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ABSTRACT 
 

Christine M. Lee: Physiologically-based Pharmacokinetic Modeling to Predict the Disposition of 
Vincristine and Amoxicillin in Pediatric and Infant Populations 

(Under the direction of Dhiren R. Thakker, Ph.D.) 
 

 The use of physiologically-based pharmacokinetic (PBPK) models to predict pediatric 

pharmacokinetics (PK) and select optimal doses is increasingly common. However, its 

application to pediatric drugs with transporter-mediated disposition has been limited by 

challenges in modeling drugs with a complicated interplay between metabolism and transport 

and a need for transporter ontogeny data. 

The goal of this dissertation was to develop bottom-up PBPK models to predict the PK of 

two drugs with transporter-mediated disposition in pediatric populations: (1) vincristine, an 

intravenously administered anti-cancer agent that is cleared hepatically by the drug metabolizing 

enzymes cytochrome P450 (CYP) 3A4/5 and the efflux transporter P-glycoprotein (P-gp), and 

(2) amoxicillin, an orally administered antibiotic that requires the intestinal apical (AP) uptake 

transporter peptide transporter 1 (PEPT1) for absorption. 

PBPK modeling of vincristine in adults that incorporated hepatic CYP3A4/5-mediated 

metabolism and P-gp-mediated efflux initially underestimated the extent of distribution of 

vincristine. Model predictions were improved by incorporating binding of vincristine to the 

microtubule protein β-tubulin. When the adult PBPK model was adapted to the pediatric 

population, simulating a 4.9-fold higher hypothetical expression level of β-tubulin in children as 

compared to adults improved predictions of the pediatric PBPK model. Despite its implied role 
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in vincristine clearance, P-gp-mediated efflux was not a key parameter in the model, leading to 

the conclusion that vincristine uptake into hepatocytes is the rate-limiting step in its clearance, 

rather than its efflux. 

Amoxicillin demonstrates dose-dependent oral bioavailability despite its hydrophilicity 

and charge at physiological pH, properties that are consistent with a contribution of transporters 

and paracellular transport to its absorption. Studies performed in Caco-2 cell monolayers and 

adult human intestinal epithelia suggested that PEPT1 and an organic anion-transporting 

polypeptide (OATP) are involved in the AP uptake of amoxicillin. Efficient basolateral (BL) 

egress of amoxicillin implicates a BL transporter, likely the bidirectional peptide transporter. A 

relatively large (~20%) contribution of paracellular transport to the overall absorption of 

amoxicillin was observed. Lastly, PBPK models of oral amoxicillin predicted PK in adults, and 

in young children (≤ 5 years of age) after incorporating pediatric GI physiology and amoxicillin 

renal clearance. 
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CHAPTER 1 : INTRODUCTION

Background 

During drug development, it is important to study the clinical pharmacokinetics (PK) and 

pharmacodynamics of a drug in order to understand the relationship between dose/plasma levels 

and safety/efficacy. Phase I studies, typically performed in healthy adult volunteers, play an 

important role in understanding drug PK, selecting safe and effective doses, and predicting 

potential drug-drug interactions. However, it is ethically challenging to enroll infants and 

children into clinical trials. As a result, pediatric doses have been determined primarily by 

extrapolating adult doses rather than obtaining this information from clinical studies in the 

pediatric population. This extrapolation is often performed by adjusting for body weight, surface 

area, or allometric scaling methods. However, allometric scaling does not address developmental 

changes in total body composition, gastrointestinal (GI) function, and organ sizes, nor does it 

account for the ontogeny of drug metabolizing enzymes (DMEs) or drug transporters. The utility 

of these simple scaling approaches or allometric formulas is most limited in young children and 

infants, who have notable physiological differences compared to adults and who demonstrate 

age-related differences in drug disposition that are not scalable with body size1. Allometric 

formulas often overestimate drug clearance in young children, and these estimations are most 

unreliable in infants2,3. 

As a result, some drugs are historically used off-label in the pediatric population with 

limited data from clinical studies. As of 2003, it was estimated that between 50-75% of drugs 
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used in pediatric therapy were being used off-label without adequate scientific data4, and other 

drugs were used in children at inappropriate doses. For example, the antibiotic chloramphenicol 

can cause life-threatening Gray Baby syndrome in neonates due to reduced clearance and low 

hepatic DME activity (specifically, the UGT2B7 enzyme), requiring age-based dose adjustment 

or selection of a different antibiotic for the infant population5. Neonates in particular, represent a 

population with an important gap in pediatric clinical data. A 2018 review suggests that up to 

99.5% of infants in neonatal intensive care units receive medications that are used off-label with 

respect to the age group and dose6. In 20 general pediatric care wards over a 10-year period, 

between 18% and 70% of drugs were used off-label, most commonly antibiotics and 

bronchodilators6. In cases where pediatric clinical data are limited and pediatric PK studies 

cannot be conducted, it is particularly difficult to predict PK and select doses for drugs with age-

dependent absorption or clearance processes. In 2002 and 2003, the Best Pharmaceuticals for 

Children Act (BPCA) and Pediatric Research Equity Act (PREA) were passed, respectively, to 

establish incentives and requirements for companies to study safety and efficacy of new drugs in 

pediatric patients7. Even so, the selection of appropriate doses and dosing regimens for pediatric 

clinical studies still presents a challenge, especially when allometric approaches are not 

appropriate. 

Physiologically-based PK (PBPK) Modeling Approaches 

Alternative modeling and simulation approaches have been used to select doses and 

predict pediatric and adult PK during drug development, and are especially useful for special 

populations (e.g., hepatic impairment, pediatric populations). One such approach is simulation 

using PBPK models, which can estimate and simulate plasma/blood concentrations of a drug as a 

function of time by modeling drug disposition (absorption, distribution, metabolism, and 
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excretion) based on the cellular/molecular interactions of the drug (e.g., cell permeability, 

affinity to and maximum rate of metabolism by specific enzymes), tissue/organ distribution and 

expression levels of metabolic enzymes and transporters, physicochemical properties of the drug, 

and other relevant parameters. Once a PBPK model has been developed for adults, its predictions 

can be refined and subsequently validated, by comparing the simulated/predicted PK parameters 

with clinically determined parameters.  A validated adult PBPK model can be adjusted to 

account for the physiological differences between adult and pediatric populations, and thus 

applied to predict PK behavior of the drug in a pediatric population. There is increasing use of 

PBPK models in pediatric drug development to predict pediatric PK and support new drug 

applications (NDAs) to the Food and Drug Administration (FDA)2. In addition, the FDA has 

stated that allometric scaling is inappropriate for infant and neonatal populations, and 

recommends PBPK modeling as a possible alternative2,8. 

PBPK models use mass balance equations to describe the transfer of drugs between 

physiological “compartments” that are linked by blood flow (Figure 1-1). Age-relevant 

physiology can be incorporated by using appropriate volumes and flow rates, as well as age-

relevant expression of DMEs and transporters3. “Top-down” PBPK approaches utilize clinical 

PK parameters of the drug, such as in vivo clearance and volume of distribution. Bottom-up 

PBPK approaches utilize in vitro data or in silico predictions to extrapolate drug parameters 

instead. An advantage of bottom-up PBPK approaches is the flexibility to scale individual in 

vitro parameters in an age-appropriate manner, accounting for multiple disposition and clearance 

processes that, in children, may develop at different rates. The ability to incorporate and scale in 

vitro parameters with a bottom-up PBPK model is also an advantage where data have been 

obtained using age-specific tissues, such as metabolism kinetics with human liver microsomes 
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(HLMs) prepared from pediatric liver tissue or protein binding values derived using plasma 

obtained from newborn subjects9–11. Bottom-up PBPK models have previously been developed 

in our laboratory for metabolically-cleared drugs in pediatric (voriconazole) and premature 

neonate (sildenafil) populations12,13.  

Intestinal Absorption and Transport Mechanisms 

For oral pediatric drugs that require drug transporters for intestinal absorption, predicting 

oral bioavailability and PK in children is further complicated due to the lack of information on 

the effect of age on intestinal permeability and other factors that can impact absorption14. Once 

in the intestinal lumen, an orally administered drug must cross the intestinal epithelium to reach 

the portal blood compartment, either by a transcellular pathway (across the cells) or a 

paracellular pathway (between the cells) (Figure 1-2). For the transcellular pathway of 

absorption, the drug must cross the apical (AP) membrane to enter the enterocyte, and leave the 

enterocyte by egressing across the basolateral (BL) membrane. The AP, lumen-facing 

enterocytic membrane has an increased surface area due to the presence of microvilli that 

facilitate absorption. Generally, paracellular transport is inefficient because of the small surface 

area available for molecules to enter the paracellular space. In addition, the paracellular space is 

further constricted by the presence of tight junctions15,16, which are pore-like structures formed 

by proteins (e.g. occludin, claudins) protruding out of the adjoining cells across the lateral 

membrane. Thus, molecules with large hydrodynamic radii cannot get across the tight junctions 

very efficiently. The tight junction pores exhibit charge selectivity, so that cationic compounds 

traverse them more readily than neutral or anionic compounds16. Tight junctions are regulated by 

cell signaling pathways (e.g., via hormones or cytokine effects) and removal or recycling of the 

tight junction proteins15.  
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  The transcellular pathway (Figure 1-2) comprises passive diffusion (driven by a 

concentration gradient), active transport by membrane transporter proteins (transporter-mediated, 

an active process requiring adenosine triphosphate (ATP) or other indirect source of energy), or a 

combination of these mechanisms (mixed transport). Lipophilic neutral molecules traverse the 

AP and BL membranes via passive diffusion. Paracellular transport contributes very little to their 

intestinal absorption because of a very large surface area of the AP membrane with microvilli 

that is available to them in comparison to a much smaller area of the paracellular pores. For 

charged molecules (anions, cations, and zwitterions), an uptake transporter is generally required 

to cross the AP membrane, and a BL efflux transporter is required to remove it from enterocytes 

into the serosal blood capillaries (Figure 1-2). Some examples of AP uptake transporters for (i) 

cationic compounds are: organic cation transporters (OCT) 1, 2, 3, organic cation transporter 

novel (OCTN) 1 and 2, choline high affinity transporter (CHT), and serotonin reuptake 

transporter (SERT); (ii) for anionic compounds: organic anion transporting polypeptide (OATP) 

1A2, 2B1, monocarboxylic acid transporter (MCT); (iii) for zwitterionic compounds: OATP2B1, 

amino acid transporters, and peptide transporter (PEPT) 1. The efficiency of the AP uptake 

transporter(s) and the lipophilicity, size, and charge of the compounds determine the relative 

contributions of the transcellular vs. paracellular route in the absorptive transport of these 

compounds.   

Hydrophilic molecules, either charged or neutral, cannot cross the cell membranes via 

passive diffusion. Charged hydrophilic compounds cross the intestinal epithelium via a 

combination of transporter-mediated transcellular transport and paracellular transport routes, 

whereas neutral hydrophilic compounds traverse the intestinal epithelium entirely via the 

paracellular pathway.  
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A group of AP efflux transporters actively prevent lipophilic ionic compounds from 

entering the cells across the AP membrane of intestinal epithelial cells or pump these compounds 

out of the epithelial cells across the AP membrane into the intestinal lumen17 (Figure 1-2). These 

transporters traverse the AP membrane multiple times, and thus have extracellular, 

transmembrane, and intracellular domains, including an intracellular domain that catalyzes 

hydrolysis of ATP to generate energy needed to pump the compounds out across the AP 

membrane. Among these transporters, P-glycoprotein (P-gp) and breast cancer resistance protein 

(BCRP) transport cationic compounds, and multidrug resistance-associated proteins (MRP) and 

BCRP transport anionic and zwitterionic compounds.  AP uptake and absorptive transport of 

compounds is attenuated if they are substrates of one or more AP efflux transporters. The 

presence of a subset of efflux transporters, i.e., MRP1, 3, and 4 in the BL membrane of intestinal 

epithelial cells18, assist the absorption of anionic and zwitterionic compounds by actively 

pumping them out of the cells into the portal blood compartment. Bidirectional transporters, such 

as OSTα/β19, and a peptide transporter (as yet uncharacterized) 20–22 present in the BL membrane 

of intestinal epithelial cells also facilitate egress of anionic and zwitterionic compounds into the 

portal blood compartment, and thus assist in their absorption. An interesting hypothesis 

published by the Thakker Laboratory postulates that there are no cation-selective efflux 

transporters in the BL membrane of intestinal epithelial cells23. They propose that most of the 

cationic compounds to which the intestine is exposed are weak bases that have a significant 

percentage of molecules in a neutral state at pH >7 within the enterocytes. Since the neutral 

population of these compounds can diffuse out of the BL membrane to be absorbed, there must 

be a lack of evolutionary pressure to develop/express cation-selective efflux transporters in the 

BL membrane of enterocytes.  
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Insufficient knowledge about the age-related differences in those aspects of the GI 

physiology that are relevant to transporter-mediated absorption, especially in infants, is a 

significant barrier to developing pediatric PBPK models for such oral drugs. Gastric pH is near 

neutrality at birth and becomes more acidic until reaching adult levels around 2 years of age24. A 

comparison of pH along the intestinal tract and regional transit times were similar in a small 

cohort of children (8 to 14 years old)25,26. However, the effect of age on intestinal 

permeability14,27 and impact on the absorption of drugs due to differential expression of the 

uptake and efflux transporters and the tight junction proteins, as well as due to changes in other 

anatomical and physiological features of the GI tract, especially for infants, is not well 

understood28,29. 

PBPK Modeling for Pediatric Drug Disposition and Current Limitations: Goals of the 

Proposed Research 

 Although PBPK modeling is now an important tool in the development of pediatric 

drugs, significant knowledge gaps remain that limit its use, particularly for drugs with 

transporter-mediated disposition. In vitro to in vivo extrapolation of transport kinetics is difficult 

for pediatric drugs with transporter-mediated disposition because of limited information on the 

ontogeny of transporter expression and activity30. Historically, only gene expression data or total 

protein expression data were available in early studies of transporter ontogeny. However, there is 

poor correlation between gene expression, protein expression, and transport activity. In addition, 

measuring total protein expression of transporters does not reflect the expression of transporters 

localized to the plasma membrane, where they function. For example, the P-gp transporter is 

present in endosomal compartments and the cellular plasma membrane, but it must go from the 

endosomal compartment to the plasma membrane to be effective in actively pumping substrates 
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out of the cell31. Recent advances in mass spectrometric quantification of transporter proteins in 

the plasma membrane are improving the quality of data on transporter ontogeny, and will 

improve in vitro to in vivo extrapolations of transporter kinetic data, although availability of 

pediatric tissue samples can still be a limiting factor32,33. Studying the effect of age on transporter 

activity is also difficult, as fresh pediatric tissue with intact transporter function is extremely 

difficult to obtain for in vitro studies. Two-dimensional and three-dimensional hepatic in vitro 

models developed using hepatocytes isolated from fresh liver tissue have been very useful in 

studying hepatic transport and metabolism of drugs34,35; however, the availability of hepatocytes 

from pediatric populations is very limited, making it difficult to generate in vitro transport data 

for children. Although cryopreserved hepatocytes make it easier to develop pediatric in vitro 

models for hepatic metabolism and transport processes, in the past, cryopreservation has been 

shown to significantly reduce protein expression of transporters compared to their expression in 

freshly isolated hepatocytes36 and freshly frozen liver tissue37. In addition to reducing protein 

expression, cryopreservation also increases the internalization of drug transporters, and tissue 

damage from the isolation process appears to downregulate transporter protein expression as 

well36,38.  In contrast, the activity and expression of Phase I and Phase II DMEs are similar 

between freshly isolated vs frozen hepatocytes36. The limited availability of pediatric transport 

data complicates the development and use of scaling factors for transporter-mediated processes 

in PBPK modeling8. 

Compared to transporter expression in the liver, the ontogeny of intestinal transporters is 

less well studied, with very little information on the effect of age on differences in their 

expression along the GI tract30. The FDA has noted that for Biopharmaceutics Classification 

System (BCS) I drugs (high solubility, high permeability), there is “high confidence” in the use 
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of PBPK models, but not for other drug types for which predicting the effect of solubility, 

dissolution, and precipitation is challenging8. 

Despite these challenges, and recognizing the limitations in the use of pediatric in vitro 

models for transport/metabolism in the intestine and liver, the proposed research was undertaken 

to develop pediatric PBPK models for drugs whose disposition is significantly affected by one or 

more transporters. The rationale was that developing, implementing, and testing these models 

against limited pediatric clinical data would reveal the impact of gaps in the available hepatic 

and intestinal transporter ontogeny data on the success of PBPK models that will be developed 

using commercially available modeling software, e.g., PK-Sim®, in predicting clinical PK 

parameters. It is also reasonable to assume that even imperfect models will provide better 

guidance to select safe and effective doses of these drugs in children than arbitrary dose selection 

or the inappropriate use of allometric methods to extrapolate adult doses to doses in children.  

The approach used in designing studies for developing pediatric PBPK models was 

similar to the one used previously by the Thakker Laboratory12 for drugs that are cleared 

predominantly by metabolism. In this approach, adult PBPK models were developed for the 

selected drugs by first examining the clinical data and determining the major clearance 

mechanisms, e.g., metabolism by specific enzymes, renal clearance, transporter-mediated 

clearance or absorption, and subsequently (i) implementing in vitro models derived from relevant 

adult tissues, (ii) incorporating in vitro data into a PBPK model, and (iii) iteratively refining the 

model by comparing the predicted values of PK parameters with the available clinical PK 

parameters.  After successful development of an adult model, it was adapted to in vitro data 

produced from the corresponding pediatric tissues to build a model for the target pediatric 

population.  
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For this work, two drugs were selected: (1) vincristine, a drug for which the efflux 

transporter, P-gp, expressed in the canalicular membrane of hepatocytes, has been reported to 

play an important role in its clearance39; and (2) amoxicillin, a drug for which an AP uptake 

transporter, PEPT1, has been implicated in its intestinal absorption and possibly in its renal 

clearance40–42. These drugs are first-line treatments in pediatric populations for treatment of 

cancer and acute otitis media (AOM), respectively. An overview of the disposition of vincristine 

and amoxicillin, and the rationale and proposed research for the development of pediatric PBPK 

models for these two drugs are provided below.  

Vincristine Disposition and Impact of Age 

Vincristine Use and Mechanism of Action 

Vincristine is a vinca alkaloid that has been used widely as an anticancer agent since the 

1960s. It is one of the first-line treatments for pediatric and adult leukemias and solid tumors. 

Vincristine is a key anticancer therapy used in the treatment of pediatric acute lymphocytic 

leukemia (ALL), which is the most common pediatric cancer and accounts for 26% of cancers 

diagnosed in children up to 14 years of age43,44. Vincristine undergoes hepatic clearance via 

metabolism by CYP3A4/545–47 and efflux into bile by P-gp39. Both of these processes are 

expected to be age-dependent.  

Vincristine is a natural compound present in the Madagascan periwinkle plant 

Catharanthus roseus and has been used since the late 1950s in cancer therapy48. Other naturally 

occurring vinca alkaloids from this plant have been used clinically as chemotherapy, including 

vinblastine. Synthetic vinca alkaloids, such as vinorelbine and vindesine, also have been 

developed as anticancer agents. As a class, the vinca alkaloids are structurally composed of two 

alkaloid structural units, a catharanthine and vindoline unit (Figure 1-3), and all have anti-
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mitotic activity via binding to β-tubulin49,50.Vincristine inhibits mitosis by binding to the β-

tubulin subunits that comprise the mitotic spindle microtubules, which form the cytoskeleton. 

Microtubules play a key role in mitosis and are constantly dissembling and reassembling in a 

dynamic equilibrium with an intracellular pool of unbound α- and β-tubulin. When the 

microtubules are dissembled, vincristine binds to the β-tubulin subunits, thus disrupting 

microtubule formation and inhibiting cancer cell growth51 (Figure 1-4). However, this 

mechanism of action also affects noncancerous cells and leads to adverse effects. Microtubules 

are also important in the function of vesicular transport in neuronal axons, and thus vincristine 

can also cause neuronal degeneration and induce neurotoxicity51.  

 Vincristine-induced Neurotoxicity 

Vincristine-induced peripheral neuropathy is a serious dose-limiting side effect that 

occurs in up to 35-45% of patients51,52. Peripheral neuropathy can be debilitating and extremely 

painful, ranging from paresthesia and numbness to sensory loss and severe pain53. Muscle 

cramps and weakness are commonly encountered, and other motor functions are also affected. 

Although the drug-induced neuropathy is generally reversible once vincristine treatment is 

halted, symptoms can continue to worsen after discontinuation in up to 30% of patients52. The 

development of vincristine-induced peripheral neuropathy is highly dose-dependent, and both the 

individual dose and the cumulative dose influence the severity of neuropathy53. Neuropathic side 

effects have been observed at doses between 2 and 6 mg/m2, and vincristine doses in many 

treatment protocols are capped at 2 mg, regardless of body surface area, to reduce the risk of 

peripheral neuropathy53. There are no treatments for preventing or reducing vincristine-induced 

peripheral neuropathy, and only dose reduction or discontinuation are effective. Thus, vincristine 

has a narrow therapeutic window.  
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Understanding the relationship between vincristine PK and peripheral neuropathy has 

been complicated by highly variable PK observed in pediatric and adult patients. In some early 

vincristine clinical studies in adults, an 11-fold variation in AUC was observed54. Increased 

clearance of vincristine also has been observed in infants and children compared to adults48,51,55.  

 Vincristine Disposition 

 Distribution 

Following intravenous dosing, vincristine is distributed rapidly and extensively 

throughout the body, with a volume of distribution that exceeds the total volume of body water 

(57 to 420 L/m2 in adults, and 125 to 360 L/m2 in children)48. In the plasma, vincristine binds to 

α-acid glycoprotein (AAG), but is not extensively protein bound (51-59% unbound)56,57. In 

human tissues, it accumulates primarily in the spleen, liver, kidney, and intestinal mucosa48. 

Vincristine is lipophilic and enters cells through passive diffusion; in the hepatocyte, organic 

anion transporters (OATPs) may contribute to a minor extent (<10%)58 to its cellular uptake. 

Efflux of vincristine into the bile is mediated by P-gp and possibly by multidrug resistance-

associated transporter proteins (MRPs)58. In cancer cells, MRP1 and MRP2 are associated with 

resistance to vincristine treatment; inhibition of MRP1 and 2 reverse vincristine treatment 

resistance59. Expression of MRP1 and/or P-gp compared to knockout mouse models significantly 

reduces brain concentrations of vincristine39. Together, these observations suggest that 

vincristine is a substrate of both P-gp and MRP transporters. As MRPs are also involved in 

biliary excretion, it is likely that efflux of vincristine into the bile also involves MRPs. 

Interestingly, vincristine accumulates in cells in vitro, and the extent of accumulation is 

highly correlated with the intracellular levels of β-tubulin60. This correlation is also present when 

P-gp activity is inhibited by verapamil, indicating that β-tubulin is important in the intracellular 
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accumulation of vincristine as well as its mechanism of action. A correlation between tubulin 

binding capacity, tissue concentrations of vincristine, and vincristine partition coefficients was 

also observed in the organs of mice, dogs, and monkeys administered vincristine61. 

Metabolism 

Vincristine is extensively metabolized to its primary metabolite, M1, by 

CYP3A4/CYP3A5 via N-dealkylation (Figure 1-5)45. In a small sample of adult 

rhabdomyosarcoma patients (n=4), plasma concentrations of M1 over a 20-hour period ranged 

from 2% to 22% of vincristine concentrations62. Unusually for a CYP3A substrate, vincristine is 

preferentially metabolized by the genetically polymorphic enzyme CYP3A5. Vincristine is also a 

substrate of the fetal isoform CYP3A7, which is not expected to play a major role in vincristine 

metabolism compared to CYP3A4 and CYP3A5. In a comparison of vincristine in vitro 

metabolism by recombinant CYP3A4, CYP3A5, and CYP3A7, CYP3A7 reduced vincristine 

levels by <10% (vs >25% for CYP3A4 and >90% for CYP3A5)45. It is hypothesized that the 

genetic polymorphism of CYP3A5 contributes to variability in vincristine disposition and 

toxicity63,64. This is substantiated by evidence that clearly suggests that CYP3A5 plays a 

dominant role in metabolic clearance of vincristine. Intrinsic clearance of vincristine is 9 to 14-

fold higher with recombinant human CYP3A5 enzymes compared to CYP3A4, and the estimated 

hepatic clearance of vincristine in HLMs is 5-fold higher in hepatic microsomes from CYP3A5 

high expressers (CYP3A5*1/*1)45,46. Patients with low CYP3A5 expression (CYP3A5*1) have 

decreased vincristine clearance and an increased incidence in vincristine-induced neurotoxicity65.  

Elimination 

Vincristine is eliminated primarily via the feces after an intravenous dose, while renal 

clearance plays a small role66. After an intravenous dose of radiolabeled vincristine, 70% of the 
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total radioactivity was recovered in the feces in adults, with 8 to 15% recovered from the urine 

over 72 hours66, indicating that vincristine and its metabolites undergo biliary excretion 

following hepatic oxidative metabolism. Plasma concentrations of alkaline phosphatase have 

been reported to be inversely correlated with vincristine clearance in adult and pediatric 

patients54,67, an observation attributed by the authors to reduced biliary clearance. The three key 

hepatic transporters involved in biliary excretion are P-gp, MRP2, and the bile salt export pump 

transporter (BSEP)68. Of these, P-gp and MRP2 likely play a key role in the biliary excretion of 

vincristine, which is a known substrate of both transporters58,59. Although the role of P-gp and 

MRP2 in vincristine’s biliary excretion has not been investigated clinically, chemical inhibition 

of P-gp in rats significantly reduces the biliary excretion clearance of vincristine by 4-fold69. In a 

perfused rat liver model, where 70% of vincristine is excreted into the bile after single-pass 

perfusion, the biliary excretion rate is significantly reduced by the P-gp inhibitor verapamil70. 

Therefore, it is likely that P-gp and possibly MRP2 contribute to the biliary excretion of 

vincristine in humans. 

 Effect of Age on Vincristine Disposition 

Clearance of vincristine in infants and children is higher than in adults48,51,55. However, 

the physiologic factors that are responsible for higher clearance of vincristine in infants and 

children compared to adults have not been elucidated.  

The volume of distribution of vincristine is highly variable, but not dissimilar between 

children and adults (57 to 420 L/m2 in adults, and 125 to 360 L/m2 in children)48. Although 

vincristine binds to AAG, and AAG levels increase in a sigmoidal fashion with age, the 

ontogeny of AAG is unlikely to impact vincristine disposition because it is not extensively 

protein-bound71. The extent of vincristine intracellular accumulation and tissue concentrations 
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appears to be associated with β-tubulin expression and protein levels60,61. However, data are not 

available for β-tubulin expression in pediatric populations, and it is unclear whether β-tubulin 

could contribute to age-related differences in accumulation or distribution.  

As described earlier, vincristine is a substrate of the drug transporters P-gp and MRP2 

that likely play a major role in its biliary excretion. Recent data suggest that some hepatic drug 

transporters are expressed at lower levels in infants or children compared to adults, including 

P-gp and OATP1B372. In the liver, P-gp protein expression is age-dependent and significantly 

different among neonates, infants, children, and adults. In infants and children, the P-gp protein 

is expressed at ~60% and 80% of adult levels in infants and children, respectively, while hepatic 

MRP2 expression is not affected by age72. Hypothetically, reduced P-gp expression in children 

may lead to reduced biliary excretion of vincristine. However, one cannot exclude the possibility 

that uptake, rather than efflux, may be the rate-limiting step in vincristine biliary clearance58,73. 

Uptake of vincristine into the hepatocyte is thought to be a passive diffusion process with very 

little contribution (<10%) from OATP transporters despite the fact that vincristine is a substrate 

of OATP1B1, OATP1B3, and OATP2B158. Thus, although both P-gp and OATP1B3 

demonstrate age-dependent protein expression in the liver, the biliary excretion of vincristine 

may be dependent on rate-limiting passive uptake into hepatocytes which is not impacted by age.  

Hepatic oxidative metabolism of vincristine may be reduced in infants but is unlikely to 

be impacted in pediatric patients over one year of age. In fetal hepatic tissue, CYP3A7 is the 

predominant isoform of CYP3A and CYP3A4 levels are low. During maturation, CYP3A7 levels 

decrease from fetal levels, while expression of CYP3A4 increases from near-undetectable levels 

to approximate adult levels around one year of age74. In contrast, CYP3A5 activity is dependent 

on genotype and does not change with age74. Vincristine is metabolized selectively by CYP3A5, 
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and less efficiently by CYP3A4, whereas CYP3A7 does not metabolize vincristine 

appreciably45,46,73. Thus, the increased clearance of vincristine in children (>1 year of age) 

compared to adults cannot be attributed to age-related differences in CYP3A expression. In 

infants, who express more CYP3A7 than CYP3A4, decreased metabolic clearance of vincristine 

would be expected, contrary to the increase in clearance reported75,51,55, thus ruling out the role 

of developmental changes in CYP3A to higher clearance of vincristine in this age group. 

Amoxicillin Disposition and Impact of Age 

Amoxicillin Use and Mechanism of Action 

Amoxicillin is a broad-spectrum β-lactam antibiotic, i.e., effective against both gram-

positive and gram-negative bacteria, and is one of the most frequently prescribed drugs in infants 

and children76,77. β-lactam antibiotics act by interfering with the synthesis of peptidoglycan, a 

major component of the bacterial cell wall78. Penicillin G and penicillin V were the first β-lactam 

antibiotics to be discovered. These were later modified to develop amoxicillin and several other 

penicillin β-lactam antibiotics (e.g., ampicillin, flucloxacillin, mezlocillin, ticarcillin) in the 

1960s and 1970s79. Unlike the sulfonamide and tetracycline antibiotics, the newer penicillins 

were better tolerated, with less renal toxicity, rashes, and ototoxicity. Tetracycline also 

concentrates in developing bones, and was not appropriate for pediatric use79. The penicillin β-

lactam antibiotics are made up of a four-membered β-lactam ring attached to a five-membered 

thiazolidine ring (Figure 1-7). In general, they are small (<400 MW), hydrophilic, and charged 

at physiological pH. Both amoxicillin and ampicillin are zwitterions with low passive 

permeability, but amoxicillin has significantly higher oral bioavailability, likely due to its uptake 

by intestinal transporters80. The β-lactam structure resembles naturally occurring dipeptides and 

tripeptides, and thus many penicillin and cephalosporin β-lactam antibiotics are substrates for the 
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intestinal uptake transporter PEPT1 as well as the renal peptide transporter PEPT2, which is 

involved in reabsorption81. The penicillins are renally cleared82, with net renal secretion greater 

than GFR, indicating a role of active transporters in renal clearance that exceeds the reuptake by 

PEPT2.  

Amoxicillin is a first-line treatment for AOM, a common childhood disease that affects 

over 80% of children under 5 years of age83, and is highly effective against the two most 

common AOM isolates, Streptococcus pneumoniae and Haemophilus influenza84. Recurrent 

AOM, defined by more than three episodes within six months, can cause long term damage to 

the middle ear and hearing loss85. Amoxicillin given in combination with the β-lactamase 

inhibitor clavulanate is also the first-line treatment for AOM to children after failure of initial 

antibiotic treatment. Children under two years of age are disproportionately affected and 

comprise 48% of the children diagnosed with AOM83.  

Due to the spread of β-lactam-resistant bacteria, daily doses of amoxicillin recommended 

by the American Academy of Pediatrics (2013; reaffirmed in 2019) have increased from 

40 mg/kg to 60 mg/kg/day for infants and 80-90 mg/kg/day (divided twice daily) in children77,86. 

Higher doses of amoxicillin were also thought to achieve higher levels of middle ear fluid (MEF) 

that would exceed the minimum inhibitory concentrations (MIC) for S. pneumoniae, the most 

common middle ear pathogen (intermediately resistant, 0.12-1.0 µg/mL; highly resistant, 

≥2 µg/mL)77. However, doses above 70 mg/kg/day do not appear to reduce rates of AOM 

treatment failure or relapse in children, suggesting that higher doses may not improve MEF 

penetration or efficacy87,88. In addition, infants have higher odds of AOM treatment failure and 

relapse compared to older children, and poorer amoxicillin penetration into the MEF88. 
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Therefore, there is a need to understand the mechanisms underlying amoxicillin disposition in 

infants. 

Antibiotic-associated Diarrhea (AAD) 

Diarrhea is one of the most frequent adverse effects of oral antibiotic treatment, with a 

rate of 8.1% in children who are treated with amoxicillin89. This increases to 19.8% if 

amoxicillin is given in combination with the β-lactamase inhibitor clavulanate. Based on studies 

in adults, the mechanism of AAD is hypothesized to involve disturbance to the normal intestinal 

flora and overgrowth of pathogenic microorganisms (such as Clostridium difficile) after the 

intestinal flora have been altered. Clavulanate also appears to stimulate increased intestinal 

motility, contributing to AAD89.  

Incidence of AAD with penicillins, including amoxicillin and amoxicillin/clavulanate, is 

significantly greater in children under two years of age compared to older children, indicating 

that age is a risk factor in AAD89. Inappropriate selection of antibiotics and doses can increase 

the risk of AAD and its severity, while also burdening parents and caretakers. 

Intestinal Absorption of Amoxicillin 

Amoxicillin, a renally cleared drug82, is hydrophilic (logP 0.61, logD -2.21 at pH 778), 

and is zwitterionic at physiological pH. Thus, it is expected to have poor membrane 

permeability. However, in adults, amoxicillin has high oral bioavailability90. This is dose-

dependent and decreases with dose from 90% for a 50 mg dose and 22% at 10 g (Figure 1-6)91. 

Therefore, intestinal drug transporters are likely to be involved in amoxicillin absorptive 

transport.  

Intestinal Transporters Implicated in Amoxicillin Absorption 
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Amoxicillin is a substrate for PEPT1, a likely contributor to its AP enterocytic uptake92. 

PEPT1 is a proton-coupled intestinal transporter that is important in the intestinal absorption of 

dietary dipeptides and tripeptides, as well as certain β-lactam antibiotics93. After ingestion, 

dietary proteins are hydrolyzed by proteases and peptidases to thousands of highly variable 

peptides and free amino acids94. Consistent with its key role in nutritional intake, PEPT1 is 

highly expressed in the human small intestine; for example, PEPT1 comprised 50% of total 

transporter protein expressed in six adult donors95. Diet also impacts the expression of PEPT1; 

under fasted conditions in rats, PEPT1 gene expression and activity (i.e., uptake of 

glycylsarcosine (glysar)) was increased96. This induction of PEPT1 by fasting is mediated by the 

nuclear receptor peroxisome proliferator-activated receptor (PPAR) α96.  

Uptake by PEPT1 is proton-dependent and sodium-dependent, with maximal activity 

observed at an extracellular pH of 6.0, i.e., conditions expected in the human jejunum93. Studies 

using in situ rat intestinal perfusion and in vitro everted rat intestinal jejunum first indicated that 

certain β-lactam antibiotics (i.e., those with a similar structure to tripeptides) were transported by 

the same carrier-mediated mechanism as the transport of dietary peptides97. Furthermore, uptake 

of the dipeptide glycylglycine was competitively inhibited by several β-lactam antibiotics 

(ciclacillin, cefadroxil, cephalexin) and vice versa97. Amoxicillin was later confirmed to be a 

substrate of PEPT1, as well as the renal drug transporter peptide transporter 2 (PEPT2)92. 

Comparison of the uptake and flux of β-lactam antibiotics across Caco-2 cell monolayers 

indicated that most, including amoxicillin, had low affinity for PEPT1 (Ki > 7 mM) and that 

steric resemblance to a tripeptide backbone was essential for uptake by PEPT181,98. 

After being taken up into the enterocyte, efflux transporters would also be required for 

amoxicillin to egress across the BL membrane into the blood due to its anticipated poor 
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membrane permeability. On the BL membrane of enterocytes, possible candidates for the efflux 

of amoxicillin include MRP399, MRP4100, BL peptide transporters20, and organic solute 

transporter α/β (OST α/β)19. Of these, BL peptide transporters or MRP transporters appear to be 

likely candidates since amoxicillin is a peptidomimetic compound and substrate of PEPT1, and 

MRP transporters typically transport anionic or zwitterionic compounds101. As other β-lactam 

antibiotics (e.g., cefadroxil, cephalexin, and other cephalosporins102,103) are known MRP3 or 

MRP4 substrates, it is possible that these transporters may also be involved in the efflux of 

amoxicillin on the BL membrane. Among the β-lactam antibiotics, those with 6-membered ring 

structures (the cephalosporin antibiotics) are transported by MRP4 more efficiently compared to 

those with 5-membered ring structures, such as amoxicillin103.  

Peptide transporters have also been tentatively identified on the BL membrane that may 

be responsible for both the BL uptake and BL efflux of peptide-like drugs, although to date, only 

BL uptake by these transporters has been characterized functionally. Evidence for BL efflux 

mediated by these transporters has not been provided as yet20–22. Like the AP uptake transporter 

PEPT1, the BL peptide uptake transporter is pH-dependent with broad substrate specificity for 

dipeptides and tripeptides21. Given the more acidic pH expected intracellularly as compared to 

the blood, and the unknown relevance of removing dietary peptides from the blood and 

transferring to enterocytes, the physiological role of this uptake transporter is unknown21. 

However, a BL efflux transporter for peptides is physiologically relevant for the absorption of 

dietary peptides that are taken up by AP PEPT1 but are not hydrolyzed intracellularly to a form 

that can easily cross the BL membrane22. Unlike PEPT1 and the BL peptide uptake transporter, 

the BL peptide efflux transport is a facilitative transport system, is bidirectional, and does not 

appear to be pH-dependent20,104.  
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The contribution of these mechanisms to the oral absorption of amoxicillin has not been 

elucidated, although age-dependent differences in the contribution of these transport mechanisms 

and infant physiology may explain the high variability in amoxicillin PK and treatment failures 

observed in children105.  

Amoxicillin Distribution 

 Amoxicillin is not extensively protein bound (<20% bound to plasma proteins) with a 

volume of distribution of 0.26 to 0.41 L/kg78. The target for AOM, the middle ear, is not highly 

perfused. The kinetics of amoxicillin influx across the human middle ear mucosal membrane 

have not been studied; however, studies in an established chinchilla model of inner and middle 

ear diseases suggested that amoxicillin may require active transport across the middle ear 

mucosal epithelium106. Amoxicillin concentrations in the middle ear are highly variable, even 

between the left and right ears of the same patient. Concentrations between 4 and 8 µg/mL in the 

middle ear have been reported 3 hours after a 45 mg/kg oral dose in children, which would 

exceed the MIC for the majority of subjects, but were undetectable in 15% to 35% of subjects107. 

Amoxicillin Elimination 

  Amoxicillin has a short terminal half-life of approximately 1 to 1.5 hrs in adults, and 

renal clearance accounts for up to 80% of amoxicillin elimination78. It can be hydrolyzed in the 

gut to an inactive penicilloic acid by bacteria that produce β-lactamase108. Up to 25% of an 

amoxicillin oral dose is recovered in urine as the penicilloic acid108, which may contribute to 

some variability in amoxicillin absorption. Amoxicillin undergoes active renal secretion that 

exceeds the glomerular filtration rate (GFR), with some reabsorption due to PEPT2 as well as 

PEPT1 to a lesser extent92. While specific transporters have not been identified in the renal 

secretion of amoxicillin, organic anion transporter 1 (OAT1) has been ruled out as an uptake 
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transporter for amoxicillin92. However, the renal clearance of amoxicillin is significantly reduced 

by the OAT inhibitor, probenecid109, suggesting that another OAT transporter may be involved 

in its uptake and secretion.  

Effect of Age on Amoxicillin Disposition 

  Gastric emptying and transit time do not appear to be significantly different in neonates 

or children compared to adults110,111. However, the composition of infant meals is higher in fat 

(breast milk is 50% fat) compared to a typical adult meal, and neonates eat more frequently (up 

to 10 times daily), making it difficult to extrapolate food effects to infants112. PK studies suggest 

that absorption (Cmax and AUC) of another β-lactam, penicillin V, is significantly reduced in 

infants and children when given with food or with milk, but only slightly reduced in adults112. 

Sugar absorption tests (performed with mannitol) suggest that intestinal permeability is 

highest within the first two days of life and rapidly declines over the first month of life113,114. 

Sugar absorption studies conducted in premature infants also suggest that overall intestinal 

permeability is higher than in adults14. Transepithelial electrical resistance (TEER), indicative of 

the barrier property of the intercellular tight junctions, is significantly lower in neonatal intestinal 

tissue compared to adolescents and adults27. Therefore, if paracellular transport plays a 

significant role in amoxicillin intestinal absorption, it is possible that the difference in intestinal 

permeability in infants might play an important role in differential amoxicillin oral 

bioavailability in children compared to adults. 

GFR reaches adult values after the first year of life, but continues to increase above the 

adult values, and peaks between two and five years of age before decreasing to typical adult 

levels115. During postnatal development, the proximal tubules have low passive paracellular 

permeability compared to the adult proximal tubules, and express different levels of the tight 
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junction proteins claudin-2 and occludin116. In contrast, tubular secretion reaches adult levels 

after the first year of life and remains steady to adulthood. Therefore, drugs that are primarily 

renally cleared and have net tubular secretion117, such as amoxicillin, may have greater 

contribution of GFR in children between 2 and 5 years of age compared to adults (on a per kg 

basis)115. 

The expression and function of intestinal transporters implicated in the absorption of 

amoxicillin are likely to be affected by age. Gene expression (mRNA) of PEPT1 has been 

reported to be lower (0.8-fold) in the small intestine of 26 neonates and infants compared to 

older children and adolescents, with similar tissue distribution of the corresponding protein as 

determined by immunohistochemical staining118. Comparative studies of protein expression of 

PEPT1 in infants or children compared to adults have not been published. Studies in other 

species indicate that PEPT1 expression and activity are highest immediately after birth and 

during weaning, suggesting that the uptake of amoxicillin in infants may differ from that of 

adults119,120.  

Rationale for the Proposed Research 

As outlined in the introductory paragraphs, the proposed research was undertaken to 

develop pediatric PBPK models for drugs with transporter-mediated disposition. Previously, the 

Thakker Laboratory has developed bottom-up PBPK models for drugs that are cleared by 

oxidative metabolism in pediatric (voriconazole) and premature neonate (sildenafil) 

populations12,13. The impact of age on drugs that undergo CYP-mediated hepatic metabolism is 

well studied compared to the impact of age on drugs that are absorbed and/or cleared via 

transporter-mediated processes. In part, this is due to sparse data on transporter ontogeny in the 

intestine, liver, and kidney, as well as technical difficulties in obtaining pediatric tissue and in 
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extrapolating in vitro transporter kinetic data to their role in vivo in the disposition of drugs32,33. 

Furthermore, although pediatric and adult physiological data are available for the purposes of 

PBPK modeling, gaps still remain in the understanding of some age-related differences that limit 

the application of PBPK models for pediatric predictions. Specifically, major gaps remain in 

incorporating pediatric GI physiology - the impact of age on food effects, bile secretion, 

differences in paracellular permeability, intestinal fluid composition and pH, and gastric fluid 

volume – into PBPK models to simulate and predict drug absorption in children112.  

The use of pediatric PBPK models is growing to estimate age-related PK changes and to 

select appropriate pediatric doses, potentially replacing expensive pediatric clinical PK trials2,8, 

Thus, there is a need for better understanding of how pediatric physiology affects drug 

disposition, improved in vitro to in vivo extrapolation of transporter-mediated processes, as well 

as PBPK modeling of pediatric drugs for which transporters play a major role in disposition. The 

difficulties apparent in this approach are not dissimilar to those encountered elsewhere in 

pediatric research, namely limited pediatric PK data, pediatric physiology data, and pediatric 

tissue available for study. For PBPK model building and validation, observed concentration data 

points and PK parameters are more readily available for adults than for children and infants. 

Even where published pediatric concentration data and PK parameters are available in the 

literature, these data are often derived from a small number of patients, covering a broad range of 

ages and development (sometimes including adolescents). The pooling of data across multiple 

age groups, or data on only a few subjects representing age groups, make it difficult identify age-

related effects. Despite these difficulties, the efforts to build pediatric PBPK models should 

continue so that the gaps in knowledge and their impact on our ability to predict safe and 

effective pediatric doses are uncovered and addressed. 
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For this research, two pediatric drugs whose disposition is likely affected by transporters 

were selected for the development of PBPK models using the following criteria: 1) drugs that are 

important in pediatric therapy; 2) drugs for which pediatric doses are extrapolated from adult 

data and, therefore, may be sub-optimal with respect to their efficacy or safety; and 3) drugs for 

which adult and pediatric concentration data and PK parameters are available in the literature for 

model validation. 

As previously indicated, the first drug selected, vincristine, is used to treat a variety of 

pediatric cancers such as ALL as well as acute myeloid leukemia, non-Hodgkin’s lymphoma, 

and Wilms tumor. As noted in this chapter, vincristine has a narrow therapeutic range due to its 

dose-limiting adverse effects of peripheral neuropathy. Understanding the relationship between 

vincristine PK and peripheral neuropathy is difficult because of the sparse clinical PK data in 

adults and children, despite a long history of use as an anti-cancer treatment. Furthermore, 

vincristine PK is highly variable and its clearance (per kg) has been reported in infants and 

children to be higher than in adults51,55. Because vincristine is cytotoxic, it is not feasible to 

administer the drug to healthy volunteers for extensive PK and drug-drug interaction studies. 

Therefore, applying a bottom-up PBPK model to predict disposition of vincristine in adults and 

children could assist in understanding the basis of age-related PK differences in distribution and 

clearance, and in elucidating safe and effective pediatric doses. 

Amoxicillin was chosen as the second drug because it is one of the most commonly 

prescribed drugs for treatment of AOM in infants and children, and transporters are implicated in 

its oral absorption and renal clearance. As previously noted in this chapter, amoxicillin has low 

passive permeability, but high oral bioavailability, presumably due to significant contribution of 

intestinal drug transporters. Minimal clearance by metabolism was also a factor in selecting 
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amoxicillin, because it would simplify the development of an oral pediatric PBPK model of a 

drug for which transporters are important in absorption.  

While PEPT1 is implicated in its uptake into enterocytes, the contribution of active AP 

uptake, paracellular transport, and BL efflux to the overall intestinal absorption of amoxicillin 

has not been elucidated prior to this research. Infants have higher intestinal permeability 

compared to adults, specifically higher paracellular permeability as determined by sugar 

absorption tests and TEER measurements113,114. Therefore, paracellular transport may play a 

larger role in infant intestinal absorption of amoxicillin, and the importance of transporters such 

as PEPT1 may differ by age group depending on the relative contribution of the paracellular vs 

transcellular pathways. As a key pediatric drug, amoxicillin is also a good candidate for pediatric 

PBPK modeling due to its widespread use and unanswered questions regarding its efficacy at 

higher doses. Recommended pediatric doses for AOM have increased in order to address the 

increase in antibiotic resistance, although higher doses may not improve MEF penetration or 

efficacy due to the dose-dependent absorption of amoxicillin87,88. Although amoxicillin is widely 

used, it is difficult logistically and ethically to perform clinical PK studies in children, especially 

in infants. Therefore, it is important to 1) understand the mechanisms of amoxicillin absorptive 

transport and dose-dependency, and 2) develop a pediatric PBPK model of amoxicillin that can 

be used to predict oral amoxicillin PK and understand its relation to the MIC of AOM 

microorganisms.  

Hypotheses 

  The hypotheses tested in the research described in this dissertation are that: i) age-

dependent changes in CYP3A expression/activity and P-gp expression/activity contribute to 

differences in the clearance and exposure of vincristine in infant and pediatric populations 
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compared to adults; and ii) amoxicillin intestinal absorption in adults and infants is influenced by 

age-dependent differences in PEPT1 expression and overall intestinal permeability, specifically 

paracellular permeability.  

Specific Aims 

A bottom-up PBPK model of vincristine requires incorporation of its physicochemical 

properties, as well as important parameters in its disposition, i.e., metabolism by CYP3A4/5, 

efflux by P-gp, and intracellular binding to β-tubulin. In vitro metabolism parameters were 

obtained from the literature, as extensive kinetic studies had been performed in cryopreserved 

human hepatocytes (obtained from both low- and high-CYP3A5 expressors), human liver 

microsomes, and recombinant CYP3A4 and CYP3A5 enzymes. In contrast, although vincristine 

was well known as a substrate of P-gp, its kinetic parameters had not been previously 

determined. This was evaluated in Specific Aim 1, in which the in vitro kinetic parameters for 

P-gp efflux were obtained, the adult PBPK model of vincristine was developed and validated, 

and the adult PBPK model was adapted to a pediatric PBPK model of vincristine and validated: 

Specific Aim 1: Develop PBPK models of IV vincristine in adult and pediatric (≤10 years) 

populations. 

 1a. Determine the kinetics of vincristine efflux (Km and Jmax) by P-gp in MDCKII-MDR1 

cells. 

 1b. Develop a bottom-up PBPK model describing vincristine disposition in adults 

following IV administration and validate the model using existing adult clinical PK data 

 1c. Adapt the adult PBPK model to develop a pediatric PBPK model to describe 

vincristine disposition in children and validate the model using existing pediatric PK 

data. 
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Specific Aims 2 and 3 were formulated to extend this modeling approach to a second drug with 

transporter-mediated intestinal absorption (i.e., amoxicillin) and develop a PBPK model of oral 

amoxicillin in adults and infants. Important factors to be evaluated in the model included key 

parameters in amoxicillin intestinal absorption and PK, i.e. intestinal permeability, relative 

contribution of paracellular vs transporter-mediated transcellular transport, and renal clearance. 

Sugar absorption studies in infants indicate that infants have higher intestinal permeability and 

paracellular permeability compared to adults in the first few months of life113,114. Although 

amoxicillin is a known substrate of PEPT1, and based on its properties (i.e., small size and 

hydrophilic) is likely to have some paracellular component to its transport, the relative 

contributions of these mechanisms to amoxicillin absorptive transport have not been elucidated 

to date. Thus, Specific Aims 2 and 3 were formulated to (1) understand the mechanisms of 

amoxicillin intestinal absorption, including understanding the relative contributions of 

paracellular vs transcellular transport (including PEPT1-mediated AP uptake), and (2) develop 

and validate PBPK models of oral amoxicillin in adults and infants that could predict amoxicillin 

PK and its relation to anticipated MIC of AOM microorganisms. In Aim 2, a three-

compartmental modeling approach was utilized to determine the relative contribution of the 

paracellular vs transcellular pathways to the absorption of amoxicillin. An indirect modeling 

approach was needed because paracellular transport cannot be determined in isolation 

experimentally. A similar approach was previously used for the cationic and hydrophilic drugs 

metformin and ranitidine. The study demonstrated that the absorptive transport of ranitidine is 

approximately 45-60% paracellular121 and involves AP uptake by anion transporters and BL 

efflux by multidrug resistance-associated proteins (MRP) 3, and that the transport is attenuated 

by AP efflux via P-gp and MRP2122. The role of PEPT1 in the AP uptake and intestinal 
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absorption of amoxicillin was determined in vitro using Caco-2 cell monolayers and adult 

intestinal epithelia. In Aim 3, a PBPK model of oral amoxicillin in adults was developed by 

incorporating the kinetic parameters determined in Aim 2. The adult model was refined and 

validated against existing clinical data, and then adapted to a PBPK model for the infant 

population. 

Specific Aim 2: Determine the contribution of PEPT1 to AP enterocytic uptake and 

permeation of amoxicillin across Caco-2 cell monolayers and adult intestinal epithelia. 

 2a. Determine in vitro absorptive transport, AP/BL uptake, and AP/BL efflux of 

amoxicillin in Caco-2 cell monolayers and adult intestinal epithelia. Transport studies 

will be conducted in Caco-2 cell monolayers and in Ussing-type diffusion chambers 

using fresh human intestinal epithelia. 

 2b. Apply data from Aim 2a to a three-compartment kinetic model and determine the 

relative contributions of paracellular and transcellular absorptive transport of amoxicillin 

in Caco-2 cell monolayers and adult intestinal epithelium. 

 2c. Determine the relative contribution of PEPT1 to the overall absorptive transport and 

permeation of amoxicillin across Caco-2 cell monolayers and adult intestinal epithelium. 

Specific Aim 3: Develop PBPK models to describe the PK of amoxicillin in adult and infant 

(≤2 years) populations following oral administration.  

 3a. Quantify the gene and protein expression of PEPT1 in Caco-2 cells, adult intestinal 

tissue, and infant intestinal tissue using rt PCR and proteomic mass spectrometry 

methods. 

 3b. Develop a PBPK model to describe the oral bioavailability and PK of amoxicillin in 

adults. The model will incorporate the uptake kinetics by PEPT1, Papp, the contribution of 
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paracellular transport, and PEPT1 expression. Validate the model using existing adult 

clinical PK data. 

 3c. Develop a PBPK model of amoxicillin in infants following oral administration by 

adapting the adult PBPK model from Aim 3b. The infant PBPK model will account for 

kinetic parameters of amoxicillin transport and age-related differences, i.e., PEPT1 

expression, Papp, GI physiology, and renal clearance. Confirm model estimations of oral 

bioavailability using existing population PK parameters of amoxicillin in infants. 
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Figure 1-1 Whole-body PBPK model structure. 

 

Simulated by PK-Sim® software package. Adapted from Willmann et al.123 
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Figure 1-2. Pathways of absorption across the intestinal epithelium and examples of AP 

and BL drug transporters. 

 

Adapted courtesy of Drs. William Proctor and Kevin Han. Compounds can be absorbed by two 

pathways across the intestinal epithelium: A) transcellular transport which can consist of both 

passive and B) active (transporter-mediated) processes, as well as C) paracellular transport via 

passive diffusion of drugs through the tight junctions. Examples of intestinal AP uptake 

(OATP2B1, PEPT1, OCTN1/2, OCT1/2/3), AP efflux (MRP2, BCRP, P-gp), and BL efflux 

(OSTα/β, MRP1/3/4) are also shown in the figure above. 
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Figure 1-3. Structure of vincristine (top) and its metabolite M1 (bottom). 
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Figure 1-4.  Vincristine binds to free β-tubulin subunits. 

 

 

Microtubule structures are comprised of units of α-tubulin (represented by the triangles marked 

A) and β-tubulin subunits (represented by the triangles marked B). The microtubules are in 

equilibrium between an assembled and dissembled state within the cell and exchange subunits 

with an intracellular pool of unbound α- and β-tubulin when dissembling at the ends. Vincristine 

binds to the free intracellular β-tubulin, reducing the amount of unbound β-tubulin for 

microtubule reassembly124. 
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Figure 1-5. Structure of catharanthine (top), vindoline (middle), and vindesine (bottom). 
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Figure 1-6. Increases in amoxicillin Cmax and AUC are less than dose-proportional.  

 

 

 

Oral doses of 375, 750, 1500, and 3000 mg amoxicillin tablets were administered to 12 healthy 

adult subjects in a fasting state. Solid lines represent mean ± SD. The dotted black line represents 

Cmax or AUC values that would be expected if these parameters increased proportionally with the 

amoxicillin dose administered. Figures adapted from Sjovall et al., 198591. 
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Figure 1-7. Basic structure of a penicillin β-lactam antibiotic. 

 

 

 

 

Basic structure of a penicillin, where R represents a side chain (top), and the structure of 

amoxicillin (bottom). 
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CHAPTER 2 : PHYSIOLOGICALLY-BASED PHARMACOKINETIC MODELS FOR 
ADULTS AND CHILDREN REVEAL A ROLE OF INTRACELLULAR TUBULIN 

BINDING IN VINCRISTINE DISPOSITION1 

Introduction

The vinca alkaloid vincristine is a chemotherapeutic agent used as first-line therapy for 

pediatric acute lymphocytic leukemia (ALL) and acute myeloid leukemia. ALL is the most 

common pediatric cancer, accounting for 26% of cancer diagnosed in children up to 14 years of 

age. Younger children are disproportionately affected by ALL, with the highest incidence in 

children 2 to 5 years old1,2. Vincristine is also an important anti-cancer agent in other adult and 

pediatric cancers, including Wilms’ tumor, Hodgkin’s disease, and non-Hodgkin’s lymphoma3. 

Vincristine disrupts mitosis by binding to the β-tubulin subunits of intracellular microtubule 

structures. This anti-mitotic effect is also responsible for its dose-limiting toxicity of peripheral 

neuropathy, often manifested by tingling, numbness, a burning sensation, and muscle weakness4.  

Understanding the relationship between vincristine drug pharmacokinetics (PK) and risk 

of peripheral neuropathy is limited by sparse availability of clinical PK data3. Increased risk of 

peripheral neuropathy has been reported in pediatric patients with reduced vincristine clearance, 

although systemic exposure to vincristine has not been correlated with vincristine 

neurotoxicity5,6. However, other studies indicate that clinical outcomes in children with ALL are 

                                                 
1 1 This chapter has been published in CPT: Pharmacometrics & Systems Pharmacology (PSP) and is presented in 
the style of that journal. The chapter contains some changes (underlined) with respect to the published paper. The 
original citation is as follows: 
Lee CM, Zane NR, Veal G, Thakker DR. CPT Pharmacometrics Syst Pharmacol. 2019; Oct;8(10):759-768. Epub 
Aug 30, 2019.  
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related to the clearance and exposure of vincristine7. Significant neurotoxicity in pediatric 

patients has been observed when vincristine is co-administered with azole antifungals, which are 

potent CYP3A inhibitors (e.g., itraconazole, voriconazole), thereby increasing vincristine 

exposure8. Nutritional status may also impact clinical outcomes and neurotoxicity risk by 

affecting clearance of the drug and hence exposure to it; in pediatric patients with Wilms’ tumor 

and malnutrition, decreased vincristine clearance and a 2-fold increase in exposure (area under 

the curve, AUC) has been observed compared to pediatric patients without malnutrition9.  

Pediatric PK data for vincristine is limited despite a long history of use in pediatric 

cancer. As a cytotoxic agent, vincristine is unlikely to be administered to healthy volunteers for 

prediction of vincristine PK or drug-drug interactions. Therefore, understanding and predicting 

the potential age-related impact on vincristine disposition is essential for informing proper 

dosing and treating pediatric cancer patients.  

The objective of the current study was to develop physiologically-based pharmacokinetic 

(PBPK) models to predict the disposition of vincristine following intravenous (IV) 

administration to adults and children. Previously, we have developed bottom-up PBPK models 

for pediatric disposition of voriconazole and sildenafil, which are both predominantly cleared via 

hepatic oxidative metabolism10,11. Like voriconazole and sildenafil, vincristine is metabolized by 

CYP3A4. Its clearance in infants and children, when normalized to body surface area or body 

weight, is higher than in adults, despite decreased CYP3A4 expression and activity in 

children12,5,13. In contrast to voriconazole and sildenafil, vincristine is preferentially metabolized 

by the genetically polymorphic enzyme CYP3A5, and it undergoes biliary excretion via P-

glycoprotein (P-gp, also known as MDR1), a hepatic efflux transporter that is expressed at 

approximately 60% and 80% of adult levels in infants and children, respectively14. Pediatric 
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patients who are high expressers of CYP3A5 have higher metabolite plasma concentrations and 

lower incidence of peripheral neuropathy vs. low expressers6. A similar approach could be 

applied to vincristine to predict its disposition in adults and children, and thus assist in providing 

safe and effective dosing of this drug with narrow therapeutic window.  

Materials and Methods 

Materials 

[3H]-Vincristine was purchased from American Radiolabeled Chemicals, Inc (MO). 

GW918 was a gift from GlaxoSmithKline (NC). Madin-Darby canine kidney strain II cells, 

expressing human P-gp transporter after transfection with human MDR1 cDNA (MDCKII-

MDR1), were obtained from the Netherlands Cancer Institute (Amsterdam, The Netherlands). 

Cell culture 

MDCKII-MDR1 cells were seeded at a density of 100,000 cells/cm2 on 12-well 

TranswellTM plates (Corning) and maintained in a CO2 incubator at 37oC. Cell monolayers were 

used for experiments 6 days post-seeding.  

Transport studies 

To obtain estimates of apparent Michaelis-Menten constant (Km) and maximal flux (Jmax) 

for P-gp-mediated AP efflux of vincristine, in vitro transport studies were conducted with 

MDCKII-MDR1 cell monolayers overexpressing P-gp as previously described15. Monolayers 

were incubated in transport buffer (pH 7.4) at 37oC. Dose solutions were added to the AP 

compartment for absorptive transport and BL compartment for secretory transport. To determine 

the transport of vincristine in the absence of P-gp activity (e.g., approximating conditions of 
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permeability due to passive diffusion)16, the P-gp inhibitor GW918 (1 µM) was included, and 

transport determined. Samples were analyzed by liquid scintillation spectrometry. Calculation of 

apparent Jmax and Km parameters for P-gp-mediated efflux of vincristine were performed as 

previously described using nonlinear regression analyses (GraphPad Prism 7)15. 

Pharmacokinetic data 

Individual adult vincristine concentration-time data were obtained by digitizing published 

PK profiles (GetData Graph Digitizer, v2.26)17–19. Pediatric vincristine concentration-time data 

were obtained from a PK study of 25 patients with localized Wilms tumors, with ages ranging 

from 5 months to 9 years. Samples were analyzed at Newcastle University (UK) using a 

validated liquid chromatography-mass spectrometry (LC-MS) assay as described previously9. A 

subset of these concentration-time data have previously been published9. Pediatric concentrations 

were dose-normalized to account for the range of doses given (0.3 to 1.8 mg). 

Noncompartmental analysis was performed on the digitized adult concentration data and the 

pediatric concentration data using Phoenix 8.0 (Certara). 

PBPK model & simulation 

A whole-body adult PBPK model was first developed using PK-Sim® software (Open 

Systems Pharmacology Suite, v7.1) that incorporated vincristine physicochemical parameters 

(Table 2-1). Population-based PK simulations were performed for virtual adult (18 – 65 years 

old) and pediatric (0 – 9 years old) populations of 100 subjects each, comprising an equal 

proportion of male and female subjects. Physiologic parameters for the virtual adult population 

were generated based on the physiology of an average white American as described in the 1997 

National Health and Nutrition Examination Survey.  
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Age-relevant physiologic data from the International Commission on Radiological 

Protection were used to generate the virtual pediatric population20. Human β-tubulin isotype 

class I (TUBB) was selected to represent overall β-tubulin binding for this model as it is both 

highly expressed and present in most human tissues21. Gene expression levels of CYP3A4/5, P-

gp, and TUBB were obtained from UNIGENE and E-GEOD databases using the PK-Sim® built-

in database query. CYP3A4 expression was adjusted for age using the built-in PK-Sim® 

ontogeny function. The equation for CYP3A4 ontogeny in the liver used in PK-Sim® is: 

A = PMAn / (A0.5n + PMA) 

Where PMA is the post-menstrual age in weeks; A is the activity at PMA; A0.5 is the PMA at 

50% activity compared to adult; n is the Hill coefficient. As described in the PK-Sim® Ontogeny 

Database (Version 7.3), an n of 3.331 and A0.5 of 73.019 is used by the PK-Sim® software. 

Rate constants for β-tubulin binding of vincristine have not been determined previously 

as, once bound to tubulin, the vincristine-tubulin dimers associate and form microstructures that 

interfere with light-scatter methods of determining binding and dissociation constants22. 

Therefore, published constants (koff, KD) for another vinca alkaloid of a similar chemical 

structure, vinblastine (Figure 2-1), were used and optimized by parameter estimation.  

Parameter estimation was performed using the built-in PK-Sim® tool on the kinetic 

parameters for P-gp transport (km, Jmax) and specific binding to β-tubulin (koff, KD, and relative 

expression of TUBB). A multiple optimization approach was used with randomized start values. 

Model evaluation 

Model performance was evaluated by comparing simulated plasma concentration-time 

profiles (population mean and 95% prediction interval) to observed concentration data. Models 
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were accepted if simulated concentration-time profiles fit the overall shape of observed profiles, 

the majority of observed concentration data fell within the 95% prediction interval for simulated 

data, and the simulated PK parameters were within 2-fold of the observed parameters.  

Mean simulated adult PK parameters were also compared to published experimental PK 

parameters derived from clinical studies with cancer patients17–19. Mean simulated pediatric PK 

parameters were compared to the pediatric PK results from 25 children (0-12 years; Newcastle 

University)23. Model robustness was further evaluated by comparing model simulations to 

additional published PK studies in which PK parameters (but not concentration data) were 

available.  

Sensitivity analyses 

Sensitivity analyses were performed using the PK-Sim® tool to evaluate the effect of the 

metabolism (CYP3A4 and CYP3A5 Km, Vmax, and expression), P-gp efflux (Km, Jmax, and 

expression), and tubulin binding (koff, KD, TUBB expression) input parameters on performance 

of the adult PBPK model. These three parameters were selected for sensitivity analyses as 

potential significant contributors to vincristine distribution and clearance. Input values were 

evaluated with over a 100% variation range (i.e., 2-fold) to determine the impact on the 

simulated PK parameters (AUC, CL, VD). 

Results 

PBPK Model for Vincristine Disposition in Adults after IV Administration 

The whole-body PBPK model structure is shown in Figure 2-1a. Tissue to plasma 

partition coefficients were determined in PK-Sim® using a method described by Schmitt et al24.  
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In vitro kinetic constants (Km and Vmax) for the formation of the vincristine metabolite 

M1 by recombinant CYP3A4 and CYP3A5 were used25. Vincristine is metabolized by both 

CYP3A4 and CYP3A5, and the intrinsic clearance of vincristine by CYP3A5 is approximately 

12-fold higher than by CYP3A4 despite similar affinity of both enzymes for vincristine25. Gene 

and protein expression of CYP3A4, but not CYP3A5, are age-dependent and follow a pattern of 

ontogeny12. CYP3A5 is not highly expressed except in those with a specific genetic 

polymorphism.  

Kinetic constants for P-gp efflux of vincristine in MDCK1-MDR1 cells, determined 

experimentally in this study, were used for initial modeling. Although vincristine is well known 

as a substrate of P-gp, kinetic parameters of its efflux have not previously been reported. Kinetic 

studies of P-gp efflux are often performed in vitro using inside-out membrane vesicle systems 

overexpressing MDR1; however, it is difficult to achieve adequate intravesicular concentrations 

of lipophilic compounds such as vincristine for evaluation26,27. The permeability (Papp) of 

vincristine (10 µM) across MDCKII-MDR1 monolayers is 7-fold greater in the BL to AP 

direction (157 nm/s) than in the AP to BL direction (22 nm/s), consistent with AP efflux. 

Secretory transport of vincristine was significantly attenuated by GW918, an inhibitor of P-gp, 

decreasing the efflux ratio (Papp, BL to AP /Papp, AP to BL) from 7.1 to 1.5, providing evidence that the 

AP efflux of vincristine is mediated by P-gp. An apparent Jmax of 46.6 pmol/min and Km of 17.1 

µM was obtained for vincristine flux mediated by P-gp (R2 = 0.862). Based on the surface 

growth area for each TranswellTM (1.12cm2) and average cell yield listed by the manufacturer 

(1.12×106 cells; Corning Guidelines for Use: TranswellTM Permeable Supports), the Jmax. was 

estimated to be 416 pmol/min/million cells.   
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The adult PBPK model for vincristine that incorporates CYP3A4/5 metabolism, P-gp 

efflux, and specific binding to β-tubulin adequately described the observed concentration data 

(Table 2-1,Figure 2-2). In vitro metabolism and transport kinetics are scaled to organs by the 

following equation by PK-Sim®: 

Vmax,organ = kcat · SF ·erel,organ = kcat,s ·erel,organ 

in which Vmax,organ is the tissue-specific maximum velocity, kcat is the catalytic rate constant 

(1/min), SF is the organ-specific scaling factor (µmol/L), erel is relative expression of the enzyme 

or transporter protein, erel,s is the apparent catalytic rate constant, and Eo is the enzyme or 

transporter concentration in the organ (µmol/L).  

For initial model building and optimization, an IV infusion (15 minutes) of 2 mg 

vincristine was simulated to match the dosing regimen of the observed clinical study that 

provided concentration data19. A majority of these observed concentration data were within the 

95% prediction interval of simulated vincristine plasma concentrations. To further evaluate the 

adult PBPK model, doses of 2 mg vincristine given by IV bolus and 60-minute infusion were 

also used in order to evaluate simulated PK parameters as compared to two other published 

studies18,28. Overall, the adult PBPK model predicted PK parameters (AUC, t1/2, VD, CL) well 

within a 2-fold margin of published parameters from all three PK studies (Table 2-2). 

PBPK Model for Vincristine Disposition in Children after IV Administration 

The adult PBPK model for vincristine disposition was initially adapted to develop a 

pediatric model by incorporating age-related physiological differences, including the ontogeny of 

CYP3A4 expression. Although vincristine is also metabolized by CYP3A7, this enzyme is a fetal 

isoform that is not present after 6 months postnatal age12,25. Therefore, kinetic parameters for 



73 

CYP3A4 and CYP3A5, but not CYP3A7, were included in the model. However, the simulation 

showed that vincristine distribution was not well described by the model (Figure 2-3). Despite 

incorporating the tubulin binding parameters (koff, KD) optimized in the adult PBPK model, the 

pediatric PBPK model over-predicted vincristine concentrations relative to observed 

concentrations. The over-prediction error was greatest with the concentrations in the first four 

hours post-dose, suggesting that the extent of distribution of vincristine was being under-

predicted in the virtual pediatric population. Age-related differences in the expression of 

CYP3A4 and P-gp proteins do not explain the over-prediction of vincristine concentrations by 

the model, as these are expressed at lower levels in children compared to adults and would be 

expected to impact the clearance of vincristine14.  

Differences in specific binding to β-tubulin were considered as potential factors affecting 

the distribution of vincristine in children. Expression of TUBB was evaluated, since it is not 

known whether the expression of β-tubulin isotypes is different in children compared to adults. 

To evaluate the effect of relative expression of TUBB on the distribution of vincristine in the 

virtual pediatric population, the pediatric expression of TUBB was varied up to 150-fold of the 

adult reference concentration and the PK parameters were simulated. Linear regression analysis 

demonstrated that in the simulated pediatric population, the VD of vincristine is significantly 

correlated with TUBB concentration (p<0.0001). Parameter estimation was also performed using 

adult relative expression of TUBB to optimize pediatric TUBB expression. Surprisingly, model 

optimization suggested that simulating a higher expression of TUBB in children (approximately 

4.9-fold of adult expression) improved predictions. Specifically, predictions of vincristine 

concentrations in the distribution phase as well as prediction of pediatric VD and t1/2 improved 

significantly, although the AUC was underestimated to a greater extent (Figure 2-3b, Table 
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2-3). Following this adaptation, the pediatric model adequately described the observed pediatric 

concentration data for vincristine. PK parameters were also predicted within a 2-fold margin of 

published parameters (Table 2-3). 

Sensitivity Analyses 

Sensitivity analysis demonstrated that simulated adult vincristine AUC0-∞, t1/2, and CL are 

sensitive to CYP3A4 Vmax and CYP3A4 expression (Table 2-4). A 100% increase in CYP3A4 

relative expression decreased AUC and t1/2, and increased CL by greater than 25%, indicating 

that CYP3A4 expression was an important parameter in the model for predicting vincristine 

exposure and clearance. The PK parameters were not sensitive to CYP3A5 Vmax and relative 

expression in the model. 

Changes in Km, Vmax, and relative expression of P-gp did not impact PK parameters; PK 

parameters changed by less than 10% when these input parameters were increased by 100%. 

The KD of tubulin binding to vincristine, as well as relative expression of TUBB, had a 

substantial impact on AUC0-∞, t1/2, and CL, as well as vincristine VD. A 100% increase in KD 

caused an increase in AUC0-∞ by 20% and a decrease in t1/2, VD, and CL by 13%, 34%, and 21%, 

respectively. Increasing the relative expression of TUBB by 100% had the opposite effect, 

decreasing AUC0-∞ by 20%, but increasing t1/2, VD, and CL by 30%, 50%, and 19%, respectively. 

In contrast, PK parameters were not sensitive to changes in the koff value.  

Discussion 

Due to ethical considerations, development of pediatric drugs typically relies upon PK 

studies conducted in adults to arrive at safe and effective doses in children. Subsequent pediatric 

dose selection, PK predictions, and predictions of drug-drug interactions are thus extrapolated 
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from adult data, adjusted by allometric scaling. However, allometric scaling does not address 

developmental changes in hepatic function, renal function, organ sizes, or total body 

composition, nor does it account for the ontogeny of drug metabolizing enzymes or drug 

transporters. For example, the expression of CYP3A4 and the hepatic efflux transporter P-gp 

demonstrates patterns of ontogeny that could impact the disposition of substrate drugs in infants 

and younger children12,14. Bottom-up PBPK modeling provides a more rigorous approach to 

predict pediatric PK parameters. In this approach, an adult PBPK model is first developed and 

validated using available clinical PK data, then adapted to a pediatric PBPK model by 

incorporating in vitro metabolism/transport data, generated using relevant pediatric tissues, age-

related changes in physiological parameters and the expression of drug metabolizing enzymes 

and transporters. For drugs such as voriconazole and sildenafil that are cleared predominantly by 

oxidative metabolism, we previously demonstrated that mechanistic PBPK modeling approaches 

can be used to predict PK in children and premature neonates, respectively10,11.  

In the present study, the objective was to apply this PBPK modeling approach to 

vincristine, which is cleared via P-gp-mediated hepatic efflux and CYP3A-mediated hepatic 

oxidative metabolism. Vincristine is used as a first-line therapy in common pediatric leukemias 

such as ALL, and in pediatric solid tumor cancer treatment. Vincristine exhibits high inter-

patient variability, and there is limited availability of pediatric PK data. In some studies, but not 

others, correlations have been shown between vincristine PK parameters and clinical outcome, as 

well as risk of the dose-limiting toxicity, peripheral neuropathy5–7. Therefore, we believe that it 

is important to develop an adult mechanistic PBPK model of vincristine that can be validated 

using available clinical PK data and adapt it to a pediatric PBPK model that can guide dosing of 

the drug in pediatric patients with ALL and solid tumors. 
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Simulations with the initial adult model revealed that the distribution phase was not well 

predicted. Hence, we reasoned that since vincristine exerts its anti-mitotic effects by binding to 

intracellular β-tubulin subunits, this intracellular binding may also impact the overall distribution 

of vincristine. By incorporating the binding of vincristine to β-tubulin, simulated plasma 

concentrations were adequately described in comparison to the observed concentration data, with 

the majority of observed data points falling within the 95% prediction interval. The improved 

PBPK model was able to predict adult PK parameters of vincristine (AUC, t1/2, VD, CL) within a 

2-fold margin of the observed parameters from three published PK studies (Table 2-2). These 

results suggested that binding to β-tubulin might have a key role in vincristine distribution. 

Sensitivity analyses were performed to evaluate the relevance of the key processes that 

were incorporated in the PBPK model as determinants of the PK behavior of vincristine. These 

analyses demonstrated that CYP3A4 Vmax and expression influenced simulated adult vincristine 

clearance and exposure (AUC), consistent with the reported predominantly CYP3A4-mediated 

metabolism of vincristine25. For example, a 100% increase in CYP3A4 relative expression 

decreased AUC and t1/2, and increased CL by greater than 25% (Table 2-4). Although it has been 

reported that CYP3A5 plays a larger role than CYP3A4 in the metabolism of vincristine, 

changes in CYP3A5 Vmax and expression showed less impact on vincristine PK parameters. This 

may be due to low or no CYP3A5 expression in the patient population providing the observed 

concentration data and PK parameters. Based on the location of the studies, the pediatric 

population and the adult populations in the two published studies were presumed to be majority 

Caucasian and East Asian19,28. The frequency of the non-functional variant, CYP3A5*3 allele 

(CYP3A5 non-expresser), is 92-94% and 71-75% for a Caucasian European and East Asian 

population, respectively29. Contrary to expectations, sensitivity analyses of P-gp Km and Jmax in 
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the adult PBPK model indicated that AUC, CL, or VD parameters did not change even upon a 

100% increase in these kinetic parameters. Thus, it appears that biliary efflux via P-gp may not 

be the critical factor in defining vincristine hepatic clearance. Studies utilizing suspended 

cryopreserved human hepatocytes also indicate that the rate-limiting factor is not efflux via P-gp, 

which is consistent with the conclusion reached based on the sensitivity analyses, but suggests a 

possible role of BL organic anion transporter proteins (OATP transporters)27 in rate-limiting 

uptake into hepatocytes.  

The importance of intracellular binding of vincristine to tubulin is supported by the 

sensitivity of PK parameters to changes in the KD and TUBB values. Theoretical increases in the 

affinity for binding of vincristine to tubulin subunits (by decreasing KD) or in the expression of 

TUBB would lead to increased intracellular binding. In both cases, sensitivity analyses suggest 

that an increase in intracellular binding would result in more extensive distribution (increase in 

VD) and decreased plasma levels of vincristine (AUC). In vitro, the intracellular accumulation of 

vincristine is strongly correlated with β-tubulin expression30. In mice and dogs, tissue 

concentrations of vincristine and tissue-to-plasma partition coefficients were also highly 

correlated with β-tubulin binding capacity, suggesting that β-tubulin could also play an important 

role in tissue distribution and accumulation of vincristine in humans31. Further corroboration of 

the importance of β-tubulin binding to the distribution of vincristine is provided by mechanistic 

modeling of the taxane docetaxel, which binds to a different site of the β-tubulin subunit. 

Published mouse PBPK models of docetaxel incorporated the specific binding of docetaxel to β-

tubulin (KD) and an estimated tubulin binding capacity32,33. When tubulin binding capacity was 

adjusted for organ size, the mouse PBPK model was successfully adapted to predict docetaxel 

PK in adult humans33. Although the ontogeny of β-tubulin expression is unknown, its expression 
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and content vary by organ, as well as organ sizes which are age-dependent. Therefore, in 

addition to hepatic efflux by P-gp and metabolism by CYP3A enzymes, it is possible that the 

extent of intracellular binding to β-tubulin could differ in children vs adults, either due to 

differences in β-tubulin expression or in organ sizes.  

The pediatric PBPK model was adapted from the adult model by incorporating age-

related physiological differences, including the ontogeny of CYP3A4 expression (CYP3A5 

expression is not age-dependent12). Although the sensitivity analyses indicated that P-gp might 

not play a significant role in determining PK parameters of vincristine, the ontogeny of P-gp was 

also considered, as protein expression of P-gp is approximately 60% and 80% of adult levels in 

infants and children respectively14. We also considered the binding of vincristine to the plasma 

protein α-1-acid glycoprotein (AAG)34, as AAG levels increase with age35.  Since vincristine is 

not extensively bound to AAG (fu 0.51) and AAG levels are lower in young children, this was 

not expected to explain the distribution of vincristine in children36. Surprisingly, model 

optimization suggested that simulating a higher relative expression of TUBB in children (4.9-

fold higher than adult expression) improved predictions of vincristine concentrations. To our 

knowledge, the effect of age on tubulin expression has not previously been studied. We 

hypothesize that the greater extent of vincristine distribution observed in children compared to 

adults was likely due to the pediatric PK samples being sourced from patients with large solid 

tumors, i.e., Wilms tumor. Gene expression of β-tubulin subunits in 15 pediatric patients with 

Wilms tumor was at least 2-fold greater as compared to noncancerous adult kidney tissue37.  

Further in silico and in vitro studies are needed to understand the physiological basis for possible 

differences in tubulin binding that are associated with age.  
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There are two limitations of this study pertaining to the incorporation of β-tubulin into 

the PBPK models. First, published values for vinblastine were used as the initial estimates for in 

vitro binding of vincristine to β-tubulin, since binding parameters for vincristine have not been 

reported in the literature. Vincristine and vinblastine are structurally similar vinca alkaloids 

(Figure 2-1), with similar thermodynamics and binding parameters to several β-tubulin 

isotypes38. The vinblastine and vincristine equilibrium constants (K) for binding to tubulin 

subunits are similar (1.5×105 M-1 and 1.4×105 M-1, respectively)22. Published estimates of koff for 

vinblastine binding to β-tubulin range from 0.006 to 0.0083 1/s22,39. In simulations with the adult 

PBPK model of vincristine, decreases in koff by orders of magnitude were required to impact the 

simulation, and decreased accuracy of the model predictions.  Furthermore, a sensitivity analysis 

of koff indicates that increasing this value by 100% does not impact simulated PK parameters of 

vincristine (Table 2-4). The value obtained for vincristine by parameter estimation, 0.00193 1/s, 

appears to be a reasonable estimate based on the published vinblastine koff values. Second, 

expression of only one isotype of β-tubulin, TUBB, was used in the PBPK models due to its 

ubiquity in human tissues, although there are eight human β-tubulin isotypes. Expression of these 

isotypes varies widely in the body; for example, isotypes IIa (TUBB2A) and IVa (TUBB4) are 

expressed almost exclusively in neural issue21. Further adaptation of the model to include 

additional isotypes of β-tubulin may be useful in understanding vincristine distribution to 

specific organs and tissues. 

In summary, the mechanistic PBPK models developed in this study predicts vincristine 

PK in adults and children upon IV administration. Notably, the models yield interesting 

mechanistic information about the key determinants of the PK parameters of vincristine that 

could not have been obtained through clinical studies. Specifically, the PBPK models suggests 
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that CYP3A5 and P-gp, which were implicated in the clearance of vincristine from in vitro 

studies, are not limiting factors in the clearance of vincristine in either adults or children. This is 

presumably because CYP3A5 expression is very low, in comparison with CYP3A4 expression, 

in the simulated patient populations; and P-gp expression and activity are not rate-limiting for 

hepatobiliary trafficking of vincristine. Further, we found that intracellular binding had to be 

invoked in building the model to describe and predict the distribution phase of vincristine PK. In 

retrospect, the rationale for the importance of intracellular binding in vincristine PK is clear, 

since binding to β-tubulin is the mechanistic basis for the anticancer activity of this drug. To our 

knowledge, this is the first example in which intracellular binding has been incorporated into a 

pediatric PBPK model. Additionally, this study raises an interesting possibility that there may be 

age-related differences in the extent of intracellular binding to β-tubulin, leading to the 

corresponding differences in vincristine PK in these two populations. We believe that PBPK 

modeling of vincristine disposition in children will improve the prediction of PK parameters in 

pediatric patients, providing a useful tool to investigate the relationship between vincristine 

exposure and clinical outcomes without invasive monitoring of plasma drug concentrations.  
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Table 2-1: Vincristine parameters used for the adult and pediatric PBPK models 

Parameter Value Source 
Molecular Weight 
(g/mol) 824.958  PubChem  
Solubility (mg/L) 2.27 mg/L 
LogP 2.82  Hansch et al., 199539 
pKa 5.00 and 7.4  Owellen et al., 197740 
fu 0.51 (α-1-acid glycoprotein)  Mayer and St-Onge, 

199535 
Metabolism  rhCYP3A4 rhCYP3A5 

 Dennison et al., 200625 
Vmax 

(pmol/min/pmol 
enzyme) 

0.9 8.1 

Km (µM) 19.8 14.3 
P-gp Transport Jmax 

(pmol/mL/min) 
Initial Optimized 

 Experimental  416.1 416.1 
Km (µM) 17.1 17.1 

Specific Binding to 
β-tubulin 

 Initial Optimized Initial estimates for 
vinblastine-tubulin 
binding by Lobert et al., 
199622  

koff (1/s) 8.30×10-3 1.93×10-3 

KD (µM) 0.05 0.05 

Relative TUBB 
Expression 

(µM) 
1.00 

1.00 (Adult) 
4.90 

(Pediatric) 

UNIGENE and E-GEOD 
(PK-Sim database query) 

 

fu, unbound fraction; LogP, partition coefficient; rhCYP3A4 and rhCYP3A5, recombinant 

human CYP3A4 and CYP3A5; Vmax, maximal reaction rate for CYP3A-mediated metabolism of 

vincristine; Km, Michaelis-Menten constant; Jmax, maximal rate of transport mediated by P-gp; 

koff, dissociation rate constant for binding of vincristine to β-tubulin; KD, dissociation constant 

for binding of vincristine to β-tubulin



 

Table 2-2: Comparison of experimental mean vs. simulated PK parameters of vincristine in the adult population. 

Source Patient 
Population N Dose 

AUC0-∞ (ng*hr/mL) t1/2 (h) VD (L/kg) CL (L/hr) 

  Fold 
Difference 

% 
Errora   Fold 

Difference 
% 

Error   Fold 
Difference 

% 
Error   Fold 

Difference 
% 

Error 

Model 
Simulationb 

Adult, 
virtual 

population 
100 

2 mg, 15 
min IV 
infusion 

76.5 . . 19.6 . . 6.4 . . 29.1 . . 

Villikka et 
al. 1999 

Malignant 
brain 

tumors 
6 

2 mg, 15 
min IV 
infusion 

65.1 1.2 -17% 12.7 1.5 -54% 12.9 0.5 50% 34.1 0.9 15% 

Fedeli et al. 
1989c 

Solid 
tumors 14 2 mg, IV 

bolus 48.3 1.6 -58% 21.7 0.9 10% 11.4 0.6 44% 35.4 0.8 18% 

Model 
Simulationb 

Adult, 
virtual 

population 
100 

2 mg, 60 
min IV 
infusion 

116.1 . . 17.9 . . 5.8 . . 24.1 . . 

Yan et al. 
2012d 

Advanced 
solid 

tumors 
6 

2 mg, 60 
min IV 
infusion 

140.3 0.8 17% 16.0 1.1 -12% 5.0 1.2 -16% 14.6 1.7 -65% 

a% error = (observed - simulated) / observed * 100. bVD and CL values for model simulation calculated based on average virtual 

population body mass of 77 kg. cVD and CL values from Fideli et al. converted based on mean patient BSA of 1.67m2 and weight 

(65.21 kg). dVD value from Yan et al. converted based on median patient weight of 64 kg (mean not reported). 
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Table 2-3: Comparison of experimental mean vs. simulated PK parameters of vincristine in the pediatric population. 

Source 
Patient 

Populatio
n 

N Dose 
(mg/m2) 

AUC0-∞ (ng*hr/mL) t1/2 (h) VD (L/kg) CL (L/hr) 

  Fold 
Difference 

% 
Error

a 
  Fold 

Difference 

% 
Erro

r 
  Fold 

Difference 
% 

Error   Fold 
Difference 

% 
Err
or 

Model 
Simulation,A
dult TUBB 
Expression 

Pediatric 
(0-12 yrs) 

virtual 
population  

100 1 149.6 . . 12.5 . . 5.6 . . 8.7 . . 

Final Model 
Simulation, 

4.9-fold 
increase in 

TUBB 
Expression 

Pediatric 
(0-12 yrs) 

virtual 
populatio

n  

100 1 118.6 . . 15.6 . . 8.6b . . 10.7 . . 

Pediatric 
patients with 
Wilms tumor 

Pediatric 
(0-12 yrs) 23c 1.5d 186.4e 0.6 36.4% 16.0e 1.0 2.5% 9.8e,f 0.9 12.2% 10.4e 1.0 

-
2.9
% 

a% error = (observed - simulated) / observed * 100. bVD value calculated based on average pediatric body mass of virtual subjects, 

26.4 kg (N=100). cPlasma concentration data were available for 25 pediatric subjects. However, PK analyses could not be completed 

for 2 subjects due to insufficient number of concentrations. dDose reduced by ⅓ if under 12 kg. eCalculated using plasma 

concentrations normalized to dose (mg). fVD value converted based on average pediatric body mass of study subjects, 16.4 kg (N=25) 
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Table 2-4:  Sensitivity analysis effect of CYP3A4, CYP3A5, P-gp, and β-tubulin binding 

parameters on vincristine PK in adults. 

    AUC0-∞ t1/2 VD CL 

CYP3A4 

rhCYP 
Vmax -0.35 -0.36 -0.01 0.34 

Relative 
Expression -0.26 -0.26 -

0.00139 0.25 

CYP3A5 

rhCYP 
Vmax -0.04 -0.04 0.00599 0.04 

Relative 
Expression -0.02 -0.02 -0.0002 0.02 

P-gp 

Km -0.05 -
0.00958 0.04 0.05 

Vmax 0.05 0.0095 -0.04 -0.05 
Relative 

Expression -0.05 -
0.00943 0.04 0.05 

Binding 
to β-

tubulin 

KD 0.20 -0.13 -0.34 -0.21 

koff -
0.00043 

-
0.00243 -0.002 0.000429 

TUBB 
Relative 

Expression 
-0.20 0.30 0.50 0.19 

Sensitivity analyses using the built-in PK-Sim tool were performed to evaluate effect of input 

parameters on performance of the adult PBPK model. Input values were evaluated over a 100% 

variation range to determine impact on simulated adult PK parameters, e.g., a 100% increase in 

CYP3A4 relative expression decreased AUC0-∞ and t1/2 by greater than 25%. Overall, the 

analyses demonstrated that PK parameters are sensitive to changes in CYP3A4 relative 

expression, KD of β-tubulin binding to vincristine, and relative expression of TUBB. 
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Figure 2-1: Whole-body PBPK model structure simulated by PK-Sim® software package 

 

(a). Adapted from Willmann et al.41  The model includes  simulation of the specific protein 

binding of vincristine to β-tubulin within the cellular compartment.  Microtubule structures 

within the cell, comprising units of α-tubulin (represented by the triangles marked A) and β-

tubulin subunits (represented by the triangles marked B), exchange subunits with an intracellular 

pool of unbound α- and β-tubulin (also shown in Figure 1-4 in Chapter 1, Introduction). 

Vincristine enters the cell by passive diffusion, and binds to the free intracellular β-tubulin42. The 

chemical structures of vincristine and vinblastine are inset in (b), with differences between 

structures noted in red.  
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Figure 2-2: Simulation of vincristine plasma concentration vs. time curve from 0 to 24 

hours following a single intravenous dose of vincristine (2 mg) in a virtual adult population 

(N=100).  

 

The solid red line represents the simulated mean and the shaded area is the 95% prediction 

interval. The dotted lines represent the observed vincristine concentration vs. time profiles for 10 

adults, extracted from publications by GetData17,43. The inset panel shows the concentration vs. 

time curve from 0 to 4 hours only. 
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Figure 2-3: Simulations of vincristine plasma concentration vs. time in the virtual pediatric 

population (N=100) with observed concentration data of 25 children, aged 0 to 12 years. 

 

The solid red lines represent the simulated mean and shaded areas represent the 95% prediction 

interval. Observed concentrations (circles connected by dotted lines) have been normalized to the 

dose (mg) received. Panel a) represents the pediatric population simulation with PBPK model, 

using adult expression levels of TUBB. Relative TUBB expression in the virtual pediatric 

population was optimized by parameter estimation. As shown in Panel b), a higher expression of 

TUBB (4.9-fold increase relative to adult expression) improved predictions of pediatric 

vincristine concentrations and more fall within the 95% prediction interval compared to Panel a), 

particularly in the first 4 hours post-dose. The inset panels in a) and b) show the concentration 

vs. time curves from 0 to 4 hours only. 

.  
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Supplementary Table 

Table 2-5: Vincristine Compound File (PK Sim 7.3.0.42) 

Basic Physicochemistry 
Is small molecule Yes 
Molecular Weight 824.96 g/mol 
Effective Molecular Weight 824.96 g/mol 
pKa value 5 
Compound Type Acid 
Lipophilicity 2.82  
Fraction Unbound 0.51 (Human) 
Solubility 2.27 
Solubility Reference pH 7.00 
Solubility gain per charge 1000.00 

Absorption 
Specific Intestinal Permeability 7.93 x 10-7 

Specific Organ Permeability 6.03 x 10-5 
Distribution 
Partition Coefficients Schmitt 
Cellular Permeabilities PK-Sim Standard 
Specific binding  

koff 1.93 x 10-3 1/s 
KD 0.05 µmol/L 

Metabolism 
CYP3A4  

Process Type In vitro metabolic rate in the presence of 
recombinant CYPs/enzymes - Michaelis-Menten 

In vitro Vmax / recombinant enzyme 0.90 pmol/min/pmol rec. enzyme 
Km 19.70 µmol/L 
kcat 0.90 1/min 

CYP3A5  
Process Type In vitro metabolic rate in the presence of 

recombinant CYPs/enzymes - Michaelis-Menten 
In vitro Vmax / recombinant enzyme 8.10 pmol/min/pmol rec. enzyme 
Km 14.30 µmol/L 
kcat 8.10 1/min 

Transport and Excretion 
MDR1  

Process Type Specific active transport – Michaelis-Menten 
Transporter concentration 1.00 µmol/L 
Vmax 416.10 pmol/mL/min 
Km 17.10 µmol/L 
kcat 0.42 1/min 
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CHAPTER 3 : ABSORPTIVE TRANSPORT OF AMOXICILLIN ACROSS CACO-2 
CELL MONOLAYERS AND ADULT HUMAN INTESTINAL EPITHELIA: 

CONTRIBUTION OF PEPT1 AND PARACELLULAR TRANSPORT 

Introduction 

The β-lactam antibiotic amoxicillin is one of the most frequently prescribed drugs in 

infants and children as a first-line treatment for AOM, a common childhood disease that affects 

over 80% of children under 5 years of age1. Amoxicillin is hydrophilic (logD -2.3, pH 7.4) and 

zwitterionic at physiological pH, and thus is expected to have poor membrane  permeability2.  In 

children, amoxicillin oral bioavailability and penetration into the MEF are highly variable, 

leading to poor outcomes3. In adults, amoxicillin oral bioavailability is dose-dependent, ranging 

from 22% to 90%, suggesting transporter-mediated absorption4,5, although the mechanism of its 

intestinal absorption is not well understood.  Furthermore, amoxicillin has a short elimination 

half-life after intravenous administration (1.31 hrs) that is approximately twice as long after oral 

administration, suggesting that amoxicillin demonstrates “flip-flop” kinetics in which absorption, 

rather than elimination, is the rate-limiting step in its disposition6,7. 

Amoxicillin is a substrate for the intestinal and kidney transporter PEPT1, a proton-

coupled symporter8. Therefore, the intestinal absorption of amoxicillin is likely to involve AP 

enterocytic uptake by PEPT1, potentially other AP uptake and BL efflux transporters, and a yet 

unknown contribution of the paracellular route8. Significant contribution of the paracellular route 

to amoxicillin absorption is likely due to its hydrophilicity and relatively small size.  
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The aim of this work is to elucidate the kinetics and mechanisms of amoxicillin 

absorptive transport across Caco-2 cell monolayers and adult human intestinal epithelium, and 

determine the rate-limiting step in its intestinal absorption. Understanding the basis of the “flip-

flop” kinetics of amoxicillin will assist in future exploration of the highly variable oral PK of 

amoxicillin and its penetration into the MEF in pediatric patients. Caco-2 cell monolayers are a 

well-recognized cellular model for intestinal epithelium, and have been used in conjunction with 

three-compartment kinetic models to describe the absorptive transport of the cationic hydrophilic 

drugs ranitidine and metformin9–11. However, Caco-2 cell monolayers are derived from human 

colon carcinoma, and are less reflective of the human jejunum where a majority of drug 

absorption occurs. Thus, amoxicillin transport was studied in a second relevant in vitro model, 

i.e., adult intestinal epithelium, harvested from fresh intestinal tissue that is discarded during 

bariatric surgery of obese patients, in which the dose-dependent absorption of amoxicillin in vivo 

could be recapitulated and intestinal transporter expression and activity would be preserved12. In 

this study, the contribution of PEPT1 and other uptake transporters in the intestinal absorptive 

transport of amoxicillin has been evaluated, and a three-compartmental kinetic model has been 

used to determine the relative contributions of the transporter-assisted transcellular pathway and 

diffusion across the paracellular pathway to the overall absorptive transport of amoxicillin. 

Methods 

Materials 

The Caco-2 cell line was obtained from the American Type Culture Collection (ATCC). 

MEM media, nonessential amino acids (NEAA), antibiotic antimycotic (anti-anti), fetal bovine 

serum (FBS), Krebs Ringer buffer (KRB), Hank’s balanced salt solution (HBSS), and HEPES 

buffer were obtained from Gibco. Amoxicillin, valacyclovir, and glysar were purchased from 
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Toronto Research Chemicals. [N-(4-[2-(1,2,3,4-tetrahydro-6,7-dimethoxy-2-isoquinolinyl)ethyl]-

phenyl)-9,10-dihydro-5-methoxy-9-oxo-4-acridine carboxamide] (GW918) was a gift from 

GlaxoSmithKline (Research Triangle Park, NC, USA).  [3H]Amoxicillin (5 Ci/mmol), [3H]glysar 

(3 Ci/mmol)  and [14C]mannitol (55.5 mCi/mmol) were purchased from American Radiolabeled 

Chemicals, Inc. Adult human jejunal tissue was collected from the Division of Gastrointestinal 

Surgery, UNC Chapel Hill during roux-en-y gastric bypass operations under an IRB-exempt 

protocol (#14-1165). Liquid scintillation fluid (Ultima GoldTM XR) was obtained from Perkins 

Elmer. The Ussing chamber apparatus (EasyMount diffusion chamber system) was purchased 

from Physiologic Instruments. 

Cell Culture 

 Caco-2 cells were cultured in MEM with 10% FBS, 1% NEAA, and 1% anti-anti in 5% 

CO2. Cells were passaged at 90% confluency and plated in T-75 flasks. Cells were seeded in 12-

well plates on TranswellTM polycarbonate filters of 1.12 cm2 growth area and 0.4 µM pore size 

(Corning). Medium was changed the day after seeding, then every other day. Cell monolayers 

were used for experiments between 21 to 28 days after seeding. To ensure integrity of the 

monolayer, transepithelial electrical resistance (TEER) was determined using an EVOM II 

voltohmeter prior to the start of the experiment. Cell monolayers with TEER values greater than 

300 Ω were used for experimentation. 

Human Intestinal Epithelia 

Fresh jejunal tissue was obtained from adult patients undergoing bariatric surgery at the 

Division of Gastrointestinal Surgery at UNC Hospitals. To maximize tissue viability, tissues 

were washed with ice cold KRB containing protease inhibitor, and studies were completed 
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within 6 hours of tissue harvest13. The tissue was first resected and stripped of the outer serosa 

and muscularis externa layer, then mounted on slides with an exposed surface area of 0.3 cm2 for 

the epithelial tissue. Resection and mounting were performed on ice using KRB containing 

protease inhibitor, and slides were placed in ice cold KRB containing protease inhibitor until 

ready to mount in the Ussing chamber system. The slides were sandwiched between AP and BL 

compartments in the Ussing chamber apparatus and incubated in 37oC KRB with protease 

inhibitor at pH 6.0 (AP) or 7.4 (BL) for 30 minutes prior to initiating experiments. During tissue 

incubation and throughout the experiment, the Ussing chamber system was maintained at 37oC 

using heated water from a water bath, and each chamber was oxygenated to maintain tissue 

viability. 

Transport and Accumulation Studies 

Absorptive (AP to BL) and secretory (BL to AP) transport of amoxicillin was determined 

across Caco-2 cell monolayers and across fresh adult human intestinal epithelia in the Ussing 

diffusion chamber system. These studies were conducted as described previously, with minor 

modifications9,14,15. In transport experiments, the appearance of amoxicillin in the receiver 

compartment was determined over time in the linear region of transport and under sink 

conditions, i.e., in the presence of a concentration gradient wherein less than 10% of the donor 

concentration was expected to be transported to the receiver compartment by the end of the 

study. 

Transport buffer for Caco-2 cell monolayers was prepared as HBSS (25 mM D-glucose, 

10 mM HEPES); for human intestinal epithelia, KRB containing protease inhibitor was used. 

Unless otherwise stated, buffers and dosing solutions (i.e., transport buffer containing 

[3H]amoxicillin) for transport experiments were prepared at pH 6.0 and 7.4 for AP and BL 
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compartments, respectively, to maintain a pH gradient for optimal PEPT1 activity. [14C]Mannitol 

(10 µM) was included in dosing solutions as a marker of paracellular transport and confirmation 

of epithelial monolayer integrity.  

Caco-2 cell monolayers were preincubated with transport buffer for 30 minutes at 37oC, 

then washed with fresh buffer. To determine absorptive transport, 0.4 mL dosing solutions of 

[3H]amoxicillin were added to the AP donor compartment. Samples (200 µL) were taken from 

the BL receiver compartment (1.5 mL) every 15 minutes over a period of 60 minutes; the 

collected samples were immediately replaced with 200 µL of fresh buffer to maintain sample 

volume. For secretory transport, 1.5 mL dosing solutions were added to the BL donor 

compartment and sequential samples were taken from the AP receiver compartment with 

replacement with fresh buffer. Cellular accumulation was determined at the end of the 

experiment by first washing the monolayers three times with ice cold transport buffer and then 

drying the monolayers. The polycarbonate filters were removed from the TranswellTM inserts and 

incubated at room temperature in 400 µL of 1% Triton-X for 4 hours on an orbital shaker. The 

filters were then gently scraped with a pipet tip and discarded. The remaining cell lysate solution 

was mixed by vortexing and reserved for analysis by liquid scintillation counting (LSC) and for 

determination of protein content by the bicinchoninic acid assay (BCA) assay. 

Transport and accumulation studies with human intestinal epithelia were conducted in an 

Ussing chamber system as described above, with minor changes as follows. Volumes of 3.0 mL 

dosing solution and 3.0 mL transport buffer were used in the donor and receiver compartments, 

respectively. To determine intracellular accumulation of amoxicillin at the end of the experiment, 

epithelial tissue was washed in KRB and incubated for 4 hours in 0.5 mL 1 N NaOH in a water 

bath maintained at 42oC. The lysate was vortex mixed to ensure dissolution, and neutralized with 
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0.5 mL 1N HCl solution before LSC analysis. [14C]mannitol, [3H]glysar, and [3H]amoxicillin in 

transport study samples and in cell lysates were quantified by LSC. 

Uptake Studies 

 AP and BL uptake studies in Caco-2 cell monolayers and human intestinal epithelia were 

conducted as previously described14,15. For all experiments, the pH in the AP compartment was 

6.0 and the pH in the BL compartment was 7.4. 

Caco-2 cell monolayers were preincubated with transport buffer for 30 minutes at 37oC, 

then washed with fresh buffer. To initiate uptake experiments, transport buffer in the donor 

compartment was replaced with varying concentrations of [3H]amoxicillin (0.5 mL for AP and 

1.5 mL for BL compartments), and uptake of the drug was determined at time points within the 

linear range of uptake. Cell monolayers were washed in both compartments with ice cold 

transport buffer to stop transport and terminate the experiment. The cellular accumulation of 

amoxicillin and protein content were then determined as described above. Uptake studies using 

human intestinal epithelia were conducted similarly, with the exception that the volume in the 

AP and BL compartments was 3.0 mL each. The accumulation of amoxicillin in the tissue was 

determined as described above. 

Efflux Studies 

 Caco-2 cell monolayers were preincubated with transport buffer at 37oC for 30 minutes, 

then preloaded for 60 minutes with [3H]amoxicillin by incubating with 1 mM dose solution in 

the AP (0.4 mL) and BL (1.5 mL) compartments. Cell monolayers were then washed 3 times 

with ice cold transport buffer. To initiate the experiment, the AP and BL compartments were 

refilled with fresh 37oC transport buffer (pH 6.0 AP, pH 7.4 BL). Appearance of [3H]amoxicillin 
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in AP and BL chambers was determined at several time points over a period of 10 minutes and 

monitored as a function of time. Cell monolayers were washed 3 times with ice cold transport 

buffer for determination of cellular accumulation at the end of the study. The total amount of 

[3H]amoxicillin preloaded at the start of the experiment was calculated by adding the mass of 

amoxicillin in the cell lysate and the total mass of amoxicillin effluxed into each compartment 

over time. To calculate the initial intracellular concentration (Co), the total amount of amoxicillin 

that was preloaded was divided by the cellular volume for Caco-2 cells (3.66 µL/mg protein16). 

Efflux clearance was calculated in the linear range of efflux vs time.  

 Human intestinal epithelia were preincubated with transport buffer (KRB with protease 

inhibitor) at 37oC for 30 minutes, then preloaded for 60 minutes by incubating with 1 mM dose 

solution in the AP and BL compartments (3 mL each). The epithelial tissue was then washed 3 

times with ice cold transport buffer to stop accumulation. To initiate the experiment, the AP and 

BL compartments were refilled with fresh 37oC transport buffer (pH 6.0 AP, pH 7.4 BL). 

Appearance of [3H]amoxicillin was determined in AP and BL chambers at several time points 

over a period of 10 minutes and monitored as a function of time. Epithelial tissue was washed 3 

times with ice cold transport buffer for determination of amoxicillin accumulation in the tissue at 

the end of the study. The total amount of [3H]amoxicillin preloaded at the start of the experiment 

was calculated by adding the mass of amoxicillin in the tissue lysate and the total mass of 

amoxicillin effluxed into each compartment over time. Efflux clearance was calculated in the 

linear range of efflux vs time.  

Data Analysis 

 Transport of amoxicillin across Caco-2 cell monolayers or across human intestinal 

epithelia is reported as apparent permeability (Papp), calculated by equation (1) below: 
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𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎 =  
𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑

(𝐴𝐴 ∗ 𝐶𝐶0)
                                                          (1) 

where dX/dt is the mass of amoxicillin (X) transported over time (t), A is the surface area of the 

TranswellTM insert or the surface area of the human intestinal epithelia, and Co is the initial 

concentration in the donor compartment. Transport of amoxicillin can also be expressed as flux 

(J) using equation (2) below: 

𝐽𝐽 =  
𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑
𝐴𝐴

                                                                  (2) 

To obtain the kinetic constants (Jmax, Km, Kd) for amoxicillin transport, uptake data were 

fitted to a model describing one saturable and one nonsaturable component, using equation (3) 

below: 

𝐽𝐽 =
(𝐽𝐽𝑚𝑚𝑎𝑎𝑚𝑚 ∗ 𝐶𝐶)
(𝐾𝐾𝑚𝑚 + 𝐶𝐶)

+ 𝐾𝐾𝑑𝑑,𝑡𝑡𝑡𝑡𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡 ∗ 𝐶𝐶                    (3) 

where C is the amoxicillin concentration, Jmax is the maximal flux, Km Michaelis-Menten 

constant, and Kd,transport is the rate constant for nonsaturable component of amoxicillin transport. 

These kinetic constants were used in a model of amoxicillin uptake, in equation (4) below: 

Uptake Rate =
(𝑉𝑉𝑚𝑚𝑎𝑎𝑚𝑚 ∗ 𝐶𝐶)
(𝐾𝐾𝑚𝑚 + 𝐶𝐶)

+ 𝐾𝐾𝑑𝑑,𝑢𝑢𝑎𝑎𝑡𝑡𝑎𝑎𝑢𝑢𝑢𝑢 ∗ 𝐶𝐶                    (4) 

where C is the amoxicillin concentration, Vmax is the maximal velocity, Km is the Michaelis-

Menten constant, and Kd,uptake is the rate constant for nonsaturable component of amoxicillin 

uptake. 

To calculate the clearance (CL) for amoxicillin efflux across the AP and BL membranes 

after preloading, equation (5) was used: 



101 

𝐶𝐶𝐶𝐶 =  
𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑
𝐶𝐶0

                                                            (5) 

To determine the initial intracellular concentration Co for efflux, the total amount of 

amoxicillin at preloading was calculated. This was determined by adding the total mass of 

amoxicillin effluxed into the AP and BL compartments over the time course of the experiment to 

the amount of amoxicillin remaining in the cells at the end of the experiment. For Caco-2 cell 

monolayers, a cellular volume of 3.66 µL/mg protein was used for concentration calculations16. 

Compartmental Model of Amoxicillin Transport 

 Compartmental modeling has been used previously to determine cellular accumulation, 

and transcellular and paracellular transport of compounds in Caco-2 cells, including the cationic 

hydrophilic drugs metformin and ranitidine9–11. In brief, a three-compartmental model was 

implemented to describe the accumulation and transport of amoxicillin in Caco-2 cell 

monolayers and in human intestinal epithelia (Figure 3-1). To describe the transfer of 

amoxicillin between the three compartments, the following differential equations (6, 7, 8) were 

used: 

𝑑𝑑𝑑𝑑1
𝑑𝑑𝑑𝑑

=  −(𝑘𝑘12 + 𝑘𝑘13) ∗ 𝑑𝑑1 + 𝑘𝑘21 ∗ 𝑑𝑑2                  (6) 

𝑑𝑑𝑑𝑑2
𝑑𝑑𝑑𝑑

= 𝑘𝑘12 ∗ 𝑑𝑑1 − (𝑘𝑘21 + 𝑘𝑘23) ∗ 𝑑𝑑2 + 𝑘𝑘32 ∗ 𝑑𝑑3  (7) 

𝑑𝑑𝑑𝑑3
𝑑𝑑𝑑𝑑

=  𝑘𝑘23 ∗ 𝑑𝑑2 + 𝑘𝑘13 ∗ 𝑑𝑑1 − 𝑘𝑘32 ∗ 𝑑𝑑3                (8) 

where X1, X2, and X3 represent the mass of amoxicillin in the AP, cellular, and BL 

compartments, respectively. The differential equations include first-order rate constants for the 
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AP uptake (k12), AP efflux (k21), BL uptake (k32), and BL efflux (k23) parameters. Paracellular 

transport is represented by the first-order rate constant k13. Reverse paracellular transport (k31) 

was excluded from the model as it is assumed to be negligible under sink conditions. In the 

presence of a large AP to BL concentration gradient, passive transport in the reverse direction 

against the gradient is not expected. 

 To obtain the parameter estimates, cellular accumulation and transport of amoxicillin 

were modeled using nonlinear regression (Phoenix WinNonlin, Certara, USA), using a 1/Y 

weighting and Gauss-Newton minimization. Experimentally derived values for AP efflux (k21), 

BL efflux (k23), and BL uptake (k32) were fixed during the modeling process to improve 

estimations of the remaining parameters. Initial estimates for the BL efflux rate constant were 

calculated using equation 9: 

𝑘𝑘23 =  
𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑
(𝑑𝑑0)

                                                            (9) 

The rate of initial AP or BL uptake was calculated using equation 10: 

𝑑𝑑𝑑𝑑2
𝑑𝑑𝑑𝑑𝑖𝑖𝑡𝑡𝑖𝑖𝑡𝑡𝑖𝑖𝑎𝑎𝑖𝑖

=  𝑘𝑘12 (𝑡𝑡𝑡𝑡 32) ∗ 𝑑𝑑1 (𝑡𝑡𝑡𝑡 3)                          (10) 

Since the initial rate of amoxicillin uptake into the cellular compartment (dX2/dtinitial) can also be 

described by an equation that incorporates a saturable and nonsaturable component, the initial 

AP uptake rate may also be calculated using equation 11: 

            
𝑑𝑑𝑑𝑑2

𝑑𝑑𝑑𝑑𝑖𝑖𝑡𝑡𝑖𝑖𝑡𝑡𝑖𝑖𝑎𝑎𝑖𝑖
=  

𝑉𝑉𝑚𝑚𝑎𝑎𝑚𝑚 ∗ 𝑑𝑑1 (𝑡𝑡𝑡𝑡 3)

𝐾𝐾𝑚𝑚 ∗ 𝑉𝑉𝐴𝐴𝐴𝐴 (𝑡𝑡𝑡𝑡 𝐵𝐵𝐵𝐵) +  𝑑𝑑1 (𝑡𝑡𝑡𝑡 3)
+  
𝐾𝐾𝑑𝑑,𝑢𝑢𝑎𝑎𝑡𝑡𝑎𝑎𝑢𝑢𝑢𝑢 ∗ 𝑑𝑑1 (𝑡𝑡𝑡𝑡 3)

𝑉𝑉𝐴𝐴𝐴𝐴 (𝑡𝑡𝑡𝑡 𝐵𝐵𝐵𝐵)
          (11)   
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Using equations 10 and 11, the rate constants k12 and k32 for initial AP or BL uptake can also be 

calculated as follows using the experimentally determined Michaelis-Menten kinetic parameters 

(12): 

                        𝑘𝑘12 (𝑡𝑡𝑡𝑡 32) =  
𝑉𝑉𝑚𝑚𝑎𝑎𝑚𝑚

𝐾𝐾𝑚𝑚 ∗ 𝑉𝑉𝐴𝐴𝐴𝐴 (𝑡𝑡𝑡𝑡 𝐵𝐵𝐵𝐵) + 𝑑𝑑1 (𝑡𝑡𝑡𝑡 3)
+  

𝐾𝐾𝑑𝑑
𝑉𝑉𝐴𝐴𝐴𝐴 (𝑡𝑡𝑡𝑡 𝐵𝐵𝐵𝐵)

           (12) 

Validation of the three-compartmental model and goodness of fit to experimental data were 

assessed by evaluating the %CV values for each parameter estimate, as well as the parameter 

sensitivity. 

Simulation of Transcellular and Paracellular Transport 

 The contribution of transcellular and paracellular transport to the absorptive transport of 

amoxicillin was determined by simulating the appearance of amoxicillin in the BL compartment 

after AP dosing, using differential equations describing transcellular or paracellular transport 

only. These equations were as follows: 

Paracellular: 

𝑑𝑑𝑑𝑑1
𝑑𝑑𝑑𝑑

=  −𝑘𝑘13 ∗ 𝑑𝑑1                                      (13) 

𝑑𝑑𝑑𝑑3
𝑑𝑑𝑑𝑑

=  𝑘𝑘13 ∗ 𝑑𝑑1                                         (14) 

Transcellular: 

𝑑𝑑𝑑𝑑1
𝑑𝑑𝑑𝑑

=  −𝑘𝑘12 ∗ 𝑑𝑑1 + 𝑘𝑘21 ∗ 𝑑𝑑2                 (15) 

𝑑𝑑𝑑𝑑2
𝑑𝑑𝑑𝑑

= 𝑘𝑘12 ∗ 𝑑𝑑1 − (𝑘𝑘21 + 𝑘𝑘23) ∗ 𝑑𝑑2 + 𝑘𝑘32 ∗ 𝑑𝑑3  (16) 
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𝑑𝑑𝑑𝑑3
𝑑𝑑𝑑𝑑

=  𝑘𝑘23 ∗ 𝑑𝑑2 − 𝑘𝑘32 ∗ 𝑑𝑑3                    (17) 

To validate the estimates of relative contributions of paracellular and transcellular transport, Papp 

values were calculated for simulated transcellular and paracellular transport and compared to the 

experimentally determined Papp for absorptive transport of amoxicillin. 

Results 

Absorptive Transport and Cellular Accumulation of Amoxicillin in Caco-2 Cell Monolayers  

The absorptive transport across Caco-2 cell monolayers and cellular accumulation of 

amoxicillin are shown in Figure 3-2. Absorptive transport (i.e., AP to BL transport) of 

amoxicillin across Caco-2 cell monolayers was linear with respect to time, up to 60 minutes. 

Less than 5% of the total starting dose of amoxicillin was transported over the course of the 

experiment. The absorptive and secretory (i.e., BL to AP) permeabilities of amoxicillin at 50 µM 

were similar (80 nm/s) and not significantly different. At 100 µM and 8 mM of amoxicillin, the 

permeability of amoxicillin was similar (Papp of 49.21 nm/s and 51.28 nm/s, respectively). In ice 

cold buffer conditions (4oC), the absorptive transport of amoxicillin (100 µM) decreased by 1.8-

fold (Papp of 27.29 nm/s) and was significantly different compared to the Papp at 37oC (p=0.01), 

suggesting that while there is evidence for a role of a transporter(s) in the translocation of 

amoxicillin across Caco-2 cell monolayers, a component of amoxicillin’s transport is via passive 

processes. Furthermore, the cellular accumulation of amoxicillin in Caco-2 cell monolayers was 

negligible compared to transport into the BL compartment over 60 minutes (Figure 3-2b) at both 

concentrations evaluated, indicating that efflux of amoxicillin from the cell across the BL 

membrane is unlikely to be the rate-limiting step in amoxicillin transport. 
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Amoxicillin AP to BL permeability across human intestinal epithelia was similar to that 

across Caco-2 cell monolayers (Papp of 66.9 nm/s). Interestingly, the secretory transport of 

amoxicillin (BL to AP) was significantly greater than that in the AP to BL direction (Papp of 

153.9 nm/s, p<0.01), a 2.3-fold difference (Figure 3-2c). The higher BL to AP transport 

compared to AP to BL was not observed in Caco-2 cell monolayers. At the termination of the 

absorptive transport experiment, there was greater mass of amoxicillin in the recipient chamber 

(BL, 1328 pmol) than in the tissues (614 pmol or <1% of the starting dose), suggesting that BL 

efflux of amoxicillin is not rate-limiting in the absorptive transport of amoxicillin across human 

intestinal epithelium. 

Concentration-dependent AP and BL Uptake of Amoxicillin in Caco-2 Cell Monolayers.  

In Caco-2 cell monolayers, the uptake of amoxicillin across the AP membrane was a 

nonlinear and saturable process with respect to concentration, and fit a model with one saturable 

and one nonsaturable component (Figure 3-3). A Vmax of 560.2 pmol/mg protein/min, Km of 

0.67 mM, and Kd,uptake of 0.243 µL/min/mg protein were obtained, indicative of a relatively low 

affinity but high capacity active transport mechanism for amoxicillin. Comparison of the 

nonsaturable Kd,uptake value (0.243 µL/min/mg) and the uptake CL value (i.e., Vmax/Km ratio - 

0.836 µL/min/mg) suggests that at low concentrations (i.e., concentrations well below the Km), 

approximately 80% of the AP uptake of amoxicillin likely occurs via a saturable process in 

Caco-2 cell monolayers. 

In contrast, the uptake of amoxicillin across the BL membrane was linear with respect to 

concentration up to 10 mM (Figure 3-4). The BL uptake data did not support a model of 

saturable and nonsaturable components; this may be due to uptake of amoxicillin across the BL 

membrane that is mediated by a transporter that cannot be saturated at concentrations up to 
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10 mM, or due to non-specific binding when amoxicillin approaches the cells from the BL 

chamber, or both..  

Efflux of Amoxicillin from AP and BL Membranes of Preloaded Caco-2 Cell Monolayers and 

Human Intestinal Epithelia  

Efflux of amoxicillin to the AP and BL compartments was determined as a function of 

time after preloading Caco-2 cell monolayers with amoxicillin (100 µM dosing solution, Figure 

3-5). A mean of 500 pmol amoxicillin was preloaded into Caco-2 cell monolayers (i.e., the sum 

of cumulative amoxicillin effluxed during the experiment and the mass in cell or tissue at the 

termination of the experiment). At each time point, BL efflux was greater than AP efflux, with 

21% and 41% of the preloaded amount egressed in 10 minutes across the AP and BL 

membranes, respectively. The results suggest a contribution of one or more BL efflux 

transporters to the overall absorptive transport of amoxicillin across Caco-2 cell monolayers, and 

that BL efflux is unlikely to be rate-limiting in the absorptive transport of amoxicillin. Greater 

BL efflux compared to AP efflux was observed in adult human intestinal epithelia that were 

preloaded with amoxicillin (100 µM dosing solution, Figure 3-5). A mean of 3294 pmol 

amoxicillin was preloaded into tissues, of which 39% and 40% were egressed in 10 minutes 

across the AP and BL membranes, respectively. Amoxicillin absorptive transport across human 

intestinal epithelia is also likely to involve an efficient BL efflux transporter. 

Kinetic Modeling of Amoxicillin Absorptive Transport in Caco-2 Cell Monolayers and Human 

Intestinal Epithelia  

Experimental transport of amoxicillin (100 µM) and cellular accumulation data (Figure 

3-2, Figure 3-3, Figure 3-5) were simultaneously modeled using the differential equations 
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described in the Methods Section (Equations 6, 7, and 8). For Caco-2 cell monolayers, the rate 

constants k21 and k23 representing AP efflux and BL efflux, respectively, were fixed to 

experimentally derived parameters as these processes were linear with respect to time (Figure 

3-5). Since BL uptake in Caco-2 cell monolayers was shown to be nonsaturable and possibly due 

to an experimental artifact, the rate constant k32 representing BL uptake was assumed to be 

negligible and fixed to a small number (Table 3-1). BL uptake is also expected not to contribute 

to the overall absorptive transport of amoxicillin because of the sink conditions present (i.e., less 

than 5% of amoxicillin transported from AP to BL compartments over the course of the 

experiment) and the consequently low concentrations of amoxicillin in the BL compartment. 

Similarly, for human intestinal epithelia, rate constants for k21 and k23 were fixed at experimental 

values (Table 3-1). 

Simulation of amoxicillin absorptive transport across Caco-2 cell monolayers with the 

kinetic models provided an estimate of amoxicillin absorptive Papp of 104 nm/s, which is within 

15% of the experimental absorptive Papp value of 92 nm/sec, providing validation of the model. 

The model provided an estimate of the relative contribution of transcellular and paracellular 

transport across Caco-2 cell monolayers to be approximately 80% and 20%, respectively. For 

human intestinal epithelia, the estimated value of absorptive Papp was 67 nm/s, which was 

approximately twice the experimental value of 32 nm/s, but was closer to the estimated value of 

absorptive Papp in the Caco-2 cell model. It is important to note that the experimental value of 

absorptive Papp in the intestinal epithelia was 72% of the absorptive Papp (43 nm/s) of mannitol, a 

paracellular transport marker, which is a surprising result considering that the model estimates 

73% of the overall absorptive transport of amoxicillin across human intestinal epithelium to be 

transcellular (27% paracellular). Thus, the predominant absorption mechanism for amoxicillin in 
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both in vitro models is primarily transcellular, with a significant paracellular contribution 

(>20%). This is consistent with the experimental data that demonstrate saturable (transporter-

mediated) AP uptake of amoxicillin into Caco-2 cell monolayers and human intestinal 

epithelium, and efficient BL efflux. However, the predominant transcellular transport of 

amoxicillin across human intestinal epithelium is not consistent with the published experimental 

absorptive Papp value that is lower than that of the paracellular marker mannitol17. Given that 

amoxicillin is a zwitterionic and hydrophilic molecule and thus expected to have poor membrane 

permeability, it is reasonable that both AP uptake and BL efflux require drug transporters. 

Inhibition of Cellular Accumulation of Amoxicillin in Caco-2 Cell Monolayers by Transporter 

Inhibitors  

To investigate the possible role of potential AP uptake and BL efflux transporters in the 

absorptive transport of amoxicillin across Caco-2 cell monolayers, the cellular accumulation of 

amoxicillin was determined at 60 minutes after AP dosing in the absence or presence of known 

chemical inhibitors of several drug transporters.  

Inhibition of PEPT1 with a known inhibitor of this transporter, valacyclovir18, decreased 

cellular accumulation of amoxicillin by 3.3-fold (p<0.001) (Figure 3-6), providing evidence that 

PEPT1 plays a significant role in AP uptake and absorptive transport of amoxicillin across Caco-

2 cell monolayers. A 2.7-fold decrease (p<0.001) was also observed in amoxicillin accumulation 

into Caco-2 cell monolayers across the AP membrane in the presence of estrone-3-sulfate (E3S), 

a known inhibitor of OATP transporters (Figure 3-6)19. This was further investigated in a second 

in vitro system of HEK293 cells overexpressing OATP2B1, the OATP transporter that is highly 

expressed in the human intestine20. Inhibition of OATP2B1 by high concentrations of 

(unlabeled) E3S in this system did not impact the accumulation of amoxicillin but did reduce 
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accumulation of the radiolabeled E3S (positive control) (Figure 3-7), suggesting that amoxicillin 

is likely not a substrate of OATP2B1 and that this transporter does not contribute to the intestinal 

absorption of amoxicillin.  

There was no statistically significant difference in amoxicillin accumulation after AP 

dosing in the presence of GW918, a chemical inhibitor of the AP efflux transporters P-gp and 

BCRP, providing evidence that AP efflux does not impede amoxicillin absorptive transport 

across Caco-2 cell monolayers (data not shown).  In the presence of MK571, an inhibitor of 

MRPs, including the AP efflux transporter MRP2 and the BL efflux transporters MRP3 and 

MRP4, there was also no difference in amoxicillin accumulation after 60 minutes (data not 

shown). Thus, it can be concluded that MRP2 does not impede amoxicillin absorptive transport 

across Caco-2 cell monolayers and that MRP transporters in the BL membrane do not facilitate 

amoxicillin egress across this membrane. 

Discussion 

Amoxicillin has dose-dependent oral bioavailability and demonstrates “flip-flop” kinetics 

wherein absorption, rather than elimination, appears to be the rate-limiting step in its disposition. 

Thus, its intestinal absorption is likely the rate-limiting step in its disposition and its absorption is 

saturable and likely mediated by transporters4,5,6,7. Amoxicillin oral bioavailability decreases 

with dose from 90% for a 50 mg dose and 22% at 10 g5. At oral doses above 850 mg, it is likely 

that solubility limitations are the reason for the apparent decrease in amoxicillin oral 

bioavailability; however, the dose-dependency of absorption has been observed even across a 

range of lower doses between 250 and 875 mg2. Under typical experimental conditions (pH 7.4 

in AP and BL compartments) reported in the literature, amoxicillin (100 µM) has poor passive 

diffusion across two in vitro transport models, MDCK and Caco-2 cell monolayers17 with Papp 
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values of 2.4 and 0.21 nm/s respectively. The previously reported Papp value is surprising, given 

that it is 27-fold lower than that of the paracellular marker mannitol (5.7 nm/s) obtained within 

the same experiment17. Such low Papp values are not consistent with the reported human oral 

bioavailability of >90%. Previous studies have suggested that amoxicillin is a substrate for 

PEPT1 as well as the renal peptide transporter PEPT2, but not for organic anion transporter 1 

(OAT1)8.  

To elucidate the dose-dependency of amoxicillin oral bioavailability and its “flip-flop” 

kinetics, a relevant in vitro model was required in which the dose-dependent oral absorption of 

amoxicillin could be recapitulated and in which the transporter expression profile, particularly of 

PEPT1, would be similar to that in human intestinal epithelium. Two in vitro models were used 

in these studies, the Caco-2 cell monolayers and fresh adult human intestinal epithelia mounted 

in an Ussing chamber diffusion system. Caco-2 cell monolayers are a common in vitro model for 

studying drug transport and permeability across intestinal epithelium. However, Caco-2 cell 

monolayers have a smaller average pore radius and higher TEER compared to human intestinal 

(jejunal) epithelium21. Expression of some transporters such as PEPT1 can be highly variable 

between laboratories and culture conditions, and may not reflect in vivo conditions22. Therefore, 

a second in vitro model, fresh adult human intestinal epithelia, was used to generate uptake and 

transport kinetic data that are more relevant to in vivo conditions of amoxicillin intestinal 

absorption and overall disposition. Fresh adult human intestinal epithelia, when mounted in 

Ussing chambers, have been used to perform drug metabolism and transport studies12. 

Interestingly, the dose-dependent absorptive transport of amoxicillin observed in the in 

vitro model of intestinal transport/absorption, Caco-2 cell monolayers, was not reflective of the 

dose-dependent absorption observed in human subjects. Papp values observed in Caco-2 cell 



111 

monolayers decreased from 80 nm/s to 49 nm/s when the amoxicillin AP concentration was 

increased from 50 µM to 100 µM, but there was no further change in Papp at concentrations up to 

8 mM amoxicillin. In this study, in contrast to previously published work17, transport experiments 

were conducted at pH 6 in the AP compartment and pH 7.4 in the BL compartment to assess the 

role of PEPT1, a proton-symporter, in the absorptive transport of amoxicillin across Caco-2 cell 

monolayers and human intestinal epithelia. Under these conditions, and at the same dosing 

concentration of 100 µM, amoxicillin exhibited a Papp value of approximately 50 nm/s, consistent 

with transporter-mediated (e.g., PEPT1) absorptive transport. The role of PEPT1 in amoxicillin 

absorptive transport was confirmed by the observation that an inhibitor of PEPT1, valacyclovir, 

significantly decreased AP accumulation of amoxicillin into Caco-2 cells (Figure 3-6). Inhibition 

studies in Caco-2 cell monolayers indicate that most β-lactam antibiotics, including amoxicillin, 

have low affinity for PEPT1 (Ki > 7 mM)23,24, an observation that is consistent with the AP uptake 

kinetics determined in this study. 

Interestingly, increases in Cmax and AUC of amoxicillin in healthy adults are less than 

proportional to the increase in doses, indicating saturation starting 750 mg85 (Figure 1-6), a dose 

that corresponds to an intestinal luminal concentration of 8.2 mM (assuming dissolution in 

250 mL). AP uptake studies performed in Caco-2 cell monolayers suggested a saturable 

component which contributed predominantly to amoxicillin uptake up to a concentration of 0.67, 

with a non-saturable component predominating at higher concentrations. It is conceivable that 

the saturable component of the amoxicillin transport across Caco-2 cell monolayers, which may 

play a major role at low concentrations (< Km of 0.67 mM), is not discernable in studies with 

human subjects because sufficiently low doses were not evaluated. Interestingly, studies 

performed using human intestinal epithelia showed that AP uptake of amoxicillin increased 
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linearly with respect to concentration up to 8 mM. Thus, at concentrations of amoxicillin within 

the limits of its solubility (approximately 8 mM at a pH of 6.0)2, it appears to be difficult to 

saturate the amoxicillin AP uptake process in the human intestinal epithelia model. Based on 

these results obtained with Caco-2 cell monolayers and human intestinal epithelium, and 

consistent with the saturation of amoxicillin absorption in human subjects occurring at luminal 

concentrations near its solubility limit (750 mg dose, 8.2 mM luminal concentration), one can 

pustulate that PEPT1, a likely AP uptake transporter for amoxicillin, is highly expressed and thus 

difficult to saturate. This is consistent with mass spectrometric analyses which indicate that 

PEPT1 is highly expressed in the small intestine and comprises up to 50% of total transporter 

protein20,26. Interestingly, the permeability of amoxicillin across Caco-2 cell monolayers in ice 

cold transport buffer decreased. Under ice cold conditions, active uptake and efflux by 

transporters is halted, and only transport by passive diffusion can occur (although the decrease in 

temperature can also decrease the rate of passive diffusion). Thus, the decrease in permeability 

observed in ice cold conditions suggests that amoxicillin transport across Caco-2 cell monolayers 

is transporter-mediated, with a significant passive transport component, which may be due to 

paracellular transport.  

While inhibition of PEPT1 by valacyclovir reduced the accumulation of amoxicillin in 

Caco-2 cell monolayers, this inhibition is incomplete and there is a possible role for other yet 

unknown AP uptake transporters. Amoxicillin is an inhibitor of OATP1B1, OATP2B1, and 

OATP1B325, suggesting an affinity for OATP uptake transporters. E3S, a substrate and 

competitive inhibitor of OATP transporters, reduced accumulation of amoxicillin in Caco-2 cell 

monolayers across the AP membrane by 2.7-fold (p<0.01), suggesting that AP uptake of 

amoxicillin, at least in part, is mediated by an OATP transporter (Figure 3-6b), assuming that 
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E3S does not inhibit PEPT1. Interestingly, E3S did not affect amoxicillin (10 µM) uptake into 

OATP2B1-transfected HEK293 cells (Figure 3-7). In contrast, uptake of radiolabeled E3S 

(1 µM), the positive control substrate, was significantly (p<0.0001) reduced with excess 

concentrations of E3S in this in vitro model. OATP2B1 was selected in this study because it is 

the OATP transporter present in the human intestine, comprising 6% of total transporter proteins 

in the small intestine20,26. It is possible that amoxicillin is a substrate of one of the other OATP 

transporters. However, OATP1B1 and 1B3 mRNA and protein were not detectable in the small 

intestines of 9 adults26, suggesting that these are not major transporters in the human intestine. 

Whether another transporter inhibited by E3S, e.g., a MATE transporter27 or OSTα/β28, plays a 

role in amoxicillin absorption, remains to be investigated.  

Comparison of the intracellular and tissue disposition of amoxicillin to transported 

amoxicillin in the receiver compartment (BL) shows very little accumulation of amoxicillin in 

Caco-2 cell monolayers and human intestinal epithelia, suggesting that BL efflux is not rate-

limiting in amoxicillin absorption. Efflux studies performed in both in vitro models also suggest 

efficient BL efflux of amoxicillin.  

As amoxicillin remains charged upon uptake into the cell, a BL efflux transporter is 

required to assist its egress across the BL membrane of the enterocyte into the blood. The BL 

transporters include MRP329, MRP430, BL peptide transporters31, and OSTα/β32. A BL peptide 

efflux transporter is implicated in a physiological role in effluxing dietary peptides, although it 

has not been characterized to date31,33,34. In contrast to the AP PEPT1 transporter, the BL peptide 

efflux transporter appears to be a bidirectional facilitative transport system31,35. MRP transporters 

typically transport anionic or zwitterionic compounds36, and are known to transport 

cephalosporin β-lactam antibiotics37,38; however, the results in this study did not support a role 
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for them in facilitating BL egress of amoxicillin in the Caco-2 cell monolayer model. OSTα/β is 

a bidirectional intestinal bile acid transporter with broad substrate specificity, but primarily 

transports bile acids and is unlikely to be involved in amoxicillin BL efflux39. Preliminary 

experiments (data not shown) confirmed that amoxicillin is not a substrate for OSTα/β2. The BL 

peptide efflux transporter is likely to also efflux amoxicillin as it is a peptidomimetic compound. 

Although this transporter has not been characterized, it appears to be a facilitative transport 

mechanism31,35. Thus, the BL peptide efflux transporter may explain, in part, the efficient BL 

efflux of amoxicillin and also the significant passive transport that has been observed in Caco-2 

cell monolayers. 

Since the relative contribution of transcellular vs paracellular transport cannot be 

experimentally determined in vitro, a three-compartment kinetic model was used to estimate the 

contribution of transcellular and paracellular pathways to the absorptive transport of amoxicillin.  

A similar kinetic modeling approach has been used in conjunction with data obtained from 

Caco-2 cell monolayers to identify the relative contribution of these pathways for the hydrophilic 

cations ranitidine and metformin9,10. As with amoxicillin, the low lipophilicity and positive 

charge of these compounds would indicate low passive permeability and thus, poor oral 

bioavailability in the absence of transporter-mediated processes. However, in all cases, oral 

bioavailability is higher than would be expected based on these physicochemical properties 

alone: over 50% for ranitidine40 and 50-60% for metformin41. Kinetic modeling suggests that the 

absorptive transport of amoxicillin across Caco-2 cell monolayers is predominantly transcellular 

but the paracellular route contributes 20%. Compared to the cationic drugs ranitidine and 

                                                 
2 Courtesy of Dr. Dong Fu and the Brouwer Laboratory, UNC Eshelman School of Pharmacy, UNC Chapel Hill. 
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metformin (~60%10 and 10%9 transcellular, respectively), amoxicillin has a greater transcellular 

component (~80% transcellular) to its absorptive transport.  

In the case of ranitidine and metformin, AP cation-selective uptake transporters are 

available for entry into the enterocyte. However, BL efflux is inefficient and appears to be the 

rate-limiting step in the transcellular pathway of absorption for these cations9,10. Efflux studies 

suggest that for these hydrophilic cations, traversing the BL membrane after entering the cell is 

an inefficient passive process, and in fact, there may not be BL efflux transporters for cationic 

compounds at all42. The lack of cation-selective transporters to efflux ranitidine and metformin 

across the BL membrane results in BL efflux being a rate-limiting step in the absorption of these 

compounds via the transcellular pathway. Consequently, the paracellular pathway plays a key 

role in the absorptive transport of metformin and a significant role in the absorptive transport of 

ranitidine. In contrast to ranitidine and metformin, amoxicillin is a zwitterion rather than a 

cation, and like some of the penicillin and cephalosporin β-lactam antibiotics, has a 

peptidomimetic structure that increases its likelihood of transport by peptide transporters43. 

Unlike ranitidine and metformin, amoxicillin is able to utilize AP uptake and BL efflux transport 

mechanisms in the small intestine (i.e., AP PEPT1 and a BL peptide facilitative transport system) 

that have important dietary roles and are highly efficient. As a zwitterion, the BL efflux 

transporters MRP3 and MRP4 are also possible options for efficient BL efflux, although the 

accumulation studies performed suggest that MRPs are unlikely to be involved. Therefore, it is 

not surprising that transcellular processes would have greater contribution to the absorptive 

transport of amoxicillin compared to hydrophilic cationic drugs.  

Prior to this study, there was little knowledge or evidence about the contribution of 

paracellular transport to the absorption of amoxicillin and the mechanism(s) underlying the 
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unexpectedly high oral bioavailability of amoxicillin despite a long-hypothesized role of PEPT1. 

Both amoxicillin and ampicillin are zwitterions with low passive permeability, but the oral 

bioavailability of amoxicillin is at least 2-fold higher than that of ampicillin (34%)44. Ampicillin, 

like amoxicillin, is a penicillin and substrate of PEPT1, but in an everted rat gut sac model, was 

transported without significant contribution of PEPT145. Transport of ampicillin was increased 3-

fold45 in the presence of ethylenediaminetetraacetic acid (EDTA), a chelator of intracellular 

calcium that increases diffusion by the paracellular route46,47, suggesting a significant role of the 

paracellular pathway in its absorptive transport. However, this experimental approach could not 

provide an estimate of the relative contribution of the paracellular pathway vs the transcellular 

pathway in the absorptive transport of ampicillin. The tight junction proteins are selective for 

size and charge48; there is an upper radius size limit of 6-10 Å to travel through the pores of the 

tight junctions ("pore pathway")48. A paracellular “leak pathway” permits the passage of 

uncharged molecules up to 60 Å48. As a small hydrophilic charged molecule, amoxicillin also 

undergoes significant paracellular transport in addition to transporter-mediated transcellular 

transport. 

In conclusion, the experimental results from two different in vitro models of human 

intestinal transport provide significant new insights into the mechanisms underlying the oral 

absorption of amoxicillin, an important antibiotic agent used to treat bacterial infections in adult 

and pediatric populations. The study supports the role of PEPT1, the peptide transporter in the 

AP membranes of human enterocytes, in the oral absorption of amoxicillin; notably, it also 

provides evidence that in addition to PEPT1, an AP transporter of the OATP family may play a 

role in amoxicillin absorption, although a role by other transporters (e.g., MATE) cannot be ruled 

out. The results provide evidence that egress across the BL membrane is fairly efficient and not 
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rate-limiting to the intestinal absorption of amoxicillin. While a specific BL transporter that is 

responsible for egress of amoxicillin from enterocytes into the portal blood was not identified, 

preliminary data do not support a role for MRPs or OSTα/β, leaving a bidirectional peptide 

transporter as a likely candidate transporter that assists the egress of amoxicillin across the BL 

membrane of enterocytes. Finally, modeling studies provided evidence that paracellular transport 

across the tight junctions likely plays an important role in the oral absorption of amoxicillin. The 

new information generated in this work lays a strong foundation for conducting PBPK modeling 

studies to assess optimum doses of amoxicillin in pediatric populations in which this drug is a 

front-line therapy for bacterial infections.  
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Table 3-1. Estimated kinetic constants for AP uptake, BL uptake, and absorptive (AP to 

BL) transport of amoxicillin in Caco-2 cell monolayers and adult human intestinal 

epithelia. 

Parameter 

Amoxicillin Donor Concentration 

Caco-2 Estimate 

(1/min; %CV) 

Human Intestinal 

Epithelia (1/min; 

%CV) 

100 µM 100 µM 

k12 
0.00375908 

(19.7%) 

0.00007 

(12.2%) 

k21 

0.07128 

(N/A)a 

0.012606 

(N/A)a 

k23 
0.14214 

(N/A)a 

0.016428 

(N/A)a 

k32 
0.000001 

(N/A)b 

0.00004 

(330%) 

k13 
0.000298911 

(69.7%) 

0.000009 

(44%) 

aFixed to experimental value 

bFixed and assumed to have negligible contribution as experiments suggested high degree of 

nonspecific binding in this experiment. 
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Table 3-2. Experimental and model-simulated absorptive transport of amoxicillin in 

Caco-2 cell monolayers and human intestinal epithelia to assess relative contribution of 

transcellular and paracellular transport. 

Experimental Papp,total (%CV) Model Prediction, Caco-2 Cell Monolayers 

Mannitol 

(10 µM) 
Amoxicillin Papp, total Papp,trans Papp,para 

% 

Transcellular 

% 

Paracellular 

12.8 (5%) 
100 

µM 

92.17 

(11%) 
103.98 83.64 22.04 80% 21% 

 

Model Prediction, Human Intestinal Epithelia 

Papp, total Papp,trans Papp,para 

% 

Transcellular 

% 

Paracellular 

42.7 (16%) 
100 

µM 

66.9 

(10%) 
31.50 23.00 8.50 73% 27% 

Papp values are expressed as nm/sec 
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Figure 3-1. Representative Ussing chamber and schematic of three-compartment kinetic 

model of amoxicillin intestinal absorption10.  

 

 

The three compartments represent the AP (X1), cellular or tissue compartments (X2), and BL 

(X3) chambers. The rate constants represent AP uptake (k12), AP efflux (k21), BL uptake (k32), 

BL efflux (k23), and paracellular transport (k13). Reverse paracellular flux (k31) was assumed to 

be negligible under sink conditions, and thus is not included in the model. 

 

  



121 

Figure 3-2. Amoxicillin transport and cellular accumulation as a function of time after 

dosing. 
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(a) Amoxicillin appearance in the BL compartment in Caco-2 cell monolayers (100 µM or 8mM) 

after AP dosing. (b) Amoxicillin cellular accumulation in relation to its appearance in the BL 

compartment in Caco-2 cell monolayers as a function of time. c) Amoxicillin (100 μM) 

appearance in the recipient chamber and in tissue following absorptive (AP to BL) and secretory 

(BL to AP) transport across human intestinal epithelia. Data represent mean ± S.D., n=3. 
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Figure 3-3. Concentration-dependent AP uptake of amoxicillin in a) Caco-2 cell monolayers 

and b) human intestinal epithelia.  
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AP uptake of amoxicillin was fit to Equation 4, where the dotted black line represents the 

nonsaturable component and the dashed red line represents the saturable component. The inset 

panel in a) represents concentrations up to 2 mM to better visualize uptake below the km. Data 

represent mean ± S.D., n=3. 
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AP uptake of amoxicillin in human intestinal epithelia did not support a model of saturable and 

nonsaturable components. Rather, AP uptake increased linearly with concentration (linear 

regression line shown by black dashed line). Data represent mean ± S.D., n=3. 
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Figure 3-4. Concentration-dependent BL uptake of amoxicillin in Caco-2 cell monolayers.  
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BL uptake of amoxicillin in Caco-2 cell monolayers did not support a model of saturable and 

nonsaturable components. Instead, BL uptake increased linearly with concentration (linear 

regression line shown by black dashed line). Data represent mean ± S.D., n=3. 
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Figure 3-5. Efflux of amoxicillin across AP and BL membranes from Caco-2 cell 

monolayers and adult human intestinal epithelia after preloading from AP and BL 

compartments with amoxicillin (100 µM).  
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Efflux data have been normalized to the surface area available for permeation (1.15 cm2 for 

Caco-2 cell monolayers in a TranswellTM, and 0.3 cm2 for adult human intestinal epithelia 

mounted in Ussing chamber slides). An average of 500 pmol amoxicillin was preloaded in Caco-

2 cells and 3294 pmol in human intestinal epithelia (i.e., the sum of the cumulative mass of 

amoxicillin effluxed during the experiment and the mass in cells or in tissue at the termination of 

the experiment). Right panel represents the same data on a different scale. Data represent mean ± 

S.D., n=4 for Caco-2 cell monolayers, and n=3 for human intestinal epithelia. 
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Figure 3-6. Accumulation and uptake of amoxicillin in Caco-2 cell monolayers in the 

presence of chemical inhibitors of uptake transporters. 
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a) Cellular accumulation of amoxicillin and glysar at 60 minutes upon AP dosing (1 mM) in the 

presence of the PEPT1 inhibitor, valacyclovir (30mM). b) Cellular accumulation of amoxicillin 

upon AP dosing (1 mM) in the presence of an inhibitor of OATP transporters, estrone-3-sulface 

(E3S, 200 µM). The experiments depicted in (a) and (b) were conducted in different batches of 

Caco-2 cells. Data represent mean ± S.D., n=3.  
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Figure 3-7. Accumulation of E3S and amoxicillin in HEK293-OATP2B1 Corning 

TransportoCellsTM in the presence of excess E3S. 
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Cellular accumulation of E3S and amoxicillin and glysar in HEK293 cells overexpressing 

OATP2B1, in the presence of excess amounts of the OATP inhibitor, E3S. Data represent mean 

± S.D., n=3. 
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CHAPTER 4 : PHYSIOLOGICALLY-BASED PHARMACOKINETIC MODELS TO 
PREDICT PHARMACOKINETICS AND INTESTINAL ABSORPTION OF 

AMOXICILLIN IN CHILDREN

Introduction 

The β-lactam antibiotic amoxicillin is a broad-spectrum penicillin that is the first-line 

treatment for AOM. Amoxicillin is well tolerated, and is effective against the two most common 

AOM isolates, Streptococcus pneumoniae and Haemophilus influenza1. AOM is a common 

childhood disease that affects over 80% of children under 5 years of age2, and disproportionately 

affects children under two years of age, who make up 48% of the children diagnosed with 

AOM2. Even after failure of initial antibiotic treatment for AOM, amoxicillin is still a first-line 

treatment when given in combination with the β-lactamase inhibitor clavulanate. As a result, 

amoxicillin is one of the most frequently prescribed drugs in infants and children3,4. 

While amoxicillin is generally considered to be well tolerated and does not have a narrow 

therapeutic index, understanding its disposition and predicting PK in pediatric populations is 

important in evaluating the recommended doses and its efficacy in AOM. Distribution to the 

middle ear space is by passive diffusion and generally increases with dose and exposure5, yet 

pediatric MEF concentrations of amoxicillin are highly variable and in some cases the antibiotic 

is undetectable (15% to 35%5) despite high oral doses6,7. Infants have especially poor penetration 

of amoxicillin into the MEF7. In 2013 (reaffirmed in 2019), the daily dose of amoxicillin 

recommended by the American Academy of Pediatrics for AOM was increased from 40 

mg/kg/day to 60 mg/kg/day in infants and 80-90 mg/kg/day in children, given as divided doses, 
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twice (b.i.d.) or thrice (t.i.d.) daily4,8. However, the rates of treatment failure and relapse of AOM 

in children have not been reduced by doses above 70 mg/kg/day, suggesting that these higher 

doses did not improve MEF penetration or efficacy6,7. Thus, an arbitrary increase in the dose to 

improve treatment outcome in this population is not appropriate, considering the risk of oral 

antibiotic-associated diarrhea, for which the incidence is highest in children under two years of 

age9. For children treated with amoxicillin, the rate of antibiotic-associated diarrhea is 8.1% and 

increases to 19.8% if given in combination with clavulanate9. Thus, inappropriate selection of 

antibiotics and doses could increase the risk of diarrhea and its severity, especially in infants and 

young children, burdening caretakers and putting patients at risk of adverse effects such as 

dehydration. 

It has been hypothesized that the AOM treatment failures are due to high variability in 

pediatric PK parameters, and that this variability is in large part due to variable intestinal 

absorption of amoxicillin5. In pediatric patients, up to a 30-fold difference in serum 

concentrations and 20-fold difference in MEF concentrations has been observed for a given 

dose5. Because amoxicillin demonstrates “flip-flop” kinetics in which absorption, rather than 

elimination, is the rate-limiting step in its disposition, one must conclude that the variability in 

plasma and MEF concentrations are caused by differences in oral absorption of the antibiotic10,11. 

Amoxicillin is hydrophilic (logP 0.61, logD -2.21 at pH 712), and it is zwitterionic at 

physiological pH. Thus, it is expected to have poor membrane permeability. However, high and 

dose-dependent oral bioavailability has been observed in adults, which has been attributed to a 

role of intestinal transporters in its absorption; it is likely that the transporter-mediated 

absorption contributes to the variability in PK observed in vivo13,14.  
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In Chapter 3, PEPT1 and a transporter of the OATP family were implicated in the 

absorptive transport of amoxicillin. Further, by modelling cellular kinetic data in two in vitro 

models of the intestinal epithelium, it was estimated that approximately 80% of amoxicillin 

transport across intestinal epithelium occurs transcellularly (with the assistance of transporters) 

and the remaining 20% of the absorptive transport occurs via the paracellular route. In order to 

arrive at safe and effective doses of amoxicillin in children (< 2 years of age), the age group most 

disproportionately affected by AOM, PBPK modeling of amoxicillin disposition is critically 

important. The mechanistic information obtained in the studies described in Chapter 3 regarding 

intestinal absorption of amoxicillin was used to develop a “bottom-up” PBPK model for adults 

and children as described here.  

Methods 

Pharmacokinetic data 

The PK of amoxicillin and clavulanate have been studied extensively alone and in 

combination, and are not different when administered together15,16. Therefore, the observed PK 

data used in this study included PK data from studies in which amoxicillin was administered as a 

combination formulation with clavulanate. PK studies were selected on the basis of availability 

of amoxicillin plasma concentration data and PK parameters. Publications with healthy adult or 

AOM PK data and pediatric patients with AOM were preferred (no pediatric PK studies were 

identified with healthy pediatric patients). 

Individual adult and pediatric amoxicillin concentration-time data for model optimization 

and evaluation were obtained by digitizing published PK profiles (GetData Graph Digitizer, 

v2.26)17. Noncompartmental analysis (NCA) was performed on the digitized adult and pediatric 
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amoxicillin concentration data using Phoenix 8.0 (Certara USA, Inc., Princeton NJ). Figures for 

simulated vs observed PK data were generated in GraphPad Prism 8.2.1 (La Jolla, CA). 

Modelling workflow 

A whole-body adult PBPK model (Figure 4-1, left) for IV administration of amoxicillin 

was first developed using PK-Sim® software (Open Systems Pharmacology Suite, v7.1) that 

incorporated amoxicillin physicochemical parameters (Table 4-1). The IV PBPK model was first 

developed in order to evaluate model assumptions of amoxicillin distribution and elimination 

prior to incorporating oral absorption parameters. Tissue to plasma partition coefficients were 

determined in PK-Sim® using a method described by Rodgers and Rowland18,19. Initial values for 

LogD and fu for plasma protein binding to albumin were obtained from the literature and 

optimized using the built-in PK-Sim® parameter identification tool, using a Monte-Carlo 

algorithm and multiple optimization with randomized start values.  

The IV adult model was then adapted (Figure 4-2) to an oral PBPK model (Figure 4-1, 

right) to simulate the oral administration of amoxicillin in adults, incorporating solubility and 

intestinal permeability values. To model absorption of oral drugs, PK-Sim® uses a 

compartmentalized transit model in which each segment of the GI tract is described as a series of 

compartments (stomach, duodenum, jejunum, ileum, cecum, and colon), each with region-

specific pH, volume, transit rate, and surface area20,21.The oral adult model was adapted to the 

pediatric model by incorporating the pediatric virtual population (described below). 

Population simulation 

Population-based PK simulations in PK-Sim® were performed for adults (18 to 65 years 

old) using a virtual population of 100 subjects and for children (see age-range below) using a 



138 

virtual pediatric population of 200 subjects, comprising an equal proportion of male and female 

subjects. Age ranges for virtual populations were set based on the demographics of the published 

PK studies; for the pediatric populations, two virtual population ranges were generated to match 

the publications; the first comprised 200 virtual subjects between 3 and 23 months of age22, and 

the second comprised 200 virtual subjects 3 months to 5 years of age23. The physiologic 

parameters for the virtual adult and pediatric populations were generated based on the 1997 

National Health and Nutrition Examination Survey. Pediatric virtual populations generated in 

PK-Sim® accounted for the age dependence of anatomy and physiology (e.g., organ size, blood 

flow rates, body composition), including ontogeny factors for albumin and GFR. For the GI tract, 

this included age-appropriate surface area, lengths, volumes, and transit time. 

Model evaluation 

Model performance was evaluated by comparing simulated plasma concentration-time 

profiles (population mean and 95% prediction interval) to observed concentration data available 

in the literature. Models were accepted if (i) simulated concentration-time profiles fit the overall 

shape of observed profiles, (ii) the majority of observed concentration data fell within the 95% 

prediction interval for simulated data, and (iii) the simulated PK parameters were within 2-fold 

of the observed parameters.  

Mean simulated adult PK parameters also were compared to published PK parameters of 

5 adults with bronchitis that were given 500 mg IV amoxicillin17 and 16 healthy adults given 500 

mg amoxicillin as a powder for suspension24. Mean simulated pediatric PK parameters were 

compared to the published PK parameters from 40 infants (aged 6 to 23 months) with AOM 

treated with 80 mg/kg/day amoxicillin orally (given as 40 mg/kg twice daily)22, and 34 infants 

with AOM following a single oral dose of 25 mg/kg amoxicillin23.  
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Sensitivity analyses 

Sensitivity analyses were performed using the PK-Sim® tool to evaluate the effect of 

estimated fraction GFR and intestinal permeability on performance of the adult PBPK model. 

The two parameters were selected because renal clearance is the major clearance mechanism for 

amoxicillin, and intestinal absorption is expected to be a rate-limiting step in amoxicillin 

disposition. Input values were evaluated with over a 100% variation range and change to 

determine the impact on the simulated PK parameters pertaining to absorption (Cmax, Tmax, 

AUC). 

Results 

PBPK Model for Amoxicillin in Adults after IV Administration 

For initial model building and optimization, a preliminary IV model of amoxicillin was 

first developed as described in the Methods Section. Observed concentration data were obtained 

from a PK study of 5 adults with chronic bronchitis given 500 mg amoxicillin by IV bolus17.   

The renal clearance of amoxicillin, which undergoes tubular reabsorption (by PEPT1 and 

PEPT2) but has net tubular secretion was implemented in the model as the estimated fraction 

relative to GFR using a method described by Maharaj and Edginton20. This approach was used in 

the absence of detailed mechanistic data about amoxicillin transporter-mediated renal clearance, 

and the lack of ontogeny data for renal transporters. Incorporating renal clearance as a tubular 

secretion process (first-order or Michaelis-Menten) was also considered. However, in the 

absence of supporting clinical data or in vitro parameters for these processes, the estimated GFR 

fraction was preferred as a surrogate parameter.  
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Briefly, observed adult clinical renal clearance data was used to estimate the fraction 

relative to GFR (estimated GFR fraction)25. In PK-Sim®, the GFR fraction parameter was used as 

a surrogate input parameter to implement active reabsorption (GFR fraction <1) or active 

secretion (GFR fraction >1) in the absence of known tubular secretion or reabsorption rates26. 

Renal clearance in a healthy adult (2.6 mL/min/kg) was approximately 1.5 to 2-fold that of the 

GFR25. This estimated fraction GFR  (1.5 to 2) was incorporated into the IV model and used to 

simulate the fraction excreted into the urine (fe) and the results were compared to mass balance 

data25 to optimize the estimated GFR fraction parameter. The estimated GFR fraction after fitting 

was 1.5, indicating net secretion of amoxicillin, which was consistent with published reports of 

renal clearance that exceeds GFR25,27. The renal clearance of amoxicillin is constant for oral 

doses up to 3 g10,28, suggesting that this parameter is not dose-dependent.  

GFR reaches adult values after the first year of life, but continues to increase above the 

adult values, and peaks between 2 and 5 years of age before decreasing to typical adult levels29. 

In contrast, tubular secretion reaches adult levels after the first year of life and remains steady to 

adulthood25. The ontogeny of tubular reabsorption processes is not well known and appears to 

increase through adolescence.30 Thus, to facilitate adaptation of the adult PBPK model to a 

pediatric PBPK model, amoxicillin renal clearance was incorporated as the input parameter, GFR 

fraction, so that it could be scaled with age. The advantage of using the estimated GFR fraction 

as a surrogate input parameter is that this can be scaled by age using renal ontogeny functions 

that describe the development of GFR by age and weight (e.g., the method described by Rhodin 

et al.)29,31.  

A single IV dose of 500 mg amoxicillin was simulated in 100 virtual adults (Figure 4-4). 

The adult PBPK model for IV amoxicillin adequately described the observed concentration data, 
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with most of the concentration-time points falling within the 95% prediction interval. The AUC0-

∞, t1/2, VD, and CL were predicted well within 2-fold of observed parameters17. There was a 

tendency towards overestimation of the VD, but CL parameters were well predicted (8.93 L/hr 

predicted vs 9.00 L/hr observed). 

PBPK Model for Amoxicillin in Adults after Oral Administration 

The pH-dependent solubility, intestinal permeability, and other GI physiological 

parameters values were incorporated into the IV PBPK model to simulate PK behavior of 

amoxicillin after oral administration in adults. An in vitro intestinal Papp value was obtained 

experimentally from adult human intestinal epithelia and from Caco-2 cell monolayers (Chapter 

3). The in vitro Papp values and an in vivo Peff value were first evaluated as initial estimates for 

intestinal permeability in two different simulations: 1) 500 mg amoxicillin, and 2) 875 mg 

amoxicillin. However, the in vitro Papp and in vivo Peff values could not be directly incorporated 

into the PBPK model because experimental apparent permeability values are not directly 

translatable without the use of additional calibration and scaling factors32. Within the PK-Sim® 

modeling software, a permeability coefficient Pint is determined on the basis of physicochemical 

properties of drugs (e.g., molecular weight, lipophilicity, diffusion coefficients in water and lipid 

bilayer membrane). The algorithm is empirically determined and was developed using a library 

of 126 compounds that are primarily permeability-limited and absorbed by passive processes 

(transcellular or paracellular)32. Thus, the model Pint value is specific to each PBPK model and 

does not directly correlate to experimental values. This is best seen in the ~150-fold difference 

between the initial estimate (67 nm/s) and the model optimized value (0.47 nm/s, Table 4-1). 

Hence, the in vitro Papp value derived from adult human intestinal epithelia (Chapter 3) was used 

as an initial estimate, then simultaneously fit to both the 500 mg and the 875 mg simulations 
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using the built-in PK-Sim® parameter estimation tool as described, resulting in an optimized 

value of 0.47 nm/s. The value from adult human intestinal epithelia was chosen over Caco-2 cell 

monolayers (67 nm/s vs 90 nm/s) for this purpose as it was a slightly better initial estimate; 

however, the arbitrary Pint values required by the model is so different that the choice of initial 

estimates was not expected to have an impact on the model. This approach was utilized to obtain 

an estimated parameter of intestinal permeability appropriate for use in PK-Sim®.  

The majority of concentration-time points were captured within the 95% prediction 

interval in both the 500 mg and 875 mg simulations (Figure 4-5, Figure 4-6). The model was 

able to predict amoxicillin PK parameters (Cmax, Tmax, AUC0-∞, and CL) within 2-fold of 

observed parameters in simulations of 500 mg amoxicillin as well as 875 mg amoxicillin (Table 

4-2). 

PBPK Model for Amoxicillin in Children after Oral Administration 

To adapt the adult oral PBPK model, pediatric physiology was incorporated and 

simulations were performed in two virtual pediatric populations (N=200 each). The pediatric 

virtual populations were generated based on the demographics of the observed pediatric 

populations, one with children aged 3 to 23 months23, the second with children aged 3 months to 

5 years of age22. GFR was scaled in PK-Sim® using the Rhodin ontogeny equation31. 

Two pediatric doses were evaluated; the first, 25 mg/kg, represents a single oral dose of 

amoxicillin that would be given twice daily (50 mg/kg/day)23. The second dose is a single 

40 mg/kg dose intended to be given twice daily (80 mg/kg/day)22, representing the higher daily 

doses of amoxicillin recommended by the American Academy of Pediatrics for AOM in 20134,8. 

The simulations of the 25 mg/kg and 40 mg/kg doses are shown in Figure 4-6 and Figure 4-7. 
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The majority of concentration-time points were captured within the 95% prediction interval in 

both the 25 mg/kg and 40 mg/kg simulations, though high variability in the observed data is 

noted. The model was able to predict amoxicillin PK parameters (Cmax, Tmax, AUC0-∞, and CL) 

within 2-fold of observed parameters in both simulations (Table 4-3). 

For β-lactam antibiotics, the time above the MIC is a key efficacy parameter, with the 

goal to maintain 70% of the dosing interval above MIC33,34. Evaluation of MEF isolates from 

children with AOM has demonstrated that of the two most common pathogens in AOM, 

Haemophilus influenza and Streptococcus pneumoniae, amoxicillin has greater efficacy against 

the latter33. Although MIC50 and MIC90 levels for S. pneumoniae are attainable at these oral 

doses (Figure 4-7, Figure 4-8), the MIC90 for Haemophilus influenza (64 µg/mL) greatly 

exceeds the expected Cmax (<20 µg/mL) in vivo. 

Sensitivity Analyses 

Sensitivity analyses demonstrated that simulated adult amoxicillin Cmax, Tmax, and AUC0-

∞ are sensitive to changes in the estimated GFR fraction parameter as well as the intestinal 

permeability parameter (Table 4-4). Increasing the estimated GFR fraction by 100%, for 

example, decreased the Cmax, Tmax, and AUC0-∞ by 32%, 9%, and 71% respectively, underscoring 

the role that net secretion of amoxicillin plays in its renal clearance. Intestinal permeability, not 

surprisingly, was also an important parameter, increasing Cmax, and AUC0-∞ by 74%, and 71%, 

respectively, and decreasing the Tmax by 9%. 

Discussion 

Amoxicillin is one of the most frequently prescribed pediatric drugs3,4 due to its efficacy 

in treating the common childhood disease AOM. Although amoxicillin is widely used and well 
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tolerated, its PK is highly variable in children and penetration into the MEF is poor6,7. 

Furthermore, due to the increase in antibiotic resistance, the recommended daily doses of 

amoxicillin for AOM treatment have increased up to 80 to 90 mg/kg/day in children4,8. The 

increased doses, however, have not reduced the rates of AOM treatment failure or relapse6,7, nor 

has it improved penetration of amoxicillin into the MEF5. The variability in amoxicillin PK and 

treatment failures with this antibiotic have been attributed to amoxicillin’s intestinal absorption, 

which is thought to be the rate-limiting step in its disposition5. At least a part of the variability in 

absorption is believed to be due to the necessary role of intestinal transporters in the oral 

absorption of amoxicillin10,11. The rate-limiting intestinal absorption may also explain in part 

why treatment failure and relapse rates in AOM treatment have not improved with higher doses 

of amoxicillin. Since it would be challenging to conduct clinical research with pediatric 

populations to understand the role of intestinal transporters and other factors on the variability in 

amoxicillin oral absorption and its PK, the goal of the present study was to apply PBPK 

modeling using the knowledge about the intestinal absorption of amoxicillin, and predict its PK 

in young children with AOM; however, there were limitations in incorporating the in vitro data 

directly into the PBPK model. 

Historically, the mechanism underlying the intestinal absorption of amoxicillin has not 

been well understood, although PEPT1 was implicated in its AP uptake in the intestinal epithelia. 

The hydrophilicity and zwitterionic nature of amoxicillin at physiological pH suggest that in the 

absence of transporters, amoxicillin would have poor membrane permeability; however, high 

oral bioavailability is observed in vivo, likely due to the contribution of transporters, including 

PEPT1. Intestinal permeability in the PK-Sim® modeling software is incorporated using an 

empirically determined algorithm for in vitro to in vivo extrapolation that is dependent upon 
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calibration of in vitro values from a large training set. Thus, the Pint values used in the model 

cannot be directly correlated to the in vitro values determined in Chapter 3. As a result, intestinal 

permeability in this study was incorporated by using an initial in vitro estimate of amoxicillin 

Papp determined in human intestinal epithelia (Chapter 3). An alternate approach considered was 

to use an estimated passive permeability value based on the physicochemical properties of 

amoxicillin alone, which would be expected to be low in the absence of intestinal transporters, 

and to incorporate amoxicillin AP uptake and BL efflux by intestinal transporters. This approach 

of combining an estimate of passive permeability with intestinal transport kinetics was not used 

in this study because the kinetics of amoxicillin uptake by PEPT1 have not been determined. 

The studies described in Chapter 3 also demonstrated that approximately 20% of the 

absorptive transport of amoxicillin can be attributed to the paracellular pathway and 80% to the 

transcellular pathway. Although paracellular and transcellular intestinal permeability can be 

implemented in PBPK models using the PK-Sim® software, a limitation is that the GI transit and 

absorption processes were developed with the assumption that paracellular transport is only a 

minor route of intestinal absorption as it accounts only for 0.01% of the small intestinal surface 

area32,35,36. Paracellular transport, transporter-mediated uptake, and efflux can be incorporated 

into the PBPK model; and data are available for adult transporter expression. However, at 

present, commercial PBPK modeling software is limited in the capacity to implement more 

complex transporter-mediated absorption mechanisms, especially for drugs with significant 

paracellular contribution32. 

As with intestinal transport, an alternate approach was required to address the active renal 

secretion of amoxicillin, where drug transporters are also likely to play an important role. Up to 

80% of amoxicillin is eliminated unchanged in the urine12. Amoxicillin undergoes active renal 
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secretion that exceeds GFR, with some reabsorption from the urine at the AP membrane of the 

renal epithelial layer due to PEPT1 and PEPT227. Amoxicillin has higher affinity for PEPT2 (Ki 

733 µM) than for PEPT1 (Ki 66 mM), suggesting that PEPT2 is primarily responsible for the 

reabsorption of amoxicillin at the AP membrane rather than PEPT1 despite the importance of 

PEPT1 in its intestinal absorption27. To date, the renal transporters at the proximal tubules 

responsible for the net secretion of amoxicillin, i.e., BL uptake from the blood and AP efflux into 

the urine, have not been identified. Amoxicillin has pKa values of 2.67, 7.48, 9.9837 and would 

be expected to be zwitterionic at a typical blood pH and in the urine, where typical urine pH 

values are around pH 6.0 but range from 5.5 to 7.0 in a healthy adult38. Notably, the renal 

clearance of amoxicillin is significantly reduced by probenecid, an inhibitor of renal organic 

anion transporters (OATs)39, suggesting that these are involved in the BL uptake and tubular 

secretion of amoxicillin in the kidney proximal tubules. In Madin-Darby canine kidney cells 

overexpressing OAT1, amoxicillin was shown to be a weak inhibitor, but not a substrate for 

OAT127. It is possible that at the BL membrane, the other OAT transporters OAT2, 3, or 4 are 

responsible for uptake; the OCT transporters OCT2 and OCTN2 are also highly expressed in the 

kidney40, but their role in amoxicillin transport is unknown. However, the kinetics of uptake and 

efflux for amoxicillin by these transporters has not been determined. Thus, an alternate approach 

previously described20 was used by inputting GFR fraction as a surrogate parameter, accounting 

for net active secretion (GFR fraction >1) in the absence of known tubular secretion or 

reabsorption rates26. 

Amoxicillin PK is not altered by coadministration with clavulanate, with which it is 

commonly coformulated15,16. Thus, the PK studies used for PBPK model development and 

validation included studies in which amoxicillin was administered alone, and also where 
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amoxicillin was administered with clavulanate. Critically ill children treated with 

amoxicillin/clavulanate show augmented renal clearance rate, contributing to treatment failure, 

though the mechanism for this is not understood41. Therefore, pediatric PK data used in this 

study were limited to children with AOM. As a broad-spectrum antibiotic, amoxicillin is a 

commonly used antibiotic for other pediatric indications such as respiratory tract infections, 

urinary tract infections, skin and tissue infections12, and future work with this model may also 

include alternate dosing regimens for other pediatric indications. 

The development of oral PBPK models for pediatric drugs such as amoxicillin may also 

assist in simulations of future drug-drug interactions or food effects, with the proper pediatric 

physiological data. Amoxicillin is not known to have food-drug interactions in adults. However, 

infants may theoretically be at increased risk of food effects compared to adults due to reliance 

on breast milk or formula, a higher dietary fat intake compared to adults, and frequent feeding 

(up to 10 times per day)42. Food intake can change GI pH, delay gastric emptying, stimulate bile 

flow, increase GI blood flow, and affect drug solubility. Changes in these physiological 

processes are not well understood for children or infants; however, high fat and high calorie 

meals have the greatest impact on GI physiology in adults, and the fat content and frequent 

feeding schedule in infants presents a very different scenario. Furthermore, where oral liquid 

formulations are not available or where a caretaker desires to mask the taste of a drug, antibiotics 

may sometimes be mixed with formula or with milk for infants24. While an amoxicillin powder 

for suspension was demonstrated to be bioequivalent in adults under fasted conditions when 

prepared in water vs. human milk, it is not known whether the same results would be observed 

with infant physiology24. In addition to physiological changes induced by food, breast milk and 

cow’s milk-based infant formula contain small dipeptides and tripeptides43 that may compete 
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with amoxicillin for uptake by peptide transporters such as PEPT1. A significant reduction in 

oral bioavailability and delay in Tmax has been reported in a rat model with vigabatrin, a substrate 

for proton-coupled amino acid transporter (PAT1), when administered with infant formula44. In 

adults, coadministration with milk reduced the Cmax of the PEPT1 substrate oseltamivir to 0.69-

fold of the Cmax when administered with water45, presenting an example of a food interaction 

with a PEPT1 substrate that may be mediated by dietary peptides. 

In summary, the PBPK models developed in this study were able to predict the PK of 

amoxicillin in adults upon IV and oral administration, and in children under five years of age 

upon oral administration. A major limitation of this study is the implementation of intestinal 

absorption in oral PBPK models. A permeability parameter was optimized simultaneously for 

multiple simulations in order to obtain a value that would be appropriate at more than one dose 

level. Evaluation of the models and simulated PK parameters indicated that at the oral doses 

simulated, the PBPK models were able to predict amoxicillin PK in adults and in children with 

the optimized parameter. 
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Figure 4-1. Whole-body PBPK model structure simulated by PK-Sim® software package.  

 

Intravenous (left) and oral (right), adapted from Willmann et al.26 The models include 

physicochemical parameters of amoxicillin, renal clearance, and tissue to plasma partition 

coefficients as determined by a method described by Rodgers and Rowland18,19. The oral model 

also includes parameters for the solubility and intestinal permeability of amoxicillin. 
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Figure 4-2. Flowchart of developing adult intravenous, adult oral, and pediatric oral PBPK 

models.   

 

A flowchart is shown for the development of the adult intravenous, adult oral, and pediatric oral 

PBPK models of amoxicillin. The adult intravenous model is first developed in order to evaluate 

model assumptions of amoxicillin distribution and elimination. The intravenous model is 

evaluated and refined by visual predictive check and comparison of clinical PK parameters prior 

to adaptation to the adult oral model. The adult oral model is also evaluated and refined using 

clinical PK data, then scaled to the pediatric oral PBPK model. The pediatric oral PBPK model is 

also evaluated and refined using clinical PK data, resulting in a final validated pediatric oral 

PBPK model. 
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Figure 4-3. Molecular structure of amoxicillin.   
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Table 4-1. Amoxicillin parameters used for the adult and pediatric PBPK models. 

Parameter Value Source 
Molecular 

Weight 
(g/mol) 365.4 

Thambavita et 
al., 201712 

LogD Initial Optimized Thambavita et 
al., 201712 -2.21 -2.3 

pKa 2.67, 7.48, 9.98 
Felix et al., 
201637 

fu (Albumin) 
Initial Optimized   

0.77, 0.85 0.80 

Wise et al., 
198046; Bergan 
et al., 198747 

Solubility 
(mg/L) 

pH Solubility (mg/mL) 

Thambavita et 
al., 201712 

1.20 7690 

4.50 3550 

5.00 4400 

5.50 5000 

6.80 5400 

GFR 
Fraction 2.00 (Secretion) 

Estimated using 
adult clinical 
data from 
Horber et al., 
198625 

Intestinal 
Permeability 

(nm/s) 

PK-Sim 
Calculated Experimental Optimized   

0.000029 67 0.47 

Experimental 
(Human 
intestinal 
epithelia) 

fu, unbound fraction; GFR, glomerular filtration rate; LogP, lipid/aqueous fluid partition 

coefficient. 

Parameter estimation was used to optimize the LogD, pKa, fu, and intestinal permeability, using 

published data or experimental data for initial estimates. 
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Figure 4-4. Simulation of amoxicillin plasma concentration vs. time curve from 0 to 6 hours 

following a single intravenous dose of amoxicillin (500 mg) in a virtual adult population 

(N=100). 
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The solid red line represents the simulated mean and the shaded area is the 95% prediction 

interval. The dotted lines represent the observed amoxicillin concentration vs. time profiles for 5 

adults, extracted from Lovering et al. by GetData17. 

  



154 

Figure 4-5. Simulation of amoxicillin plasma concentration vs. time curve from 0 to 12 

hours following a single oral dose of amoxicillin (500 mg, oral suspension) in a virtual adult 

population (N=100).  
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The solid red line represents the simulated mean and the shaded area is the 95% prediction 

interval. The dotted lines represent the observed amoxicillin concentration vs. time profiles for 

16 adults, extracted from Yazdani-Brojeni et al. by GetData24. 
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Figure 4-6. Simulation of amoxicillin plasma concentration vs. time curve from 0 to 12 

hours following a single oral dose of amoxicillin (875 mg, administered as oral 

amoxicillin/clavulanic acid tablets) in a virtual adult population (N=100). 

0 2 4 6 8 10 12 14
0

5

10

15

20

25

Time (hr)

C
on

ce
nt

ra
tio

n 
(µ

g/
m

L
)

 

The solid red line represents the simulated mean and the shaded area is the 95% prediction 

interval. The solid circles represent the observed amoxicillin pooled concentrations (individual 

profiles are not available) for 14 healthy adults, extracted from de Velde et al. by GetData48. 
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Figure 4-7. Simulation of plasma amoxicillin concentration vs. time curve from 0 to 12 

hours following a single oral dose of amoxicillin (25 mg/kg, administered as an oral 

amoxicillin formulation) in a virtual pediatric population (N=200, 3 months to 5 years). 
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The solid blue line represents the simulated mean and the shaded area is the 95% prediction 

interval. The solid circles represent the observed amoxicillin concentrations for 34 children (3 

months to 5 years of age) with AOM, extracted from Canafax et al. by GetData23. MIC50 and 

MIC90 for Streptococcus pneumoniae (0.064 and 8 µg/mL, respectively) are shown in dotted 

lines along with the MIC50 for Haemophilus influenzae (1 µg/mL; the MIC90 of 64 µg/mL is not 

shown). 
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Figure 4-8. Simulation of plasma amoxicillin concentration vs. time curve from 0 to 12 

hours following a 40 mg/kg oral dose of amoxicillin (administered twice daily as an oral 

amoxicillin/clavulanate formulation in a 80 mg/kg/day regimen) in a virtual pediatric 

population (N=200, 3 to 23 months of age). 
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The solid blue line represents the simulated mean and the shaded area is the 95% prediction 

interval. The solid circles represent the mean observed amoxicillin concentrations (± SD) for 40 

children (3 to 23 months of age) with AOM, extracted from Hoberman et al.22. Where error bars 

are not present, concentration data were available only for one child. MIC50 and MIC90 for 

Streptococcus pneumoniae (0.064 and 8 µg/mL, respectively) are shown in dotted lines along 

with the MIC50 for Haemophilus influenzae (1 µg/mL; the MIC90 of 64 µg/mL is not shown).  
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Table 4-2. Comparison of experimental mean vs. simulated PK parameters of amoxicillin in 

the adult population. 

Source Model 
Simulation 

Lovering 
et al., 
1990 

Model 
Simulation 

Yazdani-
Brojeni 
et al., 
2014 

Model 
Simulation 

de 
Velde 
et al., 
2016 

Patient Population 
Adult, 
virtual 

population 

Healthy 
adult 

Adult, 
virtual 

population 

Healthy 
adult 

Adult, 
virtual 

population 

Healthy 
adult 

N 100 5 100 16 100 14 

Dose 500 mg IV 500 mg 
IV 

500 mg 
PO 

500 mg 
PO 

875 mg 
PO 

875 mg 
PO 

Cmax 
(µg/mL) 

  . . 6.79 8.65 10.22 11.21 
Fold 

Difference . . 1.27 . 1.10 . 

% Errora . . 27% . 10% . 

Tmax (hr) 

  . . 1.60 1.68 1.685 1.52 
Fold 

Difference . . 1.05 . 0.90 . 

% Errora . . 5% . -10% . 

AUC0-∞ 
(µg*hr/mL) 

  63.03 57.15 23.87 28.18 35.52 55.04 
Fold 

Difference 0.91 . 1.18 . 1.55 . 

% Errora   . 18% . 55% . 

t1/2 (hr) 

  2.65 1.55 4.68 1.28 5.07 1.14 
Fold 

Difference 0.58 . 0.27 . 0.22 . 

% Error   . -73% . -78% . 

VD (L) 

  35.64 17.00 29.99 37.08 25.82 NC 
Fold 

Difference 0.48 . 1.24 . . . 

% Error   . 24% . . . 

CL (L/hr) 

  8.93 9.00 28.14 22.63 33.54 NC 
Fold 

Difference 1.01 . 0.80 . . . 

% Error   . -20% . . . 
NC = PK parameter not calculated or reported in the published study. 

a % error = (observed - simulated) / observed * 100 

b AUC0-24
 calculated and reported for comparison to literature value 
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Table 4-3. Comparison of experimental mean vs. simulated PK parameters of amoxicillin in 

the pediatric population. 

Source Model 
Simulationb 

Model 
Simulation 

Hoberman et 
al., 2017 

Patient Population Children (3 to 
23 months) 

Children (3 
months to 5 

years) 

Children (3 to 
23 months) 
with AOM 

N 200 200 40 
Dose 25 mg/kg 40 mg/kg 40 mg/kg 

Cmax (µg/mL) 

  15.53 17.29 13.00 
Fold 

Difference . 0.75 . 

% Errora . -25% . 

Tmax (hr) 

  1.76 1.92 2.9 
Fold 

Difference . 1.51 . 

% Errora . 51% . 

AUC0-∞ 
(µg*hr/mL) 

  53.21 66.31 55.30 
Fold 

Difference . 0.83 . 

% Errora . -17%   

t1/2 (hr) 

  4.06 2.96 1.90 
Fold 

Difference . 0.64 . 

% Error . -36% . 

VD (L/kg) 

  12.37 11.68 NC 
Fold 

Difference . . . 

% Error . .   

CL (mL/hr/kg) 

  628.10 864.82 690.00 
Fold 

Difference . 0.80 . 

% Error . -20% . 
NC = PK parameter not calculated or reported in the published study. 

a % error = (observed - simulated) / observed * 100 

b Simulated based on Canafax et al.23; however, only sparse concentration data available in this 

publication without PK data for parameters.  
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Table 4-4. Sensitivity analysis of the effect of estimated fraction GFR and intestinal 

permeability on amoxicillin PK in adults. 

   Cmax Tmax AUC0-∞ 

Estimated Fraction 

GFR 
-0.32 -0.09 -0.71 

Intestinal 

Permeability 
0.74 -0.09 0.71 

Sensitivity analyses using the built-in PK-Sim® tool were performed to evaluate effect of input 

parameters on performance of the adult PBPK model. The two parameters were selected because 

renal clearance is the major clearance mechanism for amoxicillin, and intestinal absorption was 

expected to be a rate-limiting step in amoxicillin disposition. Input values were evaluated over a 

100% variation range to determine impact on simulated adult PK parameters, e.g., a 100% 

increase in the intestinal permeability parameter increased AUC0-∞ by 74%.  
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CHAPTER 5 : CONCLUSIONS AND FUTURE DIRECTIONS

Historical Context for Pediatric Clinical Trials and Dose Determination 

In drug development, pediatric clinical research has historically been difficult to perform 

due to ethical considerations as well as high costs, leading to the pediatric population being an 

understudied group. Children and infants are difficult to recruit and enroll into clinical trials, 

present ethical problems in obtaining consent, must be enrolled as patients rather than healthy 

volunteers, and have logistical issues such as smaller blood volume available for monitoring. 

Thus, by some estimates between 50-75% of drugs used in pediatric therapy are used off-label 

without adequate scientific data1 or proper clinical studies, resulting in the use of inappropriate 

doses of pediatric drugs. Neonates are an especially understudied and vulnerable population, and 

up to 99.5% of infants in neonatal intensive care units receive drugs off-label2. This off-label use 

and limitations in obtaining pediatric clinical data have contributed to situations in which the 

pharmacokinetics (PK) and disposition of pediatric drugs are well understood in adults, but not 

in children or infants. Without the PK data, the relationship between drug concentration levels 

and safety/efficacy, and consequently, the ability to select appropriate pediatric dose is 

compromised. 

Historically, pediatric doses for drugs were often selected by extrapolating adult doses in 

lieu of performing pediatric clinical trials. Body weight, surface area, or allometric scaling 

equations were typically used to adjust adult doses for children. These scaling methods typically 

assume linear relationships between dose and body weight or surface area, or utilize an 
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empirically determined allometric coefficient3. Thus, developmental changes that often do not 

develop linearly in children, are not taken into consideration. For example, during development, 

there are changes in total body composition, GI function, organ sizes, blood flow, renal function, 

and ontological changes in the expression and function of DMEs and drug transporters3,4,5,6. For 

infants and young children, who are most physiologically different from adults, the scaling 

approaches and allometric calculations for dose selection are thus most likely to be 

inappropriate4, and in fact tend to overestimate drug clearance in young children5,6. 

In the United States, regulatory approaches have been used to provide incentives and 

requirements for pharmaceutical companies to address pediatric drug development. The BPCA 

provides incentives such as extension of existing patents and market exclusivity for studying 

indications in pediatric patients, even if the indication has previously been approved for adults7. 

In contrast, the PREA of 2003 requires that license application for all new drugs and biological 

products must include assessment of safety and effectiveness in relevant pediatric 

subpopulations, including dosage. The 2007 reauthorization of PREA requires studies of drugs 

and biological products in pediatric populations when other approaches are insufficient to ensure 

that the products are safe and effective in these populations. Sponsors must provide a Pediatric 

Study Plan to the U.S. Food and Drug Administration (FDA) by the time of the End of Phase II 

meeting during clinical development, unless an exemption is obtained7. The regulatory 

incentives and requirements, coupled with the difficulties and expense to perform extensive 

pediatric clinical PK and safety studies, have created a need for alternate approaches to more 

efficiently utilize the limited pediatric clinical data available and/or replace some studies with in 

silico modeling approaches. 
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Modeling Approaches in Pediatric Drug Development: PBPK Modeling 

To address the risks, expenses, and logistical issues in performing pediatric clinical PK 

trials, one approach being utilized is to optimize sampling and study power, and analyze data 

using a population PK approach. Sparse blood sampling techniques or scavenged blood samples 

can be used in such an approach8. Population PK can be used to analyze the concentration data 

and perform PK simulations from pooled data obtained from multiple clinical studies9. However, 

this approach requires obtaining existing pediatric concentration data. 

An alternative approach is the use of PBPK modeling, which can be used with top-down 

or bottom-up approaches, as well as a middle-out approach that combines the two. PBPK 

modeling and simulation take a mechanistic approach in modeling drug disposition in 

physiological compartments. The incorporation of physiology allows a PBPK model developed 

for adults to be adapted for a pediatric population if the role of relevant physiological parameters 

in the disposition of a drug is understood. Thus, a pediatric PBPK model can be developed from 

a validated adult PBPK model to simulate pediatric PK even in the absence of a clinical PK 

study. PBPK modeling is an increasingly accepted approach by regulators as a tool in pediatric 

drug development. An overview of PBPK approaches in FDA submissions (as of 2012) showed 

that PBPK modeling has been used to optimize clinical study designs, verify data extrapolated 

for pediatric age groups, recommend starting pediatric doses, and assist in covariate analysis5. 

A top-down approach to PBPK modeling uses PK parameters obtained from clinical 

studies; this approach requires less systems pharmacology and mechanistic information but 

applies clinical data from multiple studies. The advantage is that if the PK data are already 

available in children, a PBPK model can be quickly built and used to perform simulations for 

additional subpopulations, for optimizing doses, or other special case scenarios. The 
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disadvantage of this approach is that it can be difficult to adjust clearance values and PK 

parameters obtained in vivo without performing in vitro studies in cases where an age-dependent 

process is involved (e.g., clearance by a DME that shows an age-dependent pattern of 

expression), and that PK data are required and difficult to obtain for multiple pediatric age 

groups. The bottom-up approach, in contrast, does not require pediatric clinical PK data before 

model building and performing simulations, but does require an understanding of the 

mechanisms involved in drug disposition as well as the physicochemical properties of the drug, 

physiological data, in vitro kinetics, and expression of DMEs and/or transporters. The approach 

that has been used in the Thakker Laboratory is to build a PBPK model for adults and refine it 

using the available adult clinical PK data while developing a clear understanding of the clearance 

mechanisms (i.e., metabolic clearance mediated by specific enzymes) for the drug in adults10. It 

is safe to assume that a similar clearance mechanism is involved in pediatric populations, and 

thus the adult model can be adapted to a pediatric model. A bottom-up PBPK model can be used 

to simulate pediatric PK early in drug development, before any clinical data have been obtained, 

to assist in dose selection and clinical study design. Ontogeny functions can be incorporated to 

account for multiple disposition and clearance processes that, in children, may develop at 

different rates. Incorporating in vitro data for specific mechanisms also permits the PBPK 

models to be used to investigate hypothetical scenarios, e.g., the impact on PK in a pediatric 

population with a genetic polymorphism resulting in higher expression of a DME. 

PBPK Modeling of Drugs with Transporter-Mediated Disposition: Vincristine and 

Amoxicillin 

Although PBPK modeling approaches have become more common in drug development, 

its use still has significant limitations for modeling drugs with transporter-mediated disposition. 
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Unlike DMEs, data on the ontogeny of drug transporters were limited until recently, and are still 

not well studied in the intestine and kidney11,12. Modeling of drugs with DME-transporter 

interplay can also be challenging. For oral drugs, there are additional challenges in accounting 

for the effects of drug solubility, dissolution, and precipitation in a pediatric population where 

the impact of age on GI physiology and intestinal drug transporters are not well understood11,13. 

In this work, a PBPK modeling approach was used to predict pediatric doses of two drugs 

with transporter-mediated disposition: (1) vincristine, a drug that undergoes hepatic clearance by 

both DMEs (CYP3A4/5) and the efflux transporter P-gp14, and (2) amoxicillin, an orally 

administered drug for which the intestinal AP uptake transporter PEPT1 has been implicated in 

its absorption15–17. 

PBPK Models of Vincristine Revealed a Role of Intracellular Tubulin Binding in Vincristine 

Disposition 

The anti-cancer agent vincristine was selected as a proof of concept for pediatric PBPK 

modeling of an intravenously administered drug that is cleared by both DMEs and a hepatic 

efflux transporter. Vincristine undergoes hepatic clearance via metabolism by CYP3A4/518–20 

and efflux into bile by P-gp14. Vincristine is subject to age-related differences in its PK, as 

clearance of this drug in infants and children is higher than in adults21,22,23. CYP3A4 levels 

increase after birth and reach adult levels around one year of age, while CYP3A5 expression 

does not change with age although it is genotype-dependent24. The hepatic expression of P-gp is 

age-dependent, and is approximately ~60% and 80% of adult levels in infants and children, 

respectively25.  

As shown in Chapter 2, a preliminary PBPK model for vincristine in adults was 

developed using the previously well-established clearance mechanisms, i.e., hepatic metabolism 
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by CYP3A4/3A5 and hepatic biliary excretion mediated by P-gp, However, incorporation of the 

intracellular binding of vincristine to β-tubulin was necessary for development of a model that 

adequately predicted vincristine PK parameters. This refinement of the model was considered 

appropriate because binding with intracellular β-tubulin is the mechanism of action for 

vincristine’s anticancer effect. The PBPK model constructed with vincristine PK data in adults 

enabled in silico investigation of potential mechanisms underlying vincristine PK differences 

between adults and children, e.g., the impact of specific binding of vincristine to intracellular β-

tubulin. Initial attempts at adapting the adult PBPK model to simulate the PK behavior of 

vincristine in children (using age-related differences in physiologic parameters, and most 

importantly, its metabolic and transport clearance mechanisms) led to the observation that the 

pediatric model was over-predicting plasma concentrations during the distribution phase. It was 

recognized that any potential error in the incorporation of the ontogeny of CYP3A enzymes or 

P-gp in the adult PBPK model would not explain the discrepancy between the pediatric PBPK 

model prediction and observed plasma concentration data because these proteins contribute to 

the clearance of vincristine and not to its distribution. In evaluating the importance of the binding 

of vincristine to β-tubulin in the pediatric PBPK model, it appeared that there could be an age-

related difference in the extent of vincristine intracellular binding which could explain the 

differences in vincristine pediatric PK compared to adults. Specifically, simulating higher 

expression levels of β-tubulin in children (approximately a 4.9-fold increase over adult 

expression) improved model predictions of vincristine concentrations in the distribution phase, as 

well as predictions of the volume of distribution. Interestingly, sensitivity analyses not only 

confirmed the importance of β-tubulin binding in vincristine PK and VD, but also surprisingly 

indicated that P-gp did not appear to be a critical parameter in the model despite its importance 
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in the biliary excretion of vincristine. This is consistent with other reports that biliary excretion 

of vincristine via P-gp also does not appear to be the rate-limiting step in its hepatic clearance, 

but rather passive uptake into hepatocytes (which is not age-dependent)26,27. 

The research presented in Chapter 2 has made several important contributions: (i) This is 

the first demonstration of the use of PBPK modeling to uncover the importance of intracellular 

binding of a drug in defining its PK properties. (ii) The study has generated a novel testable 

hypothesis that the distribution phase of vincristine in children is more pronounced than in adults 

because of relatively higher intracellular binding to β-tubulin. (iii) The study provides an 

important new insight that P-gp, which is implicated in the clearance of vincristine, is not the 

rate-limiting step in vincristine clearance and does not play a major role in defining the systemic 

PK properties of the drug. This can be explained if we assume that while P-gp may facilitate 

biliary excretion of vincristine, the rate-limiting factor in the hepatobiliary disposition of 

vincristine is its uptake into hepatocytes across the sinusoidal membrane, either transporter-

mediated or via passive diffusion, or both. (iv) The PBPK models developed in this study predict 

vincristine PK in adult and pediatric populations, which is of value in future studies to 

understand the relationship between vincristine PK and its efficacy as well as adverse effects; 

specifically, the models can stimulate future modeling studies to improve dosing strategy in 

pediatric patients in order to avoid undue adverse effects of this narrow therapeutic index drug. 

PBPK Modeling of Oral Amoxicillin in Adult and Pediatric Populations 

The β-lactam antibiotic amoxicillin was selected for the research proposed in this 

dissertation to assess if a pediatric PBPK model could be developed for an orally administered 

drug that is absorbed via a transporter-mediated process. Amoxicillin is a clinically important 

drug in pediatrics. It is one of the most frequently prescribed drugs in infants and children28,29, 
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and is the first-line treatment for the common childhood disease AOM. Amoxicillin 

demonstrates dose-dependent oral bioavailability, decreasing from 90% for a 50 mg dose to 22% 

at a 10 g dose30. The high oral bioavailability at any dose of amoxicillin is surprising given its 

properties; as a hydrophilic and zwitterionic drug that is charged at physiological pH, amoxicillin 

would be expected to have poor membrane permeability. Thus, it is reasonable to conclude that 

intestinal absorption of amoxicillin is mediated by one or more transporter(s). In light of the 

hydrophilicity, charge, and small size of amoxicillin, it is also likely that paracellular transport 

may play an important role in its absorption, although the mechanisms of amoxicillin intestinal 

absorption are not well understood despite the long history of its use. Hence, before PBPK 

modeling of oral amoxicillin was undertaken, it was necessary to conduct in vitro studies to 

better understand the intestinal absorption of amoxicillin, including the contribution of PEPT1 

that is implicated in amoxicillin transport and of other transporters that may be involved. These 

studies are described in Chapter 3.  

Since multiple drug transporters are often involved in the intestinal absorption of drugs 

with poor membrane permeability such as amoxicillin, understanding the mechanism of 

intestinal absorption is required for determining the involvement of intestinal transporters and 

their contribution to transcellular transport, as well as the contribution of paracellular transport to 

the overall absorptive transport. Transcellular transport (across the intestinal epithelial layer) of a 

drug requires both uptake across the AP membrane of enterocytes and egress across the BL 

membrane; thus, both AP uptake and BL efflux transporters must be considered in amoxicillin 

absorptive transport. In addition, AP efflux transporters could potentially attenuate amoxicillin 

absorptive transport through the transcellular pathway; hence, the role of these transporters also 

had to be considered. Although paracellular transport is generally a slow, inefficient process 
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through the tight junctions between adjacent intestinal epithelial cells31,32, it was likely to play a 

role in amoxicillin absorptive transport as it is a small and hydrophilic molecule. Finally, it is 

known that the intestinal epithelium is more permeable in neonates than in adults33,34; hence, for 

subsequent modeling studies, it was important to elucidate the contribution of the paracellular 

route to the absorptive transport of amoxicillin.  

The in vitro studies described in Chapter 3 were performed in two different models of 

human intestinal transport (Caco-2 cell monolayers and adult intestinal epithelium isolated from 

fresh jejunal tissue). These studies supported a role for the AP uptake transporter PEPT1 in the 

intestinal absorption of amoxicillin, as well as a significant (~20%) contribution of passive 

paracellular transport. In addition, the results showed that an AP uptake transporter in the OATP 

family may play a role in amoxicillin AP uptake, a new finding that has not previously been 

reported for amoxicillin. The BL efflux of amoxicillin was found to be quite efficient (more 

efficient than AP efflux from preloaded Caco-2 cell monolayers), suggesting that AP uptake by 

PEPT1 and other transporters could be the rate-limiting step in amoxicillin intestinal absorption. 

Although the specific BL efflux transporter involved was not identified, the studies suggested 

that a bidirectional peptide transporter (which uses a facilitative transport mechanism35,36) may 

be responsible for amoxicillin BL efflux. This is based on preliminary results (Chapter 3) that 

amoxicillin is unlikely to be transported by a BL transporter from the MRP class (MRP1, MRP3, 

or MRP4), which are known to transport anionic and zwitterionic compounds, or by OSTα/β. 

Interestingly, amoxicillin exhibits a surprisingly high passive transport (i.e., in ice cold 

conditions) when studied in in vitro models. In part, this could be explained by a relatively large 

contribution of the paracellular route to the absorptive transport of amoxicillin, as shown in the 

studies described in Chapter 3. Since paracellular transport cannot be directly measured, the 
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cellular kinetic data (AP and BL uptake, AP and BL efflux) were used to construct a three-

compartment model, as has been done with other hydrophilic charged compounds (ranitidine37 

and metformin38). This modeling approach enabled quantitative evaluation of the contribution of 

the paracellular route to the absorptive transport of amoxicillin in Caco-2 cell monolayers and 

fresh human intestinal epithelium, and suggested that ~20% of amoxicillin absorptive transport 

across the intestinal epithelium occurs via the paracellular route.   

Thus, the studies reported in Chapter 3 provided significant new insights into the 

intestinal absorption mechanism of amoxicillin, although questions still remain about several 

aspects of this mechanism. The results have provided direction for future studies, such as 

identifying the specific OATP transporter(s) involved in the AP uptake of amoxicillin into the 

intestinal epithelium, confirming that MRPs are not involved in BL efflux of amoxicillin and 

confirming the involvement of a BL peptide efflux transporter. It is important to note that the 

results presented in Chapter 3 provide the basis for understanding the saturability and dose-

dependency of amoxicillin oral absorption (bioavailability). Due to the increase in antibiotic 

resistance worldwide, the recommended pediatric doses of amoxicillin for AOM have been 

increased29,39; however, subsequent studies suggest that the higher doses may not be improving 

efficacy against AOM40,41. Therefore, future studies to further explore these in vitro findings and 

understand the limits of amoxicillin intestinal absorption may help to explain why the higher 

pediatric doses of amoxicillin do not improve efficacy or penetration into MEF. 

In Chapter 4, PBPK models of oral amoxicillin were developed to predict PK in adults 

and in young children (infants and children ≤ 5 years of age). The approach used was similar to 

that used previously in the Thakker Laboratory in that a PBPK model was developed in adults 

based on the available clinical data and known mechanisms of clearance, and then 
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refined/validated using additional adult clinical data. The adult model was then adapted to a 

pediatric model based on the physiologic differences in relevant tissues and proteins (e.g., 

ontogeny factors for albumin and for GFR, and age-appropriate GI surface area, lengths, 

volumes, and transit times) between adults and the target pediatric populations. These PBPK 

models were able to predict PK parameters in adults and in two virtual pediatric populations 

representing children under 5 years of age. A pediatric PBPK model of amoxicillin has utility in 

simulating various dosing strategies of amoxicillin and predicting amoxicillin PK and plasma 

concentrations, which has become important with the increase in antibiotic resistance and the 

need to predict efficacy outcomes (e.g., dosing interval during which concentrations are above 

the MIC). The amoxicillin pediatric PBPK model, as with the vincristine PBPK model in 

Chapter 2, also provides a basis for future hypothesis-generating investigation of mechanisms 

underlying amoxicillin disposition. In Chapter 3, in vitro studies suggested a role of PEPT1 and 

OATP transporters in AP uptake and a BL peptide efflux transporter in amoxicillin intestinal 

absorption; with additional in vitro information and kinetic data, the role and contribution of 

these transporters could be incorporated into future iterations of PBPK models. 

Limitations of the Experimental Approach 

PBPK Modeling and Software 

As the use of PBPK modeling in drug development and regulatory submissions is still 

fairly recent, and the applications so broad, the best practices for model development and 

validation are still evolving and there are no FDA guidances yet for the use of such models in 

regulatory submissions. General modeling approaches and flowcharts for pediatric modeling 

approaches have been discussed elsewhere6,42,43, but generally involve developing and validating 

an adult PBPK model prior to adaptation for a pediatric population. The goals of a pediatric 
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PBPK model can also vary widely, and therefore, the standard for the data incorporated into the 

model and for model validation may differ accordingly. For example, a pediatric PBPK model 

developed early in the drug development process to assist in a clinical pediatric study design 

would be held to different standards compared to a PBPK model intended to simulate and 

replace a clinical pediatric drug-drug interaction study. 

For the PBPK studies described in Chapter 2 and Chapter 4, criteria of 2-fold difference 

between the model simulated and the observed PK data was considered to be acceptable model 

performance. Concentration-time profiles were also compared to observed concentration data, 

and when a majority of observed data fell within the 95% prediction interval, the model 

performance was considered satisfactory. The 2-fold criteria is a commonly applied acceptance 

criteria for PBPK model evaluation44. However, a limitation of the 2-fold criteria is that it is 

applied equally to clinical data, regardless of the study sample size, inter-study variability, or 

inter-subject variability. Thus, the 2-fold criteria may be too broad for drugs with low variability, 

but too narrow for others45. Other PBPK model evaluation criteria exist, including specifying 

that a ratio of certain calculated PK parameters must be within 30% (or alternately, within 2-

fold) of the ratio of the observed PK parameters (for drug-drug interactions studies), or that 

calculated PK parameters must be within 30% of observed parameters44. Alternate validation 

approaches have also been proposed that would account for the study size and variability of the 

observed trials, but these do not seem to have been widely adopted yet45. 

Ideally, a different clinical data set (i.e., a training dataset) would be used for the initial 

model development than used for model validation43. In practice, sufficient clinical concentration 

and PK data may not be available to generate two separate datasets, especially from the literature 

and from pediatric PK studies. In the vincristine and amoxicillin PBPK models described in 
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Chapter 2 and Chapter 4, most of the clinical data were extracted from publications and 

concentration data were limited in availability. Thus, it was not always feasible to have separate 

training set and model validation sets. Instead, concentration vs. time data (pooled from multiple 

published studies where available) and published PK data were used in model refinement and 

validation. As an informal measure of model robustness, the PBPK models were used where 

possible to independently simulate data from multiple publications and at multiple doses where 

available. 

The availability of experimental data, literature data, physiological data, and expression 

data can also be a limitation in developing and applying PBPK models. For pediatric 

populations, comprehensive physiological data and DME/transporter expression data may not 

always be available or may be limited in scope such that the true inter-individual variability is 

unknown, thus decreasing the accuracy of pediatric model simulations. 

Finally, PBPK modeling in the pharmaceutical industry today is primarily performed 

with proprietary software such as SimCYP and GastroPlus43. PK-Sim®, originally developed by 

Bayer Technology Services46, has since been released as open source software. When using 

software packages for PBPK modeling, additional issues may arise that are specific to the 

software. For example, the calculation methods for extrapolation may not always be clear, and 

there may be limitations in the type of mechanistic input information. For some types of 

software, the number of physiological compartments cannot be altered, or intracellular binding 

cannot be implemented. In vitro to in vivo calculations and calibrations may also differ and may 

have been optimized for one type of data over another (e.g., extrapolations of hepatic clearance 

that are optimized for microsomal data but not for hepatocytes). 

Studying Vincristine Intracellular Binding to β-tubulin  
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During PBPK model development for vincristine, the feasibility of determining specific 

binding kinetics (i.e., on rate and off rate) of vincristine to β-tubulin were considered. Although 

similar kinetic values are available for other vinca alkaloid drugs, including vinblastine, there are 

published reports that vincristine interferes with the stopped-flow light scattering assays that are 

used to study the kinetics of tubulin binding47,48. Vincristine binds to β-tubulin subunits in vitro, 

forming dimers that aggregate into large spirals described as “sheets” or “rods” that interfere 

with light-scatter measurements47. This phenomenon was not observed with the other vinca 

alkaloids tested, vinblastine or vinrelbine. For the purposes of PBPK model development, the 

kinetics of vinblastine binding were used instead (Chapter 2). However, the aggregation of 

vincristine-β-tubulin polymers in vitro suggests a possible avenue of exploration into whether the 

extent of vincristine intracellular accumulation might differ from other vinca alkaloids, if this 

phenomenon were to occur in vivo as well. 

Challenges of using Caco-2 Cell Monolayers and Human Intestinal Epithelia, and studying 

PEPT1 

One of the major challenges in studying amoxicillin intestinal absorption was evaluating 

data from the two in vitro models used, Caco-2 cell monolayers and adult human intestinal 

epithelia, which differ with respect to paracellular porosity. Both of the models exhibit 

variability with respect to PEPT1 expression. 

Caco-2 cell monolayers are a common in vitro model for studying drug transport and 

permeability; however, they are derived from human colon carcinoma and thus have key 

differences from the human jejunum, where a majority of drug absorption occurs. For example, 

Caco-2 cells have a smaller average pore radius and higher TEER compared to the human 

jejunum49. Thus, Caco-2 measurements have a tendency to underpredict the permeability of 
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hydrophilic compounds with significant contribution of paracellular transport routes. Expression 

of drug transporters in Caco-2 cell monolayers, including PEPT1, are highly dependent on cell 

culture conditions including the passage number, seeding density, the type of membrane support 

used in the TranswellTM culture system, and the culture time50,51. Expression of PEPT1 has also 

been shown to be significantly different depending on the source of the Caco-2 clone51. PEPT1 

protein expression and permeability of β-lactam antibiotics (amoxicillin was not studied) are 

highly correlated in Caco-2 cell monolayers52, indicating that this would be an appropriate in 

vitro model to study amoxicillin transport. 

Inter- and intra-laboratory variability and reproducibility of Caco-2 cell results is also a 

common problem, minimized here by obtaining Caco-2 cells from a single source (American 

Type Culture Collection, ATCC) and with cell culture and experiments performed in the same 

laboratory. The gene expression of nine drug transporters, including PEPT1, was evaluated in 

Caco-2 cell monolayers and compared to transporter expression in the duodenum, ileum, 

jejunum, and colon. Of these intestinal regions, the pattern of relative transporter expression in 

Caco-2 cells appeared most similar to that of the jejunum, although expression of OATP2B1, 

BCRP, and MRP2 differed by more than 5-fold53. Aside from transporter expression, the 

potential for DME and transporter induction also appears to differ in Caco-2 cells compared to 

human intestine54. 

In the studies described in Chapter 3, all adult intestinal epithelia were obtained from 

jejunal tissue that is normally discarded during roux-en-y bariatric surgery. Fresh adult human 

intestinal epithelia mounted in Ussing chambers have been used to perform drug metabolism and 

transport studies55,56. In contrast to Caco-2 cell monolayers, the jejunum is more porous with 

greater paracellular transport. In adults, protein expression of PEPT1 in the jejunum is not 
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significantly different in morbidly obese patients57. Diet may impact the expression of PEPT1 in 

the jejunum; in rats, PEPT1 gene expression and activity (determined by the uptake of the 

substrate glysar) is increased and appears to be mediated by the nuclear receptor peroxisome 

proliferator-activated receptor (PPAR) α58. Thus, the impact of obtaining tissue from obese 

bariatric patients fasted for surgery is unclear, but all tissues were obtained under similar 

conditions. Fresh human intestinal epithelia maintain metabolism and transport activity for up to 

six hours, and the villi remain intact as the tissue is mounted59,60. Maintaining the freshness of 

the tissue is important, and viability is maintained by controlling the temperature (37oC) and 

continuous oxygenation. 

PEPT1 is highly expressed in the intestine and plays a major role in the absorption of 

dietary peptides61. In addition to the probable high variability in PEPT1 expression, PEPT1 

presented a challenge because of the low affinity of the transporter for its substrates, including 

dietary peptides and peptidomimetic drugs such as amoxicillin, and its high capacity for 

transport. As a result, it was difficult to inhibit PEPT1 both in Caco-2 cell monolayers and in the 

human intestinal epithelia by chemical means. Preliminary inhibition studies in Caco-2 cell 

monolayers showed no differences in amoxicillin accumulation or AP uptake in the presence of 

glysar, a known substrate and inhibitor of PEPT1. A more potent inhibitor, valacyclovir62, was 

used instead to evaluate amoxicillin accumulation at 60 minutes (Chapter 3). Concentration-

dependent AP uptake studies performed in human intestinal epithelia showed that transport 

increased linearly with concentration, with no saturation of absorptive transport up to the 

maximum concentrations of amoxicillin within the limits of its solubility. Although a saturable 

component of amoxicillin transport was identified in AP uptake studies in the Caco-2 cell 
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monolayer model, it was not possible to demonstrate the dose-dependent amoxicillin absorption 

that is observed in vivo. 

Future Directions and Alternative Approaches 

Vincristine 

In considering the future directions for the PBPK modeling studies of vincristine in adults 

and children after IV administration reported in this dissertation, more comprehensive β-tubulin 

expression data in tumors and platelets of adult and pediatric patients should be collected. This 

would help to determine the validity of the proposed hypothesis arising from the current work 

that higher β-tubulin expression in the pediatric population accounts for a more pronounced 

distribution phase in this population. It is possible that the hypothetical increase in β-tubulin in 

the pediatric population represent a physiological compartment with high β-tubulin expression 

that is not present in the adult population: in this case, the solid tumor (Wilms tumor) in the 

pediatric population. Furthermore, various vinca alkaloids bind with varying affinity to the 

different β-tubulin isoforms expressed throughout the body63. These β-tubulin isotypes are 

expressed to a different degree, and some are tissue-specific64. If tissue expression of these 

isotypes could be determined, it could be theoretically possible to evaluate the extent of 

vincristine binding and accumulation in specific areas. For example, the β-tubulin class III 

isotype is neuron-specific, and the higher affinity of vincristine for this subtype compared to 

vinblastine and vinorelbine may partially explain the greater degree of neurotoxicity observed 

with vincristine63. 

Additional applications include the use of PBPK models to simulate vincristine PK in 

populations of high CYP3A5-expressing patients, although this would require PK data from 

populations of known CYP3A5-expressors in order to validate the model. Since vincristine is 
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selectively metabolized more efficiently by CYP3A5 than by CYP3A418, the difference in 

clearance due to differential expression of catalytically competent CYP3A5 is likely to 

contribute to differences that have been observed in treatment response and the risk of adverse 

effects65. 

Amoxicillin 

The research described in Chapter 3 confirmed previous reports that PEPT1 is involved 

in the AP uptake of amoxicillin in the intestine, and identified a role for several possible drug 

transporters in the absorptive transport of amoxicillin, including an OATP transporter in its AP 

uptake, and a bidirectional peptide efflux transporter involved in its BL efflux. In order to be able 

to incorporate these transporters in a future iteration of a PBPK model for oral amoxicillin, the 

specific transporters should be identified in a series of in vitro studies with the appropriate 

inhibitors, and/or in a cell model overexpressing the transporter of interest. The kinetics of 

amoxicillin transport by each transporter should be characterized in order to estimate their 

contribution to the overall transport of amoxicillin. Ideally, this should include studies with the 

bidirectional peptide efflux transporter, although it has not been fully characterized to date and 

very little is known about its properties other than that it appears to have a passive facilitative 

transport mechanism35. In a PBPK model of amoxicillin intestinal absorption, this could 

theoretically be incorporated by assuming a high degree of passive permeability only on the BL 

membrane, but current software limitations preclude this. 

Furthermore, obtaining PEPT1 protein expression in adult and infant tissue would help to 

evaluate if there might be differences in expression that are age-dependent or due to the 

increased ingestion of milk peptides in infants. Other studies suggest that the gene expression of 
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PEPT1 do not differ between infants and adults61; however, gene expression, protein expression, 

and transporter function do not always correlate. 

Although the focus of Chapters 3 and 4 was primarily on the transporter-mediated 

intestinal absorption of amoxicillin, transporters also play a key role in the renal clearance of 

amoxicillin. Amoxicillin is cleared renally (accounting for up to 80% of amoxicillin 

elimination66) at a rate that exceeds the GFR, indicating active tubular secretion that must also be 

transporter-mediated. In Chapter 4, the renal clearance of amoxicillin was incorporated by using 

an estimate of the fraction of GFR. An alternate approach would be to incorporate transporter-

mediated reabsorption (by PEPT1 and PEPT2) and secretion, if the renal transporters involved in 

secretion are identified. Although amoxicillin is not a substrate for OAT167, an important uptake 

transporter in the kidney must be involved in its secretion as its renal clearance is significantly 

reduced by the OAT inhibitor, probenecid68. Evaluating the potential of amoxicillin as a 

substrate of the other OAT transporters (OAT2, 3, or 4) or of the organic cation transporters 

(OCT2, OCTN2) may be helpful in understanding and modeling the renal secretion of 

amoxicillin.  

PBPK Models – Development and Validation 

In addition to the vincristine- and amoxicillin-specific approaches described above, there 

are alternative approaches common to both PBPK models that could be used in future modeling 

exercises. As with other pediatric drugs, a population PK approach to future clinical studies 

would be useful for generating additional PK parameters and maximizing the utility of sparse 

clinical PK sampling. Although the paucity of pediatric data is often a concern in developing 

PBPK models, obtaining PK parameters from population PK studies can augment the limited 

clinical concentration and PK data available from the literature.  
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Lastly, the field of PBPK modeling and its best practices continue to evolve. In recent 

cases, PBPK models generated in GastroPlus and in SimCYP have been used successfully in 

regulatory submissions to obtain waivers for performing bioequivalence studies, to inform dose 

selection in children for a pediatric trial, and to simulate a drug-drug interaction study in a 

pediatric population43. As additional pediatric physiological data is collected, especially for drug 

transporters, the use of PBPK modeling for drugs with transporter-mediated disposition will 

continue to improve. With adequate pharmacodynamic data, PBPK models could also be used to 

better understand the relationship between PK parameters, concentrations, and clinical outcomes 

in children. 
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