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 Animal models and in vitro systems have long been relied upon to provide 

insights into the toxicology, pharmacodynamics and pharmacokinetics of investigational drug 

candidates before they are administered to human subjects. In this respect, these systems serve as 

crucial gatekeepers, protecting human subjects from some harmful prospective investigational 

drugs and also steering pharmaceutical researchers away from expending valuable time and 

resources on unpromising drug candidates. Despite the remarkable accomplishments in reducing 

both the drug attrition rates in clinical studies, existing preclinical models are far from refined 

systems. The growing recognition of crucial interspecies differences has prompted greater 

interest in human-derived in vitro preclinical models. However, cellular and subcellular systems, 

when separated from the crucial architecture of their native functional units (e.g. villi, acini, and 



 

nephrons), lose the capacity to execute physiological functions that are dependent on their in vivo 

microenvironment. To this end, we have pursued the development of in vitro microphysiological 

systems that are designed to better reflect the native environment of in vivo organ tissues. Herein 

are described specific efforts to develop microphysiological systems for the assessment of 

xenobiotic and endobiotic metabolism and disposition in the human small intestine and renal 

proximal tubule. 

The renal proximal tubule microphysiological system displayed numerous hallmark 

structural features and recapitulated of a many important physiological functions of the renal 

proximal tubule in vivo. Once validated, the kidney proximal tubule microphysiological system 

was used to characterize the megalin-mediated pathway through which vitamin D metabolites 

access their major site of bioactivation in humans, the proximal tubule epithelium. These 

findings are of broad importance given that the bioactive metabolite of vitamin D is a potent 

hormone with a demonstrated capacity to regulate the expression of xenobiotic-metabolizing 

enzymes and transporters.  
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1.1 Critical Organs of Absorption, Metabolism and Excretion of Orally Administered 

Drugs 

 The bulk of mathematical models developed to predict in vivo pharmacokinetics have 

described drug handling by three organs, in particular the small intestine, the liver, and the 

kidney.[1-3] This is because while nearly every organ has some capacity to metabolize and 

transport drugs, the small intestine, liver and kidney are the principal organs governing drug 

absorption, metabolism and excretion respectively.[3] A multitude of factors contribute to the 

nuances of drug handling in these organs. However, it is primarily a combination of three factors 

that underlie these organs unique roles in drug disposition: (1) anatomical position, (2) 

enzyme/transporter content, and (3) high degree of blood perfusion.[3, 4] Hence these three 

factors are the repeating motifs for the following subsections on the small intestine, liver and 

kidney proximal tubule. 

 

 

1.1.1 Small Intestine 

The small intestine is the major site for the absorption of orally administered drugs in 

humans.[3, 4] Anatomically, the organ can be divided into the three major segments: the 

duodenum, jejunum, and ileum. The duodenum represents the initial portion of the small 

intestine, approximately 25-38 cm in length.[4] It receives the contents from the stomach, bile 

from the liver and digestive enzyme-rich secretions from the pancreas.[4] The duodenum 

transitions into the jejunum at the ligament of Treitz.[4] At 250 cm in length, the jejunum 

represents a much longer segment of the small intestine.[4] However, the jejunum and duodenum 

are histologically indistinct; both are rich in tissue folds, villi, and a monolayer of columnar 

epithelial cells (enterocytes) that provide a selectively permeable barrier.[3, 4] The transition of 
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the jejunum into the final segment of the small intestine, the ileum, is defined by a reduction in 

luminal diameter, thinning of the intestinal walls, abundant lymphoid tissue and decreases in size 

and number of circular folds.[4] At the ileocecal valve, the ileum terminates and large intestine, 

relatively devoid of the hallmark circular folds and villi of the small intestine, begins.[4] 

The primacy of small intestine in the absorption of orally administered drugs is largely 

due to the organ’s approximately 200 m2 of total surface area, which is achieved through 

numerous tissue folds (plicae circulares), villi and a brush border of microvilli on the apical 

membranes of the enterocytes lining the intestinal lumen.[3, 4] Drug absorption in the small 

intestine is further facilitated by a high degree of tissue vascularization, a host of apical and 

basolateral uptake transporters and a favorable pH for the absorption weak bases, which 

constitute the majority of marketed drugs.[3] 

In addition to facilitating the absorption of nutrients and drugs, the small intestine also 

represents a barrier for many xenobiotics. The presence of tight junctions prevents the substantial 

paracellular absorption of drugs over 350 g/mol.[3] The transcellular passage of drugs into 

systemic circulation is also restricted by a number of active efflux transporters in the apical 

membrane of enterocytes (e.g. P-gp, BCRP, MRP2) and drug-metabolizing enzymes (DMEs).[5] 

Cytochrome P450 3A (CYP3A) is the most notable among these DMEs due to its high 

expression in the villous tips and broad substrate specificity for lipophilic drugs.[6-8] Other 

notable intestinal DMEs include uridine glucuronosyltransferses, sulfotransferases, N-acetyl 

transferases and esterases.[3] 

Once drugs cross the intestinal epithelium and interstitium and into the microvascular 

space, the high rate of villous blood flow rapidly draws the solutes away from the intestine and 

into the portal vein.[1, 3, 4] This reduces partitioning of absorbed drug back into the enterocytes 
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and ensures the maintenance of a favorable concentration gradient for absorption, with 

concentrations in the lumen exceeding microvascular drug concentrations.[3] 

 

1.1.2 Liver 

The liver is crucial to a number of physiological processes including hormone 

production, synthesis of plasma proteins, metabolism of ingested xenobiotics, metabolism of 

nutrients, and the production and secretion of bile into the intestine via biliary ducts.[4] It is 

supplied by both arterial (hepatic artery) and venous (portal vein) blood, with the portal flow 

dominating under most conditions.[3, 4] Portal triads comprised of branches of the hepatic artery 

and portal vein cluster with bile ducts traversing the hepatic tissue, supplying resident cells with 

oxygen and arterial and intestinal derived solutes.[4, 9] Blood egresses from the liver via central 

veins, regularly spaced tributaries of the hepatic vein.[4] The repetitive orientation of central 

veins and portal triads results in patterns of zonal distribution of oxygenation throughout the 

liver, differentially effecting protein expression in these regions and establishing physiologically 

functional units called acini.[9, 10] An acinus is ellipsoid in shape, although it is sometimes 

depicted as diamond, with lengthwise boundaries of opposite hepatic central veins and widthwise 

boundaries of opposite portal triads.[4, 9] The major cell type comprising the liver acinus is the 

hepatocyte.[4] Hepatocytes are responsible for most of the organ’s physiological functions, 

including drug metabolism.[4] 

Drugs absorbed by the intestine make their way into the portal vein and then are 

distributed into the hepatic acini.[3, 4] The sequential delivery of outgoing venous blood from 

the intestine directly to liver, prior to returning to the systemic pool, is what enables the liver to 

participate in the first-pass elimination processes for orally administered drugs.[1, 3] In addition 



5 

to its role in first-pass elimination, the liver is the principal organ of metabolism for most drugs 

in systemic circulation.[3] The extraordinary ability of the liver to clear drugs from the blood is 

primarily because it is highly perfused with fenestrated acinar capillaries, allowing for rapid 

equilibration of drugs in the blood with the hepatic tissue that possesses high levels of numerous 

drug metabolizing enzymes.[3, 4] 

There exists a great diversity of drug metabolizing enzymes in liver including: 

cytochrome P450s, uridine glucuronosyltransferases, sulfotransferases, esterases, 

dehydrogenases and flavin-containing monoxygenases.[3] Notably, members of the cytochrome 

P450 family mediate the elimination of approximately half of all drugs whose primary site of 

metabolism is the liver. Furthermore, over half of all drugs cleared primarily by P450-mediated 

drug metabolism are metabolized to a significant extent via CYP3A4.[3] This central role of 

CYP3A4 is somewhat disquieting, considering the relatively large degree of interindividual 

variability in hepatic CYP3A4 expression.[11] Unlike other cytochrome P450s, the large 

interindividual variability of CYP3A4 expression is not easily ascribed to genetic 

polymorphisms in either CYP3A4 itself or regulatory genes.[12, 13] 

 

1.1.3 Kidney Proximal Tubule 

The human kidneys are the principal organs for carrying out a multitude of important 

physiological functions including: clearance of nitrogenous wastes, synthesis of a number of 

hormones, regulation of blood osmolality, xenobiotic excretion, maintenance of acid base 

homeostasis, and the reabsorption of nutrients and vitamins.[4] The gross anatomy of the kidney 

can be divided into an outer layer, the cortex, and an inner portion called the medulla.[4] 

Winding through the cortex and medulla are millions of nephrons, the physiologically functional 
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units of the kidney.[4] The nephron can be divided into a number of functionally distinct 

segments: the renal corpuscle, the proximal tubule, the distal tubule and the collecting duct.[4]  

In humans, the renal proximal tubule is roughly 14 mm in length with an outside diameter 

of 40 μm.[14] The proximal tubule can be divided into two segments, the proximal convoluted 

tubule (PCT) and the proximal straight tubule (PST) on the basis of anatomy and histology.[4, 

14] The initial portion of the proximal tubule, the PCT, begins at the urinary pole of Bowman’s 

capsule, winds through the renal cortex, and transitions into the PST.[14] The PST descends in a 

straight line from the renal cortex into the medulla.[14] The relatively uniform line where the 

PST transitions into the thin descending tubule forms the boundary between the inner and outer 

stripe of the medulla.[14]  

The proximal tubule epithelial cells (PTECs) of the PCT and PST have a large number of 

overlapping physiological functions and thus share many general morphological features 

including microvilli, numerous mitochondria, basolateral interdigitations, tight junctions, and a 

substantial endocytotic apparatus.[14] However, these histological features vary in degree 

between the PCT and PST due to differences in the relative magnitude of functional 

contributions the two segments make to particular physiological functions.[4, 14] Of note, the 

PTECs of the PCT possess many more basolateral invaginations/interdigitations, have relatively 

longer and more densely packed microvilli, and have more basalolaterally localized and 

elongated mitochondria than the PST.[14]  

The renal proximal tubule is important for a number of physiological functions. Over 

65% of filtered sodium is reabsorbed in the proximal tubule.[14] The solvent drag generated by 

this extensive sodium reuptake also makes the proximal tubule the principle site for renal water 

reabsorption.[4] Similar percentages of reabsorption also occur for phosphate (~80%), potassium 
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(~65%) and urea (~50%).[4, 14] Many filtered organic solutes are almost completely reabsorbed 

via active and facilitative transporters.[4, 14] A notable example is glucose, which is reabsorbed 

in the proximal tubule mostly by sodium-dependent glucose co-transporter 2 (SGLT2).[15] 

Interestingly, inhibitors of SGLT2 are clinically used to reduce renal glucose reuptake for the 

treatment of diabetes.[16]  

Proteins represent another important constituent of the glomerular ultrafiltrate that 

undergoes active tubular reabsorption. With exception in certain disease states, the glomerular 

filtration of circulating proteins is limited by the size, structural conformation and electrical 

charge of a given protein.[17] While there is considerable debate as to the extent of renal 

filtration for many specific proteins, renal reabsorption of proteins that are filtered is a highly 

efficient process, as evidenced by the relative lack of intact proteins in the urine of healthy 

individuals.[14] The process by which filtered proteins are reabsorbed from the glomerular 

ultrafiltrate is receptor-mediated endocytosis, occurring principally in the proximal tubule.[18] 

Localized at the base of the apical brush border in PTECs, a multiligand endocytotic receptor, 

megalin, and its co-receptor, cubilin, have been identified as the major mediators of proximal 

tubular protein reabsorption.[18]  

Megalin is a member of the lipoprotein receptor family and has a wide array of ligands 

including many that are not proteins.[19] The intracellular fate of proteins bound to megalin is a 

complicated process. The clathrin-coated vesicles that result from ligand-induced receptor 

internalization enter the cytosol and merge with early endosomes.[20] Early endosomes have a 

mildly acidic pH (~6.5) that facilitates the dissociation of many ligands from megalin and other 

endocytotic receptors.[21] Following ligand release, megalin can then be recycled back to the 

apical brush border to continue participating in endocytotic events.[19, 20] Early endosomes are 
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complex transient subcellular compartments and represent a crossroads for receptors/ligands 

retrieved from the apical and basolateral membranes in polarized epithelial cells.[21] This 

property of early endosomes underlies their ability to participate in transcytosis, where receptors 

and ligands that are not released within the early endosome can move on to the membrane 

opposite from which they originated.[21] Even ligands (e.g. albumin) that are liberated from 

their internalizing receptor (e.g. megalin) by the mildly acidic pH of the early endosome can bind 

to alternate receptors (e.g. neonatal Fc receptor) in the endosomal membrane and result in 

transcytosis when these receptors are recycled to the opposing membrane from which the ligand 

was internalized.[22] Endocytosed protein ligands and receptors that remain within the early 

endosome are exposed to decreasing pH and are eventually degraded as the endosome fuse with 

highly acidic lysosomes, replete with proteolytic enzymes.[21]  

A number of small molecules and protein therapeutics are targets for megalin-mediated 

endocytosis in the renal proximal tubule.[19] For some of these drugs, the principal site of 

pharmacologic action or toxicity is within the kidney; notable examples are exogenously 

administered parathyroid hormone, interferon alpha and aminoglycosides.[19] Consideration of 

the role of megalin-mediated endocytosis in the intracellular disposition of these drugs may be 

important when modeling their pharmacokinetics and toxicity. 

 

1.2 In Vitro Models for Drug Disposition 

The development of physiologically accurate in vitro models for the liver, intestine and 

kidney, the major organs governing in vivo drug disposition, would represent a monumental shift 

in the way in which pharmacokinetics research is conducted in the preclinical phase of drug 

development. Heretofore, the use of non-human animal models and incomplete cellular or 
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subcellular systems has provided useful information in regards to identifying metabolic/transport 

pathways and the propensity of a candidate compound to inhibit these pathways.[23, 24] 

Increasingly, researchers are acknowledging important differences, both known and unknown, in 

transporters and drug-metabolizing enzymes in humans versus other animals.[25] However, even 

data generated from long established human-derived systems (e.g. hepatocyte suspensions, 

human liver microsomes) must be viewed with the understanding that these are incomplete 

systems and the complexity of the structural units comprising a given organ can have a profound 

effect on organ function and xenobiotic handling.[26] 

Subcellular fractions, combined with protein quantification in human tissues and 

statistical modeling approaches have become a mainstay in predicting disease-induced and drug-

precipitated changes in drug disposition.[27] The makers of physiologically-based 

pharmacokinetic (PBPK) modeling software have touted these programs as a replacement to 

small clinical trials in specialized populations, where difficulty in recruitment or ethical 

considerations make a properly-powered experimental trial infeasible.[28, 29] To their credit, 

these PBPK models have strived to be holistic, using anatomy as a guide to delineate distinct 

model compartments with physiologically accurate volumes, incorporating measured organ-

specific enzyme/transporter content and modeling the sequential intra- and inter-organ transit of 

drugs as it is thought to occur in vivo.[29] However, the drug-dependent parameters used to 

populate these models are often built upon data acquired from subcellular fractions such as 

microsomal incubations and membrane vesicles.[30, 31] Differences in protein interactions, 

localization, orientation and retention of activity can alter parameter estimates and propagate 

errors through an otherwise physiologically relevant model. Even when whole cell systems are 

used, the resultant parameter estimates may not always reflect in vivo realities. The biology of 
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established cancer cell lines may differ substantially from that of cells in a healthy organ that it is 

intended to model. A notable example is the frequent reliance on the Caco-2 colon carcinoma 

cell line to model passive permeability in the small intestine.[32, 33] Differences in tight junction 

integrity and drug-metabolizing enzyme expression between the small intestine and Caco-2 cells 

suggest the model may poorly capture paracellular routes of absorption or the proposed interplay 

between drug-metabolizing enzymes and transporters in the small intestine.[32-35] 

The limitations of conventional 2-dimensional cultures of immortalized or transfected 

cells lines has been a major impetus for the development of microphysiological systems 

(MPS),[36] in vitro cell culture platforms incorporating one or more organ-specific cell types 

under conditions encountered in their native in vivo environment. While many of the initial MPS 

have relied on the same immortalized cell lines used in traditional cultures,[36, 37] MPS 

developers have increasingly made use of primary human adult/fetal cells with the hopes of more 

faithfully recapitulating human physiology.[38-40] Future advances in dedifferentiation and 

subsequent reprogramming of adult human somatic cells into induced pluripotent stem cells 

(iPSCs) could also position iPSCs as valuable cell source for MPS models.[41] A particularly 

exciting prospect would be to culture patient-derived iPSCs in “personalized” MPS units that 

would be capable of providing timely information on organ function, guiding drug- and dose-

selection by intrinsically accounting for many of the patient-specific factors that contribute to 

inter-individual variability. 

For the MPS-based experiments described in this dissertation, I relied upon primary adult 

human PTECs with the notable exception of a few preliminary characterizations of MPS-

cultured fetal human SIECs. PTECs cultured in the MPS were isolated from healthy renal 

cortical tissue obtained through research protocols at the University of Washington and used by 
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others and myself to constitute a kidney proximal tubule MPS (PT-MPS). The microfluidic 

platform used in the MPS was designed and fabricated by Nortis Inc. The Nortis platform was 

designed with broad applicability in mind and our group has used the product, with slight 

modifications, to recapitulate both the kidney proximal tubule epithelium and the liver. 

Additional details about the composition, structure and performance of the PT-MPS can be found 

in Chapter 4.  In Chapters 4 and 5, I also detail efforts made to evaluate xenobiotic and 

endobiotic handling using this novel cell culture system. 

 

1.3 Vitamin D Metabolism and Disposition 

Vitamin D is a hormone that is well known for its critical role in regulating systemic 

mineral homeostasis [42]. In recent years, vitamin D status has also been implicated in 

immunological modulation, psychological health and cardiovascular health outcomes [42-44]. 

The principal sources of vitamin D in humans are intestinal absorption from the diet and 

sunlight-mediated de novo biosynthesis in the skin. Intestinally absorbed vitamin D is 

incorporated into chylomicrons and shuttled via the lymphatic circulation to the liver, blood and 

adipose tissues [45]. In contrast, epidermally-synthesized vitamin D enters directly into the 

vascular circulation where it is bound to its carrier protein, vitamin D binding protein (DBP). 

The binding of vitamin D to DBP is believed to facilitate a slower mode of delivery of vitamin D 

to the liver than the chylomicron-incorporated dietary-derived vitamin D [42, 46]. In this way, 

DBP may play a role in restricting the hepatic clearance of vitamin D, thereby establishing a 

more stable circulating reservoir of vitamin D. Importantly, the primary metabolite of vitamin D 

produced in the liver, 25OHD3, is even more tightly bound to DBP [42]. As such, DBP provides 

another important function, the maintenance of a circulating reservoir of vitamin D.  25OHD3 is 
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cleared by multiple P450-depedendent oxidation reactions, some of which are catabolic (e.g., 24- 

and 4’-hydroxylation) and one that is anabolic (1’-hydroxylation).[42] An alternate route of 

clearance for 25OHD3 is Phase II conjugative metabolism. Both glucuronide and sulfate 

metabolites of 25OHD3 have been identified, with the 25OHD3-3-O-sulfate metabolite 

circulating at higher concentrations than even unconjugated 25OHD3 [47, 48]. It is worth noting 

here that the sulfonation of 25OHD3 may not be a step in a terminal clearance pathway but rather 

a form of metabolic sequestration. A number of mammalian sulfatases have been identified in 

the human kidney.[49, 50] These enzymes may be capable of de-conjugating 25OHD3-3-O-

sulfate back into 25OHD3.  

  Circulating 25OHD3 is the precursor to 1α,25(OH)2D3, the most biologically active form 

of vitamin D [42]. Vitamin D metabolites, specifically 1α,25(OH)2D3, exert their effects on gene 

transcription primarily by binding to the vitamin D receptor (VDR). Ligand-bound VDR 

complexes with retinoid X receptor (RXR) before translocating to the cell nucleus, where it can 

bind to putative vitamin D response elements (VDRE) that have been identified in over 150 

genes [51]. Conversion of 25OHD3 to the bioactive VDR-ligand, 1α,25(OH)2D3, is mediated by 

the mitochondrial cytochrome P450 27B1 (CYP27B1) and has been identified in a number of 

tissues. However, biosynthesis of systemically available concentrations of 1α,25(OH)2D3 is 

thought to occur almost entirely in the proximal tubule epithelial cells (PTECs) of the kidney 

[42]. Presumably, extra-renal production 1α,25(OH)2D3 is necessary for tighter regulation of 

local concentrations of the hormone at certain privileged sites such as the small intestine and fat. 
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Figure 1.1. Hepatic Metabolism of Vitamin D3. Vitamin D3 enters into systemic circulation from either dietary 

sources or de novo synthesis in the skin upon exposure to UVB radiation.[42] Vitamin D3 entering the liver is 

metabolized, primarily by CYP2R1, to 25-hydroxyvitamin D3 which can, in turn be metabolized by the liver to 

further inactive oxidation products or conjugation products such as 25-hydroxyvitamin D3-3-O-Sulfate or as 25-

hydroxyvitamin D3-3-O-Glucuronide by SULT2A1 and UGT1A3 respectively.[42, 52] 

 

 

Because 25OHD3 is extensively bound to DBP in the plasma, levels of freely diffusible 

vitamin D are reduced and passive cellular uptake of the free hormone is restricted. To provide 

access of 25OHD3 to the site of bioactivation, megalin-mediated tubular endocytosis facilitates 

entry of the DBP-bound 25OHD3 from the glomerular filtrate into the PTECs. The 58 kDa size 

of DBP permits it to pass freely through the glomerular sieve [53, 54]. Clearance of active 

1α,25(OH)2D3 and its precursor 25OHD3 from the intracellular space proceeds via mitochondrial 

CYP24A1-mediated  24-hydroxylation to 1α,24,25(OH)3D3 and 24,25(OH)2D3 respectively. 

Unlike 1α,25(OH)2D3, the affinity of these 24-hydroxylated vitamin D metabolites for VDR is 
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very weak and this clearance pathway is generally considered inactivating, resulting in the 

respective terminal oxidation products, calcitroic and calcioic acids [42, 55].  

 

1.4 Homeostatic Regulation of Vitamin D Uptake and Metabolism 

Maintenance of proper systemic concentrations of calcium and phosphate is critical to a 

number of physiological functions. As such, phosphate and calcium homeostasis is a tightly 

controlled process. The presence of Vitamin D Response Elements (VDRE) in the genes coding 

for calcium transporters/receptors and the gene coding for FGF-23, a factor important in 

regulating phosphate transporters, allows 1α,25(OH)2D3 to directly and indirectly regulate 

calcium and phosphate handling in the intestine and kidney [56]. The importance of 

1α,25(OH)2D3-mediated regulation of calcium and phosphate necessitates the tight regulation of 

1α,25(OH)2D3 itself. Specifically, renal metabolism of 25OHD3 to 1α,25(OH)2D3 is induced by 

the action of parathyroid hormone (PTH) released from the parathyroid gland in response to low 

calcium or high phosphate [42]. In the proximal tubule, PTH acts on  parathyroid hormone 1 

receptor to induce expression of the 1α-hydroxylase, CYP27B1 [57]. As a compensatory 

mechanism, the increases in calcium and FGF-23 resulting from the biological actions of 

1α,25(OH)2D3 and PTH are capable of suppressing 1α,25(OH)2D3 synthesis [58]. The negative 

feedback actions of calcium and FGF-23 are mediated by the calcium sensing receptor and FGF-

receptor respectively [56, 59]. FGF-23 must complex with a VDR-regulated co-factor, klotho, in 

order to effectively agonize the FGF-receptor [56]. 

Taken as a whole, the body of literature on the adaptive regulation of vitamin D 

metabolism has revealed a complicated puzzle of highly interconnected pieces. However, certain 

parts of the picture, specifically those involving the homeostatic regulation of the tubular 
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endocytosis of 25OHD3 remain conspicuously absent. While a number of investigations have 

been undertaken to describe the pathological changes in megalin expression accompanying renal 

toxicant exposure [60-62], studies of the normal healthy adaptive response of megalin expression 

to 1α,25(OH)2D3 exposure have been lacking. To date, only a single study could be found on the 

Pubmed database that specifically addresses the question of 1α,25(OH)2D3-mediated regulation 

of megalin in the proximal tubule [63]. In that experiment, the authors administered 

1α,25(OH)2D3 to an established cell line derived from rat proximal tubular cells.[63] They 

reported an approximately 2-fold increase in protein and mRNA transcript accumulation for 

megalin.[63] If these findings indeed highlight a real in vivo phenomena whereby 1α,25(OH)2D3 

induces the expression of megalin at the apical brush-border of PTECs, it would run at odds with 

prevailing theme of negative-feedback inhibition that is associated with the homeostatic 

regulation of CYP24A1 and CYP27B1. Our attempts to reproduce these findings in isolated 

human PTECs suggest an opposite, more intuitive process, whereby 1α,25(OH)2D3 suppresses 

megalin mRNA transcripts (see Chapter 5). 
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1.5 Research Directions 

The research appearing in this text serves as both a demonstration of deficiencies in 

existing in vitro models for predicting in vivo drug disposition and an examination of potential 

solutions to this problem. Described herein are my efforts towards the development of alternative 

in vitro models to fill this critical need. In my first hypothesis, I provide a proof of concept for 

the insufficiency of conventional models, both in vitro and mathematical, to describe the 

mechanisms underpinning a drug-precipitated modulation of in vivo drug clearance. The second 

and third hypotheses guide my line of inquiry in the development of novel in vitro models for 

two of the major organs governing drug-disposition, the small intestine and kidneys. The fourth 

hypothesis is a validation of the kidney model by testing its ability to recapitulate and further 

describe the renal disposition of a drug with unusual pharmacokinetics/pharmacodynamics, 25-

hydroxyvitamin D3. 

The extensively studied endogenous prohormone, 25-hydroxyvitamin D3 (Reyaldee®) is 

also an FDA-approved prodrug with complex disposition pathways that challenge conventional 

in vitro models in a number of ways. (1) Formation of its active metabolite is mediated by renal 

mitochondrial, rather than hepatic microsomal, P450s. (2) The active metabolite induces both its 

own clearance and the clearance of the prodrug to inactive compounds. (3) Within the principal 

organ of drug bioactivation, access of the prodrug to the intracellular space, metabolizing 

enzymes, and pharmacologic receptor (VDR, primarily for the active metabolite) rely upon a 

chain of direct protein-protein interactions and does not adhere to the assumptions of the free-

drug hypothesis. (4) In addition, some of the phase II metabolites of 25-hydroxyvitamin D3 

produced in the liver may be reversibly cleaved back into the unconjugated prodrug at the site of 

bioactivation. 
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1.5.1 First Hypothesis 

Telaprevir is a reversible time-dependent inhibitor of CYP3A. 

 

Specific Aim 1a: Using traditional static modeling approaches, determine whether 

competitive inhibition by telaprevir and its major metabolite can account for the degree 

of CYP3A inhibition observed in vivo. 

 

Specific Aim 1b: Assess time-dependence, NADPH-dependence and reversibility of 

telaprevir-mediated inhibition of CYP3A. 

 

1.5.2 Second Hypothesis 

A VDR-responsive intestinal cell source that expresses CYP3A and tight junctions can be 

identified for culture in a 3-dimensional SI-MPS. 

 

Specific Aim 2a: Compare barrier integrity, CYP3A-mediated metabolism and VDR-

mediated induction of mRNA transcripts coding for proteins related to intestinal drug 

disposition in LS180, T84, Caco-2 and human fSIECs. 

 

Specific Aim 2b: Conduct a preliminary evaluation of cell survival and polarity of 

fSIECs cultured in the SI-MPS.  
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1.5.3 Third Hypothesis 

A 3-dimensional PT-MPS can be established that will respond to VDR-dependent regulation of 

vitamin D3 metabolism. 

 

Specific Aim 3a: Determine the structural biology of PTECs and their capacity to retain 

fundamental kidney-specific physiological functions when cultured in the PT-MPS. 

 

Specific Aim 3b: Validate experimental conditions under which the effects of 

1α,25(OH)2D3 and 25OHD3 metabolism can be evaluated in the PT-MPS. 

 

1.5.4 Fourth Hypothesis 

Megalin modulates the cellular uptake of DBP-bound vitamin D metabolites, which in turn, exert 

feedback regulation of megalin gene expression. 

 

Specific Aim 4a: Assess the effect of megalin inhibition on the cellular uptake of DBP 

and 25OHD3 into PTECs. 

 

Specific Aim 4b: Assess the effect of megalin inhibition on VDR-dependent 

pharmacologic activity of 1α,25(OH)2D3. 

 

Specific Aim 4c: Characterize the effects of 1α,25(OH)2D3 on megalin gene expression. 
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2 Reversible, Time-Dependent Inhibition of CYP3A-Mediated Metabolism of 

Midazolam and Tacrolimus by Telaprevir in Human Liver Microsomes 

 

Portions of this chapter were published in J Pharm Pharm Sci. 2015;18(1):101-11 
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2.1 Abstract 

Telaprevir inhibits CYP3A resulting in drug-drug interactions (DDI) of unprecedented 

magnitude. We investigated the mechanisms by which telaprevir inhibits the oxidation of 

midazolam and tacrolimus in human liver microsomes (HLM). We performed a static 

mechanistic DDI prediction to evaluate whether previously reported competitive inhibition of 

CYP3A by telaprevir and its diastereomeric metabolite, VRT-127394, is sufficient to explain the 

remarkable reduction in apparent oral clearance observed with oral midazolam and tacrolimus. 

To further explore the inhibitory mechanisms of telaprevir, we assessed whether telaprevir-

mediated inhibition of the oxidation of midazolam and tacrolimus is time-dependent in human 

liver microsomes, and if present, as to its reversibility. The competitive inhibition model failed to 

account for the magnitude of telaprevir interactions in human subjects. In comparing HLM 

incubations with and without a prior 30-min exposure to telaprevir, a respective 4- and 6-fold 

reduction in IC50 was observed with midazolam and tacrolimus as substrates. The time-

dependent inhibition was further shown to be nicotinamide adenine dinucleotide phosphate 

(NADPH)-dependent, and either completely (midazolam) or partially (tacrolimus) reversible 

upon dilution of the microsomes. The interaction between telaprevir and midazolam or 

tacrolimus involves both competitive and time-dependent inhibition mechanisms. Such time-

dependent inhibition is not explained by irreversible mechanism-based inactivation of CYP3A. 

Formation of potent inhibitory metabolites may contribute to the remarkable in vivo inhibitory 

potency of telaprevir. 
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2.2 Introduction to Chapter 2 

Introduction of the first hepatitis C virus (HCV) protease inhibitors, telaprevir and 

boceprevir, in 2011 marked a major milestone in hepatitis C drug development. HCV protease 

inhibitors, when used in combination with ribavirin and peginterferon alpha, were the first of a 

new generation of direct-acting drug treatments for combating HCV.[64, 65] However, during 

development, telaprevir was found to precipitate a number of drug-drug interactions (DDI).[66] 

In particular, attention was drawn to the profound interaction between telaprevir and the 

immunosuppressant, tacrolimus.(Coilly, 2014 #26) Although newer and more effective drugs 

have since replaced telaprevir in the treatment of hepatitis C, the unprecedented magnitude of 

this interaction, an approximately 67-fold reduction in tacrolimus oral clearance, raises 

interesting scientific questions with respect to the pharmacokinetic mechanism(s) of this 

interaction.[67]  

In the “Clinical Pharmacology & Biopharmaceutics Review” section of the NDA for 

Incivek® (telaprevir),[68] Vertex Pharmaceuticals reported on in vitro studies demonstrating 

competitive inhibition of CYP3A4, as measured by midazolam 1’-hydroxylation, with a Ki of 

1.43 μM. A major metabolite, VRT-127394, was also identified as a competitive inhibitor of 

CYP3A4 with a reported Ki of 0.94 μM. In the work described herein, we attempted a prediction 

of the joint effects of telaprevir and VRT-127395 based upon a mechanistic static DDI model 

that assumed reversible, competitive inhibition of CYP3A in the gut mucosa and the liver. The 

competitive inhibition DDI model was not able to adequately account for the approximately 14-

fold reduction in midazolam oral clearance that was observed in vivo. Under-prediction of the 

interaction was even more pronounced in the case of tacrolimus. One possible explanation for 

this discrepancy between the predicted and observed interactions could be the presence of 
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additional mechanisms of CYP3A inhibition. An in vitro maximum inactivation rate constant 

(kinact) of 0.065 min-1 using midazolam as the reporter substrate was quoted in the telaprevir 

NDA,[68] implying evidence of mechanism-based inhibition (MBI). More recently, Oda and 

Yamano reported observing MBI of tacrolimus oxidation by telaprevir in human liver 

microsomes (HLM).[69] 

We set out to confirm and further characterize the putative MBI by telaprevir in vitro. We 

were able to demonstrate time-dependent inhibition of both midazolam and tacrolimus 

metabolism in HLMs. However, we observed reversibility in the time-dependent inhibition, 

pointing to mechanisms other than irreversible MBI. 

 

2.3 Materials and Methods 

2.3.1 Chemicals and Reagents 

Telaprevir was obtained from Toronto Research Chemicals (Toronto, Canada). NADPH, 

tacrolimus and rapamycin were obtained from Sigma-Aldrich (Steinheim, Germany). 13-O-

desmethyltacrolimus (13-DMT) was extracted and purified from incubates of HLMs with 

tacrolimus according to an established method.[70] Midazolam and 1’-hydroxymidazolam (1’-

OH-MDZ) were obtained from Cerilliant (Round Rock, TX). Pooled HLMs were obtained from 

Xenotech (Lenexa, KS). Recombinant P450s were obtained from BD Biosciences (Woburn, 

MA). All other solvents and reagents were of analytical reagent grade. 

 

2.3.2 Modeling of Competitive Inhibition Scenarios 

We utilized a mechanistic static DDI modeling approach described in several previous 

publications.[1, 71, 72] The fold-change in apparent oral clearance (CLoral) of either midazolam 
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or tacrolimus in the presence of telaprevir and VRT-127394 was the principal endpoint for our 

model prediction. Prediction of CLoral entailed an assessment of the impact of CYP3A inhibition 

by telaprevir and VRT-127394 on the fraction absorbed (Fa), fraction escaping first-pass gut 

metabolism (Fg), fraction escaping first-pass hepatic metabolism (Fh), and systemic clearance 

(CLsys) for midazolam and tacrolimus. Baseline values of Fa, Fg, Fh and CLh (i.e., in the absence 

of inhibitors) were either taken directly or estimated based upon data from the literature.[73, 74] 

Linear pharmacokinetics were assumed for both object drugs. The following sections provide 

salient details on how the Fa, Fg, Fh and CLh parameters during telaprevir co-administration were 

computed. 

Systemic Clearance (CLsys). Systemic elimination of both midazolam and tacrolimus was 

assumed to occur exclusively via hepatic metabolism; hence, CLsys was set equal to hepatic 

clearance (CLh). Baseline hepatic intrinsic clearance (CLh,int) of midazolam or tacrolimus was 

estimated from their corresponding literature reported systemic clearance and hepatic blood-flow 

(Qh) according to the well-stirred hepatic clearance model. 

All clearance values were referenced to blood concentrations of the object drug. 

Specifically, plasma clearance values for midazolam were converted to blood clearance values 

using the equilibrium blood-to-plasma ratio of midazolam.[75] Qh was assumed to be 90 L/h.[2] 

 

𝐶𝐿ℎ =
𝑄ℎ ∗ 𝐶𝐿ℎ,𝑖𝑛𝑡

𝑄ℎ+ 𝐶𝐿ℎ,𝑖𝑛𝑡
       (1) 

A term reflecting the fold-reduction in the intrinsic clearance parameter for the object 

drug due to additive competitive inhibition by telaprevir and VRT-127394 was defined as the 

inhibition ratio (IR).[1] Subscripts in the IR parameter denote the assumptions adopted regarding 

inhibitor concentrations at the clearance site; viz., systemic concentration driven inhibition 
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(IRsys), maximum potential inhibition of first-pass elimination in the gut (IRg,max), or hepatic 

portal vein (IRhpv,max) when calculating the particular inhibition ratio. For example, IRsys denotes 

the inhibition ratio for intrinsic clearance using unbound systemic concentrations of telaprevir 

(Isys,telaprevir) and VRT-127394 (Isys,VRT127394).  

 

𝐼𝑅𝑠𝑦𝑠 = 1 +
𝑓𝑢 ∗ 𝐼𝑠𝑦𝑠,𝑡𝑒𝑙𝑎𝑝𝑟𝑒𝑣𝑖𝑟

𝐾𝑖,𝑡𝑒𝑙𝑎𝑝𝑟𝑒𝑣𝑖𝑟
+

𝑓𝑢 ∗ 𝐼𝑠𝑦𝑠,𝑉𝑅𝑇127394

𝐾𝑖,𝑉𝑅𝑇127394
      (2) 

 

Only unbound telaprevir and VRT-127394 in plasma were assumed to access the intra-

hepatocellular site and inhibit CYP3A.  

Plasma concentrations of telaprevir and VRT-127394 during co-administration with each 

object drug were taken from their respective DDI studies in healthy volunteers.[67, 73] 

Telaprevir and VRT-127394 concentrations were evaluated as a range from the lower to upper 

bound of the reported 95% confidence interval of their average steady-state plasma 

concentrations during chronic dosing at 750 mg of telaprevir every 8 hours. The unbound 

inhibitor concentrations were estimated by multiplying the total concentrations by the fraction 

unbound (fu) of 0.24 to 0.41, as reported in the telaprevir NDA.[68] Competitive inhibition 

constants of 1.43 and 0.94 μM were assigned for telaprevir (Ki,telaprevir) and VRT-127394 

(Ki,VRT127394) respectively, as reported in the NDA.[68] 

As indicated in the equation below IRsys was only applied to CYP3A-mediated fraction of 

intrinsic clearance (fm,CYP3A: 0.94 for midazolam and 1.0 for tacrolimus) thereby accounting for 

hepatic metabolism that is not inhibited by telaprevir (i.e. non-CYP3A mediated pathways).[76] 

The assumption of complete metabolism of tacrolimus by CYP3A (i.e., fm,CYP3A = 1) was 

substantiated by conducting substrate depletion experiments with recombinant CYP1A1, 
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CYP1A2, CYP2B6, CYP2C19, CYP2C8, CYP2C9, CYP2D6, CYP3A4 and CYP3A5. In this 

experiment, the only P450s that observably metabolized tacrolimus were CYP2D6, CYP3A4 and 

CYP3A5. The intrinsic clearance per pmol of CYP2D6 was approximately one-third that of 

CYP3A (data not shown), or 60-fold lower when scaled to their respective enzyme content in the 

liver.[8] Therefore, CYP2D6-mediated metabolism of tacrolimus was ignored in our modeling 

on the basis of its modest activity and the relatively low expression of CYP2D6 in both the gut 

and liver.[8] Furthermore, adopting an fm,CYP3A = 1 afforded the simple competitive inhibition 

model the fullest potential in predicting the magnitude of the competitive inhibition. 

 

𝐶𝐿ℎ,𝑖𝑛𝑡,𝑖𝑛ℎ =
𝐶𝐿ℎ,𝑖𝑛𝑡 ∗ 𝑓𝑚,𝐶𝑌𝑃3𝐴

𝐼𝑅𝑠𝑦𝑠
+ 𝐶𝐿ℎ,𝑖𝑛𝑡 ∗ (1 − 𝑓𝑚,𝐶𝑌𝑃3𝐴)     (3) 

 

Hepatic Clearance (CLh). Hepatic intrinsic clearance accounted for competitive inhibition 

(CLh,int,inh) was applied to the well-stirred model to generate an estimate for the inhibited 

systemic hepatic clearance (CLh,inh).[2] 

Gut Absorption (Fa). Drug release from the dosage form and mucosal permeability were 

assumed not to be affected by telaprevir; i.e., Fa remains the same in the presence of the 

inhibitor. This assumption ignores the potential effect of intestinal P-glycoprotein on the 

intestinal absorption of tacrolimus. The values for Fa were calculated from the literature and 

were 0.90 and 0.96 for midazolam and tacrolimus respectively.[74, 77] 

Gut First-Pass (Fg). The usual challenge in the static prediction of first-pass inhibition is 

what relevant inhibitor concentration ought to be used in the IR term. We chose to model both 

the “least” and “maximum” impact scenarios; the former represents the period after the intestinal 

absorption of telaprevir had been completed, whereas the latter considers the moment shortly 
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after inhibitor co-administration. The following equation based upon the Qgut model was used to 

assess the “least” scenario; that is, the impact of average systemic inhibitor concentrations on the 

fraction of drug escaping first-pass intestinal extraction (Fg,inh).[1] Intestinal metabolism of 

midazolam or tacrolimus was assumed to be solely mediated by mucosal CYP3A. 

 

𝐹𝑔,𝑖𝑛ℎ =
𝐹𝑔

𝐹𝑔 + (1 − 𝐹𝑔) ∗ (
1

𝐼𝑅𝑠𝑦𝑠
)
       (4) 

 

We also estimated the fraction escaping intestinal extraction for the “maximum” 

inhibition scenario (F’g,inh) ; in this case, the first-order absorption rate constant (ka), telaprevir 

dose (D), and blood drainage from the intestinal villi (Qvilli) determine the local (mucosal) 

concentration of telaprevir (Ig,max) and inhibition ratio (IRg,max).[78] Note that circulating 

concentration of VRT-127394 continues to apply in this scenario. 

 

𝐼𝑔,𝑚𝑎𝑥 =
𝑘𝑎 ∗ 𝐹𝑎 ∗ 𝐷

𝑄𝑣𝑖𝑙𝑙𝑖
       (5) 

 

𝐼𝑅𝑔,𝑚𝑎𝑥 = 1 +
𝐼𝑔,𝑚𝑎𝑥 + (𝑓𝑢 ∗ 𝐼𝑠𝑦𝑠,𝑡𝑒𝑙𝑎𝑝𝑟𝑒𝑣𝑖𝑟)

𝐾𝑖,𝑡𝑒𝑙𝑎𝑝𝑟𝑒𝑣𝑖𝑟
+

𝑓𝑢 ∗ 𝐼𝑠𝑦𝑠,𝑉𝑅𝑇127394

𝐾𝑖,𝑉𝑅𝑇127394
     (6) 

 

Hepatic First-Pass (Fh). The previously derived CLh,inh was used to predict the fraction 

escaping hepatic first-pass metabolism in a “least” inhibition scenario (Fh,inh), wherein the 

effective concentrations of the inhibitors equal their systemic concentrations during the post-

absorptive phase of telaprevir pharmacokinetics. 
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𝐹ℎ,𝑖𝑛ℎ = 1 − (
𝐶𝐿ℎ,𝑖𝑛ℎ

𝑄ℎ 
)       (7) 

 

The following equation represents the “maximum” inhibition scenario during first-pass 

following simultaneous telaprevir and object drug administration. This scenario assumes a 

transiently elevated inflow portal venous concentration that equals the sum of re-circulating and 

newly absorbed telaprevir from the gut lumen into the hepatoportal blood flow (Ihpv,max).[1] 

 

𝐼ℎ𝑝𝑣,𝑚𝑎𝑥 =
𝑘𝑎 ∗ 𝐹𝑎 ∗ 𝐹𝑔 ∗𝐷

𝑄ℎ
       (8) 

 

𝐼𝑅ℎ𝑝𝑣,𝑚𝑎𝑥 = 1 +
𝑓𝑢 ∗ (𝐼ℎ𝑝𝑣,𝑚𝑎𝑥 + 𝐼𝑠𝑦𝑠,𝑡𝑒𝑙𝑎𝑝𝑟𝑒𝑣𝑖𝑟)

𝐾𝑖,𝑡𝑒𝑙𝑎𝑝𝑟𝑒𝑣𝑖𝑟
+

𝑓𝑢 ∗ 𝐼𝑠𝑦𝑠,𝑉𝑅𝑇127394

𝐾𝑖,𝑉𝑅𝑇127394
    (9) 

 

Again, hepatoportal concentrations of VRT-127394 were assumed to be equal to systemic 

concentrations (i.e., no sequential first pass). The above IRhpv,max expression applies if the entire 

telaprevir dose was absorbed instantly at the same time as the object drug. It allows us to 

determine the effect of these hepatoportal concentrations on the fraction of substrate escaping 

first-pass metabolism under “maximum” inhibition conditions (F’h,inh). 

Systemic bioavailability of each object drug was computed in the absence (Ftotal = 

Fa·Fg·Fh) and presence of co-administered inhibitor under either the “least” or “maximum” 

inhibition scenario (Ftotal,inh = Fa·Fg,inh·Fh,inh or F’total,inh = Fa·F’g,inh·F’h,inh). A third “extreme” 

scenario was considered that assumed complete absorption (Fa = 1) and total abolition of first-

pass elimination processes (Fg,inh·Fh,inh = 1). Essentially, this final scenario is one where systemic 
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availability (Ftotal,inh) is set to a fixed value of 1 and apparent oral clearance (CLoral,inh) is 

effectively reduced to the inhibited systemic or hepatic clearance (CLsys,inh or CLh,inh). 

All three scenarios were evaluated in terms of the predicted fold-reduction in apparent 

oral clearance from telaprevir co-administration compared to the uninhibited state. Below are the 

final equations used to determine the fold-reduction from the baseline apparent oral clearance to 

that in the “least” (CLoral,inh), “maximum” (CL’oral,inh), and “extreme” scenarios respectively.  

 

𝐶𝐿𝑜𝑟𝑎𝑙

𝐶𝐿𝑜𝑟𝑎𝑙,𝑖𝑛ℎ
=  

𝐶𝐿𝑜𝑟𝑎𝑙

(
𝐶𝐿𝑠𝑦𝑠,𝑖𝑛ℎ

𝐹𝑎∗𝐹𝑔,𝑖𝑛ℎ∗𝐹ℎ,𝑖𝑛ℎ
)

     (10) 

 

𝐶𝐿𝑜𝑟𝑎𝑙

𝐶𝐿𝑜𝑟𝑎𝑙,𝑖𝑛ℎ
=  

𝐶𝐿𝑜𝑟𝑎𝑙

(
𝐶𝐿𝑠𝑦𝑠,𝑖𝑛ℎ

𝐹𝑎 ∗ 𝐹𝑔,𝑖𝑛ℎ
′  ∗ 𝐹ℎ,𝑖𝑛ℎ

′ )

     (11) 

 

𝐶𝐿𝑜𝑟𝑎𝑙

𝐶𝐿𝑜𝑟𝑎𝑙,𝑖𝑛ℎ
=  

𝐶𝐿𝑜𝑟𝑎𝑙

(
𝐶𝐿𝑠𝑦𝑠,𝑖𝑛ℎ

1
)
     (12) 

 

A glossary of all model parameters is provided below. 

 

CLh: hepatic clearance 

  

CLh,inh: inhibited hepatic clearance 

 

CLh,int: hepatic intrinsic clearance 

 

CLh,int,inh: inhibited apparent hepatic intrinsic clearance 

 

CLoral: oral clearance 

 

CLoral,inh: inhibited oral clearance assuming “least” gut and hepatoportal inhibitor concentrations 

during first-pass 
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CL’oral,inh: inhibited oral clearance assuming “maximum” gut and hepatoportal inhibitor 

concentrations during first-pass 

 

CLsys: systemic clearance 

 

CLsys,inh: inhibited systemic clearance  

 

D: dose 

 

Fa: fraction absorbed 

 

Fg: fraction escaping first-pass gut metabolism 

 

Fg,inh: inhibited fraction escaping first-pass gut metabolism assuming “least” gut inhibitor 

concentrations during first-pass 

 

F’g,inh: inhibited fraction escaping gut metabolism assuming “maximum” gut inhibitor 

concentrations during first-pass 

 

Fh: fraction escaping first-pass hepatic metabolism 

 

Fh,inh: inhibited fraction escaping first-pass hepatic metabolism assuming “least” hepatoportal 

inhibitor concentrations during first-pass 

 

F’h,inh: inhibited fraction escaping hepatic metabolism assuming “maximum” hepatoportal 

inhibitor concentrations during first-pass 

 

Ftotal: absolute oral bioavailability 

 

Ftotal,inh: inhibited absolute oral bioavailability assuming “least” gut and hepatoportal inhibitor 

concentrations during firt-pass 

 

F’total,inh: inhibited absolute oral bioavailability assuming “maximum” gut and hepatoportal 

inhibitor concentrations during first-pass 

 

fm,CYP3A: fraction metabolized by CYP3A 

 

fu: fraction unbound 

 

Ig,max: theoretical “maximum” inhibitor concentrations at the gut epithelium 

 

Ihpv,max: theoretical “maximum” hepatoportal inhibitor concentrations 

 

Isys,telaprevir: systemic telaprevir concentrations 
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Isys,VRT127394: systemic VRT-127394 concentrations 

 

IRg,max: inhibition ratio for first-pass gut metabolism assuming “maximum” gut inhibitor 

concentrations  

 

IRhpv,max: inhibition ratio for first-pass hepatic metabolism assuming “maximum” gut inhibitor 

concentrations 

 

IRsys: inhibition ratio for the CYP3A-mediated fraction of the intrinsic clearance 

 

ka: first-order absorption rate constant 

 

Ki,telaprevir: competitive inhibition constant for telaprevir 

 

Ki,VRT127394: competitive inhibition constant for VRT-127394 

 

Qh: hepatic blood flow 

 

Qvilli: blood drainage from the intestinal villi 

 

2.3.3 IC50 Shift Experiments 

Incubation mixtures (200 µL volume), containing 0.05 mg/mL pooled HLM, fixed 

concentration of substrate (either 1 µM midazolam or 0.5 µM tacrolimus), and variable 

concentration of telaprevir or corresponding vehicle control in a phosphate buffer medium (100 

mM KH2PO4, 1 mM ethylenediaminetetraacetic acid, pH = 7.4), were pre-warmed at 37°C in a 

shaker water bath for 5 min prior to initiation of reaction. To construct an IC50 curve, telaprevir 

concentration was varied from 0.05 µM to 10 µM. Due to non-specific binding of tacrolimus to 

the HLM and incubation vessel, the unbound concentration in the 0.5 µM tacrolimus incubations 

was effectively 0.1 µM in this particular experimental setup. Midazolam and telaprevir had no 

appreciable (< 20%) non-specific binding and thus their nominal concentrations were considered 

as the unbound concentrations.[79] The concentrations of midazolam or tacrolimus were chosen 

so as to achieve unbound concentrations below their respective Km for CYP3A.[79, 80] The 

CYP-mediated reaction was initiated with 50 µl of 5 mM NADPH (final 1 mM concentration) 
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and quenched with either 250 µL of ice-cold acetonitrile (midazolam) or 2 mL methyl tert-butyl 

ether (tacrolimus) after incubating for 2 minutes. All incubations were conducted in 

quadruplicates. 

For midazolam incubations, 20 µL of d4-1’-OH-MDZ (0.25 ng/µL) was added as internal 

standard to each of the quenched reaction mixtures, which were then centrifuged at 14,000 rpm 

for 10 min at 4°C. A portion of the supernatant was then transferred to 96-well plates for 

LC/MS-MS analysis. For tacrolimus incubations, 20 µL of rapamycin (1.1 ng/µL) was added as 

internal standard before addition of methyl tert-butyl ether. The aqueous phase was frozen by dry 

ice. The solvent phase was then decanted and evaporated under N2 gas. The sample residues 

were reconstituted in 75 µL of methanol and transferred to glass inserts for LC/MS-MS analysis. 

Activity of CYP3A was measured by 1’-OH-MDZ formation for midazolam and 13-DMT 

formation for tacrolimus. 

To assess time-dependent inhibition, IC50 experiments were performed after pre-

incubating 0.05 mg/mL HLM with 1 mM NADPH and varying concentration of telaprevir (0.05 

to 10 µM) for 30 minutes.  Parallel pre-incubations with vehicle control (0.3% DMSO) were also 

performed to assess any non-telaprevir mediated decreases in CYP3A activity related to the 30-

minute pre-incubation. Substrate reaction was then initiated by the addition of 1 µM midazolam 

or 0.5 µM tacrolimus to the reaction mixture. These reactions were quenched and processed for 

analysis as described above. 

 

2.3.4 NADPH Dependence and Reversibility Experiments 

Co-incubations of substrate (0.5 µM for tacrolimus or 1 µM for midazolam) and 

telaprevir (1 µM for tacrolimus or 0.5 µM for midazolam) in HLM were performed after varying 
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durations of pre-incubation with telaprevir (0, 15, or 30 minutes). Each of the three pre-

incubation duration experiments was further designed to assess whether the IC50 shifts observed 

in earlier experiments were NADPH-dependent (i.e., CYP-dependent) and whether the time-

dependent IC50 shift was related to CYP3A inactivation (i.e., irreversible or slowly reversible 

inhibition). For the NADPH-dependent experiment, the incubation protocol was essentially the 

same as that described for the IC50 shift experiment except that either NADPH or vehicle was 

added at the outset of pre-incubation; for the vehicle incubation, 1 mM NADPH was added along 

with the substrate to initiate the reporting reaction. For the reversibility experiment, pre-

incubation was conducted with a 20-fold greater concentration of HLM (1 mg/mL) at a volume 

of 500 µL After the designated duration of pre-incubation with telaprevir (0, 15, or 30 min), the 

concentrated microsomal incubate was diluted 20-fold (i.e., to 0.05 mg/mL). Fifty µL of the 

diluted, pre-incubation mixture was transferred to a 200 µL reaction mixture containing substrate 

(final concentration 0.5 µM tacrolimus or 1 µM midazolam) and 1 mM of fresh NADPH, which 

was allowed to co-incubate for 2 minutes before quenching. 

 

2.3.5 Metabolite Analysis 

1’-OH MDZ and 13-DMT concentrations were quantified using an Agilent 1290 HPLC 

system (Agilent, Santa Clara, CA) connected to a triple quadrupole mass spectrometer (Agilent 

6410 LC-MS/MS) operated in the positive ion mode. Chromatography for 1-OH-MDZ in the 

acetonitrile extract was achieved using a reverse-phase column (Zorbax SB C18, 2.1 mm x 150 

mm x 5 µm; (Agilent, Santa Clara, CA) at 35°C. The aqueous (A) mobile phase consisted of 10 

mM ammonium formate (pH = 4) and 100% acetonitrile was used for the organic (B) mobile 

phase. The gradient for the mobile phase was as follows: (1) mobile phase A was set to 55% 

from 0 to 5 min at a total flow of 0.25 mL/min, (2) a linear gradient from 5 min to 6 min 
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decreased phase A to 5% and increased flow to 0.3 mL/min, which were held until 8 min, (3) a 

linear gradient increased phase A back to 55% from 8 to 8.1 min and decreased total flow back 

to 0.25 mL/min, which were maintained for the remainder of the run. The total run time was 12 

minutes per sample. 1’-OH-MDZ and d4-1-OH-MDZ were quantified under single reaction 

monitoring mode using specific precursor/product ion transition. The mass transition for 1’-OH-

MDZ was m/z 342→168.1 at a collision energy of 40 V. The mass transition for d4-1’-OH-MDZ 

was m/z 346→168 at a collision energy of 44 V. 

Chromatographic separation of the 13-DMT extract was achieved using a reverse-phase 

column (Zorbax Eclipse XDB C8, 3 mm x 150 mm x 5 µm; Agilent, Santa Clara, CA) operated 

at 60°C. The aqueous (A) mobile phase consisted of 10 mM ammonium formate and 0.1 mM 

sodium acetate (pH = 7).  The organic (B) mobile phase consisted of 100% methanol with 0.1 

mM sodium acetate. The gradient for the mobile phases was: (1) mobile phase A was set to 40% 

at 0 min at a total flow of 0.3 mL/min, (2) a linear gradient to 10 minutes decreased phase A to 

10%, (3) mobile phase A was increased back to 40% by a linear gradient from 11 to 11.1 

minutes, which was maintained for the remainder of the run. Total run time was 12.5 minutes per 

sample. 13-DMT and rapamycin were quantified under single reaction monitoring mode using 

specific precursor/product ion transition. The mass transition for 13-DMT was m/z 812.5→602.3 

at a collision energy of 36 V. The mass transition for rapamycin was m/z 936.4→409.3 at a 

collision energy of 60 V. 

 

2.3.6 Data Analysis 

For the IC50 shift experiment, an IC50 model, assuming classical Michaelis-Menten 

kinetics, was fitted to the metabolite formation rate data and statistical significance of the shift in 



34 

IC50 estimates was ascertained by an unpaired t-test using GraphPad Prism Version 5.04 (La 

Jolla, CA). The observed data points and model predictions were normalized to vehicle control 

and graphically presented as percentage activity versus inhibitor concentration plots. 

For the NADPH dependence and reversibility experiment, the mean data for each of the 

experiments was normalized to the mean of their respective vehicle control incubations. The 

control groups used were identical to the co-incubations except that vehicle (0.3% DMSO) was 

added instead of telaprevir. The two means of the experimental and control groups were assumed 

to be independent. The standard deviation of the ratio was calculated utilizing a propagation of 

error equation.[81] The resultant means and standard deviations of the ratios for the three 

incubation groups were then compared (0 vs 15 min, 0 vs 30 min, 15 vs 30 min) using an 

unpaired t-test on QuickCalcs software (GraphPad, La Jolla, CA) with a p < 0.05 assigned as 

statistically significant. 

 

2.4 Results 

2.4.1 Competitive Inhibition Modeling 

Model predictions for the various inhibition scenarios precipitated by telaprevir are 

presented in Table 2.1, along with the reported magnitude of interactions with midazolam and 

tacrolimus.[67, 73] Our static DDI modeling indicates that competitive inhibition by telaprevir 

and its diastereomeric metabolite VRT-1237394 cannot fully explain the profound inhibitory 

interactions observed with either midazolam or tacrolimus. With respect to competitive 

inhibition of orally administered midazolam clearance, an approximate 2.6- to 4.2-fold reduction 

in clearance was predicted for the “least” inhibition scenario. The magnitude of this reduction 

increased to 3.7- to 5.2-fold for the “maximum” inhibition scenario. In our “extreme” scenario, 
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where all of the dose is completely absorbed and escapes first-pass extraction, a 5.3- to 7.2-fold 

reduction in apparent oral clearance of midazolam might be observed. Predictions for all three 

competitive inhibition scenarios fell short of the 13.5-fold decrease in midazolam oral clearance 

observed by Garg et al.[73] 

For the predicted interaction with tacrolimus, an approximate 3.0- to 6.2-fold reduction in 

oral clearance was predicted in the “least” inhibition scenario. A 9.2- to 14-fold reduction in oral 

clearance was observed for the “maximum” inhibition scenario, and a 14- to 21-fold reduction 

was predicted in the “extreme” scenario where total administered dose is absorbed and escapes 

first-pass processes. Here again, the predictions of all three competitive inhibition scenarios fell 

short of the observed interaction of 67-fold reduction in tacrolimus oral clearance.[67] 
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Table 2.1. Summary of Static DDI Model Predictions 

Parameter Midazolam Tacrolimus 

Fa 0.90* 0.96* 

Fg 0.51* 0.14* 

Fg,inh (least) 0.68 to 0.77 0.23 to 0.31 

F’g,inh (maximum) 0.94 to 0.94 0.70 to 0.71 

Fh 0.67* 0.97* 

Fh,inh (least) 0.79 to 0.85 0.98 to 0.99 

F’h,inh (maximum) 0.82 to 0.85 0.99 to 0.99 

Ftotal 0.25* 0.13* 

Ftotal,inh (least) 0.49 to 0.59 0.22 to 0.30 

F’total,inh (maximum) 0.69 to 0.72 0.66 to 0.68 

CLh, L/h 30.0* 2.69* 

CLh,inh, L/h 19 to 14 1.5 to 0.98 

CLoral, L/h 98.0 20.7 

CLoral,inh (least), L/h  38 to 23 6.8 to 3.3 

CL’oral,inh (maximum), L/h 27 to 19 2.3 to 1.5 

CLoral/CLoral,inh (least) 2.6 to 4.2 3.0 to 6.2 

CLoral/CL’oral,inh (maximum) 3.7 to 5.2 9.2 to 14 

CLoral/CLh,inh (1st pass abolished) 5.3 to 7.2 14 to 21 

Observed CLoral/CLoral,inh 13.5* 66.7* 

 

*Denotes value taken directly or inferred from the literature;[67, 73, 74, 77] (least) pertains to the scenario governed 

by purely systemic inhibitor concentrations; (maximum) pertains to the scenario featuring increased local 

concentrations at sites of first-pass elimination; (abolished) pertains to the “extreme” scenario where first-pass 

metabolism is abolished. 

 

 

2.4.2 Time-Dependence of Inhibition 

We evaluated telaprevir for time-dependent inhibition (TDI). For both substrates, 

leftward shifts in their IC50 curves were observed following a 30-min pre-incubation with 

telaprevir (Figure 2.1) suggesting that inhibition of CYP3A is time-dependent. The IC50 for 

midazolam was lowered from 0.74 µM to 0.19 µM, a 3.8-fold shift that was statistically 

significant (p < 0.05). Likewise, the IC50 for tacrolimus was lowered from 4.0 µM to 0.36 µM, 

an 11-fold shift that was also statistically significant. An apparent activation of 13-DMT 
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formation occurred at lower tacrolimus concentrations in the IC50 experiment that was not 

subjected to pre-incubation. This observation may be explained by allosterism of CYP3A which 

is not accounted for in the classical IC50 model. 
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Figure 2.1. Time-dependent inhibition of CYP3A by telaprevir. Comparison of telaprevir IC50 curve for the co-

incubation experiment (○) versus pre- and co-incubation experiment (●) for midazolam (top) and tacrolimus 

(bottom). The solid line represents the fit to an IC50 model. 
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2.4.3 Reversibility and NADPH-Dependence of Time-Dependent Inhibition 

A TDI was also demonstrated in the follow-up study; the results are depicted in Figure 

2.2. As the pre-incubation duration increased, 1’-OH-MDZ formation rate showed a progressive 

decline provided NADPH was present during pre-incubation. The TDI disappeared when pre-

incubations were performed in the absence of NADPH. Pre-incubation with telaprevir also 

inhibited tacrolimus oxidation to 13-DMT in a time-dependent manner contingent upon the 

presence of NADPH. 

In order to assess whether the observed TDI reflected irreversible inactivation of CYP3A, 

we performed a dilution experiment. A pre-incubation with telaprevir was performed using a 20-

fold higher concentration of HLM; the pre-incubated HLM mixture was then diluted 20-fold 

prior to substrate incubation. The reporter reaction with either midazolam or tacrolimus in the 0-

min telaprevir pre-incubation time-group was comparable to its vehicle control, indicating that 

competitive inhibition by the concentration of telaprevir in the diluted microsomal incubate was 

minimal or nearly absent. In the case of midazolam, dilution effectively reversed the inhibition 

observed after pre-incubation with telaprevir, as indicated by the minimal difference (< 20%) in 

1’-OH-MDZ formation rates between zero-time and either 15 or 30 min of pre-incubation. The 

nature of TDI of tacrolimus oxidation appeared to be more complicated compared to that of 

midazolam. A reduction in the magnitude of the TDI was indeed observed after dilution; 

however, a significant component of non-reversible or very slowly reversible inhibition 

remained. In fact, for the 30 min pre-incubation, the degree of inhibition observed after dilution 

hardly differed from that observed in the no-dilution group. 
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Figure 2.2. Reversibility of telaprevir-mediated time dependent inhibition of CYP3A. Determination of 

NADPH-dependence and reversibility of time-dependent inhibition of 13-DMT formation (top) and 1’-OH-MDZ 

formation (bottom) by telaprevir. Error bars represent standard deviation. (*) Denotes statistically significant 

difference (p < 0.05) between the mean of this time point and those of the other time points within a treatment 

group. † denotes statistically significant difference (p < 0.05) between the mean of this time point and mean of the 

zero-time pre-incubations within a treatment group. 
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2.5 Discussion 

Through the use of established mechanistic static DDI models, we predicted the degree of 

reduction in oral clearance of two sensitive CYP3A substrates ― midazolam and tacrolimus for 

the scenario when inhibition mechanism was simply limited to competitive inhibition by the 

parent drug and its primary metabolite VRT-127394. Our model grossly underestimated the 

magnitude of telaprevir interactions, even after recognizing the highest possible transient, local 

inhibitor concentrations in the intestinal mucosa and hepatoportal blood during first-pass. All this 

was overshadowed by the fact that even when we assumed complete abolition of all first-pass 

processes (Ftotal = 1), we still failed to predict the magnitude of the observed DDI. This 

observation is especially instructive in the case of tacrolimus; abolition of first-pass metabolism 

would at most result in a 21-fold decrease in oral clearance, which is in contrast to the reported 

67-fold decrease in a recent healthy human subject study.  

Collectively, the competitive inhibition model suggests that 1) profound inhibition must 

occur during both first-pass and systemic phase of drug clearance; 2) the degree of competitive 

inhibition estimated based upon the referenced in vitro Ki is either inaccurate (i.e., in vivo Ki 

differ drastically from in vivo Ki) or presence of other mechanisms of inhibition must be 

considered; and 3) the mechanism of telaprevir-precipitated interactions is complicated by 

substrate-dependence (i.e., possibly explained by some sort of reciprocal substrate-inhibitor 

interaction at the CYP3A binding sites). 

There have been reports of putative MBI involving the parent telaprevir. While we were 

able to confirm the existence of TDI, it was observed to be partially or fully reversible depending 

on the substrate selected. This reversibility, particularly with midazolam as the CYP3A substrate, 

casts doubt on parent telaprevir as a mechanism-based inhibitor, and points to the possible 
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formation of potent, reversibly acting inhibitory metabolites during pre-incubation. Vertex has 

reported that telaprevir can spontaneously convert to VRT-127394 in circulation; however, we 

were not able to detect the presence of this diastereomeric metabolite in our incubations without 

the availability of an authentic standard. We do not believe the formation of VRT-127394 can 

easily explain the remarkable IC50 shift following pre-incubation since the competitive Ki of 

VRT-127394 is about equal to that of telaprevir.[68] Similar in vitro findings of reversible TDI 

have been reported with another first-generation HCV protease inhibitor, boceprevir.[82] 

Furthermore, observations of reversible TDI involving cytochrome P450s is not limited to the 

HCV protease inhibitors. Reversibility in TDI of cytochrome P450s has been reported for both 

R-fluoxetine and amiodarone,[83] both of which are known to form inhibitory metabolites. Due 

to the potential for TDI to be of a reversible nature, the importance of incorporating a “dilution” 

step in experiments to measure the kinetics of enzyme inactivation cannot be overstated. In their 

in vitro study of telaprevir’s inhibition of tacrolimus metabolism,[69] Oda and Yamano failed to 

mention the inclusion of a dilution step (or any other means to eliminate the carryover of 

telaprevir from the pre-incubation) in their MBI experiment for generating estimates of enzyme 

inactivation parameters kinact and KI.  As a result, their model predictions of the in vivo DDI 

between telaprevir and tacrolimus, based on the assumption of MBI of CYP3A by parent 

telaprevir, may not be valid. Until we ascertain the exact nature of the TDI, attempts at in vitro-

to-in vivo scaling of drug interactions with telaprevir involving CYP3A is premature. 

From a general perspective, the distinction between reversible and irreversible TDI has 

important clinical implications in regards to the outcomes of DDI. In the case of an irreversible 

TDI, such as MBI, the time to reach maximum inhibition following addition of the inhibitor and 

the time it takes for inhibition to dissipate following withdrawal of the inhibitor depends on both 



42 

the elimination half-life of the inhibitor as well as the turnover half-life of the enzyme. If the 

inhibitor has a relatively short half-life as in the case for telaprevir (< 24 hrs), the half-life of the 

CYP3A protein in the intestinal mucosa and the liver becomes the rate-limiting process. In 

contrast, if the TDI is reversible and attributable to the formation of a an equally or more potent 

inhibitory metabolite, the dynamics of inhibition during or post inhibitor treatment will depend 

on either the elimination half-life of the parent drug if the washout kinetics of the inhibitory 

metabolite is formation-rate-limited, or the elimination half-life of the inhibitory metabolite if 

that is rate-limiting for the washout of the metabolite. Hence, the conclusion of an MBI should 

not be based solely on the observation of TDI in an IC50 shift study; assessment of irreversibility 

in inhibition should always be the critical test of a MBI. 

Finally, it is important to recognize that telaprevir could precipitate DDI via non-CYP3A 

related mechanisms. Specifically, telaprevir is known to inhibit intestinal P-glycoprotein, which 

has been shown to result in increased in digoxin absorption.[73] It is conceivable that the 

profound in vivo interaction between telaprevir and tacrolimus stems from the simultaneous 

inhibition of intestinal CYP3A and P-glycoprotein, disrupting the interplay between CYP3A and 

P-glycoprotein at the intestinal mucosa.[34] However, it should be noted that a complete halt to 

intestinal metabolism and efflux transport processes still cannot fully account for the magnitude 

of the observed DDI, as illustrated by the under-prediction of our first-pass “abolition” modeling 

scenario. Interplay between CYP3A and P-glycoprotein has also been suggested to occur at the 

bile canaliculi, which may play a role in the hepatic clearance of tacrolimus.[84] Dual-inhibition 

of CYP3A and P-glycoprotein at the bile canaliculi could have an impact on both first-pass and 

systemic extraction of tacrolimus by the liver. It is also worth noting that tacrolimus itself has 

been associated with time-dependent inhibition of CYP3A.[85] Modulation in such tacrolimus-
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mediated inhibitory processes could contribute to the magnitude of the observed DDI. The 

apparent activation of 13-DMT formation seen at low telaprevir concentrations (Figure 2.1) hints 

at allosteric effects, which could add further complexity to the kinetics of this interaction. 

 

  



44 

3 Functional Comparison of Intestinal Cells for Investigations of Intestinal Drug 

Permeability and First-Pass Metabolism 

 

 

 

Portions of this chapter were published in Drug Metab Dispos. 2016 Mar;44(3):329-35 under 

the first-authorship of Dr. Yoshiyuki Yamaura. 
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3.1 Abstract 

To further the development of a model for simultaneously assessing intestinal absorption 

and first-pass metabolism in vitro, Caco-2, LS180, T84 and fSIEC were cultured on permeable 

inserts and the integrity of cell monolayers, CYP3A4 activity and the induction of enzymes and 

transporters involved intestinal drug disposition were measured. Caco-2, T84 and fSIEC all 

formed tight junctions, as assessed by immunofluorescence microscopy for zonula occludens-1 

(ZO-1), which was well organized into circumscribing strands in T84, Caco-2 and fSIEC, but 

was diffuse in LS180 cells. The TEER value for LS180 monolayers was lower than that for 

Caco-2, T84 and fSIEC. In addition, the apical-to-basolateral permeability of the paracellular 

marker, lucifer yellow, across LS180 monolayers was higher than in fSIEC, T84 and Caco-2 

monolayers. The transcellular marker, propranolol exhibited similar permeability across all cells. 

With regard to metabolic capacity, T84 and LS180 cells showed comparable basal midazolam 

hydroxylation activity and it was inducible by rifampin and 1α,25(OH)2D3 in LS180 cells, but 

only marginally so in T84 cells. The basal CYP3A4 activity of fSIEC and Caco-2 cells was 

much lower and not inducible. Interestingly, some of the drug transporters expressed in LS180 

and Caco-2 cells were induced by either 1α,25(OH)2D3 or rifampin or both, but there were only 

limited effects in the other two cell lines. These results suggest that when cultured under 

conventional 2-dimensional conditions, none of the cell lines tested fully replicated the drug 

disposition properties of the small intestine and that the search for an ideal screening tool must 

continue. Encouraged by observations of more in vivo-like phenotype of primary human 

proximal tubule epithelial cells in 3-dimensional microfluidic platforms, preliminary 

investigations were undertaken to evaluate whether primary fSIECs would also adopt a more in 
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vivo-like phenotype and further progress towards a more faithful recapitulation of intestinal drug 

absorption processes. 
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3.2 Introduction to Chapter 3 

Within the pharmaceutical industry, the oral bioavailability of lead compounds is 

frequently optimized by enhancing intestinal permeability and reducing first-pass metabolism. 

Caco-2 cell monolayers are routinely used as an in vitro intestinal permeability screening model. 

The permeability of drugs across Caco-2 monolayers has been shown to correlate well with the 

percent of drug absorbed in humans for both passively absorbed and actively transported 

compounds.[86, 87] However, Caco-2 cells do not robustly express CYP3A4 under standard 

culturing conditions.[88] CYP3A4 metabolizes a wide range of chemically diverse compounds. 

Moreover, the enzyme is the most abundant drug-metabolizing P450 in the small intestine and 

participates in first-pass metabolism of drugs.[7, 8] Consequently, CYP3A4 is an important 

enzyme when considering the potential for drug-drug interactions (DDIs) at the site of the 

intestinal epithelium.[89]  

The deficiency of CYP3A4 expression in Caco-2 cells makes them a poorly suited model 

for studying intestinal first-pass metabolism and DDIs. To resolve this deficiency, some groups 

have tried to transfect Caco-2 cells with CYP3A4 cDNA.[90, 91] However, the resultant 

expression of CYP3A4 protein was relatively low and unstable in these transfected cells. It has 

also been reported that CYP3A4 expression levels can be induced by treatment of a Caco-2 cell 

subclone with 1α,25(OH)2D3.[88] This model has been used to examine first-pass metabolism of 

midazolam and saquinavir.[92, 93] However, CYP3A4 expression in these cells is still relatively 

low compared to human duodenal mucosa.[8, 92] Furthermore, these Caco-2 subclones require 

culturing for an additional two weeks post confluence in order for induction and differentiation 

to occur. As such, experiments using these cells can be time-consuming and not compatible with 

high-throughput screening of numerous compounds. Additionally, the baseline-induced Caco-2 
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subclone does not undergo further induction of CYP3A4 by rifampin or other prototypical 

inducers.[35] 

 Other colonic carcinoma cells lines such as LS180 and T84 cells could potentially 

provide a viable alternative for simultaneously assessing the intestinal permeability and first-

metabolism of drugs. Although LS180 cells exhibit basal and inducible CYP3A4 activity,[94] 

they are thought not to form tight junctions in culture. In contrast, T84 cells are known to form 

tight junctions.[95] However, expression of CYP3A4 by T84 cells is controversial and its 

inducibility has not been reported.[96, 97]  It is worth noting that this cell line expresses 

pregnane X receptors (PXR), which is one of the important nuclear transcription factors 

mediating CYP3A4 induction. Additionally, induction of the efflux transporter P-glycoprotein 

(MDR1) been observed in T84 cells treated with the PXR ligand, rifampin.[98] 

The growing commercial availability of primary human fetal small intestinal epithelial 

cells (fSIEC) provides a unique alternative to immortal colon cancer cell lines. While some work 

has been done to characterize the pharmacokinetic properties of both stem-cell derived and 

primary human intestinal epithelial cells,[99] little is known about the metabolic properties with 

respect to CYP3A4 activity. Additionally, it is not known whether the primary human intestinal 

cells evaluated in the literature are specifically sourced from the small intestine or if they 

originate from the colon. 

In this chapter, we evaluated LS180, T84, Caco-2 and human fSIEC to further the 

development of an in vitro model for the simultaneous assessment of intestinal permeability and 

first-pass metabolism. To characterize these cells, we examined TEER, tight junction protein 

localization, CYP3A4-mediated metabolism and induction of mRNA transcripts coding for 

proteins related to intestinal drug disposition. We then further evaluated whether human fSIECs 



49 

could be cultured under fluid sheer stress in a 3-dimensional environment as preliminary 

assessment of their suitability for incorporation in a small intestinal microphysiological system 

(SI-MPS).  

 

3.3 Materials and Methods 

3.3.1 Chemicals and Reagents 

Rifampicin, 5-aza-2’-deoxycytidine (5-aza-dC), bovine serum albumin, cell dissociation 

solution for LS180 cells, PCR primer pairs (BCRP, MDR1, MRP2 and OCT1), HBSS, HEPES 

buffer, Triton X-100, propranolol, atenolol and furosemide were purchased from Sigma-Aldrich 

(St. Louis, MO). D-Sucrose was obtained from Fisher Scientific (Itasca, IL). 16% Formaldehyde 

(methanol free) was purchased from polysciences (Warrington, PA). 1α,25(OH)2D3 was obtained 

from Calbiochem (La Jolla, CA). MDZ, d4-MDZ and d4-1´-OH MDZ were purchased from 

Cerilliant (Round Rock, TX). 1´-OH MDZ was purchased from Ultrafine (Manchester, UK). 

DPBS, DPBS++, MEM, DMEM/F12, DMEM, penicillin-streptomycin, NEAA, TRIzol reagent, 

High Capacity cDNA Reverse Transcription Kit with RNase Inhibitor, Power SYBR green PCR 

master mix, PCR primer pairs (CYP3A4, GAPDH, PXR, UGT1A1 and VDR), Rabbit anti-ZO-1 

antibody (cat#402200), Alexa Fluor 488 Donkey anti-rabbit IgG, Alexa Fluor 594 Donkey anti-

rabbit IgG, ProLong Gold Antifade reagent with DAPI and lucifer yellow biocytin were obtained 

from Life technologies (Carlsbad, CA). Mouse anti-CYP3A antibody was purchased from Santa 

Cruz Biotechnology (Dallas, TX). Rabbit anti-villin and mouse anti-sodium potassium ATPase 

(Na+/K+ATPase) were obtained from abcam (Cambridge, UK). FBS was purchased from Atlanta 

Biologicals (Lawrenceville, GA). Sodium pyruvate and Trypsin EDTA were purchased from 

Cellgro (Herindon, VA). Cell dissociation solution for fSIEC, epithelial pro-conditioned media 
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and vessel coating solution were purchased from DV Biologics (Costa Mesa, CA). Wide bore 

microfluidic platforms were custom made and provided by Nortis (Woodinville, WA). 

 

3.3.2 Statistical Analysis 

Data are presented as mean ± S.D. The effect of rifampicin and 1α,25(OH)2D3 on 

midazolam 1´-hydroxylation and mRNA expression levels was assessed by comparison to 

vehicle controls and presented as the mean ± S.D.. Overall standard deviation for ratios of two 

means with independent standard deviations was calculated using a propagation of error 

equation. Statistical significance (p < 0.05) was determined via unpaired t-tests. All statistical 

analyses were conducted using GraphPad Prism version 5.04 (GraphPad Software, La Jolla, CA). 

 

3.3.3 Cell Culture in Transwell Inserts 

LS180 (passage 25-34), T84 (passage 56-66) and Caco-2 cells (passage 26-35) were 

obtained from American Type Culture Collection (Manassas, VA). fSIEC, 14.9 weeks 

gestational age, were obtained from DV Biologics (Costa Mesa, CA) and experiments were 

conducted at passage 3-8. Cells were maintained at 37°C in a humidified incubator with 5% CO2. 

LS180 cells were cultured in MEM supplemented with 10% FBS, 1% penicillin-streptomycin 

and 1% sodium pyruvate. T84 cells were cultured in DMEM/F12 supplemented with 10% FBS 

and 1% penicillin-streptomycin. Caco-2 cells were cultured in DMEM supplemented with 10% 

FBS, 1% penicillin-streptomycin and 1% NEAA. fSIEC were cultured in epithelial pro-

conditioned media (DV Biologics, Costa Mesa, CA, cat#D-Pro-015-100). The cells were 

passaged by addition of cell dissociation solutions (for LS180 and fSIEC) or trypsin EDTA (for 

T84 and Caco-2) at 80% confluence. Cells were seeded onto polyethylene-terephthalate, 0.4 µm 
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pore size filter inserts for 24 well plates (0.3 cm2 growth area (BD Biosciences, Franklin Lakes, 

NJ, cat#353095), or 0.336 cm2 growth area (Greiner bio-one, Monroe, NC, cat#662641) at a 

density of 5×105 cells/cm2 and maintained by changing medium two or three times a week. For 

the experimental treatment, the medium was removed and the cells were washed twice with 

DPBS++ and then treated with medium containing the compound or vehicle for 48 hours. Stock 

solutions of rifampicin (50 mM) and 1α,25(OH)2D3 (1 µM) were prepared in DMSO and 

ethanol, respectively and were diluted 1000-fold in medium. All FBS used during experimental 

treatment was resin-charcoal-treated. To examine epigenetic mechanisms, T84 cells were treated 

with vehicle (0.1% DMSO) or 5-aza-dC at concentrations of 0.2 to 20 µM for 24 hours before 

treatment with rifampicin and 1α,25(OH)2D3. 

 

3.3.4 CYP3A Activity Assessment 

After an experimental treatment, cells were washed twice with DPBS++, then 0.3 mL of 

culture medium containing midazolam (MDZ) at a final concentration of 8 M (0.1% DMSO) 

was added to the filter insert (apical compartment) and 0.7 mL of medium without MDZ was 

added to the basolateral compartment. The cells were incubated for 60 min, then apical and 

basolateral media were collected and stored at -80C. MDZ and 1´-OH MDZ were measured 

using LC-MS/MS on an Agilent 6410 QQQ equipped with HPLC1290 system (Agilent 

Technologies, Palo Alto, CA). After thawing, 10 L of each sample (apical samples were 5-fold 

diluted with blank media) were mixed with 20 L of methanol and 100 L of internal standard 

(ISTD) solution containing 5 ng/mL d4-MDZ and 10 ng/mL d4-1´-OH MDZ in acetonitrile. A 

series of dilutions of MDZ and 1’-OH MDZ standards were prepared in methanol as stock 

solutions and stored at -80 C. The standard curve samples were prepared by mixing 10 L of 
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each these stock solutions and 10 L of blank medium, and then adding 100 L of ISTD 

solution. The samples were then centrifuged for 5 min at 12,000 x g and 10 L of the supernatant 

was analyzed via LC/MS-MS. Chromatographic separations were achieved with a Zorbax SB-

C18, 5 m, 2.1150 mm column (Agilent Technologies) using 10 mM ammonium acetate (pH 

4.0) (A) and acetonitrile (B) as a mobile phase. The flow rate was 0.25 mL/min with a gradient 

as follows: 45% B for 1.5 minutes, then increased to 80% linearly over 2.5 minutes, held at 80% 

for 2 minutes, then equilibrated back to 45% for 2 minutes. The following MRM transitions were 

monitored: m/z 326.0 > 291.2 for MDZ, m/z 330.0 > 295.0 for d4-MDZ, m/z 342.0 > 168.1 for 

1’-OH MDZ and m/z 346.0 > 168.0 for d4-1’-OH MDZ in the positive ion mode. 

 

3.3.5 RNA Isolation and qRT-PCR Analysis 

After experimental treatment, cells collected from each insert were homogenized in 0.25 

mL of TRIzol reagent and stored at -80°C. Total cellular RNA was isolated according to the 

manufacturer-supplied protocol for TRIzol reagent. The isolated RNA was dissolved in nuclease-

free water and the concentration was determined using a Nanodrop spectrophotometer ND-1000 

(Thermo Scientific, Wilmington, DE). Reverse transcription was performed according to the 

manufacturer’s instructions for the high capacity cDNA reverse transcription kit. For each 

reaction, 2 µg of isolated RNA was mixed with dNTP, random hexamer primers, RNase inhibitor 

and MultiScribe reverse transcriptase in reaction buffer in a total volume of 20 µL. The reverse 

transcription condition was set as 25°C for 10 minutes, 37°C for 120 min and 85°C for 5 

seconds, using a PTC-200 DNA engine cycler (Bio-Rad, Hercules, CA). qRT-PCR was 

performed using gene-specific primers and the Power SYBR green master mix with a ABI 

7900HT system (Applied Biosystems, Bedford, MA). The PCR mixture consisted of 1 µL of 
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cDNA, gene-specific forward and reverse primers (20 pmol each), Power SYBR green master 

mix and nuclease-free water, in a total volume of 20 µL for each reaction. The following 

program was used: a denaturation step at 95°C for 10 min, 40 cycles of PCR (denaturation 95°C 

for 30 seconds; annealing 65°C for 30 seconds; and extension 72°C for 30 seconds), followed by 

72°C for 5 minutes and then a dissociation/melting step (95°C for 15 seconds, 65°C for 15 

seconds, 95°C for 15 seconds, 25°C for 5 minutes). All tested gene products were quantified 

using the comparative ΔΔCt calculation for relative quantification of gene expression, 

normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH).  

 

3.3.6 Immunocytochemistry and Confocal Microscopy of Cells Cultured in Transwell 

Inserts 

Cell monolayers grown on filter inserts were washed twice with DPBS++, fixed in 4% 

formaldehyde in DPBS++ containing 2% D-sucrose for 15 minutes at room temperature, washed 

twice with DPBS++ and then incubated in 50 mM ammonium chloride for 30 minutes to quench 

unreacted aldehyde groups. The cells were washed twice more with DPBS++ and then blocked 

and permeabilized in PTB for 30 minutes. Subsequently, the cells were incubated with a 500-fold 

dilution of primary antibody (rabbit anti-ZO-1) in PTB for 30 minutes at room temperature or 

overnight at 4°C. The cell monolayers were then washed three times with DPBS++ and incubated 

with a 1000-fold dilution of fluorescently-conjugated secondary antibody (Alexa Fluor 488 

Donkey anti-rabbit IgG) in PTB for 30 minutes at room temperature. After washing with DPBS++ 

three additional times, the filters were cut out from their plastic inserts and placed on glass 

microscope slides. The inserts were then mounted with ProLong Gold Antifade reagent with 

DAPI and analyzed on a Nikon A1 confocal microscope (Nikon, Melville, NY). 
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3.3.7 TEER Measurement 

Cell monolayer integration was evaluated by measuring the TEER using a Millicell ERS 

(Millipore, Bedford, MA). For a given set of cultures, a single filter insert without cells was 

measured for background resistance. TEER was determined as the product of the background-

corrected resistance and the growth area of the insert. 

 

3.3.8 Assessment of Permeability 

The cell monolayers were washed with transport buffer (10 mM HEPES in HBSS, pH 

7.4) and maintained at 37°C until use. Stock solutions of test compound (lucifer yellow (60 

mM), propranolol (20 mM) and atenolol (60 mM)) were prepared in DMSO and diluted 200-fold 

in transport buffer to make compound solution (final concentrations were 300 µM, 100 µM and 

300 µM, respectively). For the lucifer yellow permeability measurement, 0.3 mL of compound 

solution was added to filter insert, while 0.7 mL of receiver buffer (transport buffer containing 

0.5% DMSO) was added to the basolateral compartment. After 60 min incubation at 37°C, 300 

µL of aliquots were withdrawn from basolateral compartment. The samples were analyzed by 

fluorescence detection using a Spectra MAX-Gemini XS microplate reader (Molecular Devices, 

Sunnyvale, CA) with excitation filter at 485 nm and emission filter at 538 nm. For propranolol 

and atenolol permeability measurements, 0.32 mL of the respective compound solution was 

added to filter inserts, while 0.7 mL of receiver buffer was added to the basolateral 

compartments. 20 µL of aliquots were withdrawn from the insert at 0 min, 70 µL of aliquots 

were withdrawn from the basolateral compartment and replaced with an equal volume of 

receiver buffer: at 15 to 60 min for propranolol; at 60 to 120 min for atenolol. Then 20 µL of 
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aliquots were withdrawn from the insert. The samples were stored at -80 C until analysis. 

Propranolol and atenolol were measured using LC-MS/MS on an Agilent 6410 QQQ equipped 

with UPLC1290 system. After thawing, 50 µL of samples (apical samples were 100-fold, 

basolateral samples of propranolol were 5-fold diluted with blank receiver buffer) were mixed 

with 50 µL of ISTD solution (furosemide, 25 µg/mL in acetonitrile). A series of dilutions of 

propranolol and atenolol standards were prepared in methanol as stock solutions and stored at -

80°C. The standard curve samples were prepared by mixing 5 µL of stock solution and 50 µL of 

blank receiver buffer, and then mixed with 50 µL of ISTD solution. 20 µL of the samples was 

analyzed. Chromatographic separations were achieved with a Zorbax SB-C18, 5 µm, 2.1  150 

mm column (Agilent Technologies) using 10 mM ammonium acetate (pH 4.0) (A) and 

acetonitrile (B) as a mobile phase. The flow rate was 0.25 mL/min with a gradient as follows: 

25% B for 1.5 minutes, then increased to 75% linearly over 2 minutes, held at 75% for 4.5 

minutes, then equilibrated back to 25% for 4 minutes. The following MRM transitions were 

monitored: m/z 260.31 > 116.1 for propranolol, m/z 267.31 > 145 for atenolol in the positive ion 

mode, m/z 329.7 > 285.9 for furosemide in the negative ion mode. 

The Papp (cm/s) for each marker compound was calculated according to following 

equation: 

 

Papp =
dQ

dt
∙

1

A𝐶0
 

 

where dQ/dt is the rate of compound transfer (pmol/s) into the basolateral compartment under 

sink conditions (where less than 20% of the compound was transferred across the cell 
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monolayer), A is the surface area of the filter insert (cm2), and C0 is the initial concentration of 

the compound in the apical compartment. 

 

 

3.3.9 Preliminary Characterization of fSIECs Cultured in Wide Diameter Three-

Dimensional MPS 

As with the preparation of the 0.12 x 6 mm “regular diameter lumen” microfluidic 

platforms, the 0.43 x 5.8 mm “wide diameter lumen” platforms (model V4.23) were filled with 6 

mg/mL rat tail collagen type I on ice and left for 30 minutes at 4°C. The collagen I was then 

allowed to polymerize at room temperature overnight. On the day of cell seeding, the microfiber 

mandrel was removed from each platform, leaving behind a hollow channel traversing the 

collagen I matrix. This channel was treated with a proprietary vessel coating solution from DV 

Biologics for 1 hour prior to cell seeding. The lumens were then equilibrated for 45 minutes with 

D-PRO media. In order to constitute a small intestinal microphysiological system (SI-MPS), 2-

dimensional confluent monolayers of human 

fSIECs (passages 4 to 7) were detached from 

the cell culture flasks (used for cell expansion) 

by treatment with DV Biologics proprietary cell 

dissociation solution. The detached cell 

aggregates were washed with DMEM media 

containing 10% FBS, centrifuged at 200 g for 5 

minutes, and suspended in D-PRO media (4 

μL/cm2 of originating culture confluent flask 

 
 

Figure 3.1. Occlusion of regular diameter lumen 

MPS seeded with fSIECs. Light microscopic image 

taken 72 hours after injection with fSIECs. 

Occlusion of lumen and delamination of Collagen I 

matrix is observed at upstream junction with 

polydimethylsiloxane inflow channel. 
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surface area). The suspension of fSIECs was allowed to sit for 5 minutes and 5 μL the upper 

region of the cell aggregate suspension was injected into custom 0.43 x 5.8 mm “wide diameter 

lumen” microfluidic platforms from Nortis. The need for customized (model V4.23) wide 

channel platforms was determined based upon initial observations of rapid channel occlusion 

following the seeding of fSIECs into 0.12 x 6 mm “standard diameter lumen” microfluidic 

platforms (Figure 3.1). Cells were allowed to adhere to the coated collagen I matrix for 30 

minutes before media flow was reinitiated at 1 μL/min. Cell coverage and integrity of the tubule 

structure were assessed under light microscopy daily. At 6 days, SI-MPS were fixed with 4% 

paraformaldehyde solution, subjected to ICC staining, and imaged as previously described for 

the PT-MPS in Chapter 4. A 1:100 dilution of the antibodies for rabbit anti-villin and mouse 

anti-Na+/K+ ATPase were employed. Human fSIECs were also cultured conventional 2-

dimensional Transwell® inserts, as described in Section 3.3.3, for ICC comparison of cell 

polarization. The ICC staining for fSIECs in Transwell® inserts followed the protocol outlined 

in Section 3.3.6, using a 1:100 dilution for both rabbit anti-villin and mouse anti-Na+/K+ ATPase.  
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3.4 Results 

3.4.1 Induction of CYP3A4 Metabolic Activity 

 The effects of the prototypical PXR ligand, rifampicin, and the VDR ligand, 

1α,25(OH)2D3, on MDZ 1´-hydroxylation in cells cultured on permeable inserts are shown in 

Figure 3.2. LS180 cells showed basal CYP3A4 activity that was significantly induced by both 

rifampicin and 1α,25(OH)2D3 as previously reported.[92] T84 cells showed basal  

Figure 3.2. Inducibility of CYP3A activity by in intestinal cell lines. Effect of rifampicin (RIF) and 1,25-

dihydroxyvitamin D3 (1α,25(OH)2D3) on the MDZ 1’-hydroxylation activities in LS180 (A), T84 (B), Caco-2 (C) 

and fSIEC (D). The cells were cultured on filter inserts for 9 days (fSIEC), 12 days (LS180 and T84 cells) or 19 

days (Caco-2) then treated with vehicle (0.1% DMSO or 0.1% ethanol) or inducers (50 M RIF or 1 nM 

1α,25(OH)2D3) for 48 hours. Data represent the mean  S.D. for three replicate cultures. *, p < 0.05, **, p < 0.01 
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CYP3A4 activity that was comparable to LS180 cells. However, their inducibility through both 

PXR and VDR pathways was much lower than that seen with LS180 cells. It was confirmed that 

Caco-2 cells do not possess substantial levels of basal CYP3A4 activity.[86] Furthermore, both 

rifampicin and 1α,25(OH)2D3 failed to significantly increase 1´-OH-MDZ formation in Caco-2 

cells. Compared to LS180 cells, fSIEC demonstrated similarly low and poorly inducible 

CYP3A4 activity as that seen for Caco-2 cells. 

 

3.4.2 Induction of mRNA Expression 

The effects of rifampicin and 1α,25(OH)2D3 on gene expression are shown in Figure 3.3. 

In summary, statistically significant increases in CYP3A4 mRNA was observed with both 

rifampicin and 1α,25(OH)2D3 treatment of LS180 cells. There was also a significant induction of 

MRP2 mRNA observed in LS180 cells treated with 1α,25(OH)2D3 but not rifampicin. In T84 

cells, the only statistically significant change was a 2.2 fold-increase in BCRP mRNA after 

treatment with rifampicin. We did not observe an induction of MDR1 mRNA transcripts with 

rifampin treatment, as has been observed previously.[98] Overall, T84 cell response to the 

inducing agents appeared to be more muted and less variable than the other candidate cells. 

Furthermore, 5-aza-dC was unable to restore CYP3A4 inducibility (Figure 3.4). Caco-2 cells 

showed statistically significant 4.5-fold increase in OCT1 mRNA after 1α,25(OH)2D3 treatment. 

Caco-2 cells also experienced a statistically significant 17% decrease in UGT1A1 mRNA 

following treatment with 1α,25(OH)2D3. In general, the induction of mRNA transcripts in Caco-

2 cells appeared to be more sensitive to 1α,25(OH)2D3 than rifampicin treatment. Finally, a 

statistically significant 50-fold decrease in BCRP mRNA was observed in fSIEC treated with 

1α,25(OH)2D3. 
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Figure 3.3. Inducibility of gene expression for drug metabolizing enzymes and transporters in intestinal cell 

lines. Effects of rifampin (RIF) and 1,25-dihydroxyvitamin D3 (1α,25(OH)2D3) on mRNA expression in LS180 

(A), T84 (B) Caco-2 (C) and fSIEC (D) cells. The cells were cultured on permeable filter inserts for 9 days (fSIEC), 

12 days (LS180 and T84 cells) or 19 days (Caco-2) then treated with vehicle (0.1% DMSO or 0.1% ethanol) or 

inducers (50 M RIF or 1 nM 1α,25(OH)2D3) for 48 hours. Data are presented as a ratio of the GAPDH-normalized 

measurements obtained with inducer treatment compared to the vehicle (0.1% DMSO or 0.1% ethanol) treatment for 

3 replicate cultures of both vehicle and inducer treatment groups. Error bars represent the standard deviation of the 

induction ratio as determined via a propagation of error calculation.[81] (*) Indicates statistical significance (p < 

0.05) of the induction effect as determined unpaired t-test comparing treatment to its respective vehicle control. 
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Figure 3.4. Lack of restoration of CYP3A4 inducibility by 5-aza-dC. T84 cells were treated with vehicle (0.1% 

DMSO) or 5-aza-dC at concentrations of 0.2 to 20 µM for 24 hours before treatment with 50 M rifampicin, 1 nM 

1α,25(OH)2D3, or their respective vehicle controls (ethanol or DMSO). 5-aza-dC did not modulate the effect on 

CYP3A4 induction, suggesting DNA methylation is not the origin of blunted PXR- and VDR-dependent induction 

in the cells. 

 

 

3.4.3 Cell Monolayer and Tight Junction Integrity 

The time-dependences of TEER values for three cell lines are shown in Figure 3.5. The 

TEER values for Caco-2 and T84 cells reached approximately 500 and 2000 Ω·cm2, 

respectively, after about 10 days. In contrast, LS180 cells showed much lower TEER values, at 

about 15 Ω·cm2 throughout the 18-day experimental period. At 50 Ω·cm2, TEER values for 
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fSIEC were slightly higher than LS180 cells. However, integrity of tight junctions appeared to 

weaken over time in the fSIEC monolayers, dropping closer to that of LS180 cells after 14 days 

in culture. 

 

 

Figure 3.5. Barrier integrity of intestinal cell lines in Transwell culture. Time-dependent transepithelial 

electrical resistance (TEER) development of LS180, T84, Caco-2 and small intestinal epithelial cells (fSIEC) grown 

on permeable filter support. Data represent mean  S.D. for 3 replicate cultures. 

 

 Distribution of tight junction protein ZO-1 was well organized into circumscribing 

strands around fSIEC, T84 and Caco-2 cells, but was more diffuse in LS180 cells (Figure 3.6). 

An intracellular region showed some stronger signal in the LS180 cells. This could perhaps 

suggest a Golgi apparatus localization of the protein, but no efforts to confirm this possibility 

were undertaken. 
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Figure 3.6. Tight junction formation in intestinal cell lines. Cellular localization of tight junction protein ZO-1 in 

LS180 (A), T84 (B), Caco-2 (C) and fSIEC (D) by confocal microscopy. The cells were cultured on permeable filter 

support for 7 days (LS180 and T84), 9 days (fSIEC) or 20 days (Caco-2). The cellular localization of ZO-1 was 

detected by a rabbit anti-ZO-1 antibody and an Alexa Fluor 488 donkey anti-rabbit IgG secondary antibody (Green). 

Nuclei were counter-stained with DAPI (Blue). 



64 

3.4.4 Drug Permeability 

Permeability of the paracellular marker compound, lucifer yellow, was comparably low 

(less than 1 × 10-6 cm/s) in all cell types except LS180 (Figure 3.7). Propranolol permeability 

was similar across all 4-cell types. Atenolol permeability was low in T84 and Caco-2 cells but 

much higher in LS180 and, especially, fSIEC. 

 

Figure 3.7. Permeability of intestinal cell monolayers to prototypical permeability markers. Permeability 

coefficients (Papp) for the compounds transported by passive diffusion across filter-grown LS180, T84, Caco-2 and 

small intestinal epithelial cells (fSIEC). The cells were cultured on permeable filter inserts for 7 days (LS180 and 

T84), 9 days (fSIEC) or 21 days (Caco-2). Data is in arbitrary units and represent mean  S.D. for three replicate 

cultures. 

 

3.4.5 Preliminary Characterization of fSIECs Cultured in Wide Diameter Lumen Three-

Dimensional MPS 

Human fSIECs formed monolayers in traditional 2-dimensional culture as seen in Figure 

3.8A. Culture in “wide diameter lumen” microfluidic platforms promoted aggregation and 

formation of villous-like structures (Figure 3.8B) in addition to patches of relatively flatter 

monolayers of cells. The villous like structures were approximately 100 µm in length and  
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Figure 3.8. Cultures of human fSIECs in flasks and wide-diameter channel SI-MPS. (A) Conventional 2-

dimensional human fSIECs at 5 days culture in cell culture flasks. Cells predominantly form monolayers. (B) 

Human fSIECs 24 hours after cell seeding in a “wide diameter lumen” Nortis microfluidic platform. The wide 

diameter reduces the immediate occlusion of the luminal space. Image was taken from a segment of the lumen 

where human fSIECs form into characteristic aggregates and villous-like structures (approximately 100 µm in 

length).  

 

adhered to the collagen matrix. Interestingly, these fSIEC aggregates were oriented with their 

apical membrane outward, like human small intestinal villi in vivo, and unlike the inside-out 

phenotype describing many enteroids in the published literature (Figure 3.9B).[100, 101] For 

comparison human fSIECs cultured in 2-dimensional Transwell® inserts formed monolayers and 

were oriented with apical membranes facing the liquid culture media and basolateral membrane 

abutting the surface of the extracellular matrix-coated plastic insert membrane (Figure 3.9A). 

 

 

A B
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Figure 3.9. Formation of multicellular structures in fSIECs upon culturing in wide-diameter channel SI-MPS 

(A) Conventional 2-dimensional human fSIECs at 6 days culture in (A) Transwell® inserts express villin  (green) 

preferentially along the apical cell membranes facing the media and sodium-potassium ATPase (red) along the 

basolateral membranes facing neighboring cells and the extracellular matrix coated plastic filter inserts. (B) The 

villous-like multicellular structure of human fSIECs in the SI-MPS express villin (green) adjacent to the SI-MPS 

luminal perfusate, analogous to the subcellular localization of villin in the apical membranes of enterocytes of 

intestinal villi in vivo. Sodium-potassium ATPase (red) provides a counterstain for the enterocytes basolateral 

membranes. 
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3.5 Discussion 

The development of a high-throughput in vitro system to simultaneously assess intestinal 

drug-transport and metabolism is crucial to improving our understanding the role of the intestine 

in drug disposition. Through the experiments outlined in this paper, we have explored three 

candidate cell sources (LS180, T84 and fSIEC) as alternatives to the traditional Caco-2 

monolayers that have been plagued by poor and variable CYP3A4 enzymatic activity.[88, 90, 

91] Our results confirmed the limitations of the monolayers of Caco-2 and LS180 cells. We 

demonstrated that LS180 cells robustly express CYP3A4 and that such expression is inducible 

by both rifampicin and 1α,25(OH)2D3. However, their lack of tight junction formation permits an 

unacceptably high degree of paracellular transport, as evidenced by the permeability of lucifer 

yellow across LS180 cell monolayers cultured on permeable inserts. The high degree of 

permeability also seen with the hydrophilic compound, atenolol, is likely due to extensive 

paracellular flux. While LS180 monolayers may be suitable for drug-metabolism and induction 

studies, they would not make suitable candidates for the simultaneous assessment of 

permeability and drug transport and potential functional interplay between those processes. 

Alternatively, T84 cells seem to express both basal CYP3A4 activity and tight junctions. 

Monolayers of these cells could theoretically be used to simultaneously explore passive 

transcellular drug permeability and CYP3A4-mediated metabolism. However, 1α,25(OH)2D3-

mediated induction of CYP3A4 activity and mRNA expression in T84 cells was much lower 

than that of LS180 cells.  

To explore the mechanisms underlying a lack of inducibility of T84 cells, we examined 

epigenetic mechanisms by the treatment of the cells with varying concentrations of the DNA 

methylation inhibitor, 5-aza-dC. No marked effect on CYP3A4 mRNA expression was observed, 
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thus further studies are needed to understand this cellular characteristic. A lack of inducibility of 

CYP3A4 in these cells is a technical limitation, however, they hold potential as an improvement 

upon Caco-2 monolayers, particularly for compounds where reduced bioavailability from basal 

CYP3A4-mediated first-pass metabolism is a concern. 

 As a novel approach, we also explored using fSIEC to recapitulate the intestinal epithelial 

barrier. We confirmed low CYP3A4 expression in fSIEC as previously reported in fetal proximal 

small bowel sections and additionally demonstrated that the CYP3A4 was much less inducible 

by rifampicin and 1α,25(OH)2D3.[102]  Low permeability of lucifer yellow, combined with the 

observation of circumscribing strands of ZO-1 signal upon immunocytochemistry staining, 

confirmed the presence of tight junctions in fSIEC monolayers. At approximately 50 Ω·cm2, 

TEER values for the fSIEC monolayers were substantially less than that of T84 or Caco-2 but 

strikingly close to the 40 Ω·cm2 reported for human small intestine in an Ussing chamber.[32] 

This is in contrast to the slightly higher 100 Ω·cm2 seen in fSIEC monolayers derived from adult 

intestinal stems cells or the 200 Ω·cm2 seen in those derived from induced pluripotent stem cells 

(iPSC).[99, 103] In addition to iPSC-derived SIEC, Kauffman et al. also assessed TEER values 

in primary human intestinal epithelial cells from an unstated region of the intestine. Monolayers 

of these primary cells produced a TEER values exceeding 1500 Ω·cm2, suggesting a colonic, 

rather than small intestinal phenotype.[104] Despite similar lucifer yellow permeability to T84 

and Caco-2 cells, the mean apparent permeability for atenolol was much higher in fSIEC 

monolayers. This could point to a reduction in transporter-mediated efflux processes or an 

increase in active uptake of atenolol in fSIEC over T84, Caco-2 or LS180 cells. Despite its very 

poor permeability, atenolol has a moderate oral bioavailability at 50%.[105] It is also reported 

that the systemic exposure to atenolol is markedly reduced by apple juice ingestion, a 
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phenomena attributed to the inhibition of intestinal OATP2B1 by constituents present in apple 

juice.[106] It is possible that a system possessing more in vivo-like expression of uptake 

transporters could help serve as a useful tool in preventing the needless abandonment of 

compounds with poor passive permeability, but which would still have sufficient bioavailability 

in vivo. It is also worth noting that while atenolol transport across Caco-2 monolayers was poor, 

there was a 4.5-fold induction in OCT1 mRNA after treating Caco-2 cells with 1α,25(OH)2D3. 

Further exploration of inducibility of transporters involved in the uptake of organic cations such 

as atenolol in traditional Caco-2 cells may be warranted. 

 As a whole, the experiments outlined herein confirm the poor suitability of both LS180 

and Caco-2 cells for the simultaneous assessment of intestinal permeability and first-pass 

CYP3A4-mediated metabolism. T84 cells may present as a useful cell model for this role but 

have a shortcoming in their insensitivity to the induction of CYP3A4 by both rifampin and 

1α,25(OH)2D3. fSIEC monolayers formed tight junctions, possessing a comparable TEER to that 

seen in the human small intestine. This makes them an attractive candidate for studies of 

intestinal permeability. However, the low activity of CYP3A4 makes monolayers of these cells 

poorly suited for the complex assessment of first-pass intestinal metabolism and permeability.  

With the rising interest in developing 3-dimensional microphysiological cell culture 

systems, there is the hope that a more faithful recapitulation of the native in vivo environment 

will help retain the necessary phenotype for the in vitro assessment of the role of enterocytes in 

the first-pass metabolism and absorption of xenobiotics. Our preliminary findings suggests that 

fSIECs, when cultured in the more organotypic environment of the MPS, exhibit proper cell 

polarization and assemble into complex multicellular structures with a striking resemblance to 

the villi of the small intestine. Further characterization of these multicellular structures is 
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required to confirm whether they retain an in vivo-like pattern in the expression and functionality 

of CYP3A4 along the crypt-villus axis. 

If established, such a system could be linked with the renal proximal tubule 

microphysiological system (PT-MPS) described in Chapters 4 and 5. An integrated multi-organ 

system, incorporating both small intestinal and renal proximal tubular modules, would constitute 

a suitable platform for exploring the crosstalk between the two organs. With the help of 

collaborators at Johns Hopkins University, we have already successfully linked the PT-MPS with 

a static 2-dimensional intestinal model to study the absorption and unidirectional sequential 

inter-organ disposition of vitamin D and its metabolites.[107] Because the renal proximal tubule 

is the principal site for the formation of 1α,25(OH)2D3, an endogenous regulator of intestinal P-

gp and CYP3A4 expression,[88] a move to bidirectional coupling of the PT-MPS with the SI-

MPS or other in vitro intestinal model could provide mechanistic insights into relationship 

between vitamin D status, intestinal first pass metabolism and absorption of xenobiotics. 

 

 

  



71 

4 Development of a Microphysiological Model of the Human Renal Proximal Tubule 

 

Portions of this chapter were published in Kidney Int. 2016 Sep;90(3):627-37. 

Co-first-authorship was shared with Alenka Chapron and Elijah Weber. 
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4.1 Abstract 

The development of a 3-dimensional microphysiological system (MPS), incorporating 

human proximal tubule epithelial cells (PTECs), represents a major step towards a more faithful 

in vitro recapitulation of the in vivo renal tubular environment. Such a model would enable 

investigators to explore the complex mechanisms underpinning alterations in renal function that 

accompany disease and xenobiotic exposure. With this goal in mind, PTECs were isolated from 

human renal cortex and cultured in the Nortis MPS platform under conditions of fluid sheer 

stress. Polarization of PTECs in the MPS was demonstrated by the enrichment of apical proteins 

along the luminal interface and localization of Na+/K+ ATPase along the basolateral cell surfaces 

abutting the extracellular matrix. Electron micrographs further revealed the presence of hallmark 

structural features of PTECs in vivo. In addition, PTECs cultured in the MPS system exhibited 

glucose reabsorption, glutathione reclamation, and ammoniagenesis, key physiologic functions 

of the renal tubular epithelium. 

The renal proximal tubular epithelium is also the major site for conversion of 25OHD3 to 

bioactive 1α,25(OH)2D3 and inactive 24,25(OH)2D3. The 1α,25(OH)2D3 produced in PTECs 

exerts Vitamin D Receptor (VDR)-dependent intracrine and endocrine effects that are important 

in regulating systemic mineral homeostasis. To demonstrate vitamin D functionality, the cells 

were cultured with 25OHD3, which resulted in the formation of quantifiable levels of 

1α,25(OH)2D3 and 24,25(OH)2D3. When challenged with exogenous 1α,25(OH)2D3, there was a 

rapid increase in the VDR target gene, CYP24A1. This was accompanied by an increase in the 

CYP24A1 enzymatic activity. 
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4.2 Introduction to Chapter 4 

The renal proximal tubule is important to many physiological processes. However, in 

vivo evaluations of the mechanisms underpinning these complex physiological processes would 

require a feasible and ethical means of directly delivering to and sampling from proximal 

tubules. Micropuncture studies and ex vivo animal kidney perfusions in have long served as 

surrogates for human studies.[108, 109] However, non-human animal physiology can vary 

substantially from that of humans and replacement of the models is critical to achieve a more 

accurate understanding of human proximal tubule function. 

Advancements in primary human cell isolation and culture techniques have provided the 

necessary resident cell types (e.g. PTECs, pericytes, microvascual endothelial cells) for the 

bottom-up ex vivo reconstruction of the renal proximal tubule.[37] Recent improvements in 

nanofabrication and technology provide a means to culture these cells free from artificial 

materials and at a proximity and 3-dimensional orientation that mimics the anatomy and 

physiology of the proximal tubular microenvironment.[37] Observations of the positive effects of 

physiologically relevant fluid sheer stress on promoting a more in vivo-like cell phenotype have 

provided another critical piece in our understanding of how to recapitulate organ functions ex 

vivo.[110, 111] 

 Using these advancements in primary cell culture, nanofabrication and microfluidics, we 

have recapitulated the human proximal tubular epithelium. Many of the physiological functions 

of the renal proximal tubule take place in the epithelium, and recapitulating this component of 

the proximal tubule represents a major step towards the full integration of all the resident cell 

types of the proximal tubular microenvironment 
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This chapter describes the development of a 3-dimensional proximal tubular 

microphysiological system (PT-MPS). The PT-MPS exhibits long-term cell viability, retains 

polarized expression and function of proteins essential for reabsorptive transport, responds to 

physiological stimuli, and performs critical biochemical synthetic activities. 

 

4.3 Materials and Methods 

4.3.1 Chemicals and Reagents 

Bovine serum albumin, acivicin, hydrocortisone, and Triton X-100 were purchased from 

Sigma-Aldrich (St. Louis, MO). Buffered formalin acetate was purchased from Fisher Scientific 

(Pittsburgh, PA). Dapagliflozin and vitamin D metabolites were obtained from Toronto Research 

Chemicals (Toronto, Ontario). Dulbecco's phosphate-buffered saline with (DPBS) and without 

(DPBS++) calcium and magnesium, 50:50 Dulbecco’s modified eagle medium with Ham’s F-12 

(DMEM/F12), penicillin-streptomycin-amphotericin B, insulin-transferrin-selenium A solution 

(ITS-A), TRIzol reagent, High Capacity cDNA Reverse Transcription Kit with RNase Inhibitor, 

TaqMan gene expression assays, fetal bovine serum, and Trypsin EDTA were purchased from 

Life-Technologies (Carlsbad, CA). Microfluidic platforms were obtained from Nortis 

(Woodinville, WA). Non-pepsinized rat tail collagen I was purchased from Ibidi (Martinsried, 

Germany). The colorimetric ammonia assay kit was purchased from Abcam (Cambridge, UK). 

Mouse collagen IV and tissue culture-treated flasks were obtained from Corning (Corning, NY). 

2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-deoxyglucose (2-NBDG) was acquired from 

Cayman Chemicals (Ann Arbor, MI). LIVE/DEAD Viability/Cytotoxicity assay and SlowFade 

Gold antifade reagent with 4',6-diamidino-2-phenylindole (DAPI) was purchased from 

Invitrogen (Carlsbad, CA). Primary antibodies against human CD13, E-Cadherin, aquaporin 1, 
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aquaporin 2, sodium glucose co-transporter-2, γ-glutamyl transferase, acetylated tubulin and 

fluorescently tagged secondary antibodies were all purchased from Abcam (Cambridge, UK). 

Primary antibodies against zonula occludens-1 (ZO-1) were purchased from Invitrogen 

(Carlsbad, CA). Primary antibodies against CYP24A1 and CYP27B1 were obtained from Santa 

Cruz Biotechnology (Dallas, TX). Na+/K+ ATPase was obtained from Fisher Scientific 

(Pittsburgh, PA). 

  

4.3.2 Human PTEC Isolation and Propagation 

Human kidney cortical tissue was obtained from healthy surgical resections of renal cell 

carcinomas performed at the University of Washington Medical Center. The human subject 

protocol was approved by the University of Washington Institutional Review Board (protocol # 

STUDY00001297). Healthy portions of the surgical specimen were dissected, stored at 4°C in 

Hanks balanced salt solution (HBSS) buffer containing penicillin-streptomycin until the time of 

processing (within 24 hours). 

 In order to isolate human proximal tubule epithelial cells (PTECs), the renal cortical 

tissue was diced by hand with steel razors in a cell culture hood under sterile conditions. The 

resultant tissue slurry was then incubated under agitation (250 rpm) for 30 minutes at 37°C in a 

filter-sterilized 1 mg/mL solution of collagenase type IV in HBSS buffer. The collagenase was 

quenched by the addition of horse serum and remaining undisintegrated tissue was allowed to 

settle in conical tubes for 2 minutes. The free cell-containing supernatant was transferred to new 

conical tubes and washed with 37°C PTEC culture media (DMEM/F12 media supplemented 

with insulin, transferrin, selenium, penicillin, streptomycin, amphotericin B and 50 nM 

hydrocortisone). The cell suspension was then centrifuged at 200 g for 5 minutes and the 
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supernatant was aspirated. The cell pellet was then resuspended in PTEC culture media and 

transferred to tissue culture flasks. Cell culture media was replaced after 24 hours and then every 

3 days thereafter until the flasks are populated with cells to 70-100% confluence. Cells were 

expanded and subcultured on collagen IV-coated tissue culture treated flasks. Cell detachment 

was performed using 0.05% trypsin with ethylenediamine tetraacetic acid and DMEM/F12 media 

containing 10% FBS was used for enzymatic quenching. Consistency of gross cellular 

morphology across donors and passage numbers is shown in Figure 4.1. Cells at passages 1 

through 4 were used in the subsequent experiments. 

 
 

Figure 4.1. Cell morphology across donors and passages. (A) Passage 0 cells after 8 days in culture from 68-year-

old woman; (B) passage 0 cells after 8 days in culture from 60-year-old man; (C) passage 0 cells after 25 days in 

culture from 66-year-old man; (D, E) passage 1 cells after 7 days in culture from 63-year-old man; (F) passage 1 

cells after 5 days in culture from 70-year-old man; (G) passage 2 cells after 8 days in culture from 59-year-old man; 

(H) passage 3 cells after 6 days in culture from 71-year-old man; (I) passage 3 cells after 15 days in culture from 81-

year-old man. Bars = 100 μm. 
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4.3.3 Cell Seeding and Culture in the PT-MPS 

The 3-dimensional microfluidic cell culture platform used in these studies was developed 

by Nortis Inc. In brief, the unmodified platform is constructed of gas-permeable 

polydimethylsiloxane (PDMS) housed in a polycarbonate base with an embedded microscope 

coverslip to facilitate cell imaging. Channels through the PDMS provide access to a chamber that 

can be filled with an extracellular matrix provided it has sufficient polymerization properties. A 

microfiber mandrel that crosses this extracellular matrix compartment (120 μm x 6 mm) can be 

removed following matrix polymerization to provide a hollow lumen through the matrix. This 

lumen can be coated with additional extracellular matrices. Using access ports through channels 

in the PDMS, a constant infusion of cell culture medium can be supplied via syringe pumps or 

Nortis’ proprietary system that uses pressurized gas. The constant media perfusion helps to 

achieve in vivo-like conditions within the MPS by constantly supplying adequate oxygen and 

nutrition to the PTECs and providing an environment of in vivo-like fluid sheer stress. Fluid 

sheer stress has been shown to promote polarization of renal epithelial cells,[111] a property 

critical to achieving vectorial transport, and subsequently estimating the analogous processes in 

vivo.  

For the experiments outlined in this chapter, all microfluidic platforms were filled with 6 

mg/mL rat tail collagen type I on ice. Microfluidic platforms were then left for 30 minutes at 

4°C, and then collagen I was allowed to polymerize at room temperature overnight. On the day 

of cell seeding, the microfiber mandrel was removed from each device, leaving behind a hollow 

channel traversing the collagen I matrix. This channel was coated with 5 μg/mL mouse collagen 

type IV for 45 minutes prior to cell seeding.  
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Figure 4.2. Scheme depicting construction of human proximal tubule microphysiological system. (i) Cell 

isolation from human kidney cortex. (ii) Cell culture in conventional culture flasks. (iii) Cell seeding and culture in 

3-dimensional proximal tubule microphysiological system. (iv) Phase contrast and viability of PTECs in MPS at day 

28. Cell viability was determined using a LIVE/DEAD viability assay according to the manufacturer-supplied 

protocol. 
 

In order to constitute a PT-MPS, 2-dimensional monolayers of PTECs (passages 1 to 4) 

were detached from the cell culture flasks (used for cell expansion) by treatment with 0.05% 

Trypsin-ethylenediamine tetraacetic acid to obtain single-cell suspensions. The cells were 

washed with DMEM/F12 containing 10% FBS and resuspended at an approximate concentration 

of 15 to 20 × 106 cells/mL. Approximately 5 μL of cell suspension was injected into the collagen 

IV–coated lumen. Cells were allowed to adhere to the collagen matrix before media flow was 

reinitiated at 0.5 μL/min. Approximately 5000 to 10000 PTECs can be cultured in a single PT-

MPS unit. Cell coverage and integrity of the tubule structure were assessed under light 

microscopy prior to all experiments. For all experiments, microfluidic platforms contained 

PTECs grown for 2 to 3 weeks after initial cell seeding. A general overview of cell isolation and 

seeding workflow is depicted in Figure 4.2.  
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4.3.4 Immunocytochemistry 

Proximal tubule epithelial cells in MPS platforms were fixed with 10% Buffered formalin 

acetate or 4% paraformaldehyde in Dulbecco's phosphate-buffered saline with calcium and 

magnesium (DPBS++) for 1 hour, permeabilized with 0.5% Triton X-100, and blocked with 5% 

bovine serum albumin (BSA) for 40 minutes. Subsequently, cells were incubated with different 

dilutions of primary antibodies overnight at 4°C. Primary antibodies included CD13 (mouse, 

1:100), E-Cadherin (mouse, 1:100), ZO-1 (rabbit, 1:100,), Aquaporin 1 (rabbit, 1:100), 

Aquaporin 2 (rabbit, 1:100), uromodulin, prominin-2, Na+/K+ ATPase (mouse, 1:100), SGLT2 

(rabbit, 1:100), GGT (mouse, 1:100), acetylated tubulin (mouse, 1:100), CYP24A1 (mouse, 

1:100), and CYP27B1 (rabbit, 1:100). After washing, fluorescently labeled secondary antibodies 

were added for 1 hour at room temperature.  Donkey anti-rabbit IgG (1:1000) or donkey anti-

mouse IgG (1:1000) were used as secondary antibodies. Cells were mounted using SlowFade 

Gold antifade reagent with DAPI to visualize cell nuclei. 

Phase contrast and fluorescent images were taken with a Nikon Eclipse Ti-S and inverted 

spinning disk microscope (3i-Intelligent Imaging Innovations, Denver, CO).  Acquired images 

were processed either in ImageJ 1.48v (National Institutes of Health) or Slidebook software 

(Intelligent Imaging Innovations). Confocal images were captured on a Carl Zeiss LSM 780 

confocal microscope (Carl Zeiss Microscopy, Jena, Germany) using a Zeiss C-Apochromat 

40x/1.1 water immersion objective.  Z-sections were taken at 2 µm intervals through the depth of 

the tubule, typically a distance of 120 µm. Acquired confocal images were processed in Volocity 

6.3 3D Image analysis software (Perkin Elmer, Waltham, MA). 
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4.3.5 Transmission Electron Microscopy 

In order to elucidate the ultrastructure of PTECs cultured in the MPS, transmission 

electron microscopy was employed. PT-MPS units were fixed in 1/2× Karnovsky fixative (2.5% 

glutaraldehyde with 2% formaldehyde in 0.1 M buffer). Samples were postfixed in osmium 

tetroxide and processed, sectioned, and examined according to protocols described 

previously.[112] 

  

4.3.6 γ-Glutamyl Transferase Activity 

The presence and functioning of γ-glutamyl transferase (GGT) was demonstrated by 

metabolism of glutathione disulfide (GSSG) in PT-MPS units cultured to >50% cell confluence. 

To test for GGT activity, PT-MPS units were perfused at 1 μL/min with the previously described 

standard PTEC culture media with 4 μM of GSSG added. Efflux media samples were collected 

at hourly intervals for a total of 4 hours. After the first phase of collection, the PT-MPS units 

were perfused overnight using fresh media to ensure sufficient washout of GSSG. To verify 

specificity of GSSG processing by GGT, PT-MPS units were reperfused with 4 μM GSSG in the 

presence of GGT inhibitor–acivicin (1 μM), and effluent media samples were collected hourly 

for a total of 4 hours. GSSG concentration in the effluent perfusate was measured via liquid 

chromatography–tandem mass spectrometry (LC-MS/MS). Analysis of GSSG was accomplished 

from direct injection of 2 µL of the perfusate efflux samples, without any sample preparation, 

onto an Agilent Technologies (Santa Clara, CA) model 1290 HPLC equipped with binary pump, 

thermostated auto-sampler, and heated column compartment. The autosampler compartment was 

maintained at 4°C.  A 2.1 mm x 150 mm, 5 µm Develosil Rp-Aqueous C30 column 

(Phenomenex, Torrance, CA) was used and maintained at 35°C. The mobile phase consisted of 
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0.1% formic acid (A) and methanol (B) at a flow rate of 0.2 mL/min. The following mobile 

phase gradient was employed: 0% B held 0-3.5 min, 0-20% over 3.5-6 min, 20% held at 6-8.1 

min, 20-0% B at 8.1-8.2 min.  The HPLC was coupled to an Agilent Technologies (Santa Clara, 

CA) model G6410B triple quadrupole mass spectrometer.  The mass spectrometer was operated 

in the ESI+ mode with the following operating parameters: GSSG transition — m/z 613.0  

231.0, fragmentor — 135 volts, CE — 36 volts, VCAP — 3500 volts, drying gas — 10 L/min 

nitrogen at 350°C, and nebulizer gas — nitrogen at 35 psi. As the GSSG appeared to be unstable 

in cell media even at 4°C in the autosampler, a single standard of GSSG spiked into blank media 

was injected prior to the samples in order to confirm retention time and estimate instrument 

response of GSSG. Responses were measured in absolute height counts. Results are presented as 

recovery of GSSG expressed as a percentage of nominal input in the presence and absence of 

GGT inhibitor. Differences in GSSG recovery were evaluated with t-tests, paired by individual 

PT-MPS units before an after acivicin co-treatment. 

 

4.3.7 Glucose Reabsorption 

In preparation for the assessment of SGLT2-mediated glucose reabsorption, PT-MPS 

units were perfused with standard PTEC culture media for at least 2 weeks prior to being tested 

for glucose reabsorption. Glucose uptake was assessed using a fluorescent glucose analog, 2-

NBDG. Twelve hours prior to testing, PTEC perfusion was switched to culture media with a 

lower, physiological, glucose concentration (100 mg/dl). After 12 hours of pretreatment, PT-

MPS units were perfused with media containing 200 μg/mL (0.6 mM) of 2-NBDG in the 

presence or absence of a glucose transporter 1 (GLUT1) inhibitor (50 μM apigenin) or a SGLT2 

inhibitor (0.5 μM dapagliflozin) for 2 hours at 37°C. Platforms were then washed and imaged 
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using a Nikon Eclipse Ti-S (Tokyo, Japan) and inverted spinning disk microscope in phase 

contrast and fluorescent modes and fluorescent signal quantified using ImageJ software 

(National Institutes of Health, Bethesda, MD).  

 

4.3.8 Ammoniagenesis 

The ability to secrete ammonia in response to acidification was evaluated in PT-MPS 

units cultured with PTECs grown to >50% confluency. The PT-MPS units were initially 

perfused with phosphate-buffered saline (pH 7.4) at a flow rate of 1 μL/min for 4 hours; effluent 

was collected at 2-hour intervals. After 4 hours, the perfusate was switched to phosphate-

buffered saline buffered to a relatively more acidic pH of 6.9, and 2-hourly collection of effluent 

was continued for another 4 hours. Samples at hour 4 were analyzed for ammonia concentration 

using a using a commercially available colorimetric ammonia assay kit according to the 

manufacturer-supplied protocol. Effluent ammonia concentrations at acidic and physiological pH 

conditions were compared. 

 

4.3.9 25OHD3 Metabolism 

Conversion of 25OHD3 to its physiologically active and inactive metabolites was 

assessed in the PT-MPS. Human PTECs cultured from 3 separate tissue donors were evaluated in 

triplicate for a total of 9 PT-MPS units. The cells were cultured for 2 to 3 weeks prior to the 

addition of 1 μM 25OHD3 to the perfusion media. The media was also supplemented with 2% 

v/v fetal bovine serum (FBS) to minimize non-specific adsorption of vitamin D3 metabolites to 

the tubing and components of the Nortis microfluidic platforms. The inflow rate of 25OHD3-

containing media was set at 0.5 μL/min and outflow was collected daily for 3 days and stored 
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at −80°C. Concentrations of 25OHD3 and its primary oxidative metabolites were determined 

from 450 µL aliquots of efflux media samples using a modified LC-MS/MS method previously 

reported for assay of oxidative vitamin D metabolites in plasma.[113]  To improve sensitivity 

limits, the established method was implemented on a Nexera X2 LC-30AD UHPLC (Shimadzu, 

Kyoto, Japan) coupled to an AB/SCIEX QTRAP 6500 mass spectrometer (Sciex, Framingham, 

MA).  The following modifications were made to the published method:  [1] methanol (MeOH) 

replaced acetonitrile as the organic mobile phase; [2] the mobile phase gradient was changed to 

0-1 min at 35% MeOH, 6-8 min at 65% MeOH, 15-15.5 min at 75% MeOH, 17-19 min at 90% 

MeOH, 19.2-22.1 min at 35%; and [3] total flow was increased to 0.25 mL/min; [4] injection 

volume was reduced to 2 µL; [5] column temperature was increased to 45°C; [6] gas temperature 

was increased to 400°C; and [7] capillary voltage, fragmentor voltage, and collision energy were 

changed to 5500 V, 70 V and 20 V respectively.  Data was acquired and peaks were integrated 

using Sciex Analyst version 1.6 software.  

Formation clearance for three dihydroxy-vitamin D3 metabolites (1α,25(OH)2D3,  

4β,25(OH)2D3 and 24,25(OH)2D3) were plotted as formation clearance (𝐶𝐿𝑓) over time with 

GraphPad (La Jolla, CA) Prism v. 5.1 using the following equation: 

  

𝐶𝐿𝑓 =

𝑑𝐴𝑚

𝑑𝑡
+ (𝐶𝐿𝑚 × 𝐶𝑚)

𝐶𝑝
 

 

Concentration of the respective dihydroxy-vitamin D3 metabolites was represented by the 

parameter Cm and the concentration of the parent 25OHD3 was represented by 𝐶𝑝. Rate of 

metabolite formation (dAm/dt) was determined by dividing the observed mass of the formed 
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metabolite by the duration of the 24-hour collection interval. We assumed no sequential 

metabolism for any of the dihydroxy-vitamin D3 metabolites during the course of the 

experiment; clearance of the metabolite (CLm) was assumed to be negligible and set equal to 

zero.  The formation clearance was then plotted at the midpoint of the collection interval. 

 

4.3.10 VDR-Dependent Regulation of CYP24A1 Activity 

To evaluate the inductive effects of 1α,25(OH)2D3 (calcitriol) on the 24-hydroxylation of 

25OHD3 (calcidiol), a group of PT-MPS units (n = 5) were exposed to 1 μM calcidiol in the 

presence or absence of 0.5 μM exogenous calcitriol. Effluent was collected for 3 days and stored 

at −80°C until LC-MS/MS analysis of 24,25(OH)2D3 and calcidiol concentrations. Following 

treatment, RNA was extracted using Tri-reagent according to the manufacture-supplied protocol. 

In order to assess the more rapid effects of calcitriol coadministration on gene expression, 

additional MPSs were treated for 5 hours prior to collection in Tri-reagent. RNA was quantified 

on a NanoDrop ND-2000 spectrophotometer from Thermo-Fisher (Waltham, MA) and reverse 

transcribed to cDNA using reverse transcription kit. Isolated RNA was mixed with other 

components (including RNase inhibitor) of the high-capacity cDNA reverse transcription kit 

according to the manufacturer-supplied protocol. Reverse transcription was conducted in a PTC-

200 thermal cycler (Bio-Rad, Hercules, CA) under the following conditions: 10 minutes at 25°C, 

120 minutes at 37°C and 5 seconds at 85°C. Quantitative real-time polymerase chain reactions 

were then performed under the following conditions: warm up at 50°C for 10:00, followed by 40 

cycles of 95°C for 5:10 and 60°C for 0:30. The effect of calcitriol on the expression of genes 

relevant to calcidiol metabolism (CYP24A1, CYP27B1, and VDR) was assessed using TaqMan 

Gene expression assays on a CFX Connect Real-Time PCR Detection System (Bio-Rad 



85 

Laboratories, Hercules, CA). Relative quantification of mRNA was determined using the ΔΔCt 

method with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) serving as a housekeeping 

gene. 
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4.4 Results 

4.4.1 Confirmation of PTEC Markers 

Cell surfaces showed fairly even expression of CD13 (aminopeptidase-N) and E-

cadherin, markers of epithelial origin, for at least 28 days (Figure 4.3). Proximal tubule origin of 

the final culture was verified by consistent ICC staining for aquaporin-1 (Figure 4.3) and lotus 

lectin, whereas the signal for aquaporin-2, prominin 2, and uromodulin, markers of distal tubule 

or collecting duct cells or both, was absent in cells cultured both 2-dimensional and MPS units 

(data not shown). 

 

Figure 4.3. Markers of proximal tubular and epithelial phenotype. Depicted in red from left to right; surface 

expression of epithelial cell marker CD13 (aminopeptidase-N); cell self-assembly confirmed by E-cadherin 

expression; proximal tubule origin confirmed by expression of aquaporin 1 (original magnification ×400). 
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4.4.2 Polarization of PTECs in the PT-MPS 

Polarization of PTECs was shown by localization of the tight junction protein ZO-1 to the 

luminal (apical) aspect of the PTEC tubule and localization of Na+/K+–adenosine triphosphatase 

(Na+/K+ ATPase) to the lateral interface between neighboring cells and the basal border between 

PTECs and collagen substrate (Figure 4.4).  

 

Figure 4.4. Polarization of human PTECs in PT-MPS. Cellular polarization of PTECs was confirmed by tight 

junction formation via apical localization of ZO-1 (green in left side image) and basolateral expression of Na+/K+ 

ATPase (green in right side image). Tubule diameter is ~120 μm for reference. 

 

 

 

4.4.3 PTEC Ultratructure in the PT-MPS 

Transmission electron microscopy images of PTEC ultrastructure showed representative 

density of mitochondria, golgi apparatus, and rough endoplasmic reticulum. Tight junctions and 

short microvilli at the apical surface were also observed, as well as basolateral interdigitations 
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between neighboring cells, the latter being characteristic of proximal tubules in vivo (Figure 4.5). 

Furthermore, fluid sheer stress-induced cilia formation was evidenced by positive staining of 

acetylated tubulin in rod-like structures that originate from close to the cell nucleus. The ciliary 

processes averaged 10 ± 3.5 μm in length (Figure 4.5B1 and B2). 

 

  

Figure 4.5. Ultrastructure of human PTECs in PT-MPS. Transmission electron microscopy of ultrastructure of 

proximal tubular epithelial cells (PTECs) cultured in a microphysiological system (MPS). The following cellular 

structures are identified: microvilli (MV), mitochondria (M), tight junction (TJ), and basolateral interdigitations (Bi). 

PTECs in MPS form cilia as seen from 2 representative images (B1 and 2) of single cells stained for acetylated 

tubulin in red. Bars = 5 μm). 

 

4.4.4 γ-Glutamyl Transferase Activity 

Reclamation of glutathione is an essential biochemical function of renal proximal tubule 

in vivo.[114] The reclamation process is mediated by γ-glutamyl transpeptidase (GGT), which 

normally catalyzes the transfer of glutamyl moiety from glutathione to an acceptor amino acid as 

part of the γ-glutamyl cycle, a pathway for the synthesis and degradation of glutathione. 

Selective ICC staining for GGT in the PT-MPS revealed enriched localization of the enzyme at 

the luminal aspect of the PTEC structure (Figure 4.6A). GGT mediates a comparable reaction for 

the oxidized form of glutathione, glutathione disulfide (GSSG),[115] which is a more chemically 
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stable substrate for assessing the activity of γ-glutamyl transpeptidase in the PT-MPS. PTECs 

within the MPS were perfused with media containing 4 μM GSSG in the presence or absence of 

an irreversible GGT inhibitor, 1 mM acivicin. The recovery of GSSG in the effluent was low 

(<1.5%), demonstrating extensive catalytic activity of GGT; in the presence of acivicin, an 

approximate 2-fold increase in GSSG recovery was observed over 2 to 4 hours (Figure 4.6B). 

 

Figure 4.6. GGT activity in the PT-MPS. (a) ICC staining reveals proper apical localization of GGT (green) in 

juxtaposition to nuclei (blue) within the PTEC tubule. (b) GGT is functionally essential to cleaving the γ-glutamyl 

moiety from oxidized glutathione and can be inhibited by acivicin. (c) GGT activity as determined by oxidized 

glutathione abundance in the presence and absence of inhibitor, acivicin (n = 4 microphysiological system [MPS] 

devices) *P < 0.001, 2-tailed t-test. Bars = 20 μm for the tubule and 10 μm for the wall.  
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4.4.5 Glucose Reabsorption 

The proximal tubule is responsible for nearly 90% of glucose reabsorption in the kidney, 

which is mediated primarily by glucose transporters, including sodium glucose co-transporter-2 

(SGLT2).[15] Selective ICC staining for SGLT2 in the PTECs revealed its expression and 

localization at the apical surface (Figure 4.7A). To confirm functioning of SGLT2 in the PT-

MPS, glucose reabsorption was demonstrated by perfusing the PT-MPS with a fluorescent 

glucose analog, 2-NBDG, in the presence or absence of either the GLUT1 inhibitor (apigenin) or 

a SGLT2-specific inhibitor (dapagliflozin).[116] The PTEC layer showed strong green 

fluorescent signal, demonstrating avid cellular uptake and accumulation of 2-NBDG. 

 

Figure 4.7. Glucose reabsorption in PT-MPS. (a) Immunocytochemistry reveals proper apical membrane 

enrichment of SGLT2 (green) in juxtaposition to nuclei (blue). (b,d) Differential interference contrast images 

showing the structure of PTECs in the MPS in the presence and absence of apigenin (GLUT1 inhibitor) and 

dapagliflozin (SGLT2 inhibitor). (c,e) Fluorescent images showing the distribution of the fluorescent glucose 

analog, 2-NBDG. (c) 2-NBDG was actively reabsorbed in the absence of inhibitor and (e) was not absorbed in the 

presence of inhibitor. (f) Quantification of a cell-associated fluorescent signal following subtraction of 

autofluorescence, demonstrating significant reduction of glucose uptake in the presence of inhibitors apigenin and 

dapagliflozin (n = 3 MPS devices/group) *P < 0.001, unpaired t-test. Scale Bars = (a) 20 μm for the tubule and 10 

μm for the wall; (e) 50 μm. 
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Fluorescent signal intensity of 2-NBDG decreased significantly in the presence of both 

inhibitors, indicating blockade in uptake of the fluorescent glucose analog into epithelial cells 

(Figure 4.7B to F). It is worth noting that the magnitude of effect for both inhibitors (25%–30%) 

is similar to the clinical efficacy of SGLT2 inhibitors (30%–50%) despite in vitro predictions of 

90% inhibition.[16] 

 

4.4.6 Ammoniagenesis 

Renal proximal tubules respond in vivo to a drop in either blood or luminal filtrate pH 

with an increased generation and secretion of ammonia (Figure 4.8A). To demonstrate this 

physiological response, PT-MPS units were exposed to a decrease in luminal perfusate pH from 

7.4 to 6.9. PTECs in the MPS responded with an approximate 3-fold increase in effluent 

ammonia concentration (pH 7.4–0.55 mM NH3, pH 6.9–1.56 mM NH3) (Figure 4.8B). 

 

Figure 4.8. Ammoniagenesis in human kidney 3D MPS. (a) The physiological response to a drop in either blood 

or luminal pH resulting in the generation and secretion of ammonia in the tubular outflow. (b) With the PT-MPS, 

luminal media was initially at pH 7.4 and then switched to pH 6.9. Secreted ammonia in the outflow was quantified 

from 4 separate units after 4 hours and was significantly different when exposed to acidic conditions. *P = 0.05, 2-

tailed t-test. α-KG2, alpha ketoglutarate; GLN, glutamine; GLU, glutamic acid. 
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4.4.7 25OHD3 Metabolism 

The proximal tubule epithelium is known to be a critical site for bioactivation of vitamin 

D. Systemically available 25-OH vitamin D3 (calcidiol) is converted to bioactive 1α,25(OH)2D3 

(calcitriol) through the action of cytochrome P450 27B1 (CYP27B1). Metabolism of calcidiol to 

relatively inactive metabolites also occurs in the kidney via cytochrome P450 24A1 (CYP24A1). 

ICC staining of PTECs cultured in the MPS revealed the presence of both CYP27B1 and 

CYP24A1 along the length of the epithelial cell tubule (Figure 4.9). 

 

 
 

Figure 4.9. Expression of vitamin D metabolizing P450s in PT-MPS. ICC staining revealed expression of both 

CYP24A1 (red) and CYP27B1 (green) along the length of the PT-MPS cell tubule. Nuclei of the PTECs is depicted 

in blue. 

 

Furthermore, PT-MPS units demonstrated the ability to metabolize calcidiol to 

quantifiable levels of bioactive calcitriol, inactive 24,25(OH)2D3 and 4β,25(OH)2D3 (Figure 

4.10A). Overall, the formation clearance (i.e., formation rate normalized by substrate 

concentration) for 24,25(OH)2D3 was significantly greater than that of calcitriol and 

4β,25(OH)2D3. This finding is consistent with metabolism of calcidiol in vivo, where circulating 
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concentrations of 24,25(OH)2D3 are known to be higher than those of both calcitriol and 

4β,25(OH)2 D3.[113] 

 

 

 

Figure 4.10. VDR-mediated regulation of vitamin D metabolism in human kidney PT-MPS. (a) Formation 

clearance of the 1α,25(OH)2D3 (calcitriol), 4β,25(OH)2D3, and 24,25(OH)2D3 over 3 days exposure of PT-MPS units 

to 1 μM 25-OH-Vit D3 (calcidiol). Clearance values are plotted at midpoint of collection interval. Sequential 

metabolism was assumed to be negligible. (b) Formation clearance of the 24,25(OH)2D3 was greater in PT-MPS 

cultured in media with both 0.5 μM calcitriol and 1 μM calcidiol than those exposed to 1 μM calcidiol alone. 

Clearance values were plotted at the midpoint of the collection interval. Sequential metabolism was assumed to be 

negligible. Baseline data point (×) for formation clearance (CLf) was determined from the experiment presented in 

(a). Effect of calcitriol on gene expression of (c) CYP24A1, (d) CYP27B1, and (e) VDR in MPS-seeded PTECs. 

Relative accumulation of CYP24A1 mRNA transcripts was greater in MPS-seeded PTECs cultured in media with 

both calcitriol and calcidiol than those exposed to calcidiol alone. Induction of CYP24A1 mRNA occurred rapidly (5 

hours) and persisted for the duration of treatment (3 days). No detectable (ND) transcripts of CYP24A1 were 

observed in the 5-hour calcidiol-only group. There were no substantial changes in CYP27B1 and VDR 

mRNA expression over the duration of treatment. All genes of interest were standardized to glyceraldehyde-3-

phosphate dehydrogenase (GAPDH). 

 

4.4.8 VDR-Dependent Regulation of CYP24A1 Activity 

PT-MPS units were challenged with additional exogenous calcitriol (500 nM), a VDR 

ligand. Induction of the VDR–regulated 24-hydroxylation pathway was observed (Figure 4.10B). 
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This increase in 24,25(OH)2D3 formation was accompanied by a rapid (5 hours) and sustained 

(72 hours) accumulation of mRNA transcripts for CYP24A1 (Figure 4.10C). No apparent 

changes in gene expression of CYP27B1  (Figure 4.10D) or VDR (Figure 4.10E) were observed. 

 

4.5 Discussion 

We have demonstrated that in a flow-directed MPS, human PTECs attach to supportive 

collagen extracellular matrix and self-assemble to form a 3-dimensional tubular structure.[37, 

117] Furthermore, cells maintain renal epithelial differentiation and characteristic polarized 

morphology in this microenvironment for an extended period of time. In contrast, PTECs grown 

in conventional 2-dimensional monolayer cultures often show limited longevity and loss of 

distinctive epithelial phenotype due to lack of fluidic mechanosensory input and other stimulus 

elements present in the native microenvironment in vivo.[118, 119]  

We also demonstrated proximal tubular origin for the majority of epithelial cells in 

culture by ICC staining of differential markers of kidney epithelial cells (viz., aquaporin 1, 

aquaporin 2, and SGLT2). Structurally, PTECs in the MPS exhibited polarized structure based 

on localization of domain-marker proteins. Assessment of ultrastructure by transmission electron 

microscopy revealed the hallmarks of a competent epithelial barrier, as well as healthy 

mitochondria and characteristic basolateral membrane interdigitations. The apical brush border 

expressed functionally active SGLT2 transporter and GGT enzyme. Although brush border 

microvilli on the cultured PTECs were not as abundant as in freshly isolated cells,[120] this is 

consistent with literature reports of low microvilli density in traditional PTEC monolayer 

cultures.[121, 122] Metabolic competence of the cultured human PTECs was confirmed by their 

capability for ammoniagenesis and vitamin D biotransformation. In the case of vitamin D, this 
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metabolic competence was accompanied by retention of some of the regulatory machinery 

critical to maintaining vitamin D homeostasis in vivo. 

 A number of 3-dimensional tissue engineering models have been developed that attempt 

to mimic the proximal tubule structure and function.[114, 119, 123, 124] A number of these 

systems utilize a monolayer of cells adhered to a microporous membrane coated with a thin layer 

of an extracellular matrix protein component, often collagen IV or laminin. The importance of 3-

dimensional tubular architecture is reinforced by the observation that transplantation of 2-

dimensional sheets of porcine renal proximal tubule cells onto dorsal subcutaneous tissue of 

nude rats results in increasingly complicated tubular structures with altered expression of surface 

markers as the 2-dimensional sheets convert to their native structure in vivo.[125] It has become 

increasingly evident that the composition,[126] microtopography,[127, 128] and 

rigidity/elasticity [129, 130] of the extracellular matrix substrate on which a cell adheres can 

dictate the cells' morphology, phenotype, proliferation, and even fate.  

Unlike systems using microporous membranes, the tubular structures formed in our PT-

MPS are surrounded by extracellular matrix whose composition and rigidity/elasticity can be 

modified to best recapitulate in vivo-like cellular function. Additionally, our microfluidic system 

enables co-culture of a variety of cell types in the matrix compartment and the proximal tubule 

channel, permitting critical cell-cell and cell-matrix interactions, without interference from 

artificial scaffold materials. 

The system described herein represents a milestone in cell culture modeling of human 

kidney in that it is possible to achieve a functional 3-dimensional construct of human proximal 

tubule in vitro in a microfluidic device that more faithfully reflects the native microenvironment 

of the renal tubulo-interstitium. There have been earlier attempts in recapitulating a functioning 
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3-dimensional proximal tubule. DesRochers et al. constructed a static 3-dimensional culture of 

proximal tubular cells by culturing immortalized human renal cortical epithelial cells (NKi-2) 

suspended in an extracellular matrix consisting of a 50:50 mixture of rat tail collagen I and 

Matrigel®.[118] Maschmeyer et al. cultured immortalized cell line renal proximal tubular 

epithelial cell/telomerase reverse transcriptase 1 on a polyester track etched membrane within a 

4-organ-chip device under continuous flow.[131] Although longevity in culture and reproducible 

sourcing are practical advantages, the altered biology of immortalized cell lines is a serious 

drawback. The observation that the PTECs in our MPS self-assemble into 3-dimensional tubular 

structure may help to recapitulate proximal tubular functionality more effectively than previous 

2-dimensional monolayer or dispersed culture systems have done. 

More recently, Jang et al. reported development of a “kidney on a chip” with similar 

goals to our project.[119] The MPS reported by Jang et al. consisted of a PTEC epithelial 

monolayer exposed to an apical fluid shear stress that was capable of reabsorbing glucose in the 

range of approximately 2% of the nominal input.[119] Notably, our PT-MPS achieves 

approximately 10-fold higher glucose reabsorption than that noted by Jang et al. and is 

responsive to SGLT-2 specific inhibition. Thus, it more closely replicates the expected 

physiological function of efficient apical glucose uptake, a key function of proximal tubules in 

vivo. In addition, were also able to demonstrate physiologically regulated proximal tubular 

cytochrome P450 function in the biosynthesis of vitamin D sterols. Finally, our system 

demonstrates maintenance in vitro of an epithelial cell phenotype for up to 28 days, whereas the 

system employed by Jang et al. was tested for only up to 4 days.[119] 

In pioneering work by Humes et al.,[114] the development of a renal tubule assist device 

(RAD) also recapitulated multiple aspects of proximal tubular physiological function ex vivo. 
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Similar to what we observe in our MPS, the RAD also demonstrated glucose reabsorption and 

glutathione metabolism.[114] The RAD, as the name implies, was developed for the purpose of 

providing proximal tubule replacement therapy in the setting of kidney failure, whereas our PT-

MPS was designed for the specific purpose of improving the drug development as part of the 

National Institutes of Health Organs on Chips Consortium. Thus the RAD was designed to 

support renal function in vivo on a macroscale, whereas our PT-MPS is primarily designed for 

predictive toxicity testing on a microscale. Given the divergent goals for development of the 

RAD and our PT-MPS, it is not surprising that each system has both comparative strengths and 

weaknesses. In the RAD system, media is perfused across a flat cell sheet in a 1 mm wide 

channel that attempts to mimic luminal shear stress. In contrast, our MPS enables the creation of 

a 120 μm diameter tubular tissue that is in direct contact with the surrounding 3-dimensional 

extracellular matrix, which more closely replicates human anatomy. Additionally species 

specificity for individual transporters may be a concern, given the use of primary porcine cells in 

the RAD device, although the RAD tested in clinical trials did make use of human cells.[132] 

Because of the thickness of the hollow fiber dialysis membrane, the RAD may be less efficient 

for assessing basolateral secretory organic solute clearance, which is the major mechanism for 

proximal tubule drug and metabolite elimination. 

Conversely, because the hollow fiber design of the RAD allows facile abluminal flow and 

creation of an interstitial oncotic gradient favoring apical reabsorption, the RAD is superior to 

the current PT-MPS design for detecting apical water and electrolyte reabsorption. Despite 

attempts to measure ion flux in our PT-MPS using lithium as a marker of sodium transport in the 

presence and absence of inhibitors targeting either Na+H+ exchanger or Na+K+ ATPase, we were 

unable to recapitulate this function (data not shown). We are currently developing a 2-channel 
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microfluidic PT-MPS, with the second channel allowing a peritubular microvascular endothelia 

to be grown within the matrix compartment.[133] This design should provide a biomimetic for a 

more complex in vivo-like microenvironment that may facilitate assessment of electrolyte and 

water reabsorption in the proximal tubule. In addition, several studies have shown that co-

culturing endothelial cells with proximal tubule epithelial cells enhances in vivo-like epithelial 

function.[118, 129, 131] 

In summary, for the first time, we have a high-fidelity system in vitro that allows reliable 

investigation of the fundamental biology of the renal tubule epithelium; the potential applications 

include tubular secretion of drugs, xenobiotics, and uremic toxins, as well as the ability to assess 

toxic injury response. To our knowledge, this is the first demonstration of a human proximal 

tubular cell in vitro system that can effectively model basolateral solute transport, apical solute 

uptake, and intracellular enzymatic function in a physiologically relevant manner. Moreover, our 

PT-MPS has the potential for integration of multiple cell types— epithelial cells, pericytes, and 

microvascular endothelial cells in a spatial alignment that would fully reconstitute a 

tubulointerstitial environment.[117] In time, we envision the PT-MPS will be extended to 

investigation into pathophysiological processes at the tubule-interstitium that underlie acute 

kidney injury and chronic kidney diseases (CKD), as well as transport and metabolic processes 

governing the renal handling of drugs and environmental toxicants in healthy and disease states. 
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5 Megalin-mediated Regulation of Vitamin D Homeostasis in PTECs 
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5.1 Abstract 

The essential role of megalin in the physiological regulation of vitamin D metabolism has 

hereto been evaluated only in megalin-knockout mice and limited case reports of human 

hereditary defects. Through the use of primary human proximal tubule epithelial cells (PTECs) 

incorporated in a 3-dimensional proximal tubule microphysiological system (PT-MPS), we 

demonstrate that both 25OHD3 and 1α,25(OH)2D3 are actively transported into proximal tubule 

epithelium via megalin-mediated endocytosis while bound to vitamin D binding protein (DBP) . 

Co-administration of 1 µM 25OHD3 and a range of 1α,25(OH)2D3 concentrations with DBP 

resulted in a dose-dependent increase in the appearance of 24,25(OH)2D3 in the efflux media. In 

the presence of DBP, the maximal induction of 24,25(OH)2D3 formation clearance was over 40-

fold greater than the baseline activity. Inhibition of megalin function decreased the induction of 

both cytochrome P450 24A1 protein levels and 24-hydroxylase enzymatic activity following 

perfusion with 1α,25(OH)2D3 in the presence of DBP. These results suggest a novel role for 

vitamin D binding protein in the intracellular trafficking of 1α,25(OH)2D3 to the vitamin D 

receptor (VDR). The interplay between megalin and vitamin D bioactivation was further 

characterized as a reciprocal relationship through demonstration of significant dose–dependent 

suppression of megalin gene expression by 1α,25(OH)2D3. This suggests that megalin may be 

part of the same intracrine and endocrine feedback loops that tightly regulate other proteins 

important to vitamin D homeostasis. 
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5.2 Introduction to Chapter 5 

Vitamin D is vital for the regulation of systemic mineral homeostasis.[42] To elicit many 

of its biological effects, circulating vitamin D must first be metabolized in the liver to 25OHD3 

primarily by cytochrome P450 2R1 (CYP2R1) and then in the kidney proximal tubule epithelium 

to 1α,25(OH)2D3 by cytochrome P450 27B1 (CYP27B1).[42] Unlike hepatic 25-hydroxylation, 

renal 1α-hydroxylation is a tightly regulated process, controlled by a number of intracrine- and 

endocrine-mediated feedback loops.[134-136] When levels of calcium are low, parathyroid 

hormone (PTH), a potent inducer of renal CYP27B1, is released from the parathyroid gland to 

increase production of 1α,25(OH)2D3 in the kidneys.[42, 57] Conversely, when systemic 

concentrations of 1α,25(OH)2D3 are elevated, a compensatory vitamin D receptor (VDR)-

dependent induction of renal cytochrome P450 24A1 (CYP24A1), the 24-hydroxylase 

responsible for the metabolic inactivation of 1α,25(OH)2D3 and 25OHD3, acts to maintain 

1α,25(OH)2D3 at levels sufficient for bone mineral homeostasis.[55, 136] 

In order for the proximal tubule epithelial cells (PTECs) to sense and respond to systemic 

demands for more or less 1α,25(OH)2D3, both 1α,25(OH)2D3 and its metabolic precursor, 

25OHD3, must gain access to the PTECs. Both 1α,25(OH)2D3 and 25OHD3 circulate tightly 

bound to vitamin D binding protein (DBP) and, to a lesser extent, albumin.[137, 138] As a result, 

passive partitioning of the unbound “free” hormone and prohormone would yield low unbound 

intracellular concentrations and biological responses.[42] In 1999, Nykjaer et al. discovered that 

the major route by which 25OHD3 accesses the murine proximal tubule epithelium is via 

megalin-mediated endocytosis of the DBP-bound hormone from the glomerular ultra-

filtrate.[139] In their seminal paper on the subject, the authors demonstrated binding and co-

localization of DBP and megalin in cryopreserved mouse kidney sections.[139] They also 
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observed comparatively greater urinary excretion of DBP in megalin knockout mice and noted 

that renal reuptake of DBP by perfused rat proximal tubules was reduced upon administration of 

receptor associated protein (RAP), an inhibitor of megalin function.[139] Bone formation defects 

were also observed in megalin-knockout mice, highlighting the physiological significance of 

megalin-mediated uptake of DBP-bound vitamin D metabolites.[139, 140] Around the same time 

as the knockout mouse studies were being conducted, Liu et al. reported observations of 

1α,25(OH)2D3-mediated regulation of megalin expression in immortalized rat proximal tubule 

epithelial cells.[63] Using a northern blot analysis, they observed that 1α,25(OH)2D3 treatment 

appeared to induce megalin gene transcription.[63] 

Taken together, the separate findings of the Nykjaer et al. and Liu et al. studies have 

important implications for the role of megalin in the physiological maintenance of vitamin D 

homeostasis. If 1α,25(OH)2D3 promotes megalin expression, and if megalin-mediated uptake is 

essential to renal delivery of vitamin D, then diminished renal 1α,25(OH)2D3 synthesis, such as 

in chronic kidney disease (CKD), might reduce megalin expression. This in turn would reduce 

25OHD3 uptake, theoretically further reducing 1α,25(OH)2D3 synthesis, and perpetuating a 

feedback loop of progressively deteriorating vitamin D status. While this “vicious cycle” 

hypothesis of positive feedback has been described in a number of reviews,[141-143] we are not 

aware of any in vitro or in vivo confirmatory studies evaluating the relationship between 

1α,25(OH)2D3 and megalin expression in the healthy human kidney. 

Although some case studies of individuals with rare diseases that affect megalin 

expression/localization have noted increased urinary excretion of DBP, there is only limited 

information of systemic vitamin D status in these patients. Furthermore, what limited 

information is available may not be translatable to individuals without these diseases. The jump 
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from animal studies to experimental human studies has thus far been hindered by the lack of a 

feasible and ethical means of delivering and sampling from an isolated human proximal tubule in 

vivo. The ability to conduct experiments in such a setting would permit researchers to investigate 

the metabolic fate and biochemical actions of vitamin D metabolites in the kidney. The recent 

development of a 3-dimensional proximal tubule microphysiological system (PT-MPS) that 

recapitulates the physiological functions of the renal proximal tubule now permits the continued 

exploration of the role of megalin in the regulation of systemic vitamin D homeostasis.[40] The 

development of this system is described in Chapter 4. Here in Chapter 5, we describe results of a 

series of experiments conducted using the in vivo-like environment of the PT-MPS and 

conventional 2-dimensional PTEC cultures. These experiments were designed to evaluate 

whether megalin plays a role in the proximal tubular uptake of vitamin D metabolites and 

whether bioactive vitamin D plays a reciprocal role in regulating the expression of megalin in 

humans. 

 

5.3 Materials and Methods 

5.3.1 Chemicals and Reagents 

 Bovine serum albumin, hydrocortisone, Tween-20 and Triton X-100 were purchased 

from Sigma-Aldrich (St. Louis, MO). 16% Formaldehyde (methanol free) was purchased from 

Polysciences (Warrington, PA). Vitamin D metabolites were obtained from Toronto Research 

Chemicals (Toronto, Ontario). D-Sucrose, methanol, isopropanol, hexanes, methylene chloride, 

hydrochloric acid, Dulbecco's phosphate-buffered saline with (DPBS) and without (DPBS++) 

calcium and magnesium, 50:50 Dulbecco’s modified eagle medium with Ham’s F-12 

(DMEM/F12), penicillin-streptomycin-amphotericin B, insulin-transferrin-selenium A solution 
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(ITS-A), TRIzol reagent, High Capacity cDNA Reverse Transcription Kit with RNase Inhibitor, 

TaqMan gene expression assays, fetal bovine serum (FBS), Trypsin EDTA, ProLong Gold 

Antifade reagent with/without 4',6-diamidino-2-phenylindole (DAPI), rabbit anti-human 

CYP24A1 antibody, Alexa Fluor 488 protein labeling kit and Lab-Tek II 4-well chambered 

cover glass systems were obtained from Thermo-Fisher Scientific (Waltham, MA). Mixed type 

human vitamin D binding protein (DBP) was purchased from Athens Research & Technology 

(Athens, GA). Alexa Fluor 594 conjugated donkey anti-mouse IgG, Alexa Fluor 488 conjugated 

donkey anti-rabbit IgG, Alexa Fluor 488 conjugated donkey anti-goat IgG, rabbit anti-megalin 

and mouse anti-sodium-potassium ATPase antibodies were purchased from Abcam (Cambridge, 

MA). Microfluidic platforms were obtained from Nortis (Woodinville, WA). Human receptor-

associated protein (RAP) was purchased from Innovative Research (Novi, MI). Non-pepsinized 

rat tail collagen I was purchased from Ibidi (Martinsried, Germany). Collagen IV, Matrigel®, 

Transwell® inserts and tissue culture-treated 6-well plates were obtained from Corning 

(Corning, NY). 

 

5.3.2 Statistical Analysis 

All statistical analyses were conducted using GraphPad Prism version 5.04 (GraphPad 

Software, La Jolla, CA). Data in figures depict the arithmetic mean ± SEM unless otherwise 

stated. All statistical tests evaluating “fold-changes” in the data (i.e. ratios) utilized log-

transformed data to ensure parity between fold-reductions and fold-increases. Whenever 

possible, data was paired by kidney tissue donor. This paired comparison of log-transformed 

ratios is referred to in Graphpad Prism and throughout this paper as a paired ratio t-test. A p-
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value of < 0.05 was considered statistically significant and p < 0.01 was considered very 

statistically significant. 

 

5.3.3 Cell Culture 

Healthy resections of kidney cortical tissue were obtained during the surgical removal of 

renal cell carcinomas at the University of Washington Medical Center. The protocol was 

approved by the University of Washington Human Subjects Institutional Review Board (protocol 

# STUDY00001297). Human PTECs were isolated from kidney tissue and cultured as described 

in Chapter 4. PTECs (passage 1-5) were either seeded into 4-well chamber slides, 6-well plates, 

24-well Transwell® inserts or single-channel Nortis microfluidic tubules to constitute a proximal 

tubule microphysiological system (PT-MPS). Cells cultured in all platforms were then 

maintained under previously established “standard” cell culture conditions of DMEM/F12 

supplemented with ITS-A, penicillin, streptomycin, amphotericin B and 50 nM hydrocortisone. 

Cells cultured in the PT-MPS were perfused with media at a rate of 0.5 µL/min. 

 

5.3.4 ICC Staining for Megalin in Cultured PTECs 

Because validated commercially-available antibodies for megalin require heat-mediated 

antigen retrieval, and the MPS platform currently does not permit this technique, we were 

performed immunocytochemical (ICC) staining for megalin protein localization in 2-dimensional 

Transwell® cell culture inserts. Briefly, PTECs were seeded at a density 2 x105 cells onto 

collagen IV-coated 24-well transparent Transwell® inserts and allowed to attach for 5 hours. 

Media was then removed from the inserts and replaced with media containing 0.25 mg/mL 

Matrigel® and left overnight. The next day, the media was replaced with media that did not 
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contain Matrigel® and the cells were left to culture under standard conditions. After 7 days, the 

cells were fixed in a solution of 4% formaldehyde and 2% sucrose for 10 minutes. They were 

then incubated in 50 mM ammonium chloride for 30 minutes and rinsed 3 times with DPBS++. 

Next, cells were incubated in a solution of 0.05% Tween-20 in 10 mM sodium citrate buffer (pH 

= 6) for 20 minutes at 100°C. Cells were allowed to cool to room temperature before being 

blocked with PTB (a solution of 0.1% Triton X-100 and 5% bovine serum albumin in DPBS++) 

for 30 minutes. A 1:25 dilution of rabbit anti-megalin and a 1:100 dilution of mouse anti-sodium-

potassium ATPase primary antibodies in PTB was then added to the cell culture inserts and 

allowed to incubate at room temperature for 30 minutes.  The inserts were washed three times 

with DPBS++, and the cells were then incubated with a 1:1000 dilution of both Alexa Fluor 594 

conjugated donkey anti-mouse IgG and Alexa Fluor 488 conjugated donkey anti-rabbit IgG for 

30 minutes at room temperature. The cells were again rinsed 3 times with DPBS++ and exposed 

to a 30 minute incubation with a 1:3 dilution of DAPI in DPBS++. The cells were again rinsed 3 

times with DPBS++ before the porous membrane of the cell culture insert was extracted using a 

scalpel and tweezers. The membrane was then mounted in deionized water on glass microscope 

slides and imaged using a Zeiss LSM 780 confocal microscope from Carl Zeiss (Oberkochen, 

Germany). Confocal images were then processed in Velocity software version 6.3 from 

PerkinElmer (Waltham, MA). 

 

5.3.5 Validation of DBP for the Delivery of 25OHD3 in the PT-MPS 

After 5 days under standard culture conditions, 1 µM 25OHD3 was added to the PT-MPS 

media perfusate with either the previously established delivery vehicle (2% v/v FBS) or the 

experimental delivery vehicle (3 µM purified human DBP). Media exiting the PT-MPS luminal 
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path was collected over 24 hour intervals, for 3 days. All samples were stored at -80°C until they 

could be prepared for LC/MS-MS analysis using a previously established method.[40, 113] 

Quadruplicate PT-MPS (technical replicates) were used for each of the kidney tissue donors 

evaluated (biological replicates, n=3). Some 24,25(OH)2D3 contaminant was present in both the 

FBS and the plasma-derived human DBP. As such, net appearance rate, rather absolute 

appearance rate of 24,25(OH)2D3 in the efflux media was used for the assessment of vitamin 

metabolite disposition in the PT-MPS (Equation 1). 

  

𝑁𝑒𝑡 𝐸𝑓𝑓𝑙𝑢𝑥 𝐴𝑝𝑝𝑒𝑎𝑟𝑎𝑛𝑐𝑒 𝑅𝑎𝑡𝑒24,25(𝑂𝐻)2𝐷3
=

[24,25(𝑂𝐻)2𝐷3]𝑜𝑢𝑡𝑓𝑙𝑜𝑤−[24,25(𝑂𝐻)2𝐷3]𝑖𝑛𝑝𝑢𝑡

 𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐶𝑜𝑙𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝐼𝑛𝑡𝑒𝑟𝑣𝑎𝑙  𝑉𝑜𝑙𝑢𝑚𝑒 𝐶𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑⁄
  (1) 

 

The mean and standard deviation of net efflux appearance rate were calculated for each 

treatment (DBP or FBS) at each time point and two-way ANOVA was performed. A post-hoc 

Bonferroni procedure was used to make pairwise comparisons. 

 

5.3.6 Comparison of the Relative Effects of DBP and FBS on the 1α,25(OH)2D3-Mediated 

Induction of CYP24A1 

Having confirmed the suitability of purified human DBP as a delivery vehicle for vitamin 

D metabolites, we conducted an exploratory experiment with a single donor comparing the 

relative effects of the two delivery vehicle (FBS and DBP) on 1α,25(OH)2D3-mediated induction 

of 24-hydroxylation activity. Human PTECs from a single donor were cultured in the PT-MPS 

for 5 days post seeding, as previously described. All PT-MPS received 1 µM 25OHD3 for 48 

hours. Using equation 2, baseline 24,25(OH)2D3 formation clearance (CLf) was determined for 
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each PT-MPS from metabolite concentrations in the media exiting the PT-MPS during hours 24 

to 48 of the 2 day collection interval, following the addition of  25OHD3 to the perfusion media.  

 

𝐶𝐿𝑓 =
𝑁𝑒𝑡 𝐸𝑓𝑓𝑙𝑢𝑒𝑛𝑡 𝐴𝑝𝑝𝑒𝑎𝑟𝑎𝑛𝑐𝑒 𝑅𝑎𝑡𝑒24,25(𝑂𝐻)2𝐷3

[25𝑂𝐻𝐷3]𝑜𝑢𝑡𝑓𝑙𝑜𝑤
     (2) 

 

  In order to assess dose-dependency in the VDR-mediated induction of CYP24A1 

expression and activity, the 16 tubules were randomly assigned to groups of 4 to receive either 

500, 100, 10 nM of the VDR ligand, 1α,25(OH)2D3, or 0.1% ethanol vehicle control for the 

subsequent 48 hours. The CYP24A1 substrate, 1 μM 25OHD3, was also continued in all PT-

MPS throughout the treatment phase. The 24,25(OH)2D3 formation clearance during the 

“induction” phase was determined from media exiting each PT-MPS during hours 24 to 48 of the 

2 day collection interval following the initiation of 1α,25(OH)2D3 induction. The experiment was 

conducted with either 2% v/v FBS or 3 µM DBP serving as the carrier vehicle for vitamin D 

metabolites. An overview of the experimental workflow is outlined in Figure 5.1. Fold-increase 

in 𝐶𝐿𝑓 from the baseline (𝐶𝐿𝑓(𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝑝ℎ𝑎𝑠𝑒,   𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡)) to the induced state 

(𝐶𝐿𝑓(𝑖𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑝ℎ𝑎𝑠𝑒,   𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡)) was calculated for each PT-MPS and standardized to the fold-

change in 𝐶𝐿𝑓 from the baseline (𝐶𝐿𝑓(𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝑝ℎ𝑎𝑠𝑒,   𝑣𝑒ℎ𝑖𝑐𝑙𝑒)) to the “induction” phase 

(𝐶𝐿𝑓(𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑝ℎ𝑎𝑠𝑒,   𝑣𝑒ℎ𝑖𝑐𝑙𝑒)) of the vehicle control (equation 3). 

 

% 𝐼𝑛𝑐𝑟𝑒𝑎𝑠𝑒 =  {(
𝐶𝐿𝑓(𝑖𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑝ℎ𝑎𝑠𝑒,   𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡)

𝐶𝐿𝑓(𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝑝ℎ𝑎𝑠𝑒,   𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡)

𝐶𝐿𝑓(𝑖𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑝ℎ𝑎𝑠𝑒,   𝑣𝑒ℎ𝑖𝑐𝑙𝑒)

𝐶𝐿𝑓(𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝑝ℎ𝑎𝑠𝑒,   𝑣𝑒ℎ𝑖𝑐𝑙𝑒)
⁄ )  − 1 }  ×  100%        (3) 
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The parameters of maximal induction (𝐸𝑚𝑎𝑥) and the concentration of 1α,25(OH)2D3 at 

which half maximal induction is observed (𝐸𝐶50) were then estimated using the simple Emax 

model, outlined in equation 4. 

 

% 𝐼𝑛𝑐𝑟𝑒𝑎𝑠𝑒 =  
𝐸𝑚𝑎𝑥 × [1α25(OH)2𝐷3]

𝐸𝐶50 + [1α25(OH)2𝐷3]
     (4) 

 

The estimated Emax and EC50 for the dose-dependent induction of 24-hydroxylation 

activity was then visually compared between PT-MPS supplemented with 2% v/v FBS versus 3 

µM DBP. 
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Figure 5.1. General scheme for experiments evaluating dose-dependent regulation of CYP24A1 by 

1α,25(OH)2D3 in the PT-MPS. PT-MPS units are perfused with media containing 1 µM 25OHD3 for 48 hours with 

either 2% v/v FBS or 3 µM DBP serving as a carrier vehicle for vitamin D metabolites. Baseline 24,25(OH)2D3 

formation clearance is determined for each PT-MPS from metabolite concentrations in the media exiting the PT-

MPS during the 24 to 48 hour period of the “baseline” phase. The various PT-MPS then receive a range of 

1,25(OH)2D3 concentrations or a vehicle control (0.1% ethanol) for the subsequent 48 hours. The CYP24A1 

substrate (1 μM 25OHD3) and the respective carrier protein source (2% v/v FBS or 3 µM DBP) for each PT-MPS is 

continued throughout the “induction” phase. The 24,25(OH)2D3 formation clearance during the “induction” phase is 

determined from the efflux media of each PT-MPS during hours 24 to 48 of the 2 day collection interval following 

the initiation of 1α,25(OH)2D3 co-treatment. Fold-increase in 24,25(OH)2D3 formation clearance from the baseline 

to the induced state is calculated for each PT-MPS receiving 1α,25(OH)2D3 and standardized as a percentage 

increase in 24,25(OH)2D3 formation clearance over the vehicle control. 
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5.3.7 Evaluation of the Effect of RAP on the Uptake of DBP in PTECs 

Alexa Fluor 488-conjugated vitamin D binding protein (A488-DBP) was synthesized 

using a commercially available kit, as previously described.[144, 145] PTECs were cultured for 

5 days in collagen IV-coated glass-bottom 4-well chamber slides. The cells were then treated 

with 20 µg/mL A488-DBP under the following conditions: 4°C (inhibits all endocytosis), 37°C 

(optimal for endocytosis) and 37°C with an established inhibitor of megalin, 1 µM receptor-

associated protein (RAP).[145-147] At 30 minutes, PTECs were rinsed with DPBS++, washed 

with acetic acid (adjusted with hydrochloric acid to pH 2.8) to remove cell surface-associated 

DBP, fixed for 20 minutes with ice-cold methanol, and then stored in anti-fade reagent. 

Quantification of cell-associated green fluorescence was determined in ImageJ using established 

methodologies.[148, 149] Differences in mean cell-associated fluorescence were evaluated by 

standardizing fluorescence measurements to each donor-specific 4°C control and performing a 

ratio t-test, paired by donor (n=5 biological replicates), comparing the cells subjected to 37° C 

with and without RAP co-incubation. Following fluorescence quantification, anti-fade reagent 

with 4',6-diamidino-2-phenylindole (DAPI) was then applied to cells in order to visualize nuclei 

in the representative images taken from confluent portions of the cell monolayers. 

 

5.3.8 Evaluation of the Effect of RAP on the Uptake and 24-hydroxylation of 25OHD3 

PT-MPS were cultured under standard conditions (16-20 PT-MPS per donor) for 5 days. 

Then PT-MPS were perfused (0.5 µL/min) for 48 hours with 3 µM DBP-supplemented media 

containing 500 nM 1α,25(OH)2D3. This 48 hour pre-incubation of 1α,25(OH)2D3 was employed 

to induce CYP24A1 activity and enhance sensitivity for quantifying the 24-hydroxylation of the 

relatively lower 25OHD3 concentrations. In order to remove residual 1α,25(OH)2D3 and promote 
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the equilibration of incoming vitamin D metabolites, an 8 hour accelerated perfusion (2.5 

µL/min) of DBP-supplemented media without 1α,25(OH)2D3, but containing different 25OHD3 

concentrations (ranging from 0.25 to 3 µM), was administered to the PT-MPS. Perfusion with 

25OHD3, in the DBP-supplemented media was then reduced to 0.5 µL/min and 1 µM RAP was 

administered to half of the PT-MPS at each 25OHD3 concentration. Media was collected for 1 

day and concentrations of 25OHD3 and 24,25(OH)2D3 were determined using a previously 

established LC-MS/MS method.[40, 113] The disappearance rate of 25OHD3 from the perfusion 

media was calculated according to equation 5. 

 

25𝑂𝐻𝐷3 𝐷𝑖𝑠𝑎𝑝𝑝𝑒𝑎𝑟𝑎𝑛𝑐𝑒 𝑅𝑎𝑡𝑒 =
[25𝑂𝐻𝐷3]𝑖𝑛𝑝𝑢𝑡 − [25𝑂𝐻𝐷3]𝑜𝑢𝑡𝑓𝑙𝑜𝑤

𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐶𝑜𝑙𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝐼𝑛𝑡𝑒𝑟𝑣𝑎𝑙  𝑉𝑜𝑙𝑢𝑚𝑒 𝐶𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 ⁄
      (5) 

 

 The net appearance rate for 24,25(OH)2D3 was also calculated across the range of 25OHD3 input 

concentrations (equation 1). Given the roughly proportional increase in both 24,25(OH)2D3 net 

appearance and 25OHD3 disappearance rate across the range of 25OHD3 input concentrations, a 

simple linear regression model was fit to the data. Under these linear conditions, the slope of the 

24,25(OH)2D3 net appearance and 25OHD3 disappearance rate across the concentration reflects 

the intrinsic clearance of 24,25(OH)2D3 appearance (CLint,24,25(OH)2D3) and 25OHD3 

disappearance (CLint,25OHD3) respectively. The effect of RAP on each intrinsic clearance was 

evaluated using ratio t-tests paired by kidney tissue donor (n=5 biological replicates). De-

identified subject information for each kidney tissue donor is provided in Table 5.1.
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Table. 5.1. Kidney tissue donor characteristics in 25OHD3 uptake/loss experiment 

 

Donor 

No. 
Age Sex Ethnicity Pre-existing Conditions 

Reason for 

Nephrectomy 
Final Pathology 

1 58 Male White HTN, sleep apnea 
Renal mass 

(bilateral) 

Papillary RCC, multiple 

papillary adenomas 

2 56 Male White None reported Renal mass (left) Clear cell RCC 

3 58 Male White HTN, hernia Renal mass (right) 
Unclassified RCC with 

clear cell features 

4 58 Male White None reported Renal mass (right) Clear cell RCC 

5 40 Male African 

American 

Methamphetamine use, Deep 

Vein thrombosis 

Renal mass (left) Clear Cell RCC 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



114 

Table 5.2. Kidney tissue donor characteristics in 1α,25(OH)2D3–mediated induction experiment 

 

Donor 

No. 
Age Sex Ethnicity Pre-existing Conditions 

Reason for 

Nephrectomy 
Final Pathology 

1 65 Male White None reported Renal mass Not Available 

2 49 Male White Clear cell RCC Renal mass Not Available 

3 68 Male White 

HTN, GERD, Aortic 

Aneurysm, Diabetes 

Mellitus 2 

Renal Mass (left) Clear Cell RCC 

4 62 Female White 

HTN, GERD, previous 

cervical, thyroid and 

breast carcinoma 

Renal mass Not Available 

5 58 Male White HTN, sleep apnea Renal mass (bilateral) Papillary RCC 
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5.3.9 Evaluation of the Effect of RAP on 1α,25(OH)2D3-Mediated Induction of 

CYP24A1 Activity 

The experimental design outlined in Figure 5.1 was modified so that all PT-MPS 

received 3 µM DBP as the carrier vehicle. During the induction phase, half of the PT-

MPS, per 1α,25(OH)2D3 concentration, additionally received 1 µM of the megalin 

inhibitor, RAP. Fold induction of 24,25(OH)2D3 formation clearance was calculated as 

before and compared in the presence and absence of RAP. The experiment was then 

repeated for a total of 5 donors, two of which were also evaluated in the presence of 2000 

nM 1α,25(OH)2D3 to confirm that near-maximal induction was likely being achieved 

where 500 nM 1α,25(OH)2D3 was the highest evaluated concentration. The shifts in EC50 

and Emax were then evaluated using a paired ratio t-test comparing the estimated 

parameters from each donor in the presence and absence of RAP.  De-identified subject 

information for each kidney tissue donor is provided in Table 5.2. 

 

5.3.10 Evaluation of the Effect of RAP on 1α,25(OH)2D3-Mediated Induction of 

CYP24A1 Protein Accumulation 

PT-MPS were maintained for 5 days under standard culture conditions. The 

culture media was then supplemented with 3 µM human DBP and the cells were treated 

with either 500 nM 1α,25(OH)2D3 in the presence or absence of 1 µM RAP or 0.1 % 

ethanol vehicle control. After 2 days of culture in these treatment conditions, the cells 

were then fixed by flowing a solution of 4% formaldehyde and 2% D-sucrose in DPBS++ 

at 10 µL/min through the PT-MPS for 20 minutes. ICC staining was then conducted 

using a previously established method, described in Chapter 4. For the ICC staining, a 
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1:200 dilution of goat anti-CYP24A1 (primary antibody) and a 1:1000 dilution of Alexa 

Fluor 488 conjugated donkey anti-goat IgG (secondary antibody) were used. Images of 

the PT-MPS tubules were captured on a Nikon Eclipse Ti fluorescent microscope 

(Melville, NY). 

 

5.3.11 Characterization of the Effects of 1α,25(OH)2D3 on Megalin Gene Expression 

in PTECs 

In order to increase total mRNA yield and improve sensitivity for megalin gene 

expression, human PTECs were cultured in collagen IV-coated 6-well plates, rather than 

the PT-MPS. The cells were cultured under “standard conditions” for 5 days before being 

exposed to a range of concentrations (0-500 nM) of 1α,25(OH)2D3. After 24 hours of 

exposure, the cells were homogenized in 1 mL of TriZol reagent. The samples were 

collected and stored at -80°C until the time of processing and analysis. The mRNA was 

then isolated according to the TriZol manufacturer-supplied protocol, quantified on a 

NanoDrop ND-2000 spectrophotometer from Thermo-Fisher (Waltham, MA). Isolated 

RNA was mixed with other components (including RNase inhibitor) of the high-capacity 

cDNA reverse transcription kit according to the manufacturer-supplied protocol. Reverse 

transcription was conducted in a PTC-200 thermal cycler (Bio-Rad, Hercules, CA) under 

the following conditions: 10 minutes at 25°C, 120 minutes at 37°C and 5 seconds at 

85°C. Quantitative real-time polymerase chain reactions were then performed under the 

following conditions: warm up at 50°C for 10:00, followed by 40 cycles of 95°C for 5:10 

and 60°C for 0:30. TaqMan gene expression assays were used to evaluate the dose-

dependent effects of 1α,25(OH)2D3 on megalin, CYP24A1 (inductive control) and 
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CYP27B1 (suppressive control) on relative gene expression. The ∆∆Ct method, using 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as a housekeeping gene, was 

employed to quantify relative amounts of megalin, CYP24A1 and CYP27B1 mRNA 

transcripts in all samples. A one-way ANOVA, treating different 1α,25(OH)2D3 doses in 

a given donor as repeated measures, was performed on the log-transformed data. Post-hoc 

paired ratio t-tests (n=6 biological replicates) between each 1α,25(OH)2D3 dose and the 

vehicle control (0.1% ethanol) were then conducted for each of the genes evaluated 

(megalin, CYP24A1 and CYP27B1). Levels of CYP24A1 RNA were below the limit of 

quantification in the vehicle control group so the group was omitted from the statistical 

analysis. Post-hoc t-tests for CYP24A1 compared gene expression in cells treated with 1 

nM 1α,25(OH)2D3 (rather than vehicle control) to those treated with higher doses. 

 

5.4 Results 

5.4.1 Megalin Localization in Cultured Human PTECs 

Demonstration of proper expression and localization of megalin in primary 

PTECs was required to confirm the capability of our in vitro system to model in vivo 

megalin-mediated processes. As seen in Figure 5.2, megalin (depicted in green) is 

preferentially expressed along the apical and adjacent subapical regions of cultured 

PTECs. Sodium-potassium ATPase (depicted in red) serves as an established counterstain 

for cell basolateral membranes.[150] These findings of in vivo-like localization of 

megalin in cultured PTECs provides additional confidence in the utility of our in vitro 

system for assessing megalin-mediated uptake of DBP-bound 25OHD3 and 

1α,25(OH)2D3 from the glomerular ultra-filtrate. 
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Figure 5.2. Megalin protein localization in PTECs. Megalin (green signal) is preferentially expressed 

along the apical and adjacent subapical regions of cultured human proximal tubule epithelial cells (PTECs), 

as is seen in vivo. Sodium-potassium ATPase (red signal) was used as a counterstain for the cells basolateral 

membranes. Scale bar represents 10 µm. 

 

5.4.2 DBP is a Carrier Protein for Vitamin D Metabolites 

Cells cultured in the PT-MPS with either 2% v/v FBS or 3 µM DBP as delivery 

vehicle for vitamin D metabolites exhibited net 24,25(OH)2D3 formation during the 24-48 

hr and 48-72 hr collection intervals. Unlike with FBS, cells cultured with DBP exhibited 

a net loss of 24,25(OH)2D3 to the PT-MPS system during the 0-24 hr collection interval. 
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The difference in net 24,25(OH)2D3 formation rate between the FBS- and DBP-treated 

cells was significant for the 0-24 hr collection interval (Figure 5.3). These results 

demonstrate that purified human DBP (which provides a more controlled culture milieu 

than 2% v/v FBS) is an effective vehicle for the delivery of vitamin D metabolites to the 

PT-MPS. 

 

 

Figure 5.3. Comparison of FBS- and DBP-facilitated delivery on the metabolic formation and 

distribution of 24,25(OH)2D3 in the PT-MPS. Cells cultured in the PT-MPS with either 2% v/v FBS or 3 

µM DBP as delivery vehicle for vitamin D metabolites exhibited net 24,25(OH)2D3 formation during the 

24-48 hr and 48-72 hr collection intervals. Unlike with FBS, cells cultured with DBP exhibited a net loss of 

24,25(OH)2D3 to the PT-MPS system during the 0-24 hr collection interval. The difference in net 

24,25(OH)2D3 formation rate between the FBS- and DBP-treated cells was significant for the 0-24 hr 

collection interval. **Very statistically significant, p < 0.01. 

 

5.4.3 Differential Effects of DBP and FBS on the Regulation of CYP24A1 Activity 

by 1α,25(OH)2D3 

Having confirmed the suitability of purified human DBP as a delivery vehicle for 

vitamin D metabolites, we conducted an exploratory experiment in a single donor 

comparing the relative effects of the two delivery vehicles (FBS and DBP) on 
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1α,25(OH)2D3-mediated induction of 24,25(OH)2D3 formation clearance. Co-

administration of 1 µM 25OHD3 and a range of 1α,25(OH)2D3 concentrations (0-500 

nM)  to the PT-MPS resulted in a dose-dependent increase in the appearance of 

24,25(OH)2D3 in the efflux media of both DBP- and FBS- supplemented perfusion media 

(Figure 5.4). The maximal induction (Emax) of 24,25(OH)2D3 formation clearance in 

DBP-supplemented media was over 40-fold greater than the baseline activity and 

approximately 10-fold greater than the increase seen with FBS co-incubation. Given its 

physiological relevance, the remaining experiments were conducted using 3 µM DBP, 

rather than 2% v/v FBS, as the delivery vehicle for vitamin D metabolites to the PT-MPS. 

 

 

Figure 5.4. Relative effects of DBP and FBS on 1α,25(OH)2D3-mediated regulation of CYP24A1 

activity in the PT-MPS. Co-incubation of 25OHD3 and across a range (0-500 nM) of 1α,25(OH)2D3 

concentrations resulted in a dose-dependent increase in the appearance of 24,25(OH)2D3 in the efflux media 

of both DBP- and FBS-supplemented perfusion media. The maximal induction (Emax) of 24,25(OH)2D3 

formation clearance in DBP-supplemented media was greater than that seen with FBS co-incubation. 
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5.4.4 Megalin Mediates the Uptake of DBP into PTECs 

 In order to determine if megalin-mediated processes contribute to the uptake of 

vitamin D metabolites into the renal tubular epithelium, we first evaluated the effects of 

an established megalin inhibitor, RAP, on the uptake of fluorescent Alexa 488-

conjugated DBP (A488-DBP) by PTECs cultured in conventional 2D monolayers.  

 

 
 

Figure 5.5. Megalin-mediated uptake of fluorescently-tagged DBP into PTECs. Cell-associated 

fluorescence in PTECs cultured at (A) 37°C, (B) 4°C, and (C) 37°C with 1 µM RAP. Fluorescence 

intensity was greater in PTECs incubated with A488-DBP at 37°C (optimal for endocytosis) relative to 

those incubated at 4°C, indicating endocytosis of DBP occurs in cultured human PTECs. (D) Semi-

quantitation of cell-associated fluorescence revealed a significant reduction in fluorescence upon RAP co-

administration at 37°. Apparent A488-DBP uptake was reduced down to levels comparable to those 

observed at 4°C, where endocytosis should be mostly suppressed.[145, 151] Columns reflect the arithmetic 

mean ± SEM. Scale bars represents 100 µm. 

 

As shown in Figure 5.5, cell-associated fluorescence intensity was greater in cells 

incubated with A488-DBP at 37°C (optimal for endocytosis), relative to those incubated 

at 4°C, indicating endocytosis of DBP occurs in cultured human PTECs. Moreover, RAP 
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significantly reduced A488-DBP uptake down to levels comparable to those observed at 

4°C, where receptor-mediated and non-specific forms of endocytosis are assumed to be 

inhibited.[145, 151] This suggests that uptake of DBP into cultured PTECs is 

predominantly via megalin-mediated endocytosis and that 1 µM RAP is sufficient to 

inhibit this process in vitro. 

 

5.4.5 RAP Inhibits the Cellular Uptake of DBP-Bound 25OHD3 

After validating the ability of 1 µM RAP to inhibit megalin-mediated uptake of 

DBP into PTECs, we cultured cells to confluence in the PT-MPS and evaluated the effect 

of RAP on the uptake and catabolism of 25OHD3 from the luminal perfusion medium. 

Both the rate of 24,24(OH)2D3 formation  (Figure 5.6) and the loss of 25OHD3 (Figure 

5.7) from the perfusion media was observed to be roughly proportional to the 

empirically-measured range of 25OHD3 input concentrations tested. While RAP co-

administration resulted in a statistically-significantly 2.4-fold reduction in the intrinsic 

metabolic clearance of 25OHD3 from the PT-MPS perfusion media, it had no apparent 

effect on the net appearance of 24,25(OH)2D3 in the perfusion media (Table 5.3). 
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Figure 5.6. Megalin inhibition does not affect the formation of 24,25(OH)2D3 from 25OHD3 in 

the PT-MPS. The rate of formation of 24,25(OH)2D3 from 25OHD3 was observed to be roughly 

proportional to the 25OHD3 input concentrations across the measured range of input concentrations 

tested. There was no significant effect of RAP on the estimated intrinsic formation clearance of 

24,25(OH)2D3 from 25OHD3. 
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Figure 5.7. Megalin-mediated cellular uptake and loss of DBP-bound 25OHD3 in the PT-MPS. The 

rate of loss of 25OHD3 from the perfusion media was observed to be roughly proportional to the 25OHD3 

input concentrations across the measured range of input concentrations tested. RAP significantly reduced 

the estimated intrinsic clearance, reflected in slope of the linear regression line, of 25OHD3 from the 

luminal perfusion media. 
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Table 5.3. Donor-specific effects of RAP on the intrinsic clearances of 24,25(OH)2D3 formation and 25OHD3 loss. 

 

 CLint,24,25(OH)2D3 (µL/h) CLint,25OHD3 (µL/h) 

Donor No. No RAP RAP 
Fold-Change 

CLint 
No RAP RAP 

Fold-Change 

CLint 

1 0.015 0.021    1.4 ↑ 1.7 0.42    4.0 ↓ 

2 0.00029 0.00037    1.3 ↑ 4.0 1.1    3.6 ↓ 

3 0.038 0.036    1.1 ↓ 2.5 3.2    1.3 ↑ 

4 0.0052 0.0021    2.5 ↓ 2.6 0.78    3.3 ↓ 

5 0.056 0.052    1.1 ↓ 2.8 1.3    2.2 ↓ 

Mean† 0.023 0.022    1.1 ↓ 2.7 1.4  *2.4 ↓ 

SD† 0.024 0.022 1.6 0.83 1.1 2.0 

 
 

Treatment with the megalin inhibitor (RAP) significantly reduced the intrinsic clearance for 25OHD3 loss (CLint,25OHD3) to PTECs cultured in the 

PT-MPS but had no significant effect on the intrinsic clearance of 24,25(OH)2D3 formation (CLint,24,25(OH)2D3). †Geometric mean and geometric 

standard deviation calculated for “fold-change” (ratio) parameters. *Statistically significant, p < 0.05. 
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5.4.6 RAP Impairs 1α,25(OH)2D3–Mediated Induction of CYP24A1 

Biologically active 1α,25(OH)2D3, like the pro-hormone (25OHD3), circulates 

tightly bound to DBP.[137, 138] As such, protein-bound 1α,25(OH)2D3 represented a 

hereto unevaluated candidate for megalin-mediated delivery to the renal proximal tubule. 

In order to test whether megalin-mediated uptake of DBP-bound 1α,25(OH)2D3 is 

capable of modulating the intracellular availability of 1α,25(OH)2D3 for VDR-dependent 

pharmacologic activity (e.g. CYP24A1-mediated 24-hydroxylation of 25OHD3) in the 

proximal tubule epithelium, additional experiments were performed. In brief, human 

PTECs cultured in the PT-MPS were perfused with 1 µM of 25OHD3 and a baseline 

value of 24,25(OH)2D3 formation clearance was determined. Varying concentrations of 

1α,25(OH)2D3 were then added to the perfusion medium in the presence or absence of a 

megalin inhibitor (RAP) and the percent increase in the  rate of 24,25(OH)2D3 production 

was calculated as detailed in the methods. The mean concentration required for half-

maximal effect (EC50) of 1α,25(OH)2D3-mediated induction of 25OHD3 24-

hydroxylation activity displayed a non-significant 1.5-fold rightward shift upon RAP co-

treatment (Figure 5.8). However, inhibition of megalin by RAP resulted in a statistically 

significant 1.8-fold downward shift in the maximal inductive response (Emax). Donor-

specific parameter estimates are outlined in Table 5.4. 
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Figure 5.8. Megalin-mediated uptake of DBP-bound 1α,25(OH)2D3 is critical for maximal 

VDR-dependent induction of CYP24A1 activity in the PT-MPS. The formation of 

24,25(OH)2D3 from 25OHD3 increased with increasing concentrations of 1,25(OH)2D3. Co-

incubation with RAP resulted in a statistically significant downward shift in the maximal 

inductive response (Emax) but had no significant effect on the concentration required for half-

maximal effect (EC50). 
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Table 5.4. Donor-specific effects of RAP on 1α,25(OH)2D3–mediated induction of 24,25(OH)2D3 formation clearance. 

 

 EC50 (nM) Emax (% Increase from Baseline) 

Donor No. No RAP RAP 
Fold-Change 

EC50 
No RAP RAP 

Fold-Change 

Emax 

1 62 130    2.1 ↑ 5300 3500    1.5 ↓ 

2 25 56    2.2 ↑ 990 640    1.5 ↓ 

3 5.3 170     32 ↑ 800 280    2.9 ↓ 

4 240 130    1.8 ↓ 5900 2300    2.6 ↓ 

5 5.6 0.61    9.2 ↓ 235 200    1.2 ↓ 

Mean† 68 97    1.5 ↑ 2600 1400  *1.8 ↓ 

SD† 99 68 8.1 2700 1500 1.5 

 

Treatment with the megalin inhibitor (RAP) significantly reduced the maximal inducibility (Emax) for the 1α,25(OH)2D3–mediated induction of 24,25(OH)2D3 

formation clearance clearance in the PT-MPS but had no significant effect on the concentration of 1α,25(OH)2D3 required for half-maximal induction (EC50) of 

24,25(OH)2D3 formation clearance. †Geometric mean and geometric standard deviation calculated for “fold-change” (ratio) parameters. *Statistically significant 

p < 0.05. 
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Figure 5.9. Megalin inhibition impairs 1α,25(OH)2D3-mediated induction of CYP24A1 protein 

accumulation in the PT-MPS. Treatment of PTECs in the PT-MPS with 500 nM 1α,25(OH)2D3 (center) 

resulted in increases in fluorescent signal for CYP24A1 protein compared to the vehicle control (left). This 

inductive effect appeared to be partially reversed with RAP co-administration (right). For reference, the 

approximate diameter of PT-MPS tubules shown above is 120 µm. 

 

A separate experiment was then conducted to assess whether the observed RAP-

dependent reductions in 1α,25(OH)2D3-mediated induction of 24,25(OH)2D3 formation 

was the result of diminished up-regulation of CYP24A1 protein levels. Treatment of 

PTECs in the PT-MPS with 500 nM 1α,25(OH)2D3 resulted in apparently increased 

fluorescent signal for CYP24A1 protein compared to the vehicle control. This inductive 

effect was observed to be partially reversible with RAP co-administration (Figure 5.9). 
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5.4.7 1α,25(OH)2D3 Suppresses Megalin Gene Expression 

Having established a role for the megalin in the modulation of intracellular levels 

of 1α,25(OH)2D3, we proceeded to explore the possible existence of a physiological 

feedback loop for the compensatory regulation megalin gene expression by 

1α,25(OH)2D3. As shown in Figure 5.10A, expression of megalin and CYP27B1 mRNA 

was suppressed in a roughly dose-dependent manner by 1α,25(OH)2D3.  

 

 

Figure 5.10. Comparative effects of 1α,25(OH)2D3 on megalin, CYP24A1 and CYP27B1 gene 

expression in PTECs. (A) Expression of both megalin and CYP27B1 mRNA expression was suppressed in 

a roughly dose-dependent manner by 1α,25(OH)2D3. The apparent suppression was statistically significant 

only for megalin and only at the 500 nM dose. (B) Upregulation of the VDR-responsive “inductive” control 

gene (CYP24A1) was observed at both the 100 nM and 500 nM doses of 1α,25(OH)2D3. Levels of 

CYP24A1 RNA were below the limit of quantification in the vehicle control group so the group was 

omitted from the statistical analysis. All gene expression data was standardized to GAPDH. *Statistically 

significant, p < 0.05. **Very statistically significant, p < 0.01. 

 

However, a 1-way ANOVA revealed this suppression was statistically significant only 

for megalin. Post-hoc paired ratio t-tests revealed a statistically significant difference 

between megalin gene expression between the vehicle control and 1α,25(OH)2D3 only at 
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the highest (500 nM) dose. Up-regulation of the VDR-responsive “inductive” control 

gene (CYP24A1) was also significant, as determined by 1-way ANOVA. Post-hoc paired 

ratio t-tests displayed significantly different mRNA expression between the 1 nM 

1α,25(OH)2D3  dose and both the 100 nM and 500 nM doses of 1α,25(OH)2D3 (Figure 

5.10B). 

 

5.5 Discussion 

Since the time of the original knockout mouse studies, follow-up experiments 

evaluating the role of megalin in humans have been lacking. The recent development of 

the 3-dimensional PT-MPS has allowed us to reconstitute many of the in vivo physiologic 

processes of the proximal tubule epithelium in an ex vivo setting.[40] Recent observations 

of the effects of fluid sheer stress on promoting endocytosis and cellular polarization 

suggest an advantage to studying endocytotic processes in perfusion-based platforms 

such as the PT-MPS.[110, 152] The design of the PT-MPS permits the exposure of 

ligands of interest selectively to the apical cell surfaces and thus facilitates the functional 

characterization of megalin, a protein that is primarily localized to the apical membrane 

of PTECs.[153] Our observations of reduced uptake of 25OHD3 upon megalin inhibition 

confirm in a more human system, previous findings from the murine megalin knockout 

model.[140, 154] Furthermore, we observed the novel finding that megalin inhibition also 

reduced the VDR-dependent 1α,25(OH)2D3-mediated induction of CYP24A1 24-

hydroxylation activity and protein expression. This finding is not surprising given that 

1α,25(OH)2D3 is also tightly bound to DBP,[138] and that megalin-mediated uptake of 

protein-bound 1α,25(OH)2D3 may permit PTECs to better sense and respond to changes 
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in circulating concentrations of this bioactive hormone. Interestingly, the effects of 

megalin inhibition on 1α,25(OH)2D3 hormonal activity manifested predominantly as a 

reduction in the Emax for CYP24A1 induction. While RAP is a well-established 

competitive inhibitor of megalin,[145-147] there are a number of distinct RAP binding 

sites present on the large megalin protein and some evidence suggesting a non-

competitive component to the RAP-mediated inhibition of certain substrates.[146, 155] 

Our results suggest that the RAP-mediated inhibition of the megalin-dependent uptake of 

DBP may proceed partially via a non-competitive mechanism. Alternatively, the RAP-

mediated reduction in the Emax may be the result of megalin inhibition interfering with the 

intracellular trafficking pathways by which endocytosed megalin transfers DBP-bound 

1α,25(OH)2D3 to intracellular vitamin D binding proteins (IDBPs) required to achieve 

maximal induction of CYP24A1. Members of the heat shock protein family, including 

IDBP-1 and IDBP-3, have been shown to be capable of interacting directly with 

megalin’s cytosolic domain and are capable of binding both 25OHD3 and 

1α,25(OH)2D3.[156] In particular, IDBP-1 has been shown to bind 1α,25(OH)2D3 (Kd ~ 

100 nM) with a high capacity and to translocate to the nucleus where it can facilitate the 

delivery of bound 1α,25(OH)2D3 to VDR.[157-159] Selective overexpression of IDBP-1 

in non-human primate kidney cells has also been demonstrated to enhance the 

effectiveness 1α,25(OH)2D3-mediated induction of CYP24A1 gene expression.[157, 158] 

Surprisingly, while the ability of 1α,25(OH)2D3 to induce the 24-hydroxylation of 

25OHD3 in the PT-MPS was reduced with RAP co-administration, the inhibitor did not 

independently alter the rate of 24,25(OH)2D3 formation from 25OHD3 in PTECs. This 

occurred despite the apparent reduction in megalin-mediated endocytosis of DBP-bound 
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25OHD3, as evidenced by the RAP-dependent reduction 25OHD3 disappearance rate 

from the PT-MPS perfusion media. This suggests one or more of the participants (e.g. 

IDBPs) governing the intracellular couriering of 25OHD3 to mitochondrial P450s may be 

saturated under our experimental conditions and that production of the majority of 

24,25(OH)2D3 formed in the cells may be from passively-partitioned unbound 25OHD3. 

Supporting this explanation is the fact that a number of IDBPs have been 

identified to possess a selectively high affinity for 25OHD3 (Kd ~ 0.5 to 2.2 nM) and, as 

such, may be saturated at the relatively high concentrations of 25OHD3 administered in 

our experiments.[159] Furthermore, some of these proteins have even been demonstrated 

to translocate bound 25OHD3 to the mitochondria and participate in protein-protein 

interactions with vitamin D-metabolizing mitochondrial P450s.[157] It is important to 

note a critical assumption underlying this potential explanation is that DBP-bound 

25OHD3 that is unable to be transferred to the saturated IDBPs would have to be unable 

to substantially access CYP24A1. Such an instance where this might occur would be if 

endocytosed DBPs transcytosed, rather than destined for lysosomal protein catabolism 

that could liberate 25OHD3 into the cytosol (See Figure 5.11). While there is evidence to 

suggest DBP is catabolized in the kidney, the extent of catabolism is unknown.[53, 160] 

Furthermore, other megalin substrates, such as albumin and retinol binding protein have 

been shown to be subject to extensive transcytosis.[22, 161] 
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Figure 5.11. Hypothesis of saturation of 25OHD3-binding but not 1α,25(OH)2D3-binding IDBP(s) 

under experimental conditions. The intracellular IDBPs that bind 25OHD3 may be saturated at the super-

physiological concentrations of 25OHD3 that are required in the experiments. As such, the majority of 

24,25(OH)2D3 formed in the cells may be from passively-partitioned unbound 25OHD3. However, DBP-

bound 25OHD3 that is unable to be transferred to the saturated IDBP(s) would have to be unable to 

substantially access CYP24A1. Such an instance where this might occur would be if endocytosed DBPs 

transcytosed, rather than destined for lysosomal protein catabolism that could liberate 25OHD3 into the 

cytosol. 

 

Taken together, these findings suggested a complex interplay between DBP 

levels, megalin-mediated uptake, vitamin D bioactivation and the 1α,25(OH)2D3–

mediated induction of its own metabolic inactivation. As such, it is conceivable that 

1α,25(OH)2D3 participates in the feedback regulation of megalin, thereby regulating its 

own metabolic formation. Hereto, the body of literature evaluating the role of 

1α,25(OH)2D3 in megalin regulation has consisted of a sole study in immortalized rat 

proximal tubule epithelial cells.[63] That study concluded that 1α,25(OH)2D3 induces the 
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expression of megalin in the proximal tubule.[63] Despite the paucity of data, the 

findings of this singular study have repeatedly served as the basis for a “vicious cycle” 

hypothesis.[141-143] Essentially, this hypothesis states that decreases in renal vitamin D 

bioactivation, such as in CKD, can lead to reductions in renal megalin expression. This in 

turn would theoretically reduce vitamin D uptake and bioactivation, resulting in a cycle 

of progressively worsening vitamin D deficiency. Our findings run at odds with this idea 

and instead favor a hypothesis of compensatory reaction, whereby PTECs compensate for 

diminishing renal vitamin D bioactivation by increasing megalin and its reabsorptive 

uptake of DBP-bound 25OHD3 into the proximal tubule epithelium (Figure 5.12). 

Compensatory “negative” feedback loops have consistently characterized the 

physiological regulation of systemic vitamin D homeostasis (e.g. induction of CYP24A1 

and CYP27B1 by 1α,25(OH)2D3 and PTH respectively).[42, 55, 162] Our findings are 

more in line with this overarching theme of compensatory regulation and may even shed 

some light on published results that previously seemed anomalous, including the dose-

dependent down-regulation of megalin gene expression in LLC-PK1 cells exposed to 

lithocholic acid, an established VDR agonist.[163] 

 In summary, our findings describe megalin as a protein intimately woven into the 

complex web of physiological mechanisms regulating mineral homeostasis by promoting 

the uptake of 25OHD3 and 1α,25(OH)2D3 into human PTECs. Moreover, enhanced 

intracellular availability of 1α,25(OH)2D3 results in a down-regulation of PTEC megalin 

expression, providing negative feedback control of 1α,25(OH)2D3-mediated genomic 

effects. Further elucidation of aspects of this regulatory process may provide a better 

understanding of renal physiology and possibly reveal novel therapeutic targets for CKD. 
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Figure 5.12. Role of megalin in the maintenance of renal vitamin D metabolite homeostasis. In PTECs, 

apically-localized megalin reclaims DBP-bound vitamin D metabolites from the glomerular ultra-filtrate. 

Resorbed 25OHD3 is then shuttled to the mitochondria for either CYP24A1-mediated inactivation or 

CYP27B1-mediated bioactivation. Intracellular 1α,25(OH)2D3, whether generated within the PTECs 

mitochondria or resorbed directly from the tubular lumen, can then undergo metabolic inactivation, enter 

systemic circulation to mediate endocrine effects or exert VDR-dependent intracrine effects within the 

PTECs. Intracrine effects include the compensatory upregulation of CYP24A1 and the suppression megalin 

gene transcription. 
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6 Conclusions 
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When I the first joined the lab of Dr. Kenneth Thummel in the summer of 2012, I 

was assigned to characterize the drug-drug interaction between the 1st generation hepatitis 

C protease inhibitor, telaprevir, and the immunosuppressive drug, tacrolimus. Telaprevir, 

like most clinically administered protease inhibitors, is a potent inhibitor of Cytochrome 

P450 3A (CYP3A) so the presence of an interaction with tacrolimus, a drug exclusively 

metabolized by CYP3A, was not surprising.[68, 164] However, the sheer magnitude of 

the interaction, a nearly 70-fold increase in tacrolimus exposure,[67] raised many 

questions relating to the underlying mechanisms. The proposed explanation at the time, 

outlined by Vertex Pharmaceuticals in the telaprevir NDA, was that telaprevir was a 

time-dependent irreversible inhibitor of CYP3A.[68] Under the co-mentorship of Dr. 

Danny Shen, I set out in good faith to repeat the time-dependent inhibition studies 

originally conducted by Vertex. Our efforts are detailed in Chapter 2 and were also 

published in the Journal of Pharmacy and Pharmaceutical Sciences.[165] While time-

dependent inhibition of CYP3A was observed in human liver microsomes, it was 

surprisingly completely reversible for the archetypical CYP3A probe substrate, 

midazolam, and partially reversible in the case of tacrolimus. Similar observations of 

reversible time-dependent CYP3A inhibition were also made by others relating to another 

1st generation hepatitis C protease inhibitor, boceprevir.[82] Notably, these observations 

with boceprevir were accompanied by an absence of observable non-heme associated 

binding  in radiolabeled studies.[82] With this in mind, we became interested in exploring 

whether the formation of inhibitory metabolites could explain the profound increases in 

tacrolimus exposure or even the relatively more moderate increases in midazolam 

exposure seen in vivo.[67, 68, 73] 
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Vertex had already characterized the major circulating metabolite of telaprevir, 

VRT-127394, and determined it to be a competitive inhibitor of CYP3A.[68] Relying on 

the in vitro competitive inhibition parameters supplied by Vertex for both telaprevir and 

VRT-127394, I employed classic static pharmacokinetic modeling approaches to account 

for inhibitor concentrations in the hepatic portal vein and intestinal villi.  

Nevertheless, even when accounting for the presence of the major inhibitory 

metabolite, competitive inhibition of CYP3A alone could not explain the magnitude of 

the drug-drug interaction. A further theoretical exercise where I assumed entirely 

abolished first-pass metabolism was still unable to achieve the observed reductions in 

clearance for either midazolam or tacrolimus, even when systemic steady-state 

concentrations of the inhibitor were assumed to be at the upper bound of their 95% 

confidence interval. The persistent under-prediction of the static modeling under these 

extreme conditions of first-pass abolition suggested that further modeling of competitive 

inhibition of CYP3A with more advanced dynamic modeling methods (e.g. SimCyp 

Simulator), held little promise for fully predicting the magnitude of these drug-drug 

interactions. We began to suspect that a number of complex phenomena such as 

telaprevir-mediated inhibition of tacrolimus own inhibitory metabolites, interference with 

multiple “first-pass” extractions resulting from enterohepatic recycling, and inhibition of 

synergistic enzyme-transporter interplay between P-gp and CYP3A in intestinal lumen or 

hepatic bile canaliculi could be the cause of the observed drug-drug interaction. The 

human liver microsomal incubations and Caco-2 permeability assays that Vertex had 

relied upon were inadequate to test these difficult mechanistic hypotheses. This prompted 

us to look into alternative in vitro models that were capable of addressing these questions.  
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Around this time, researchers at the University of Washington Department of 

Pharmaceutics and the Kidney Research Institute were collaborating in a multi-center 

initiative to bioengineer flow-directed 3-dimensional microphysiological models of 

human organs. Our group was particularly focused on developing a model of the renal 

proximal tubule, but there was considerable interest in the simultaneous development of 

models for other organs that govern drug disposition such as the liver and small intestine. 

Promising initial results with the kidney proximal tubule module prompted our group to 

begin the development of a small intestinal module. Candidate cells lines and primary 

human fetal small intestinal epithelial cells (fSIECs) were first evaluated in traditional 2-

dimensional Transwell® culture for their suitability in regards to barrier integrity and 

CYP3A expression. The results of these studies are described in Chapter 3 and were 

published in the journal Drug Metabolism and Disposition.[33] Unfortunately, the crucial 

properties of measurable CYP3A activity, tight junction integrity and responsiveness to 

prototypical inducers of CYP3A were not completely present in any of the cell 

lines/sources when cultured in Transwell® inserts.  

Given the success of incorporating primary proximal tubule epithelial cells in the 

renal proximal tubule module, we decided to evaluate whether conditions of fluid sheer 

stress in 3-dimensional culture could restore in vivo-like phenotype in primary human 

fSIECs. While we obtained intriguing findings related to structural biology, our ability to 

assess the restoration of CYP3A activity was hindered by non-specific binding of our 

substrates of interest, midazolam and tacrolimus, to the polydimethylsiloxane (PDMS) 

components of the platform. Similar problems were also encountered when we 

administered midazolam to the liver module that was also under development. As a 
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material, PDMS has a number of favorable properties that make it well suited for use in 

microphysiological platforms. Its malleability makes it ideal for microfabrication, its 

transparency is conducive to microscopy and its gas permeability permits adequate cell 

oxygenation.[166] As such, a suitable alternative PDMS was, and still remains, elusive. 

As an alternative means to reduce the adsorption of lipophilic substrates and their 

metabolites, we began looking into the use of plasma carrier proteins to compete with 

PDMS surfaces for the compounds of interest. An opportunity arose to test such a method 

in the kidney proximal tubule model, which then could be adapted for use in the intestinal 

and liver modules.  

The kidney proximal tubule is responsible for secreting relatively polar organic 

anions and cations.[3] As such, the adsorption of many of the compounds tested in the 

kidney module to its PDMS components was relatively negligible. However, as part of 

the evaluation of the proximal tubule microphysiological system (PT-MPS), there was a 

need to demonstrate functionality in regards to vitamin D bioactivation. The renal 

proximal tubule is the principal site for the bioactivation of vitamin D, a hormone critical 

for the maintenance of calcium and phosphate homeostasis.[42] Vitamin D and its 

metabolites are highly lipophilic secosteroids and problems of non-specific binding in the 

PT-MPS were immediately encountered.[167, 168] In order to recover vitamin D 

metabolites from PT-MPS, we began supplementing the perfusion media with fetal 

bovine serum (FBS). The addition of FBS proved to be an adequate but imperfect 

solution to demonstrate that the PT-MPS could generate the both the bioactive and major 

inactive metabolites, 1α,25(OH)2D3 and 24,25(OH)2D3 respectively, from the 

prohormone, 25OHD3.[40] Using FBS as source of carrier proteins, we were also able to 
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establish that 1α,25(OH)2D3 was capable of inducing the metabolic inactivation of 

25OHD3 to 24,25(OH)2D3, a well-established form of negative feedback regulation in 

vivo.[40] These and additional findings related to the ex vivo recapitulation of other 

aspects of human renal proximal tubular physiology are described in Chapter 4 and also 

in a publication in Kidney International which I co-first authored with Alenka Chapron 

and Elijah Weber under the direction of Dr. Edward Kelly and Dr. Jonathan 

Himmelfarb.[40] 

Because vitamin D metabolites circulate tightly bound their carrier protein, 

vitamin D binding protein (DBP),[137, 138] we began to validate the use of purified DBP 

as a carrier protein in the perfusion media. During this validation process we made an 

unexpected discovery; the maximum achievable induction of 24,25(OH)2D3 formation by 

1α,25(OH)2D3 was approximately 10-fold greater for DBP than FBS. This suggested that 

DBP played a critical role in the delivery of 1α,25(OH)2D3 to the vitamin D receptor 

(VDR). We immediately suspected megalin, an endocytotic receptor expressed in the 

renal proximal tubular brush border, played a role in this phenomenon. This was because 

megalin had previously been shown to reclaim DBP-bound 25OHD3 from the glomerular 

ultrafiltrate in mice.[139] Our preliminary data represented the first time megalin-

mediated endocytosis of a DBP-bound vitamin D metabolite was demonstrated in a 

human cell-derived model of the renal proximal tubule. Furthermore, megalin-mediated 

uptake of the bioactive hormone, 1α,25(OH)2D3, had not been previously demonstrated in 

any species and was not hypothesized in any reviews on the subject of renal vitamin D 

disposition. Follow-up experiments of more controlled nature, incorporating the use of a 

specific megalin inhibitor, were conducted in the PT-MPS. They demonstrated that 
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interference with megalin-mediated endocytosis of DBP-bound 1α,25(OH)2D3 could 

modulate the hormone’s VDR-dependent activity. Additional experiments also confirmed 

that the previous findings of megalin-mediated uptake of 25OHD3 in the murine 

knockout models also applied to humans. 

While these megalin-mediated uptake studies were being conducted, we were also 

in the midst of running screens with an array of nuclear receptor ligands in order to 

characterize the effects of the various regulatory pathways on the gene expression of drug 

transporters in 2-dimensional cultures of renal proximal tubule epithelial cells. Because 

of the intriguing findings with megalin, we decided to include it as a target in the 

screening. Interestingly, 1α,25(OH)2D3 was shown to have an effect on megalin 

expression. Further investigation into the literature provided little information on 

1α,25(OH)2D3-mediated regulation of megalin gene expression. The only study that we 

could find used immortalized rat proximal tubule epithelial cells and surprisingly 

reported an opposite effect, with 1α,25(OH)2D3 inducing megalin gene expression.[63] 

Discrepancies between different models such as rodent versus human or immortalized 

versus primary cells are not uncommon.[25, 33] However, I was surprised to find that the 

earlier rat cell data had been repeatedly used as the sole basis for a provocative 

hypothesis for chronic kidney disease-induced vitamin D deficiency that invoked the 

participation of megalin in 1α,25(OH)2D3-dependent positive feedback loop.[141-143] 

Given the tenuous applicability to humans and the extensive citation history of the data 

from the rat cell model, we believe our findings (detailed in Chapter 5) regarding 

megalin’s regulation by and transport of 1α,25(OH)2D3 are poised to considerably alter 
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the way in which megalin’s role in renal disposition of vitamin D metabolites is 

understood. 

Within the time frame of my dissertation research, circumstances did not favor a 

return to the original research questions that set me on my circuitous path. Telaprevir was 

eventually pulled from the market by its manufacturer and replaced by a plethora of 

newer direct acting antivirals with increased efficacy, safer adverse effect profiles and 

reduced potential to elicit drug-drug interactions.[169] We may never know what 

mechanisms precipitated the profound drug-drug interactions between telaprevir and 

tacrolimus. Without an understanding of these underlying mechanisms, it is possible that 

they may resurface in drugs that are yet to be developed. To prevent this from happening, 

it is essential to refine in vitro models of the human intestine and liver to accurately and 

holistically reflect the complexities of in vivo physiology. I have had the pleasure of 

assisting Dr. Shih-Yu Chang and her advisor, Dr. Dave Eaton, in the refinement of their 

CYP3A-competant model of the human liver.[39] Recent successes in integrating the 

liver microphysiological model with our kidney proximal tubule model highlight its 

potential to operate as part of a multi-organ system.[170] Further integration with a fully 

functional intestinal model may shed light on poorly explained but clinically significant 

drug-drug interactions. Unfortunately for our efforts on the intestinal microphysiological 

model, the commercial supplier of the primary human fSIECs used in our preliminary 

experiments no longer provides the cells. However, the development of an in vitro model 

for the simultaneous assessment of absorption and CYP3A-mediated metabolism is of 

such a wide-reaching importance that research will undoubtedly continue where there is 

funding and access to primary small intestinal tissue. 
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