑛 or 𝑘𝑜𝑢𝑡. Therefore, the following 

four models were evaluated and compared: 

a) Indirect response model I, parameterization in kin 

b) Indirect response model I, parameterization in kout 

c) Indirect response model IV, parameterization in kin 

d) Indirect response model IV, parameterization in kout 

 

4.2.3 Simulations 

To assess the effect of dose and dosing frequency on the development of 

peripheral neurotoxicity after IV administration of Taxol® to rats, simulations were 

performed under three scenarios. First, the same total dose (8 mg/kg) was given within 

one week at different dose for each administration (1, 2, 4, or 8 mg/kg); second, the same 

total dose (8 mg/kg) given at daily, 2, 3, or 4 days apart, or weekly at 2 mg/kg for each 

administration; and third, 2 mg/kg every other day for 4 times or 4 mg/kg every 6 days for 

4 times.  

 

4.2.4 Data Analysis 

PK data are presented as individual observed value. PD data from different 

experiments are presented as mean ± SEM. Modeling and simulation were conducted 

using MATLAB R2015b software (The MathWorkds, Natick, MA). All pharmacokinetic 

parameters were estimated using the maximum likelihood method. The variance model 

was defined as 𝑉𝐴𝑅𝑖 = (𝜎 ∙ 𝑌(𝜃, 𝑡𝑖))2, where 𝑉𝐴𝑅𝑖 is the variance of the 𝑖th data point, 𝜎 

is the variance model parameter, and 𝑌(𝜃, 𝑡𝑖) is the 𝑖th predicted value from the PK-PD 

model.  The goodness-of-fit was assessed by system convergence, Akaike Information 

Criterion, estimator criterion value for the maximum likelihood method, and visual 

inspection of residuals and fitted curves. 
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RESULTS 

To evaluate the quantitative relationship between dose and paw withdrawal 

threshold to mechanical stimuli after IV administration of Taxol® to rats, PK-PD modeling 

was performed using experimental PK and PD data from our laboratory, and additional 

three published PD data sets. Since baseline values for each study were all different, R0 

was fixed according to individual data sets, and either kin or kout was calculated based on 

R0. The model fitting among four models were very similar to each other (final fits of d, 

IDR IV, difference in kout for are shown in Figure 4.2). The PK-PD model provided a good 

description of the experimental plasma PK data and paw withdrawal threshold to 

mechanical stimuli PD data. All the parameters from four different models were estimated 

with sufficient precision (Table 4.2).  

The changes of paw withdrawal threshold to mechanical stimuli were not very 

significant when the total dose was the same but given as one of the four dosing regimens: 

1 mg/kg daily for 8 days; 2 mg/kg on day 0, 2, 4, and 6; 4 mg/kg on day 0 and 4; 4 mg/kg 

on day 0 and 7; 8 mg/kg on day 0 (Figure 4.3a). The maximum changes in paw withdrawal 

threshold for all the dosing regimens were approximately 71-73% compared to the 

baseline level. The onset of the peripheral neurotoxicity was slight different, depending on 

the frequency of the dose. On the other hand, the changes of paw withdrawal threshold to 

mechanical stimuli varies among different frequencies of administration at 2 mg/kg of 

Taxol® for 4 times (Figure 4.3b). Taxol® given as daily, every 2, 3, or 4 days, or weekly 

doses of 2 mg/kg yielded distinct response on mechanical sensitivity, range from 71% - 

78% compared to the baseline level. The onset of peripheral neurotoxicity delayed with 

the increased dosing interval (from daily to weekly). A third simulation was conducted to 

compare with previously reported clinical study in comparison of lower dose at higher 

frequency or higher dose at lower frequency (Figure 4.3c). The lower dose at higher 
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frequency (2 m/kg on day 0, 2, 4, and 6) yielded a less sensitivity to mechanical sensitivity 

compared to higher dose at lower frequency (4 mg/kg on day 0, 6, 12, and 18). 
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4.3 DISCUSSION 

CIPN is a very common, serious, and debilitating adverse effect of paclitaxel and 

many other anticancer drugs. A recent systematic review (31 studies, 4179 patients) 

reported CIPN prevalence of 68% when measured in the first month after chemotherapy, 

60% at 3 months and 30% at 6 months or more (6). Different drugs may result in a different 

clinical presentation of neuropathy symptoms; the underlying mechanism of development 

of CIPN are complex (212, 213) and not fully understood. Treatment of CIPN is mostly 

symptomatic (using anticonvulsants, gabapentin, opioids (202)) and remains largely 

ineffective (201). Some prevention treatments using vitamin E, amifostine, and glutathione 

were reported (202); however, discontinuation of chemotherapy or dose reduction remains 

the only clinical solution (202). Therefore, there is an urgent need to evaluate possible risk 

factors of CIPN and prevent CIPN development. 

Previous studies have raised several risk factors for CIPN, including dose (221) or 

schedule (222), genetic polymorphism (223), and drug exposure in plasma (224, 225). 

However, the quantitative analysis of the PK-PD relationship has not been conducted. A 

kinetic-pharmacodynamic model of CIPN induced by Taxol® was developed in patients 

with metastatic breast cancer (227). Indirect response model with linear drug effects was 

able to describe the CIPN development using patient reported CIPN score.  However, no 

plasma PK data were available, and hence, no PK-PD relationship was established. The 

current model may have less translational significance to clinical use because the 

approach for neurotoxicity assessment are different from preclinical model to human. 

However, surrogate models can be generated to simulate the dosing regimen that is being 

clinically used. For example, our simulations show that there is no significant difference in 

paw withdrawal threshold after administering the same total dose of Taxol® using different 

dosing schedules (Figure 4.3a). Administration of the same dose on weekly basis yield 

less neurotoxicity compared to daily doses (Figure 4.3b). Figure 4.3 demonstrated a 
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simulation of similar dose and frequency compared to a clinical study. In the clinical study, 

lower dose with higher frequency (80 mg/m2 with weekly administration for a total of 6 

cycles) resulted in higher rate of neuropathy compared to higher dose with lower 

frequency (175 mg/m2 with every 3 weeks for a total of 6 cycles) (222). Interestingly, the 

model simulation with lower dose but higher frequency (2 mg/kg on day 0, 2, 4, and 6) 

results in a lower peripheral sensitivity compared to the other group (4 mg/kg on day 0, 6, 

12, and 18). Another preclinical study claimed no-dose response relationship was found 

for rats administered with different doses of Taxol® (0.5 - 2 mg/kg on alternate days for 

four times) (183). Additional information of dosing schedule with a wide range of doses 

would help to determine the relationship between dose and the severity of paclitaxel-

induced peripheral neurotoxicity in the future. 

In current PK-PD model development, model I and model IV of IDR were both 

evaluated and compared to describe the relationship between paclitaxel plasma PK and 

paclitaxel-induced neurotoxicity. Since the mechanisms that contribute to CIPN are not 

fully understood, the PK-PD relationship can be explained as inhibition of factors 

regulating the production of response to mechanical stimuli, such as changes in axon 

morphology functions, cell shape and stability in microtubules, calcium homeostasis in 

mitochondria, etc. (4); or as stimulation of factors controlling the dissipation of the 

response to mechanical stimuli, such as amplification the neural signaling within central 

nervous system that elicits pain hypersensitivity (228). In fact, both models adequately 

described the observed data with comparable estimated parameters and sufficient 

precision. In model I development, Imax was fixed to the maximum possible value (1.0) to 

accommodate the algorithm of the modelling, which may indicate that the maximum 

fractional ability of the drug to affect the process can reach 100%. Future studies on the 

mechanism of CIPN are necessary to determine the appropriate model for paclitaxel 

plasma PK and its neurotoxicity development. 



103 
 

  

The baseline response values among all data sets were different, which may be 

due to the age differences of rats, the differences in measurement equipment, and 

individual researchers. Von Frey filaments yielded a lower baseline while electronic Von 

Frey and dynamic plantar yielded a higher baseline. The underlying protocols and 

principles are different, it remains unclear if electronic Von Frey activates a different subset 

of sensory neurons (high-threshold mechanoreceptors) compared to traditional Von Frey 

filaments (low-threshold mechanoreceptors) (26). However, both methods can be used to 

measure mechanical sensitivity. To accommodate the different baselines, original data 

sets may be computed as ratio relative to the baseline, change from the baseline 

(subtraction), and percent change relative to the baseline. However, it is highly 

recommended to use original experimental data rather than normalized data to model 

because any normalization would cause absence of individual differences in basal 

conditions between subjects or study groups (229). In addition, model parameters of the 

IDR models are interrelated with baseline values (kin and kout), baseline normalization is 

not a frequent practice to handling IDR models. In the current model, original data sets 

were used for modeling and baselines were not estimated, which reduced the number of 

model parameters to be estimated. Importantly, all data sets could be captured with a 

single set of parameters (except for the baseline values). 

Modelers have been debating as to whether the baseline should be estimated or 

fixed. Woo et al. have discussed the handling of baseline values by estimation, fixing at 

the starting value, and fixing at an average of starting and returning values of response 

profiles (229). Estimation led to the least bias and imprecision when the data is sufficient 

to capture a full response profile compared to other two approaches. However, if the profile 

does not completely return to baseline, estimation and fixing approaches are comparable. 

The overall relative performance between estimation and fixing are very similar when there 

are more sampling points in the return phase (229). In the current model, 2 out of 4 data 
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sets have a complete response profile. Therefore, the baselines were fixed to the average 

of initial and late measurements for these two data sets, and to the initial observations for 

the rest of the data sets.  

 Since baselines were fixed to either starting value or the average of starting and 

returning response value, kin and kout can be calculated based on the 𝑅0 =
𝑘𝑖𝑛

𝑘𝑜𝑢𝑡
⁄ . 

Therefore, two cases were compared, namely that there was a difference in either 𝑘𝑖𝑛 or 

𝑘𝑜𝑢𝑡. The fitted profiles, estimated parameters, variances, and Akaike Information Criterion 

were very similar between estimating kin and kout. The ratio of estimated kin and kout were 

18.33 g and 65 g for model I and model IV, which are not directly correlated with the fixed 

baseline levels (R0). If a more informative data sets with wider range of dosing regimen 

were available for model development in the future, estimating R0 would be another way 

to evaluate the quantitative relationship.  

Dansirikul et al. have discussed different ways of modeling baseline responses 

while taking into consideration between- and within-individual variability (230). The 

baseline normalization yields the largest bias and imprecision of parameter estimates. 

However, the population modeling approach is not suitable for the data sets in the current 

study since only mean ± SEM were available from publications.  
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4.4 CONCLUSION 

In this study, we established a quantitative approach to link between the plasma 

concentration of paclitaxel and paclitaxel-induced peripheral neurotoxicity after IV 

administration of Taxol® to rats. Simulations of different dose and schedule may enhance 

the understanding of CIPN development and direct the future Taxol® usage in the clinic. 

Our previous study (Chapter 2) showed slow elimination of paclitaxel from peripheral 

tissues (skin and muscle) after IV administration Taxol® to rats at 6 mg/kg. In the future 

studies, the estimates half-life of the drug in the hypothetical biophase should be 

compared to actual half-lives of paclitaxel in various tissues.  
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Table 4.1 Data sources for Taxol® induced peripheral sensitivity to mechanical stimuli in rats used for PK-PD model development 

References Species Age/Weight Sex Number Dose regimen 

Total 

dose 

(mg/kg) 

Method 

Yamashita et 

al., 2011 (214) 

Sprague 

Dawley rats 
- a Male 10-11 

6 mg/kg/week  

x 4 times 
24 Von Frey Filaments 

Ochi-ishi et al., 

2014 (226) 

Sprague 

Dawley rats 
8-11 weeks Male 6 

18 mg/kg,  

day 0 and 4 
36 Von Frey Filaments 

Yilmaz et al., 

2015 (209) 

Sprague 

Dawley rats 
250-320 g Male 7 

2 mg/kg/2 days  

x 4 times 
8 

Plantar test analgesia meter 

(IITC Life Sciences Inc. CA) 

Zang, 2017 b 
Sprague 

Dawley rats 
250-350 g Male 10 

2 mg/kg/2 days  

x 4 times 
8 

Dynamic Plantar aesthesiometer 

(Ugo Basile, Italy) 

 

a Not available 
b data was acquired by the investigator rather than a published resource 
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Table 4.2 Estimated PK-PD parameters of Taxol® induced peripheral mechanical 

sensitivity in rats 

Estimated 

parameters, 

units 

Model I Model IV 

Parameterizatio

n in kin 

Parameterizatio

n in kout 

Parameterizatio

n in kin 

Parameterizatio

n in kout 

Estimate %CV Estimate %CV Estimate %CV Estimate %CV 

kel, day-1 18.67 4 18.67 4 18.67 4 18.67 4 

Vp, L 0.35 8 0.35 8 0.35 8 0.35 8 

keo, day-1 0.07 20 0.07 19 0.06 22 0.14 56 

kin, g/day 8.98 23 - a - 5.20 31 - - 

kout, day-1 - - 0.49 22 - - 0.08 56 

Imax 1.0 b - 1.0 a - - - - - 

IC50, ng/mL 32.42 10 32.17 10 - - - - 

k, mL/ng - - - - 0.03 13 0.03 8 

Variance_P

K 
0.033 38 0.033 38 0.033 38 0.033 38 

Variance_P

D 
0.015 19 0.015 19 0.016 19 0.012 19 

OBJ 377 377 385 368 

AIC 768 768 783 750 

 

a not applicable 
b Imax was fixed to 1.0 
%CV, estimator criterion value for the maximum likelihood method; OBJ, objective function value; 
AIC, Akaike information criterion  
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Figure 4.1 Integrated model used to characterize PK and PD of Taxol® induced peripheral 

sensitivity to mechanical stimuli.   
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Figure 4.2 a) Time-course of plasma paclitaxel following Taxol® IV bolus administration at 

6 mg/kg to rats (n = 3-4). Data are shown as individual measurement. b) Time-course of 

paw withdrawal threshold in response to mechanical stimulation to plantar surface of hind 

paw before and after injection of Taxol® at 2 mg/kg for 4 times (n = 6-10). Data are shown 

in mean ± SEM. The symbols represent experimental data or data extracted from 

references (209, 214, 226), and lines are model-predicted profiles after simultaneous 

fitting PK-PD data.  
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Figure 4.3 Time-course of paw withdrawal threshold to mechanical stimuli after IV 

administration of Taxol® to rats. Lines represent PK-PD model predicted profiles using a) 

same total dose (8 mg/kg) given within one week at different dose for each administration 

(1, 2, 4, or 8 mg/kg) and b) same total dose (8 mg/kg) given at daily, 2, 3, or 4 days apart, 
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or weekly at 2 mg/kg for each administration c) 2 mg/kg every other day for 4 times or 4 

mg/kg every 6 days for 4 times. 
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Chapter 5. Physiologically-Based Modeling and Interspecies 

Prediction of Cisplatin Pharmacokinetics 

5.1 INTRODUCTION 

 Cisplatin (cis-diamminedichloroplatinum(II) or CDDP) is an effective anti-

neoplastic therapy for various types of cancer, including metastatic testicular tumors, 

metastatic ovarian tumors, advanced bladder cancer, non-small cell lung cancer (44). Off-

label use has been extended to head and neck, esophageal, gastric, colorectal, 

hepatocellular, metastatic melanoma, and second-line to metastatic breast and prostate 

cancers (43). Cisplatin is a platinum-based alkylating compound which causes formation 

of inter- and intra-strand DNA cross-links resulting in inhibition of replication and apoptosis 

of the cell (231). 

 Cisplatin is usually administered to patients as slow intravenous infusion (6-8 h) in 

cycles. For example, treatment for testicular cancer is 20 mg/m2 daily for 5 days per cycle 

in combination with other chemotherapeutic agents, or 75-100 mg/m2 every 4 weeks for 

ovarian cancer in combination with cyclophosphamide (44). Cisplatin and its metabolites 

are mainly renally excreted and can accumulate in the renal proximal tubules. Cisplatin-

induced nephrotoxicity is the most common (about one third of the patients) and dose-

limiting side effect, and cisplatin use is normally limited to patients with a creatinine 

clearance greater than 60 mL/min (45). Neurotoxicity has developed in nearly 50% of 

patients who received cisplatin-containing regimen compared to 25% of patients treated 

with non-cisplatin-containing regimen. Additionally, the severity of neurotoxicity in cisplatin 

treated patients were much higher (46). Other side effects of cisplatin treatment include 

ototoxicity (31%), myelosuppression (25% - 30%), and nausea and vomiting (~100%) 

(reported as percentages of patients after single-agent therapy) (44). Alternative 

formulation of cisplatin has been investigated to reduce cisplatin-induced side effects. The 



113 
 

 

liposomal cisplatin formulation (Lipoplatin™) has shown in phase I, II, and III clinical trials 

to substantially reduce renal toxicity, peripheral neuropathy, and other side effects with 

enhanced or similar efficacy (43). 

Cisplatin is not subjected to enzymatic metabolism, it exhibits an uncommon 

metabolism and binding pattern. Cisplatin (parent drug) irreversibly binds to low molecular 

weight nucleophiles and nucleophilic sites on macromolecules to form mobile and fixed 

metabolites (Figure 1) (105, 106). Plasma profiles of parent drug show monoexponential 

decay with a half-life of approximately 0.5 h following intravenous (IV) bolus administration 

to humans at a dose level of 50 or 100 mg/m2, or 2 h infusions at 100 mg/m2 (44). Majority 

of studies measured the total platinum concentration without differentiating between 

parent drug and metabolites. Tight and irreversibly binding between platinum and 

macromolecules results in a long half-life of total platinum due to slow elimination of fixed 

metabolites (44). Cisplatin clearance and volume of distribution at steady state in humans 

were reported as 15-16 L/h/m2 and 11-12 L/m2 respectively. Fecal excretion of platinum is 

insignificant because very minimal amount of platinum is present in the bile and large 

intestine (44).  

The goals of this work were to develop a PBPK model based on multiple published 

data sets from preclinical species and to evaluate the utility of the PBPK model for 

predicting cisplatin pharmacokinetics in humans.  
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5.2 MATERIALS AND METHODS 

5.2.1 Data sources 

To investigate whole-body biodisposition of cisplatin, pharmacokinetic data were 

collected from the literature. Mean data (total platinum, parent, or filterable platinum 

concentration in plasma and tissues) in each publication were captured by Plot Digitizer 

(version 2.6.8). Eleven publications reporting cisplatin pharmacokinetic profiles in plasma 

and tissues after a single intravenous (IV) bolus administration to mice (232-242) and four 

publications to rats (106, 243-245) were identified after screening. Four publications were 

excluded because too few tissue concentration profiles (≤ 3 tissues) were reported. Seven 

publications with mice data (232, 234, 236, 238, 240-242) (Table 5.1) and four 

publications with rats data (Table 5.2) were included for model development. Instead of 

plasma, two studies reported blood or serum concentration were excluded from plasma 

concentrations from the rest of the studies (234, 241). Due to technical difficulties were 

associated with extracting data from the spleen concentration profiles of Staffhorst et al. 

(238) and Oberoi et al. (240), both were excluded from model development. Selected 

studies have a dose level of 3 to 10 mg/kg for mice and 2 to 5 mg/kg for rats, which were 

used to construct the PBPK model of cisplatin disposition. Reported tissue distribution 

profiles includes plasma, spleen, liver, kidneys, lungs, gastrointestinal (GI) tract, muscle, 

skin, heart, brain, and platinum concentrations in urine.  

Human data were used for evaluating interspecies prediction using the PBPK 

approach. Three studies were identified that reported plasma pharmacokinetic data and 

urine profile of cisplatin following single IV infusion in cancer patients at dose level of 70, 

75, and 100 mg/m2 over 1 h (246-248); and three studies were identified that reported 

tissue concentrations (autopsy data), including kidneys, liver, heart, spleen, lung, GI, brain, 

and muscle (249-251). Only total dose information was reported in two studies, ranging 

80-174 mg/m2 (251) and 90-265 mg/m2 (250). In the third publication, data were reported 
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as normalization to 100 mg platinum/m2 for all patients (249). All dose information and 

concentrations were converted to molar unit (µmol/kg for cisplatin, and nmol for platinum 

concentration). 

 

5.2.2 Physiological parameters 

Physiological parameters, such as tissue weights, fractions of vascular space in 

tissues, and plasma flow rates to tissues, were fixed to previously reported literature 

values (120-122). Plasma cardiac output (CO) for rats and mice were calculated using 

allometric relationships: 𝐶𝑂𝑟𝑎𝑡(𝐿/ℎ) = 14.1 ∙ (1 − 𝐻𝑒𝑚𝑎𝑡𝑜𝑐𝑟𝑖𝑡) ∙

(𝑏𝑜𝑑𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 𝑖𝑛 𝑘𝑖𝑙𝑜𝑔𝑟𝑎𝑚𝑠)0.75 and 𝐶𝑂𝑚𝑜𝑢𝑠𝑒(𝐿/ℎ) = 16.5 ∙ (1 − 𝐻𝑒𝑚𝑎𝑡𝑜𝑐𝑟𝑖𝑡) ∙

(𝑏𝑜𝑑𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 𝑖𝑛 𝑘𝑖𝑙𝑜𝑔𝑟𝑎𝑚𝑠)0.75 (120). Plasma cardiac output for humans was fixed to 

312 ∙ (1 − 𝐻𝑒𝑚𝑎𝑡𝑜𝑐𝑟𝑖𝑡) L/h (120). All tissues that were not reported in the publications 

were lumped into a hypothetical remainder compartment (107). The densities of all tissues 

were assumed to be 1 g/mL. Body weights (BW) of 0.02, 0.25, and 69 kg were used for 

mice, rats, and humans by taking the mean of the reported values from used publications.  

 

5.2.3 Elimination Mechanisms 

The renal clearance and biliary clearance of cisplatin in rats were reported as 12.3 

and 0.27 mL/min/kg (232). Similarly, biliary excretion of platinum has only accounted for 

1-4% in rabbits (252), dogs (253), and humans (254), which was assumed to be negligible 

compare to renal clearance. Therefore, biliary clearance was fixed to zero and only renal 

clearance was included in the PBPK model. Previous clinical studies suggested that 

ultrafilterable platinum is predominantly excreted by glomerular filtration (246). Therefore, 

the clearance of parent cisplatin and mobile metabolites were fixed to glomerular filtration 

rate (GFR) for all species. Mice GFR values was fixed at 283.5 µL/min (0.01701 L/h), 

which were calculated based on conscious C57BL/6 male mice (255). Rats GFR values 
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was fixed at 1.1 mL/min (0.066 L/h) (106). Human GFR values is assumed at 99 mL/min 

per 1.73 m2 (6.21 L/h), which is based on the average GFR of people age 40-49 according 

to National Kidney Foundation (256).  

 

5.2.4 Modeling Strategy 

A whole-body PBPK model was develop in this work based on tissue disposition 

data in mice and rats, and human plasma and autopsy tissue data were used for 

qualification of interspecies scaling approaches. Due to a unique nature of cisplatin 

metabolism and binding, common approaches for data-driven PBPK model building (such 

as using equilibrium partition coefficients or permeability-surface terms to describe 

individual organs) were inadequate. A more mechanistic tissue model with separate 

parent drug and mobile and fixed metabolites compartments suggested by Farris and 

colleagues in the 1980s was implemented (106), as described below. Important distinction 

of our work is that 1) model parameters were estimated by fitting the model to the data, 2) 

multiple data sources were used, 3) additional tissues were included, and 4) approaches 

for interspecies scaling of the model parameters were developed. 

5.2.5 PBPK model structure 

PBPK models for cisplatin had been reported over 30 years ago by the same group 

in rats, rabbits, dogs, and humans (106, 257). While the overall structural model was 

shared across all species, species-specific parameters were utilized. More importantly, no 

model fitting was performed. Initial model parameters were calculated based on certain 

in-vitro and in-vivo experiments, and some of them were manually adjusted to provide 

description of the experimental data. In this work, we adopted the tissue-level model and 

underlying set of assumptions as proposed by Farris and colleagues (106). In each tissue, 

the parent drug is assumed to undergo biotransformation to mobile and fixed metabolites, 
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with a first-order rate constants k1i and k2i, and the fixed metabolites are converted to 

mobile metabolites with a first-order rate constants k3i (Figure 5.1). Cisplatin and mobile 

metabolites (any platinum containing low molecular weight nucleophile species) are 

assumed to freely traverse cell membranes, moves readily between compartments, and 

follow flow-limited kinetics. On the other hand, fixed metabolites - platinum bound to 

various macromolecules (mostly protein) - are assumed to be confined to the compartment 

where they are formed and can only be eliminated from a compartment by catabolism of 

platinum-macromolecule complexes to form mobile metabolites. Elimination of platinum 

from the body occurs in the kidneys, and the excretion rate of cisplatin and mobile 

metabolites is assumed to be the same. The representative model equations for kidney 

compartment is illustrated below: 

Parent cisplatin 

𝑑𝐶𝑘𝑑𝑝
𝑑𝑡

⁄ =
𝑄𝑘𝑑 ∙ (𝐶𝑝𝑙𝑝 − 𝐶𝑘𝑑𝑝) − 𝐶𝑙𝑘𝑑 ∙ 𝐶𝑘𝑑𝑝

𝑉𝑘𝑑
− 𝑘2𝑘𝑑 ∙ 𝐶𝑘𝑑𝑝 − 𝑘1𝑘𝑑 ∙ 𝐶𝑘𝑑𝑝 

Mobile metabolite 

𝑑𝐶𝑘𝑑𝑚
𝑑𝑡

⁄ =
𝑄𝑘𝑑 ∙ (𝐶𝑝𝑙𝑚 − 𝐶𝑘𝑑𝑚) − 𝐶𝑙𝑘𝑑 ∙ 𝐶𝑘𝑑𝑚

𝑉𝑘𝑑
+ 𝑘1𝑘𝑑 ∙ 𝐶𝑘𝑑𝑝 + 𝑘3𝑘𝑑 ∙ 𝐶𝑘𝑑𝑓 

Fixed metabolite 

𝑑𝐶𝑘𝑑𝑓
𝑑𝑡

⁄ = 𝑘2𝑘𝑑 ∙ 𝐶𝑘𝑑𝑝 − 𝑘3𝑘𝑑 ∙ 𝐶𝑘𝑑𝑓 

where 𝑄𝑘𝑑 is kidney plasma flow, 𝑉𝑘𝑑  is kidney volume, 𝐶𝐿 is the renal clearance, 𝑘1𝑘𝑑is 

the rate constant for the biotransformation of cisplatin to mobile metabolite in kidney, 

𝑘2𝑘𝑑is the rate constant for the biotransformation of cisplatin to fixed metabolite in kidney, 

𝑘3𝑘𝑑is the rate constant for the biotransformation of fixed to mobile metabolite in kidney. 

The initial conditions for all equations were set to zero. 
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5.2.6 PBPK Modeling Process 

Multiple publications reported plasma and tissue concentration-time profiles of 

total platinum in mice and rats following intravenous administration of a range of doses of 

cisplatin. Initial visual data evaluation did not reveal any nonlinearities, and urinary 

excretion was reported to be dose independent (258). Pharmacokinetic data for some 

tissues was not available in mouse studies and for some other tissues in rat studies (heart 

and brain profiles were only reported in mice, and GI profile was only reported in rats); 

therefore, PBPK model was developed using data from both species simultaneously. The 

PBPK model included the following tissues and organs: plasma (pl), GI tract (gi), spleen 

(sp), liver (li), kidneys (kd), lungs (lu), heart (hr), muscle (mu), skin (sk), brain (br), and 

remainder (rm) (lumped all non-sampled tissues) compartments (Figure 5.2). During initial 

model runs, all cisplatin biotransformation rate constants (k1i, k2i, k3i) were estimated 

separately; however, many parameters could not be estimated with sufficient precision 

due to lack of data. Therefore, the number of parameters was reduced based on the 

approach proposed by Farris and colleagues (106). In each tissue, the biotransformation 

rates from parent to mobile (k1i) and fixed (k2i) metabolites were assumed to be correlated 

(i.e., 𝑘1𝑖 = 𝑘2𝑖 × 𝑆𝐹 , where SF is a scaling factor). SF was assumed to be tissue 

independent. To further reduce the number of parameters, the biotransformation rate from 

fixed to mobile metabolite (k3i) that represents protein turnover in each tissue, was 

assumed to be the same in all tissues except for plasma and kidney.  

Parameter estimation was initially performed using two the most informative data 

sets, one for mice (232) and one for rats (106) because they contained the largest number 

of observed tissue profiles. After the model structure was finalized, other data were 

included (7 mice and 4 rats data sets); in addition, the value for the skin compartment (k2sk) 

was fixed for subsequent model runs because none of the other data sets contained 

information on this tissue.  
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5.2.7 Interspecies scaling and PBPK simulations for predicting pharmacokinetics in 

humans 

When PBPK models are used for interspecies modeling, certain parameters can 

be fixed to known values (physiological parameters, fraction unbound in plasma, 

clearance terms), shared (partition coefficients) or scaled (permeability-surface area terms, 

clearance terms) across the species. It was hypothesized that binding of cisplatin to low 

and high molecular weight nucleophiles is a cellular level process independent of species 

size; and therefore, the corresponding rate constants, k1 and k2 can be shared across the 

species. On the other hand, degradation rate of fixed metabolites to mobile metabolites 

was assumed to be dependent on the protein turnover rate. Whole body protein turnover 

was previously shown to scale allometrically (259). Data from six species (mouse, rat, 

rabbit, sheep, human, and cow) were included and plotted against species body weights 

on a log-log scale, and a power-based regression was performed. The rate constant k3i 

was assumed to scale allometrically across the species with the same exponent as the 

whole body protein turnover:  𝑃 = 𝑃𝑚𝑜𝑢𝑠𝑒 ∙ (
𝐵𝑊

𝐵𝑊𝑚𝑜𝑢𝑠𝑒
)𝐵, where P is the parameter of interest, 

BW is species body weight, and B is an allometric exponent (Figure 5.3).  

To evaluate predictive performance of the PBPK model, plasma and tissue 

pharmacokinetic profiles of platinum in humans were simulated (using the final PBPK 

model structure, estimated parameters, and interspecies scaling approaches) and 

compared visually with the observed data from literatures.    

 

5.2.8 Data analysis 

Modeling and simulation were conducted using MATLAB R2015b software (The 

MathWorks, Natick, MA). All pharmacokinetic parameters were estimated using the 
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maximum likelihood method. The variance model was defined as  𝑉𝐴𝑅𝑖 = (𝜎1 + 𝜎2 ∙

𝑌(𝜃, 𝑡𝑖))2, where 𝑉𝐴𝑅𝑖  is the variance of the 𝑖th data point, 𝜎1 and 𝜎2 are the variance 

model parameters, and 𝑌(𝜃, 𝑡𝑖) is the 𝑖th predicted value from the pharmacokinetic model. 

The goodness of fit was assessed by system convergence, Akaike Information Criterion, 

estimator criterion value for the maximum likelihood estimation method, and visual 

inspection of residuals and fitted curves. 
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5.3 RESULTS 

A whole-body PBPK model was constructed according to the schematic presented 

in Figures 5.1 and 5.2, and included biotransformation of cisplatin to mobile and fixed 

metabolite and from fixed to mobile metabolites in each tissue compartment. The 

allometric relationship between species body weight and whole-body protein turnover is 

shown in Figure 5.3. Data were fitted well by power-based regression and the resulting 

allometric equation was 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑡𝑢𝑟𝑛𝑜𝑣𝑒𝑟 𝑟𝑎𝑡𝑒 = 16.18 ∙ 𝐵𝑊−0.28 (𝑅2 = 0.99). Therefore, 

the allometric exponent of -0.28 was used for interspecies scaling of the rate constant k3 

that describes biotransformation of fixed metabolites to mobile metabolites. 

The PBPK model provided a good description of the experimental plasma and 

tissue total platinum data for mice (Figure 5.4) and rats (Figure 5.5), and all parameters 

were estimated with sufficient precision (Table 5.3). The reported values of k3 in Table 

5.3 are for rat species. Values of k3 for mice and humans can be calculated using the 

allometric equation reported above. In Figures 4 and 5, different colors represent different 

dose levels. The urine data were not used for fitting due to cumulative nature of this 

measurement. PBPK model predicted cumulative excretion was overlaid with the 

observed data for visual comparison. The model provided good prediction of the time 

course of platinum excretion into urine in mice and rats. 

 To evaluate the performance of the PBPK model in predicting cisplatin 

biodisposition in humans, pharmacokinetics profiles of total platinum in humans were 

simulated and visually compared with published results. The allometric relationship 

between species body weights and whole-body protein turnover (k3) was incorporated as 

described before. Figure 5.6 shows simulated total platinum plasma and tissue 

concentration-time profiles following administration of 100 mg/kg of cisplatin as an IV 

infusion over 1 h to humans. To facilitate the comparison, the observed data were 
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normalized to 100 mg/kg dose level. For tissues other than plasma and urine, only 

information on cumulative dose of cisplatin were available (and exact dosing schedule 

was not reported in the original publications). Since precise dosing regimen was not 

available, the total dose was assumed to be given to patients as a single IV infusion over 

1 h. In general, reasonable prediction of cisplatin pharmacokinetics in humans was 

obtained for plasma, kidneys, lungs, liver, spleen, muscle, heart, brain, GI tract and urine.  
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5.4 DISCUSSION 

A better understanding of the time-course of cisplatin biodistribution into tissues is 

required for establishing the connection between pharmacokinetics and 

pharmacodynamics and for optimization of cisplatin therapy (providing efficacy with 

minimal adverse sequalae). Since a comprehensive evaluation of drug disposition to 

various human tissues is rarely feasible, a combination of preclinical whole-body 

disposition studies, PBPK modeling and interspecies scaling is a valuable translation 

approach for achieving this goal. 

In this work, the PBPK model was successfully developed based on preclinical 

data, and all model parameters were estimated with sufficient precision. Incorporation of 

interspecies scaling allowed for reasonable prediction of plasma and tissue time course 

of platinum in humans. While current PBPK model utilized previously suggested 

assumptions and model structure (106), several important advancements have been 

made. The model utilized more than ten different data sources which allowed for 

expanding the model to include additional tissue compartments (lungs, brain, heart, and 

spleen). Advancement in computational power over recent decades allowed for successful 

estimation of model parameters, in comparison to approach taken by Farris and 

colleagues (106), where some parameters were manually adjusted to provide reasonable 

data description. Furthermore, we shown that the number of model parameters can be 

significantly reduced (from 33 to 15), and model parameters can be effectively shared or 

scaled across species.  

The relationship between the whole-body protein turnover and species body 

weight was reported before (259); however, to the best of our knowledge, this relationship 

has not been utilized for pharmacokinetics before. Initially, all three rate constants (k1, k2, 

k3) were shared between mice and rats; and the model could be fitted reasonably well. 

However, an attempt of using the same approach for predicting kinetics in humans 
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resulted in a significant underestimation of plasma concentrations. Drug biodisposition 

data in human tissues is rarely available. In this work, the PBPK model was partly qualified 

using historic autopsy data. Overall, a reasonable prediction was obtained. Some 

discrepancies between the predicted profiles and observed data can be attributed to the 

following reasons: 1) lack of precise dosing regimen information in human subjects, 2) 

significant differences between the time scales for animal studies (hours and days) used 

for model development and human data (weeks), 3) use of autopsy data (unknown 

physiological status of these patients, which might have been different from “normal” 

physiological parameters used in modeling), and 4) potential drug interactions. In some of 

the utilized clinical studies, patients were given mannitol (246, 251) or 5-fluorouracil (247, 

251) with cisplatin treatment. Previously, it was shown that these co-medications did not 

affect the plasma Cmax and terminal half-life, and urinary excretion (260). Effect of co-

medications on tissue disposition should be evaluated in future studies. 
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5.5 CONCLUSION 

In conclusion, a PBPK model for cisplatin and metabolites was developed using 

mice and rats data. The model successfully captured complex pharmacokinetics of 

platinum from multiple publications using a single set of parameters. Scaled PBPK model 

that included an allometric expression for conversion of fixed to mobile metabolites (that 

was based on total protein turnover) provided reasonable prediction of cisplatin 

pharmacokinetics in humans. Future studies, that separately measure parent drug and 

metabolites in various tissues are needed to further understand the pharmacokinetics of 

cisplatin and its metabolites.  
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Table 5.1 Sources of cisplatin pharmacokinetic data in mice used for model development. 

Author 
Route of 

Administration 
Dose 

(mg/kg) 
Strain Tumor Sex 

Weight (g) /  
Age (weeks) 

Analysis 
Method 

Zamboni et al., 2002 IV Bolus 3 and 10 C57BL/6 B16 melanoma F 4-6 weeks FAAS 

Xiao et al., 2012 IV Bolus 7.69 a - Cervical cancer - - ICP-MS 

Oberoi et al., 2012 IV Bolus 7.5 Athymic 
Ovarian 

carcinoma 
F 6 weeks ICP-MS 

Yu et al., 2015 IV Bolus 5 C57Bl/6J 
Lewis lung 
carcinoma 

F 17g ICP-MS 

Siddik et al., 1988 IV Bolus 4 BABL/c No M 20-25 g FAAS 

Staffhorst et al., 2008  IV Bolus 4 - 
Ovarian 

carcinoma 
F 28-35 g FAAS 

Ichinose et al., 2000 IV Bolus 3 BALB/c Colon cancer M 9 weeks FAAS 

FAAS, flameless atomic absorption spectrophotometer; ICP-AES, inductively coupled plasma-atomic emission spectroscopy; ICP-MS, inductively 
coupled plasma mass spectrometry; IV, intravenous 
a Dose was reported as 5 mg of platinum per kg. 7.69 mg/kg was calculated based on the molecular weights of platinum and cisplatin. 
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Table 5.2 Sources of cisplatin pharmacokinetic data in rats used for model development. 

Author 
Route of 

Administration 
Dose 

(mg/kg) 
Strain Tumor Sex 

Weight (g) /  
Age (weeks) 

Analysis 
Method 

Uchino et al., 2005 IV Bolus 5 
Sprague 
Dawley 

No F - FAAS 

Zhang et al., 2000 IV Bolus 5 Wistar No M 7 weeks FAAS 

Farris et al., 1985 IV Bolus 4 
Sprague 
Dawley 

Warlker 256 
Carcinoma 

F 200-250 g 
Gamma-ray 
spectrometer 

Zhang et al., 2002 IV Bolus 2 Wistar No M 7 weeks FAAS 

FAAS, flameless atomic absorption spectrophotometer; IV, intravenous 
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Table 5.3 Estimated pharmacokinetic parameters of cisplatin in mice and rats 

Parameter Units Estimate %CV Parameter Units Estimate %CV 

k2pl h-1 1.65 14 k2lu h-1 2.53 18 

k2kd h-1 30.84 15 k2sk h-1 21.92a - 

k2gi h-1 1.54 24 k2rm h-1 15.90 30 

k2sp h-1 1.45 15 k3pl
b h-1 0.012 12 

k2li h-1 5.90 14 k3kd
b h-1 5.50 x 10-3 13 

k2hr h-1 0.90 18 k3ti
b h-1 8.50 x 10-4 41 

k2br h-1 0.11 25 SF  0.74 16 

k2mu h-1 0.52 21     

%CV estimator criterion value for the maximum likelihood method,  
a fixed to estimates using one mouse profile (232) and one rat profile (106) 
b Values of k3 are reported for rat species. Values of k3 for other species can be calculated using the allometric equation reported in the result. 
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Figure 5.1 Schematic of the biotransformation and elimination pathways of cisplatin. It 

represents tissue-level model in the proposed PBPK. k1i, rate constant for the 

biotransformation of cisplatin to mobile metabolites; k2i, rate constant for the 

biotransformation of cisplatin to fixed metabolites; k3i, rate constant for the 

biotransformation of fixed to mobile metabolites. CL, clearance was only included in the 

kidneys. 
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Figure 5.2 Schematic of the whole-body PBPK model used to describe the disposition of 

platinum in mice, rats, and humans following intravenous injection of cisplatin. Qti plasma 

flow rate to different organs, CLkd renal clearance, gi gastrointestinal, br brain, hr heart, kd 

kidneys, li liver, lu lungs, mu muscle, pl plasma, rm remainder, sk skin, sp spleen  
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Figure 5.3 Allometric scaling plot of whole body protein turnover versus species body 

weights. Data included mouse, rat, rabbit, sheep, human, and cow (259). 
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Figure 5.4 Observed (symbols) and the PBPK model fitted (lines) pharmacokinetic profiles 

of total platinum in plasma and tissues of mice following single IV bolus administration of 

3-10 mg/kg of cisplatin (232, 234, 236, 238, 240-242). The urine data were not used for 

fitting, model predicted line was overlaid with observed data. 
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Figure 5.5 Observed (symbols) and the PBPK model fitted (lines) pharmacokinetic profiles 

of total platinum in plasma and tissues of rats following single IV bolus administration of 

2-5 mg/kg of cisplatin (106, 243-245). The urine data were not used for fitting, model 

predicted line was overlaid with observed data. 
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Figure 5.6 Time-course of total platinum in plasma and tissues of humans following single 

IV infusion administration for plasma and urine profiles, and multiple IV infusion 

administrations for tissue profiles. Symbols represent data extracted from 6 references, 3 

for plasma and urine (246-248), and 3 for tissues (249-251). Lines represent PBPK model 

predicted profiles using parameters estimated from the preclinical model. The data were 

dose-normalized and simulation performed for 100 mg/m2 cisplatin dose level. Plasma 

and urine data were plotted using hour units for time axis, and tissue data were plotted 

using weeks units for time axis.  
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Chapter 6. General Discussion and Future Work 

6.1 General Discussion 

In this PhD project, quantitative modeling approaches were developed to 

understand the dose-response relationships between drug concentration in target tissues 

and chemotherapy-induced peripheral neuropathy focusing on paclitaxel and cisplatin, 

two commonly used chemotherapeutic drugs.  

A better understanding of PK-PD relationship for paclitaxel is required for 

improving efficacy and minimizing toxicity of chemotherapy. Multiple preclinical and clinical 

pharmacokinetic studies with paclitaxel have been conducted mostly focusing on the time-

course of plasma concentration of the drug. However, definitive quantitative relationships 

between the exposure profile to paclitaxel in-vivo and the efficacy and toxicity have not 

been established. For example, no relationship between the steady-state concentration of 

paclitaxel in plasma and the response rate to treatment, time to treatment failure, survival, 

or development of neurotoxicity was found in non-small cell lung cancer patients (179). A 

PBPK model of paclitaxel disposition after administration of Taxol was developed in mice 

and adequately predicted the tissue concentration-time profiles of paclitaxel in rats and 

humans utilizing interspecies modeling approach.  

An important advantage of PBPK modeling is the ability to predict distribution to 

human tissues, which can be rarely tested experimentally. However, approaches for 

combining PBPK with interspecies scaling are not fully developed. Recently, the plasma 

PK of moxifloxacin in 5 species was simultaneously fitted using a minimal PBPK model 

(192), and the allometric exponent for the clearance term was estimated to be 0.59. In 

addition, renal and biliary clearance of amphotericin B were scaled among species using 

an allometric exponent of 0.75 (173, 174).  Determining species differences in clearance 

for compounds eliminated through metabolism can be challenging (195). In their analysis 
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of published data for multiple compounds, an allometric exponent of 0.67 for clearance of 

compounds eliminated mainly by renal excretion, and 0.75 when substances are mostly 

eliminated by metabolism or by metabolism and excretion combined were suggested (196). 

They further noticed that often the exponent values of 0.67 and 0.75 cannot be 

differentiated statistically. In this work, the allometric exponent for clearance term was 

determined using non-compartmental analysis of plasma paclitaxel concentration-time 

profiles incorporated into PBPK model for interspecies simulations. Allometric exponent 

of 0.86 was incorporated and a reasonable prediction of paclitaxel disposition in humans 

was achieved.  

The extent of neurotoxicity of chemotherapeutics in humans has not been directly 

connected with exposure profile but shown to increase with cumulative dose (182). On the 

other hand, in an animal model of paclitaxel-induced neurotoxicity, no correlation was 

found between paclitaxel dose (0.5-2 mg/kg) and the mechanical and thermal sensitivity 

(183), which may be related to a similar exposure of the central or peripheral nervous 

system or peripheral tissues to the drug at tested dose levels. In this work, dose-response 

relationship was established between PK of paclitaxel and PD (neurotoxicity). An indirect 

response model was developed to describe the time course of paclitaxel-induced 

peripheral neurotoxicity in rats. This model may not be directly translatable to clinical use 

(because the approach for neurotoxicity assessment are different from preclinical model 

to human). However, similar models can be constructed in combination with PBPK to 

simulate the dosing regimen in clinical use.  

 Many researchers focused on development of alternative formulations for Taxol® 

to modulate pharmacokinetics, toxicity, and efficacy (137, 177, 179). However, Taxol® 

remains the standard paclitaxel formulation in clinical practice. In this work, PBPK was 

constructed for Taxol® and PK-PD relationship was established between exposure and 

paclitaxel-induced peripheral neurotoxicity. Development of alternative formulations is a 
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promising approach to achieve better efficacy and reduce toxicities. Preclinical formulation 

development for paclitaxel and other cancer agents is often focused only on tumor 

targeting and overall efficacy, without specifically considering adverse effects and 

especially neurotoxicity.  

CIPN is one of the most common, and often dose-limiting side effect of paclitaxel 

treatment. In this work, PEGylated liposomal paclitaxel formulation was developed and 

investigated for one of the toxicities. The liposomal formulation of paclitaxel was less toxic 

to neuronal cells than paclitaxel solution and prevented development of neurotoxicity in-

vivo as compared to Taxol® administration (that resulted in a significant increase in 

sensitivity of rats to mechanical and thermal stimuli). The difference observed in 

development of neurotoxicity may be explained by alteration of drug exposure in 

peripheral tissues (skin and muscle). Persistent muscle and cutaneous hyperalgesia were 

observed in Taxol® induced peripheral neuropathy in rats (220). However, in majority of 

previous studies paclitaxel disposition to brain, spinal cord, skin, or muscle were not 

reported. In our study, assessment of drug concentration in target tissues were shown to 

be important for establishing dose-response relationship for efficacy and toxicity. 

Administration of L-PTX led to a significantly lower drug exposure in the brain, spinal cord, 

muscle and skin compare to Taxol® treated group, which corresponds to the results of 

mechanical and thermal sensitivity testing. 

Cisplatin is another commonly used chemotherapeutic agent leading to peripheral 

neurotoxicity. In this work, the time-course of cisplatin biodistribution into tissues was 

investigated. The cisplatin PBPK model demonstrated reasonable prediction of human 

tissue distribution after cisplatin IV administration in both plasma and tissues. Cisplatin 

exhibits an uncommon metabolism and binding pattern in plasma and tissues which was 

well fitted using the current model structure. The rate constant of fixed to mobile metabolite 

was assumed to scale allometrically across the species with the same exponent as the 
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whole body protein turnover. This model was built based on multiple publications with 

plasma and 9 other tissues, including brain, muscle and skin. Future investigations on the 

relationship between drug exposure in central nervous system and peripheral tissues and 

cisplatin induced peripheral neurotoxicity could help us better understand the CIPN 

development. 

 

6.2 Future Work 

The understanding of paclitaxel biodistribution into central nervous system and 

peripheral tissues is limited with the developed PBPK model because published 

concentration-time profiles in these tissues are scarce. A more comprehensive and 

informative PBPK model of Taxol® and L-PTX is needed by expanding the current tissue 

disposition profile of Taxol® and L-PTX with more sampling time points. The biophase 

compartment was required for the PK-PD model reflecting a slow half-life, which may be 

correlated with the slow elimination of paclitaxel observed in peripheral tissues (skin and 

muscle). In future studies, estimated half-life of paclitaxel in the biophase should be 

compared to actual half-lives of paclitaxel in various tissues. 

It has been shown that non-targeted and targeted liposomal formulations of 

paclitaxel are effective in suppression of tumor growth in nude mice bearing human A540 

lung carcinoma xenografts (208). Future studies in orthotopic cancer mice models are 

needed to simultaneously assess efficacy and toxicity and establish dose-response 

relationship for L-PTX. In addition, surprisingly low concentrations of paclitaxel in plasma 

and short circulation half-life were obtained after L-PTX dosing, which may be related to 

efficient uptake by the reticuloendothelial system. The size of the particles was relatively 

small for liposomes with mPEG2000, which might be caused by probe sonication during 

formulation preparation. Future studies are needed to determine the optimal size of 

particulates for preserving (or enhancing) efficacy and minimizing neurotoxicity. The dose-
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response relationship for L-PTX will be addressed in future studies, which will require more 

sensitive bioanalytical methods.  

 The PBPK model of cisplatin successfully described a complex data sets from 

multiple publications with plasma and 9 other tissues using a modified and simplified 

PBPK model compared to a previously reported PBPK model. However, the information 

on concentration-time profiles of mobile metabolite, fixed metabolites, parent drug, or 

filterable platinum are very limited. Future studies in metabolites tissue distribution are 

needed to fully understand the pharmacokinetics of cisplatin metabolites. Furthermore, a 

link between cisplatin exposure and cisplatin-induced neuropathy should be explored. 
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Appendix 1 Postprandial administration but not controlled release 

in the colon increases oral bioavailability of DF030263, a promising 

drug candidate for chronic lymphocytic leukemia2 

A1.1 INTRODUCTION 

Treatment of cancer is often limited by lack of efficacy and serious adverse effects. 

Unsatisfactory efficacy in many cases is related to unfavorable pharmacokinetics and 

biodistribution profiles including poor bioavailability, rapid clearance and limited 

distribution to the tumor tissues (261). The key aspect of this is that sufficient drug 

concentration has to be achieved and maintained at the site of action for the optimal 

anticancer efficacy. (262). Therefore, along with the development of targeted anticancer 

therapies by means of well-defined molecular targets or biologic signaling streams, 

pharmacokinetic development and optimization of chemotherapeutic agents are important 

to improve the treatment outcomes of cancer (263, 264). 

While the majority of chemotherapy regimens in cancer depends on parenteral 

delivery, oral administration of anticancer agents is desired for several reasons. Oral 

dosing allows self-administration by the patients and avoids the inconvenience of 

intravenous injections which needs hospitalization (265, 266). Therefore, it improves 

patient compliance and reduces costs of therapy. It also prevents risk of infection that 

might be caused as a complication of injectable routes of administration. Most importantly, 

it makes treatment of chronic diseases more practical (266, 267). However, many 

anticancer agents possess unfavorable properties that make sufficient systemic exposure 

following oral administration challenging. These properties are mainly physicochemical 

                                                           
2 Part of this chapter has been published by University of Nottingham, Ph.D. thesis (J.B. 
Lee), 2017 
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characteristics that result in low solubility, poor permeability, high efflux and rapid pre-

systemic metabolism (262). 

Cyclin-dependent kinases (CDKs) are essential in cell growth as they control 

progression of cell cycles and regulate transcription (268). CDK inhibitors have been 

discovered and developed on this premise to seek inhibition of unsuppressed cancer cell 

proliferation (268, 269). Among the CDK family, CDK9 is particularly related to regulation 

of RNA transcription. High expression of CDK9 and cyclin T1, corresponding cyclin partner 

of CDK9, is observed in chronic lymphocytic leukemia (CLL), indicating their key roles in 

pathologic mechanism of the disease (269-271). We have recently reported a series of 

highly active and selective inhibitors of CDK9 as candidates for treatment of CLL. Among 

the candidates, DF030263 was one of the most efficacious and selective compounds in-

vitro [Ref].  

Therefore, the aim of this work was to assess and to optimize the 

biopharmaceutical properties of DF030263 in order to achieve efficient treatment of CLL 

following oral administration of this compound.  An in vitro-in vivo-in silico approach was 

applied to provide adequate solution towards improvement of the oral bioavailability. 

Biopharmaceutical optimization approaches including controlled release in the colon and 

postprandial conditions have also been assessed in this work. 
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A1.2 MATERIALS AND METHODS 

A1.2.1 Materials 

DF030263 (5-(2-((3-(1,4-diazabicyclo[3.2.2]nonan-4-yl)phenyl)amino)-5-

methylpyrimidin-4-yl)-N,4-dimethylthiazol-2-amine, Figure A1.1) was synthesized in 

School of Pharmacy, University of Nottingham (Nottingham, UK) as previously reported 

[Ref]. Sodium taurocholate (NaTc), NaCl, NaOH (pellets), NaH2PO4, glacial acetic acid, 

lecithin, chlorpromazine and dexamethasone were obtained from Sigma (Gillingham, UK). 

Rat plasma was purchased from Sera Laboratories International (West Sussex, UK). 

Polyethylene glycol (PEG) 400 and all solvents (HPLC grade or higher) were obtained 

from Fisher Scientific (Leicestershire, UK). All other chemicals were analytical reagent 

grade or higher. 

 

Figure A1.1 Chemical structure of DF030263 [ref]. 

A1.2.2 In-vitro solubility assay 

Preparation of simulated fluids 

Three different types of fluids simulating the gastrointestinal environment were prepared 

according to previously reported preparation methods (272-274): fasted state simulated 

gastric fluid (FaSSGF), fasted state simulated intestinal fluid (FaSSIF) and fed state 

simulated intestinal fluid (FeSSIF). The composition of these three simulated fluids were 

as described in Table 1.1. Prior to the assay, the pH of FaSSGF was adjusted to 1.6 and 
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3.0 using HCl and the pH of FaSSIF and FeSSIF was adjusted to be between 5.0-7.8 with 

interval of 0.2 using HCl or NaOH. All fluids were prepared on the day before the assay 

and stored at 4°C until use. 

Table A1.1 Composition of the simulated fluids (mM) 

 FaSSGF FaSSIF FeSSIF 

NaTc 0.08 3 15 

Lecithin 0.02 0.75 3.75 

NaCl 34.2 105.9 203.3 

NaOH - 8.7 102 

NaH2PO4 - 8.2 - 

Acetic acid - - 144 

FaSSGF, fasted state simulated gastric fluid; FaSSIF, fasted state simulated intestinal 
fluid; FeSSIF, fed state simulated intestinal fluid. 
 

Solubility assay 

On the day of assay, 198 µL of test medium (FaSSGF, FaSSIF, FeSSIF and water) 

was aliquoted into centrifugal tubes (Costar Spin-X Centrifuge Tube, Fisher Scientific, 

Leicestershire, UK). A volume of 2 µL of 20 mM stock solution in DMSO was then spiked 

into each tube to yield 200 µM of test concentration. The tubes were incubated at 37°C 

shaking at 250 rpm for 2 h using a shaking incubator (Thermo Scientific MaxQ4000, 

Thermo Scientific, OH, USA). After the incubation, the samples were immediately 

centrifuged for 5 min at 2400 g (Heraeus Fresco 17 Centrifuge, Thermo Electron, MA, 

USA). The filtrate was collected and subjected to analysis as described below. The assay 

was performed in triplicate. 

Sample analysis 

To 50 μL of sample, 10 μL of internal standard stock solution (100 μM 

dexamethasone, 50% acetonitrile in water) was spiked. For FaSSGF samples, 200 μL of 
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1 M NaOH was added and for FaSSIF, FeSSIF and water samples, 200 μL of 0.1 M NaOH 

was added. Two mL of methyl-tert-butyl ether was then added and the mixture was vortex-

mixed for 10 min and centrifuged at 1160 g for 10 min. The organic layer was transferred 

and evaporated to dryness under N2 gas at 40°C. Hundred μL of 40% acetonitrile in water 

was then added for reconstitution and vortex-mixed for 10 min before being transferred to 

HPLC vial for analysis. 

The prepared samples were analyzed by a HPLC-UV system consisting of a 

Waters 600 Pump, Waters 717 Autosampler and Waters 2996 Photodiode Array Detector. 

A separate column oven was used to maintain the column temperature at 40°C. The 

stationary phase was a Gemini C18 250 × 4.6 mm, 5 μm particle size equipped with a 

SecurityGuard 2 × 4 mm, 3 µm particle size (Phenomenex, Macclesfield, UK). Mobile 

phase was a mixture of acetonitrile and 10 mM ammonium acetate buffer with pH adjusted 

to 5.0 with glacial acetic acid (40:60, v/v). The flow rate was 0.5 mL/min and 60 μL was 

injected. Chromatograms were observed at 256.5 nm of UV wavelength. 

A1.2.3 In-vivo pharmacokinetic experiment 

Animals 

This study was conducted in accordance with an approved protocol by the 

Institutional Animal Use and Care Committee at Rutgers, The State University of New 

Jersey (#16-001).  Male Sprague Dawley rats (Envigo, Inc., Indianapolis, IN) weighing 

300-350 g were used for the experiment. Animals were housed at controlled temperature, 

12 h light/dark cycle and with free access to food and water. The acclimatization of the 

animals was at least for four days. Surgical procedures were performed under general 

anesthesia induced by inhalation of isoflurane with an air carrier (3% for induction and <3% 

for maintenance). All rats underwent right jugular vein cannulation for blood sampling. For 

the group that received colonic administration, cannulation of the cecum was performed 

based on a previously reported protocol (275). Laparotomy was performed to gain access 
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to the large intestine. A small hole in the cecum was made with a 19 G needle and the 

cannula was inserted. Animals were allowed to recover for two days and were fasted up 

to 12 h before the pharmacokinetic experiment (except postprandial conditions experiment) 

with free access to drinking water. 

Pharmacokinetic experiments 

Formulations of DF030263 were prepared in PEG400:water (50:50, v/v) in 

concentrations of 2 or 4 mg/mL. For intravenous administration, formulation of 2 mg/mL 

was delivered at 1 mL/kg via the jugular vein cannula followed by 0.3 mL of heparinized 

saline (50 IU/mL) to ensure complete administration. Oral administration was conducted 

with the formulation of 4 mg/mL at 3 mL/kg using an oral gavage tube. Colonic 

administration was also performed with the formulation of 4 mg/mL at 3 mL/kg delivered 

via the cannula inserted into the cecum. The formulation was infused using a syringe pump 

(PHD Ultra, Harvard Apparatus, Holliston, MA, USA) at a constant rate for 1 h for colonic 

administration. Following the administration, blood samples (250 μL) were collected from 

the jugular vein cannula at pre-determined time points. Blood samples were centrifuged 

(3000 g, 10 min) and plasma samples were stored in -80°C until analysis. 

Sample analysis 

A volume of 100 μL of plasma was used for sample preparation procedure. The 

plasma samples were spiked with 10 μL of internal standard stock solution (5 μg/mL 

chlorpromazine, 50% acetonitrile in water). Three hundred μL of 0.1 M NaOH and 2 mL of 

methyl-tert-butyl ether were then added. The mixture was vortex-mixed for 1 min and 

centrifuged at 1160 g for 10 min. The supernatant organic layer was transferred to new 

glass tubes and evaporated to dryness under gentle stream of N2 gas at 40°C. Hundred 

μL of 40% acetonitrile in water was added to dried samples for reconstitution and vortex-

mixed for 30 s before being transferred to HPLC vial for analysis. 
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The HPLC-UV system was composed of Agilent 1260 Infinity equipped with 

quaternary pump, high performance autosampler, thermostated column compartment and 

diode array detector. The stationary phase was a Gemini C18 250 × 4.6 mm, 5 μm particle 

size equipped with a SecurityGuard 2 × 4 mm, 3 µm particle size (Phenomenex, 

Macclesfield, UK) and the column temperature was maintained at 40°C. Mobile phase was 

a mixture of acetonitrile, methanol and 10 mM ammonium acetate buffer with pH adjusted 

to 5.0 with glacial acetic acid (30:20:50, v/v). The flow rate was 0.4 mL/min and 80 μL was 

injected. Chromatograms were observed at 256.5 nm of UV wavelength. 

Sample stability was tested prior to the pharmacokinetic experiment to ensure 

sample integrity during sample storage and analysis. Samples of rat plasma (n = 4) spiked 

with low (25 ng/mL) and high (8 μg/mL) quality control concentrations were prepared and 

stored at following conditions: 4 h at room temperature to test bench-top stability; 1, 2 and 

4 weeks at -80°C to test storage condition stability. Autosampler stability was tested at the 

same concentrations with processed samples stored at 5°C for 24 h. All stability results 

were within ±15% relative error. Accordingly, all sample storage and preparation were 

performed within the limit of stability tested. 

A1.2.4 Deconvolution of plasma concentration-time profiles 

Deconvolution of plasma concentration-time profiles was conducted using Phoenix 

WinNonlin version 6.3 (Pharsight, Mountain View, CA, USA). The mean plasma 

concentration-time profiles following oral and intravenous administrations were used for 

the deconvolution. The results of deconvolution were expressed by cumulative input vs 

time and input rate vs time. 

A1.2.5 In silico simulation of absorption sites 

Intestinal absorption of DF030263 compound in different compartments of the 

gastrointestinal tract was simulated in silico using GastroPlusTM version 9.0.0007 with 

built-in ADMET PredictorTM version 7.2.0.0 module (Simulations Plus, Inc., Lancaster, CA, 
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USA). The input parameters are listed in Table A1.2. Parameters and settings not 

mentioned in the Table A1.2 were used as predicted by the ADMET PredictorTM or as 

given by software default. The physiology setting was selected as “Rat-Fasted” or “Rat-

Fed” and paracellular permeation option was turned on. Percentages of the dose 

absorbed at different compartments of the gastrointestinal tract were simulated at both 

fasted and fed states for rats. 

 

 

 

Table A1.2 Input parameters for in silico simulation of DF030263 compound 

Parameters Value 

Molecular weight (g/mol) 435.6 

Log P 3.1 

pKa 10.7 

Human jejunal permeability (×10-4 cm/s) 1.37a 

Diffusion coefficient (×10-5 cm2/s) 0.6288a 

Drug particle density (g/mL) 1.2b 

Mean precipitation time (sec) 900b 

Reference solubility (mg/mL) 0.03846c 

Biorelevant solubilities (mg/mL) 

 
   FaSSGF (pH 1.6) 0.6737c 

   FaSSIF (pH 6.6) 0.04935c 

   FeSSIF (pH 5.0) 0.06529c 

a Predicted by GastroPlusTM 
b GastroPlusTM default values 
c Experimental results 
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A1.2.6 Statistical analysis 

Data were expressed as mean ± standard error of the mean (SEM). Statistical 

significance of differences between two groups was determined by two-tailed unpaired t-

test. A p-value of less than 0.05 was defined as statistically significant. Statistical analysis 

was performed using GraphPad Prism version 7.01 (GraphPad Software, Inc., La Jolla, 

CA, USA). Plasma pharmacokinetic parameters were obtained by non-compartmental 

analysis using Phoenix WinNonlin 6.3 software (Pharsight, Mountain View, CA, USA). 
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A1.3 RESULTS 

A1.3.1 In-vivo oral bioavailability evaluation of DF030263 

In-vivo oral bioavailability of DF030263 was evaluated in rats and the mean plasma 

concentration-time profiles are shown in Figure A1.2. The plasma concentration-time 

profile obtained following oral administration showed a distinct double-peak phenomenon, 

which was not apparent following intravenous administration. The first peak appeared after 

rapid absorption of the compound at 0.5 h while the second peak followed a delayed 

absorption, appearing at 4 h. Although the time between the two peaks varied for individual 

animals, this double-peak phenomenon was observed in all rats tested for oral 

administration (n = 4). The mean oral bioavailability of DF030263 was determined to be 

23.8% and other pharmacokinetic parameters obtained from the plasma concentration-

time profiles are shown in Table A1.3.  

 

10

100

1000

0 2 4 6 8 10 12

P
la

sm
a 

co
n

ce
n

tr
at

io
n

 (
n

g/
m

L)

Time (h)

Intravenous administration Oral administration



150 
 

 

Figure A1.2 Mean plasma concentration-time profiles of DF030263 in rats following 

intravenous (2 mg/kg) and oral (12 mg/kg) administration (n = 4, each group). 

 

Table A1.3 Plasma pharmacokinetic parameters obtained from in-vivo pharmacokinetic 

experiments 

Parameters 

Intravenous 

administration 

(n = 4) 

Oral 

administration 

at fasted state 

(n = 4) 

Oral 

administration 

at fed state 

(n = 6) 

Colonic 

administration 

(n = 3)* 

Dose (mg/kg) 2 12 12 12 

C0 (ng/mL) 410.8 ± 46.4 - - - 

Cmax (ng/mL) - 149.9 ± 34.8 346.6 ± 50.3** 302.2 ± 37.1 

Tmax (h) - 4 7 1.5 

CL (L/h/kg) 2.9 ± 0.4 - - - 

Vss (L/kg) 9.9 ± 1.1 - - - 

AUC0→t (h·ng/mL) 673.1 ± 98.1 960.9 ± 231.2 2570.2 ± 382.4** 978.9 ± 143.8 

Bioavailability (%) - 23.8 ± 5.7 63.6 ± 9.5** 24.2 ± 3.6 

* Colonic administration was performed by infusion for 1 h through a cannula inserted to 
the cecum. 
** Significantly different compared to oral administration at fasted state (p <0.05). 
C0, concentration extrapolated to time zero; Cmax, maximum concentration observed; Tmax, 
time of maximum concentration observed; t1/2, elimination half-life; CL, clearance; Vss, 
volume of distribution at steady state; AUC0→t, area under the curve from time zero to the 
last observed point. 
 

A1.3.2 Deconvolution of plasma concentration-time profiles 

Deconvolution of the plasma concentration-time profiles obtained from in-vivo oral 

bioavailability evaluation was performed in order to understand the absorption or input 

function of DF030263 following oral administration. The results of cumulative input or input 

rate vs time are shown in Figure A1.3. It can be seen from Figure A1.3A that the 
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absorption shows a biphasic input function; the first phase between 0-1 h and the second 

phase between 2-6 h. This becomes more apparent in Figure A1.3B where two peaks 

are shown from the input rate vs time graph. These results indicated possibility of 

existence of two absorption windows for DF030263 along the gastrointestinal tract. 

 

 

Figure A1.3 Deconvolution results of plasma concentration-time profiles obtained from 

oral bioavailability evaluation of DF030263. A, cumulative input vs time; B, input rate vs 

time. 
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A1.3.3 In-vitro solubility tests 

In-vitro solubility tests were conducted with simulated fluids of FaSSGF, FaSSIF 

and FeSSIF to provide information on solubilization behavior of DF030263 along the 

gastrointestinal tract. The pH values of these simulated fluids are commonly used to 

represent the mean pH found in the gastrointestinal tract. However, different pH values 

are observed in different segments of the gastrointestinal tract in-vivo (276-278). 

Therefore, in this study, the pH of each simulated fluid was adjusted to represent the pH 

range found in-vivo and solubility of DF030263 was tested at each pH level. In general, 

DF030263 showed higher solubility in acidic environment (Figure A1.4). DF030263 

exhibited pH-dependent solubility especially in FaSSIF where the solubility decreased 

steeply when the pH increased above 6.6. This indicated that there could be high 

probability of precipitation in segments of gastrointestinal tract with higher pH levels. This 

pH-dependent decrease was less apparent in FeSSIF. Solubility in water was 88.3 ± 2.6 

μM. 
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Figure A1.4 Solubility of DF030263 in FaSSGF, FaSSIF and FeSSIF at various pH (n = 

3). FaSSGF, fasted state simulated gastric fluid; FaSSIF, fasted state simulated intestinal 

fluid; FeSSIF, fed state simulated intestinal fluid. 

 

A1.3.4 In silico simulation of intestinal absorption 

In silico simulation was performed to predict intestinal absorption of DF030263 in-vivo. 

GastroPlusTM utilizes advanced compartmental absorption and transit (ACAT) model for 

their intestinal absorption simulation (279), which compartmentalizes the gastrointestinal 

tract into nine different compartments. Therefore, it was able to predict the fraction of the 

dose that will be absorbed at the different compartments. The simulation results at both 

fasted and fed states of the rat are shown in Figure A1.5. The results show that DF030263 

is predicted to be firstly absorbed at the proximal regions of the small intestine and then 

has an additional absorption window in the cecum and colon. 

 

Figure A1.5 In silico simulation of intestinal absorption of DF030263 at each compartment 

of the gastrointestinal tract. *Asc Colon, ascending colon; Amt Abs, total amount absorbed 

in the gastrointestinal tract. 
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A1.3.5 Colonic and postprandial administration of DF030263 

Following the above results, colonic and postprandial administration of DF030263 

were evaluated in order to improve oral bioavailability of DF030263. Colonic administration 

was delivered by infusion through the cannula inserted to the cecum for 1 h to mimic 

controlled release of the drug in the large intestine. Postprandial oral gavage 

administration was performed on rats that had free access to food and water throughout 

the experiment. The double-peak phenomenon observed after administration by oral 

gavage at fasted state was not seen in the case of postprandial administration or colonic 

delivery (Figure A1.6). Colonic administration resulted in rapid absorption (Tmax = 1.5 h) 

but no improvement in bioavailability was noted (Table A1.3). On the other hand, oral 

administration at fed state resulted in significantly higher Cmax and bioavailability compared 

to fasted state. 
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Figure A1.6 Mean plasma concentration-time profiles of DF030263 in rats following oral 

administration at fed state (12 mg/kg, n = 6) and colonic administration (12 mg/kg, n = 3).  
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A1.4 DISCUSSION 

In the initial in-vivo oral bioavailability evaluation, DF030263 showed mean oral 

bioavailability of 23.8%. Interestingly, a distinct double-peak phenomenon was observed 

and it only appeared after oral administration of DF030263 (Figure A1.2). Similar double-

peak phenomenon following oral administration has been reported for a number of drugs 

including acetaminophen (280), alprazolam (281), cimetidine (282), epinastine (283), 

furosemide (284), pafenolol (285), ranitidine (286) and veralipride (287). This 

phenomenon is usually attributed to the following three main causes (281, 286, 288-291): 

1) enterohepatic recirculation where the drug in the systemic circulation is secreted via 

bile and reabsorbed from the gastrointestinal tract; 2) variable absorption properties along 

the gastrointestinal tract (also called “absorption windows”); 3) gastric emptying time is 

varied depending on motility of the gastrointestinal tract, gastric pH or the lipidic 

formulation effect. In all cases, this erratic pattern of absorption can potentially be 

problematic for CDK9 inhibitors  as relatively narrow therapeutic window is known to be 

one of their potential drawbacks (292). 

In the case of DF030263 compound, enterohepatic recirculation was excluded 

from the possible reasons because the plasma concentration-time profile following 

intravenous administration did not show a double peak. Variance in gastric emptying time 

was also unlikely to be the reason because the time between the two peaks was as long 

as 3-6.5 h. Moreover, all four rats orally administered at fasted state displayed double-

peaks.  Therefore, absorption window of DF030263 in the gastrointestinal tract was 

thought to be discontinuous and further studies were conducted to elaborate the two-site 

absorption windows hypothesis. 

Deconvolution of the plasma concentration-time profiles were conducted to 

elucidate absorption rate over time for DF030263 following oral administration. 

Deconvolution represents a mathematical process that can inversely uncover the input 
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function when the oral administration profile is known and drug disposition characteristics 

are defined by the intravenous administration profile (293). This allows determination of 

the absorption characteristics which can often be challenging to measure or quantify in 

situ (294). As shown in Figure A1.3, the absorption function of DF030263 exhibited a 

biphasic process which leads to the two-site absorption.  

The two-site absorption windows hypothesis was further supported with the results 

of the in silico simulation using GastroPlusTM. The built-in ACAT and generic 

physiologically-based pharmacokinetic models in the software provide effective 

predictions of pharmacokinetic profiles in preclinical species and humans (295-298). In 

this study, intestinal absorption of DF030263 in different compartments of the rat 

gastrointestinal tract was predicted. The simulation results predicted clear discontinuation 

of absorption in the distal region of the small intestine and a second absorption window in 

the large intestine (Figure A1.5). Additionally, the secondary absorption phase following 

oral administration also corresponded to the oral-to-cecal transit time in rats (2-3 h) (285, 

299). This corroborated the assumption that a second absorption window exists in the 

large intestine. Such site-specific absorption of drugs is known to occur due to properties 

related to solubility, stability or interaction with luminal contents (300). 

The luminal pH levels can differ in different segments of the gastrointestinal tract 

and therefore in-vitro solubility tests were carried out in a range of pH using simulated 

biorelevant media of FaSSGF, FaSSIF and FeSSIF. The solubility of DF030263 was 

maintained at the highest levels in the acidic environment of FaSSGF and the lower pH 

ranges of FaSSIF and FeSSIF (Figure A1.4). This is explained by the fact that DF030263 

is a weak base with a pKa of 10.7 (predicted by ACD/Labs, Toronto, Canada) and therefore 

would be solubilized more efficiently in such acidic environment. When the pH level was 

increased above 6.6, DF030263 showed pH-dependent solubility with decreasing 

solubility especially in the FaSSIF. This suggested that DF030263 could be precipitating 
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in the regions of the gastrointestinal tract where the pH is relatively high, such as the distal 

small intestine. The luminal pH in the rat small intestine increases as it reaches the distal 

region; from pH 6.5 in the duodenum to 7.1 in the ileum (276). This possibility of 

precipitation in the small intestine with higher pH has been acknowledged especially for 

weakly basic compounds and it has been put forward as a critical drug development 

obstacle, significantly limiting the oral bioavailability of these compounds (301). The 

luminal pH drops again when it reaches the colon to 6.6 (276), which can provide 

opportunity for DF030263 to resolubilize and be available for absorption again. The pH-

dependent solubility was therefore thought to be the main reason behind the two-site 

absorption windows.  Since humans have a similar luminal pH levels pattern to rats, this 

phenomenon is likely to occur in humans as well (278). 

In order to improve the oral bioavailability of DF030263, the pH-dependent 

solubility and potential precipitation in the distal region of the small intestine had to be 

mitigated. Colonic administration mimicking controlled release of DF030263 in the large 

intestine and postprandial oral administration were tested for this purpose. Deconvolution 

and in silico simulation of the intestinal absorption both indicated a second absorption 

window in the large intestine. Additionally, when partial area under the curve (AUC) is 

calculated for the oral administration profile at fasted state, the window between 2-12 h 

accounts for 86% of the total AUC. With all the above-mentioned factors, colonic 

administration was thought to possibly improve the bioavailability of DF030263. 

Colonic administration was performed via a cannula inserted into the cecum and 

DF030263 solubilized in the dosing vehicle was infused for 1 h. Therefore, it would not 

pass through the distal region of the small intestine where the pH is relatively higher and 

the solubility of DF030263 is lower. Consequently, potential loss in absorption of 

DF030263 due to the precipitation-resolubilization process can be avoided.  
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As shown in Figure A1.6, colonic administration resulted in rapid absorption and 

only single peaks were observed in all rats tested. This is consistent with a previous study 

where pafenolol, which had double-peak following oral administration, showed a single 

peak when administered through an intraintestinal cannula to target a specific absorption 

window in the gastrointestinal tract (285). In spite of the single peak, colonic delivery did 

not improve the bioavailability of DF030263, but it was rather comparable to the oral 

administration at fasted state (Table A1.3). As a result, it was confirmed that the large 

intestine is indeed an absorption window but oral bioavailability cannot be improved by 

controlled release to this site. It is likely that the amount of dose that can be absorbed from 

the large intestine has been already absorbed from simple oral administration. 

Postprandial oral administration was also tested mainly based on the premise that 

solubility is enhanced in fed conditions. The in-vitro solubility results in Figure A1.4 clearly 

show that in FeSSIF, the solubility was higher and was less dependent on the change of 

pH. The presence of food in the gastrointestinal tract modifies the luminal contents which 

leads to changes in pH, buffer capacity and surface tension thereby affecting solubilization 

of drugs (301). Therefore less precipitation of drugs can be anticipated at fed state 

especially for weak bases with poor solubility (301) which means that more drug can be 

available for absorption. Also an important food-effect is the delay in gastric emptying 

which alters the gastrointestinal transit time (300). This delay can allow the drug to reside 

longer time at the first absorption window which is the proximal region of the small intestine 

(Figure A1.5). 

The plasma concentration-time profile following postprandial oral administration 

showed a single-peak with substantially improved bioavailability (Figure A1.6 and Table 

A1.3). Avoidance of the double-peak phenomenon by the food-effect has been previously 

reported (291, 299) but did not necessarily relate to increase in bioavailability. In the case 

of DF030263, higher solubility, less precipitation and prolonged exposure to the first 
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absorption window had significantly positive effects towards improving the oral 

bioavailability. Delayed gastric emptying had also caused extended absorption phase 

resulting in Tmax of 7 h. It is also noteworthy that the variability in the bioavailability was 

reduced at fed state (Table A1.3), which is crucial for drugs such as CDK inhibitors where 

the narrow therapeutic window is a limitation (292).  

To note, there could be interspecies differences between the rats and the humans 

in the gastrointestinal physiology and luminal contents which might result in different food 

effects. However, the changes of pH between fasted and fed states are similar between 

the two species and the rat intestinal fluid has slightly higher concentration of bile salt and 

phospholipid compared to the FeSSIF (277, 302, 303). Therefore, similar pattern of food 

effect could be expected in humans although the extent might vary. 
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A1.5 CONCLUSION 

In conclusion, this study demonstrates an in vitro-in vivo-in silico approach in 

improving the oral bioavailability of DF030263, a promising candidate for treatment of CLL. 

The two-site absorption windows hypothesis was suggested and supported by in-vitro and 

in-silico studies following observation of a double-peak phenomenon in-vivo. Exploitation 

of the two-site absorption was attempted in order to improve the bioavailability. Colonic 

administration confirmed that the large intestine is a second absorption window but 

indicated that controlled release to the colon would not enhance the drug exposure. 

Instead, oral administration at fed state took advantage of the food-effect in terms of 

improved solubilization, reduced precipitation and delayed gastrointestinal transit time, 

thereby increasing the bioavailability. 
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