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Transporters are membrane-bound proteins that play critical roles in the pharmacokinetics of 

endogenous substances and drugs, including their enterohepatic recirculation. The overall 

objective of this dissertation was to devise and apply novel measurements to assess impaired 

hepatobiliary and intestinal transport. The first objective was to assess transport of novel bile 

acid analogues within the enterohepatic circulation. Multi-fluorinated bile acids (MFBA) were 

assessed for their potential utility as visual probes of transport within live mice using 19F 

magnetic resonance imaging (MRI). Results indicate that MFBA have the potential to be used 

as a novel diagnostic test for bile acid diarrhea. However, due to obstacles in commercialization 

of MFBA using 19F MRI, we developed and assessed the use of novel nitroxide-bile acid 

conjugates (NBAC) as a potential alternative approach using conventional MRI. However, 

these compounds did not interact with intestinal or hepatic bile acid transporters. The second 

objective was to evaluate metformin-mediated transport concerns. First, a comprehensive 

literature review of metformin was assembled in a biowaiver monograph to evaluate the risks 



 

 

of allowing a Biopharmaceutics Classification System (BCS)-based biowaiver. Second, the in 

vivo metformin-mediated repression of the bile salt export pump (BSEP) was assessed. We 

conducted a clinical study to assess the effect of oral metformin on the pharmacokinetics of 

BSEP probe substrates. Results indicate that metformin increased pravastatin plasma exposure 

due to repression of BSEP-mediated elimination of the drug, and reduced BSEP-mediated 

reabsorption of conjugated primary bile acids in plasma, which are otherwise highly recycled 

via enterohepatic recirculation. The third objective was to evaluate potential excipient risks in 

allowing BCS-based biowaivers. A comprehensive assessment was conducted regarding the 

current regulatory framework in drug formulation and an evaluation of excipients that have 

been classified as absorption-modifying excipients (AME). Polysorbate 80 is recognized as an 

AME based on in vitro and preclinical data. Thus, in a clinical study in 12 healthy adult 

volunteers, we assessed the effect of oral polysorbate 80 on various drugs. Results indicate that 

polysorbate 80 had no impact on valacyclovir, chenodeoxycholic acid, or enalaprilat 

absorption. 
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CHAPTER 1. INTRODUCTION AND RESEARCH OBJECTIVES 

 

Chapter 1.1. Transport of Bile Acid Analogues 

 
1.1.1. Bile Acids 

 
 Bile acids are amphipathic metabolic products of cholesterol that are synthesized 

exclusively in the liver and excreted into bile. Following accumulation, storage, and 

concentration in the gallbladder, they are released into the gastrointestinal tract after a meal to 

aid in the absorption of dietary fats and lipophilic nutrients, fat-soluble vitamins, and drugs. 

Bile acid synthesis mainly (90%) occurs through the classic pathway initiated by cholesterol 

7α-hydroxylase (CYP7A1) to produce the primary bile acids cholic acid (CA) and 

chenodeoxycholic acid (CDCA). A common precursor for CA and CDCA, 

7α-hydroxy-4-cholesten-3-one (C4), is indicative of bile acid synthesis rate.  

 The bile salt export pump (BSEP) is the major transporter responsible for the secretion 

of bile acids from the liver into bile. To increase their solubility for biliary secretion, bile acids 

are conjugated to the amino acid glycine or taurine (3:1). Despite efficient transport of both 

conjugated and unconjugated bile acids via BSEP-transfected mammalian cells, <5% of bile 

acids in bile are unconjugated. In the intestines, bile salt hydrolase from bacteria deconjugates 

bile acids and 7α-dehydroxylase removes the 7α-HO-group from CA and CDCA to form the 

secondary bile acids deoxycholic acid (DCA) and lithocholic acid (LCA), respectively. CDCA 

also forms the secondary bile acid ursodeoxycholic acid (UDCA) in the distal small intestine 

or colon by bacterial 7β-hydroxyl epimerization. 

 Bile acid synthesis is tightly regulated by complex mechanisms, including the 

fundamental role of farnesoid X receptor (FXR) to regulate enterohepatic circulation of bile 
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acids and maintain homeostatic levels in the body. In the intestine, FXR activation by bile acids 

induces fibroblast growth factor 19 (FGF19) to activate liver FGF receptor 4 (FGFR4) to 

inhibit CYP7A1 via extracellular signal-regulated kinase 1/2 signaling. Thus, FGF19 regulates 

bile acid synthesis. The majority of bile acids (95%) are reabsorbed in the ileum, mainly by 

apical sodium-dependent bile salt transporter (ASBT, SLC10A2) in the terminal ileum. ASBT 

transports unconjugated bile acids but is mainly responsible for conjugated bile acid uptake. In 

the ileum, FXR also induces basolateral organic solute transporter α-β (OSTα-β, SLC51A) to 

secrete conjugated bile acids into the portal blood to be taken up into the liver via sinusoidal 

sodium-dependent taurocholate transporting peptide (NTCP, SLC10A1). OSTα-β is also 

present at the sinusoidal membrane and can transport unconjugated bile acids. Organic anion 

transporting polypeptide (OATP) family on the sinusoidal membrane transport unconjugated 

bile acids into the liver.  

 FXR activation by bile acids in the liver inhibits CYP7A1 gene transcription indirectly 

via inducing the negative nuclear receptor small heterodimer partner (SHP). FXR activation 

by bile acids in the liver also induces the expression of BSEP, which secretes bile acids into 

bile canaliculi to maintain low levels in the liver and blood. A whole-body bile acid pool of ~2 

to 4 g consisting of approximately 40% CA, 40% CDCA, 20% DCA, and trace amounts of 

LCA and UDCA, is recycled 4 to 12 times a day. Bile acids lost in the feces (~0.5 g/day) are 

replenished by de novo synthesis in the liver to maintain a constant bile acid pool. 

 

1.1.2. Bile Acid Diarrhea 

 
 One aliment caused by disrupted bile acid homeostasis, bile acid diarrhea (BAD), is 

commonly misdiagnosed as diarrhea-predominant irritable bowel syndrome (IBS-D). BAD 
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manifests as chronic, watery diarrhea without evident ileal disease. BAD appears to be caused 

by a deficiency in FGF19, a protein whose role is to suppress de novo hepatic bile acid 

synthesis in response to the amount of bile acids in the ileum. Without this negative feedback 

control, bile acids are excessively produced, bypass uptake by ASBT, and reach the colon. 

Excess bile acid spillage into the colon induces diarrhea by stimulating electrolyte, water, and 

mucus secretion. FGF19 also controls gallbladder motility such that bile acids are concentrated 

in the gallbladder until postprandial contraction. 

 

1.1.3. Multi-Fluorinated Bile Acids 

 
 Tools to detect BAD in vivo are limited. In some parts of the world, the most common 

approach is the selenium homotaurocholic bile acid test, abbreviated as 75SeHCAT, however 

it is not FDA approved or available for use in the United States. Also, although it is easy to 

perform, 75SeHCAT requires ingestion of a radiolabeled compound and a nuclear medicine 

lab. Previously, novel multi-fluorinated bile acids (MFBA) for fluorine (19F)-based live animal 

MRI were synthesized and tested, both in vitro and in vivo. They are conjugates of the native 

human primary bile acid cholic acid and trifluoroacetyl L-lysine or 

trifluoro-N-methyl-acetamide, abbreviated as CA-lys-TFA and CA-sar-TFMA, respectively. 

Both compounds have three equivalent fluorine atoms which make them visible by fluorine 

MRI. This approach is an innovative method to measure bile acid transport using a combination 

of proton (1H) and 19F MRI. Differences in analogue levels in gallbladders have the potential 

to distinguish between healthy and FGF19-deficient patients. Strengths of this approach 

include no exposure to ionizing radiation and the translational potential for clinical research 

and practice. Nonetheless, based on substantial additional infrastructure costs, it is currently 
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unlikely that clinical MRI facilities will acquire the necessary hardware and software to detect 

fluorine signals – thereby greatly limiting the potential translation of this approach to clinical 

use. 

 

1.1.4. Nitroxide-Bile Acid Conjugates 

 
We conceived an alternative approach to 19F-labeled bile acid analogue-MRI that could 

employ conventional MRI facilities to create bile acid conjugates with molecules that can be 

visible by proton MRI. Nitroxides are stable cyclic radicals that have been previously 

considered and studied as MRI contrast agents. Therefore, nitroxide-bile acid conjugates have 

the potential to allow visualization of bile acid accumulation and transport by conventional 

MRI.  

 

Chapter 1.2. Metformin-Mediated Transport Concerns 

 
1.2.1. Biopharmaceutics Classification System (BCS) 

 
 The BCS categorizes drugs based on their aqueous solubility and intestinal 

permeability. A drug is considered “highly soluble,” and therefore is Class I or Class III, when 

the highest dose strength is soluble in <250 mL water over a pH range of 1-7.5. In contrast, 

when the highest dose strength is >250 mL, it is poorly soluble. Permeability is defined by in 

vivo or in vitro assays, where a highly permeable drug is Class I and II, and poorly permeable 

drug is Class III and IV. Permeability is associated with ≥90% oral bioavailability or ≥90% 

absorption as assessed by urinary excretion data. 
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1.2.2. Biopharmaceutics Classification of Metformin 

 
 Metformin is a first-line type 2 diabetes mellitus (T2DM) therapy per guidelines from 

the American Diabetes Association/European Association for the Study of Diabetes. It has also 

been studied for use in cancer, aging, cardiovascular disease, and polycystic ovary syndrome. 

Metformin, a hydrophilic cation at physiological pHs, is a prototypical BCS Class III drug as 

it is highly soluble but poorly permeable in the gut. Specifically, metformin’s aqueous 

solubility of 1% at pH 6.68 exceeds the high solubility threshold of 1 g in 250 mL over a pH 

range of 1-7.5. Metformin has a dose-dependent but saturable oral absorption in humans, 

thereby indicating a complex transport-mediated mechanism. Therefore, metformin is highly 

dependent on transporters for its absorption and disposition. As a BCS Class III drug, there is 

a possibility of a waiver of in vivo bioequivalence testing (i.e., biowaiver) for approval of 

metformin immediate-release solid oral dosage forms.  

 

1.2.3. Effect of Metformin on BSEP-Mediated Biliary Excretion 

 
 Metformin was previously shown to repress BSEP in human primary hepatocytes. 

BSEP, mainly expressed on the canalicular membrane of hepatocytes, contributes to drug 

elimination from the liver and plays a critical role in hepatic bile secretion. Given these pivotal 

roles of BSEP, dysfunction of BSEP may lead to the disruption of bile acid homeostasis or 

transporter-mediated drug-drug interactions (DDI) with metformin. One such concerning drug 

is pravastatin, the only currently known non-bile acid BSEP substrate. Pravastatin is a 

3-hydoxy-3-methylglutaryl coenzyme A reductase (HMG-CoA) inhibitor used to treat 

hypercholesterolemia. 
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Chapter 1.3. Excipient Concerns on Drug Transport 

 
1.3.1. Excipient Considerations for BCS-Based Biowaivers 

 
 Despite the use of excipients in drug products for decades, considerable research efforts 

have been directed towards evaluating their potential effects on drug bioavailability. Potential 

excipient concerns stem from drug formulation changes (e.g., scale-up and post-approval 

changes, or development of a new generic product). Regulatory agencies have established in 

vivo bioequivalence standards and, as a result, may waive the in vivo requirement, known as a 

biowaiver, for some oral products. Biowaiver acceptance criteria are based on the in vitro 

characterization of the drug substance and drug product using the BCS. Various regulatory 

guidance documents have been issued regarding BCS-based biowaivers, such that the current 

FDA guidance is more restrictive than prior guidance, specifically about excipient risk.  

 

1.3.2. Effect of Polysorbate 80 on Intestinal Absorption 

 
BCS-based biowaivers beneficially streamline the development of new and generic 

drug products by reducing the need for in vivo bioequivalence assessment. Biowaivers also 

provide regulatory relief for scale-up and post-approval changes. From a public health 

perspective, biowaivers eliminate the risk of exposing participants to investigative clinical 

research, provides economic relief for drug sponsors by decreasing drug development time and 

cost, and reduces the level of regulatory review burden. However, there are major limitations 

on the allowable quantitative and qualitative excipient changes for drug approval. Despite no 

broad, direct evidence in humans, there is a potential concern that surfactants alter active or 

passive drug intestinal permeation to modulate oral drug absorption. One surfactant that is of 
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concern, based on in vitro and preclinical data, is polysorbate 80. Corresponding studies of 

polysorbate 80 in humans have not been performed.  

 

Chapter 1.4. Research Objectives 

 
 This dissertation investigates the application of bile acid analogues to assess the 

enterohepatic circulation of bile acids. Specifically, the preclinical use of multi-fluorinated bile 

acids in mice to differentiate FGF19 deficiency and the in vitro testing of nitroxide-bile acid 

conjugates to undergo bile acid transport are evaluated (Chapter 2). This dissertation also 

assesses BCS-based biowaiver eligibility of metformin, drug formulation excipient concerns 

with metformin, and in vivo drug-drug interactions caused by metformin (Chapter 3). Lastly, 

this dissertation gives an overview of potential excipient concerns in drug formulations for 

BCS-biowaiver eligibility and assesses the in vivo drug-excipient interaction concerns of the 

surfactant polysorbate 80 (Chapter 4).   

 Deficiency of FGF19, a hormone whose role is to suppress de novo hepatic bile acid 

synthesis to maintain homeostatic levels, results in bile acid diarrhea (BAD). Tools to diagnose 

BAD and measure bile acid transport in vivo are limited. In Chapter 2.1, an innovative approach 

in live animals is described that utilizes fluorine (19F) with proton (1H) magnetic resonance 

imaging. This novel method is applied in Chapter 2.2 to explore the ability to differentiate 

fibroblast growth factor-15 (FGF15)-deficient mice from wild-type (WT) mice. This novel 

method has translational potential to screen for BAD in clinical practice. Despite the promise 

of this approach, clinical translation was impeded by the lack of MRI facilities with the costly 

hardware and software necessary to detect fluorine signals. Nitroxides, previously considered 

and studied as MRI contrast agents, would allow visualization of bile acid accumulation and 
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transport by conventional MRI without added infrastructure costs. Thus, in Chapter 2.3, we 

synthesized and tested nitroxide-bile acid conjugates (NBAC) in vitro for their affinity to key 

human bile acid transporters, the apical sodium dependent bile acid transporter (ASBT) and 

the Na+/taurocholate co-transporting polypeptide (NTCP). 

 In Chapter 3.1, literature data are reviewed regarding metformin’s general 

characteristics, chemical properties, pharmacokinetics, BCS Class III properties, and dosage 

performance. These data are used to evaluate possible eligibility of a waiver of in vivo 

bioequivalence testing (i.e., biowaiver) for approval of metformin immediate-release solid oral 

dosage forms, with a focus on general excipient considerations for BCS Class III drugs. In 

Chapter 3.2, metformin was assessed for its in vivo potential to repress transcription of BSEP. 

The primary objective of this study was to assess the effect of oral metformin on the human 

pharmacokinetics of two BSEP probe substrates: pravastatin and chenodeoxycholic acid 

(CDCA). Endogenous bile acid levels were assessed as a secondary measure of metformin 

impact.  

 In Chapter 4.1, literature data pertinent to potential excipient effects on intestinal drug 

permeability and transit are summarized. Despite the use of excipients in drug products for 

decades, considerable research efforts have been directed towards evaluating their potential 

effects on drug bioavailability. Potential excipient concerns stem from drug formulation 

changes (e.g., scale-up and post-approval changes, development of a new generic product). In 

particular, sugar alcohols have been identified as potential absorption-modifying excipients. 

Surfactants are also thought to be a concern, despite no direct clinical evidence. Therefore, in 

Chapter 4.2, the impact of the surfactant polysorbate 80 on active and passive intestinal drug 

absorption in humans was investigated. The primary objective of the study was to assess the 
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effect of oral polysorbate 80 on the human pharmacokinetics of three probe substrates of 

intestinal absorption: valacyclovir, CDCA, and enalaprilat. Valacyclovir and CDCA are 

substrates of active transporters in the intestine, peptide transporter 1 (PepT1) and ASBT, 

respectively. Enalaprilat was used as a very low passive permeability marker. Endogenous bile 

acid levels were assessed as a secondary measure of transporter and microbiota impact. 
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CHAPTER 2. TRANSPORT OF BILE ACID ANALOGUES 

 
Chapter 2.1. Using Multi-Fluorinated Bile Acids and In Vivo Magnetic Resonance 

Imaging to Measure Bile Acid Transport* 
 

The video component of this article can be found at https://www.jove.com/video/54597  

or via the supplemental video file 
 

2.1.1. INTRODUCTION 

 
 Along with their classical role as detergents that facilitate fat absorption from the gut, 

bile acids have emerged as potent signaling molecules affecting multiple organs in addition to 

those associated with their enterohepatic circulation.1,2 In addition to controlling their own 

metabolism, bile acids modulate several aspects of gastrointestinal physiology (e.g., gut 

motility and incretin hormone production, colon physiology, and cancer susceptibility) and 

have systemic effects on vascular tone, glucose and lipid metabolism, and energy utilization. 

While some of these effects are mediated in the gut, others are due to postprandial changes in 

systemic bile acid levels, as noted in obese patients or after gastric by-pass surgery. To 

elucidate the complex metabolic actions of bile acids new technology is required that permits 

simultaneous monitoring of bile acid levels in different anatomical compartments, in the 

gastrointestinal tract and metabolic tissues (liver, pancreas, skeletal muscle and adipose). 

Obtaining such temporal and spatial information requires innovative technology - in vivo 

imaging using novel bile acid tracers as described here is such a novel approach. 

                                                 
* Felton, J., Cheng, K., Said, A., Shang, A. C., Xu, S., Vivian, D., Metry, M., Polli, J. E., and 
Raufman, J. P. (2016). Using Multi-fluorinated Bile Acids and In Vivo Magnetic Resonance Imaging 
to Measure Bile Acid Transport. Journal of visualized experiments: JoVE, (117), 54597. 
https://doi.org/10.3791/54597 
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 Bile acid composition and distribution in anatomical compartments are regulated by 

factors that modulate their hepatic synthesis and ileal uptake, including diet, surgery, antibiotic 

use and changes in gut flora. A key regulator of intestinal bile acid uptake for their 

enterohepatic circulation3 (Figure 2.1.1) is the ileal Apical Sodium-dependent Bile Acid 

Transporter (ASBT; SLC10A2). Although passive absorption occurs throughout the intestines, 

ASBT mediates uptake of 95% of intestinal bile acids so that normally there is limited spillage 

of bile acids into the feces. Asbt-deficient (Slc10a2-/-) mice have increased fecal bile acids and 

a diminished bile acid pool.4 

 

Figure 2.1.1. Enterohepatic circulation of bile acids 
 

 
 

Illustration of enterohepatic circulation whereby bile acids are synthesized in the liver, excreted into 
the biliary tree, stored in the gallbladder, released into the proximal small intestine with meals, and 
actively taken up via ASBT in the distal ileum. Whereas small amounts of bile acids are absorbed 
passively throughout the gut, approximately 95% of intestinal bile acids are transported actively by 
ASBT resulting in minimal (approximately 5%) loss in the stool which is compensated by a similar 
amount of new bile acid synthesis in the liver, thereby maintaining a steady-state bile acid pool. The 
arrows on the right identify factors that may impact native and fluorine-labeled bile acid stability, 
including gastric acid, pancreatic and intestinal mucosal enzymes, and, most importantly, hydrolytic 
enzymes released by Clostridial species that colonize the distal small bowel and colon. (Modified with 
permission16) 
 



 

12 
 

 Bile acid malabsorption can be categorized into three types, each of which increases 

fecal dihydroxy bile acids, thereby causing intermittent or chronic diarrhea. Type 1 results 

from gross ileal pathology (e.g., resection, Crohn disease).5 Type 3 results from 

cholecystectomy, vagotomy, celiac disease, bacterial overgrowth, and pancreatic 

insufficiency. In contrast, persons with ‘primary’ (Type 2) bile acid malabsorption pose a 

formidable diagnostic challenge because they lack such antecedent conditions and do not have 

evidence of pathology in the ileum. Hence, primary bile acid malabsorption is commonly 

misdiagnosed as diarrhea- predominant irritable bowel syndrome (IBS-D), perhaps the most 

common reason for gastroenterology-related out-patient visits. It has been estimated that one-

third of patients with IBS-D have primary bile acid malabsorption; in the U.S., this may 

represent several million persons.5 Recent insights indicate that primary BAM derives from 

impaired feedback inhibition of hepatic bile acid synthesis by intestinal fibroblast growth 

factor-19 (FGF19), not from reduced expression or function of ASBT. 

 In primary bile acid malabsorption, low plasma levels of FGF19 fail to shut off hepatic 

bile acid synthesis - the resulting increase in intestinal bile acids saturates bile acid transporters, 

including ASBT, and the augmented spillage of bile acids into the feces causes diarrhea 

(Figure 2.1.2).6 Mice deficient in Fgf15 (the murine analog of human FGF19) have an 

expanded bile acid pool and increased fecal bile acids.7 
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Figure 2.1.2. Mechanisms of intestinal bile acid malabsorption 

 

 
 

Normally, as shown in panel A, approximately 95% of intestinal bile acids are absorbed by active 

transport in the distal ileum via ASBT. When ASBT expression or activity is diminished (panel B), 

impaired intestinal bile acid uptake results in spillage of bile acids into the colon. With impaired FGF19 

signaling (panel C), the lack of feedback inhibition of hepatic bile acid synthesis results in increased 

concentrations of intestinal bile acids that overwhelm ASBT transport capacity with spillage of bile 

acids into the colon. 

 
 
 Long-term, chronic elevation in fecal bile acids may promote colon neoplasia. Colon 

neoplasia arises from progressive mucosal dysplasia associated with somatic gene mutations, 

but environmental factors that increase fecal bile acids may accelerate and augment this 

process. In rodents, increased fecal bile acids either as a consequence of exogenous 

administration or Asbt deficiency promote colon dysplasia and tumor formation.8-10  

 Notably, provocative findings indicate that commonly-used drugs approved by the 

Food and Drug Administration (FDA) potently inhibit bile acid transport by ASBT in vitro.11 

If these drugs reduce small intestinal bile acid transport in vivo and increase fecal bile acid 

levels, the potential impact on colon pathology would be concerning. Even a small increase in 

colon pathology attributed to use of such a drug could have a major health impact. A toolkit 
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which can assess the plausibility of these in vitro findings and epidemiologic observations 

would spur additional research, including post-marketing safety studies. 

 Despite the need, practical assays to identify people with bile acid malabsorption are 

lacking. Direct measurement of fecal bile acids was rejected years ago as cumbersome, 

impractical, and unreliable.5 Alternative approaches include measuring retention of a 

radioactive selenium-labeled cholic acid derivative (75SeHCAT) and plasma levels of 7α-

hydroxy-4-cholesten-3-one (C4), or a therapeutic trial of bile acid binders. 75SeHCAT testing 

has limited availability in Europe and is not FDA-approved or available for use in the U.S. 

Moreover, even modest radiation exposure (0.26 mSv/75SeHCAT test) from diagnostic testing 

raises concerns, and bacterial overgrowth and advanced liver disease may confound 75SeHCAT 

results. C4 testing is potentially attractive since only plasma is required, but it has low positive-

predictive value and testing is not widely available. Measuring serum levels of FGF19 has 

similar limitations. Frequently clinicians resort to a therapeutic trial of bile acid sequestrants, 

but this approach cannot provide a definitive diagnosis of bile acid malabsorption.5 

 For these reasons, a novel MRI approach was conceived to measure bile acid transport 

and distribution in vivo using innovative multi-fluorinated bile acids (MFBA-MRI). MFBA 

containing three atoms of fluorine (19F), a stable isotope of 100% natural abundance, are 

transported similarly to native bile acids,12 and can be used to visualize bile acid transport with 

a combination of proton (1H) and fluorine (19F) MRI, a sensitive, safe method without ionizing 

radiation exposure.13,14 
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2.1.2. MATERIALS 

 
1. Name: Duall size-21 all glass tissue grinder 

Company: Kimble Chase Life Science, Vineland, NJ 
Catalog Number: 885351-0022 

2. Name: Bruker BioSpec 70/30USR Avance III 7T horizontal bore MR Scanner 
Company: Bruker Biospin MRI GmbH, Germany 
Comments: Use companion Paravision Version 5.1 software (see step 3.5) 

3. Name: Bruker 40 mm 19F/1H dual-tuned linerar volume coil 
Company: Bruker Biospin MRI GmbH, Germany 
Comments: Use companion Paravision Version 5.1 software (see step 3.5) 

4. Name: Waters Acquity UPLC System with Quadrupole Detector 
Company: Waters Corporation, Milford, MA 

5. Name: Waters Acquity UPLC ethylene bridged hybrid C8 1.7 μm 
 2.1 x 50 mm column 
Company: Waters Corporation, Milford, MA 

6. Name: Gavage Needle 
Company: Braintree Scientific, INC. 
Catalog Number: N-010 
Comments: 20 G-1.5" curved 2.25 mm ball 

7. Name: 2 Stainless Steel Hemostats  
Company: VWR 
Catalog Number: 10755-018 
Comments: 4 and 5 inch, straight 

8. Name: Ketamine 
Company: MWI Veterinary Supply 
Catalog Number: 501090 
Comments: Ketamin zetamine 100 mg/ml 

9. Name: Xylazine 
Company: Akorn, Inc. 
Comments: 20 mg/ml 

10. Name: Intraperitoneal Catheter 
Company: Abbott 
Catalog Number: AbbocathTM-T.I.V. G720-A01 4535-42 
Comments: 24-G x 0.75" 
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2.1.3. PROTOCOL 

 
 The following protocol adheres to guidelines approved by the Institutional Animal Care 

and Use Committee (IACUC) at the University of Maryland School of Medicine (IACUC 

Protocol #0415011, approved June 18, 2015). 

 

1. Gavaging Mice with 19F-Labeled Bile Acids 

1. Gavage mice with 150 mg/kg body weight 19F-labeled bile acids. Fill a 1-ml syringe to 

the necessary volume with 19F-labeled bile acid stock solution [cholic acid-trifluoro-

acetyl lysine (CA-lys-TFA; in 1:1 polyethylene glycol 400:Dulbecco’s phosphate 

buffered saline) or cholylsarcosine-trifluoro-N-methyl-acetamide (CA-sar-TFMA; in 

60% polyethylene glycol 400 and 40% Dulbecco’s phosphate buffered saline] and 

attach a 20-gauge 1.5-inch curved bulb-tipped gastric gavage needle. Make sure the 

gavage needle is long enough to reach the level of the mouse’s xyphoid cartilage when 

inserted in the esophagus up to the hub of the needle 

2. Firmly grasp the animal by the loose skin at the back of the neck between the thumb 

and index finger and use the remaining fingers to grasp the skin on the lower back and 

tail. 

3. Hold the mouse upright and pass the gavage needle along the side and the roof of the 

mouth into the esophagus and down into the stomach. If resistance is encountered at 

the pharynx, reposition the needle until the animal ‘swallows’ it — do not push against 

resistance. 

4. If anesthesia is required for gavage, place the mouse in a bell jar containing 5 ml 

isoflurane and close. When the mouse falls on its side, wait 7 sec, remove the mouse 
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and perform gavage. To protect personnel from anesthetic vapors, use the bell jar only 

in a fume hood. 

5. Observe the animal recover from isoflurane in a few min. 

NOTE: Since isoflurane is metabolized by the liver, a fluorine signal emanating from 

intact drug or its metabolites excreted into the biliary system and gallbladder can 

confound fluorine signals from 19F-labeled bile acids.15 An alternative is to use 

ketamine plus xylazine (see section 3.1 for doses). 

2. Harvesting the Gallbladder, the Liver and Blood for Bile Acid Measurements Using Liquid 

Chromatography/Mass Spectrometry 

1. To achieve maximal gallbladder filling, fast mice for at least 6 hr before harvesting the 

organs. Prepare ketamine and xylazine in phosphate buffered saline (100 μl ketamine, 

62.5 μl xylazine, 840 μl PBS). 

2. Using a 1-ml sterile syringe, inject a mouse subcutaneously 1 hr prior to organ harvest 

with 15 μl/g body weight of ketamine/xylazine solution (150 mg ketamine and 18 mg 

xylazine per kg body weight). 

3. One hr after administering ketamine/xylazine confirm adequate anesthesia by toe pinch 

and place the anesthetized mouse supine. 

4. Use 5- or 6-inch scissors to make a midline abdominal skin incision from the pubis to 

the xyphoid and fine scissors (4 inch) to cut the peritoneal lining and expose abdominal 

organs — do not to pierce the diaphragm. 

5. Grasp the xyphoid process with a 5-inch clamp and lift back across the chest to expose 

the upper abdominal cavity. Use forceps and a blunt instrument to dissect and move 

the liver aside, exposing the gallbladder. 
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NOTE: Do not lacerate the liver or touch the gallbladder as the former will cause severe 

bleeding and the latter may stimulate gallbladder contraction and emptying. 

6. Place a 4-inch clamp across the common bile duct (Figure 2.1.3, dashed arrows). Cut 

the ligament attaching the superior pole of the gallbladder to the diaphragm and gently 

move the gallbladder to the right side of the abdomen. 

 

Figure 2.1.3. Anatomical and proton MRI views of the mouse gallbladder 

 

 
 

The left panel shows the exposed mouse gallbladder to the left of midline after abdominal incision. The 
clamp grasps the xyphoid process. The bile-filled fasting gallbladder is indicated by the large arrow 
and the clamped common bile duct by the dashed arrows. [Inset: Excised intact gallbladder with the 
common bile duct clamped. The ruler is marked in millimeters (mm).] The right panel shows a high-
resolution proton density-weighted MRI image of the fasting murine gallbladder (arrow). 
 
 

7. Before excising the gallbladder perform cardiac puncture, harvest blood, and 

exsanguinate the animal to verify euthanasia. 

NOTE: Harvesting the gallbladder first may lacerate the liver causing cardiovascular 

collapse and failure to obtain an adequate blood sample (≥ 200 μl). 

8. Expose the underside of the left diaphragm and identify the beating surface of the heart. 

At the point of maximal cardiac pulsation puncture the diaphragm and heart with a 

23-gauge needle attached to a 1-ml syringe. 
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1. Slowly withdraw the syringe while aspirating. When blood starts to fill the syringe, 

stop withdrawing and maintain suction to collect 0.2 -0.6 ml blood. Gently rotating 

the needle or withdrawing it slightly may re-establish flow if it ceases. 

2. Transfer the blood to a 1.5-ml heparinized tube and centrifuge at 2,000 x g for 15 

min. Precipitate the plasma with four parts acetonitrile and centrifuge at 12,000 x g 

for 10 min. Analyze the supernatant by liquid chromatography/mass spectroscopy 

(LC/MS/MS).12-14 If necessary, store the plasma at -80°C before analysis. 

9. Using blunt dissection, free the gallbladder from the liver. Transect the common bile 

duct below the clamp, remove and weigh the gallbladder, and place it in a 1.5-ml 

microcentrifuge tube. Harvest the liver. 

10. Homogenize approximately 100 mg of liver and the entire gallbladder on ice in a size-

21 glass tissue homogenizer. Extract with 75% acetonitrile and 25% water (800 μl for 

liver, 300 μl for gallbladder) and centrifuge at 12,000 x g for 10 min. Dilute extracts as 

necessary and quantify bile acid contents using LC/MS/MS.11-13 

3. Live Animal Proton (1H) and Fluorine (19F) Magnetic Resonance Imaging 

1. To achieve maximal gallbladder filling, fast mice for at least 6 hr before imaging. Using 

ketamine and xylazine, anesthetize mice to prevent motion in the MRI scanner. Prepare 

a stock solution of ketamine plus xylazine in phosphate buffered saline (130 µl 

ketamine, 42.5 µl xylazine, 827 µl PBS). One hr before MRI, use a 1-ml sterile syringe 

to inject a mouse subcutaneously with 5 µl/g body weight of this solution (65 mg 

ketamine and 4.25 mg xylazine per kg body weight). To prevent dryness under 

anesthesia, apply veterinary ointment to the animal’s eyes. 
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2. After induction with ketamine/xylazine as above, clip a 1.5 cm2 area on left lower half 

of the mouse abdomen using #40 or finer electric clipper blades. After fur removal, 

prep the area with 8 - 12% diluted iodine surgical scrub solution and rinse with 70% 

alcohol — repeat both steps. Insert a 24-gauge by 0.75-inch needle/catheter 

subcutaneously and tunnel into the abdominal cavity. Make sure the catheter is not in 

the cecum or other abdominal organ by pulling back on the plunger — there should be 

no blood or fecal material in the catheter. 

3. Remove the needle and leave the intraperitoneal catheter. Place the mouse on a 

temperature-controlled thermal pad in the MRI scanner animal chamber. 

4. Prepare a 1-ml sterile syringe containing ketamine and xylazine in phosphate buffered 

saline (1,000 µl ketamine, 300 µl xylazine, 6,700 µl PBS) and fill the desired length of 

72-inch sterile tubing. Connect the intraperitoneal catheter to the prefilled sterile tubing 

and extend it away from the MRI scanner. To maintain anesthesia, inject 50 µl of this 

solution every 20 min if the mouse’s vital signs are stable. 

NOTE: Before imaging, make certain no metals are near the MRI scanner. 

5. Use a 19F/1H dual-tuned linear volume MRI coil to transmit and receive radio frequency 

signals at 300.283 MHz for 1H and 282.524 MHz for 19F nuclei. 

1. Perform system calibration11,13 and animal localization with three-slice (axial, 

mid-sagittal, and coronal) scout images using a fast low-angle shot sequence 

(FLASH). To start the experiment, click the 'traffic light' button in the Scan 

Control window on the software console. 

2. Acquire multi-slice 1H MR images using rapid acquisition with relaxation 

enhancement (RARE) sequence in the cross view of the sample or the body of 
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the animal with repetition time 2,200 msec, echo time 8.9 msec, RARE factor 

8, field of view 4 x 4 cm2, slice thickness 1.0 mm, matrix size 266 x 266, 

in-plane resolution 150 x 150 µm2, and number of averages 6. To start the 

experiment, click the ‘traffic light’ button in the Scan Control window on the 

software console. 

3. Acquire 19F images using a FLASH sequence in the same region of the 1H MRI 

with repetition time 220 ms, flip angle = 30°, echo time ms, matrix size 32 x 

32, in-plane resolution 1.25 x 1.25 mm2, slice thickness 4.0 mm, and number of 

averages 768. To start the experiment, click the ‘GOP’ (Go- On- Pipeline) 

button in the Spectrometer Control Tool window on the software console. 

6. After MRI, euthanize the mouse with intraperitoneal injection of 15 µl/g body weight 

ketamine/xylazine solution (150 mg ketamine/18 mg xylazine per kg body weight) 

followed by cardiac puncture for exsanguination. 

7. To recover a mouse from anesthesia, remove the intraperitoneal catheter but do not 

leave the animal unattended until it regains sufficient consciousness to maintain sternal 

recumbency. 

8. To measure 19F-labeled bile acid concentrations11-13 from organ harvest, maintain 

anesthesia with ketamine plus xylazine as described above. 

 

2.1.4. REPRESENTATIVE RESULTS 

 
 The use of MFBA for in vivo MRI to ‘see’ bile acid transport in real time has great 

potential for both research and clinical use. Moreover, the methods described here for resection 

of the gallbladder and biochemical analysis of its contents using liquid chromatography and 
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mass spectrometry provide a means of confirming imaging results. However, the validity of 

these methods requires precise dosing, timing of assays, and localization of the gallbladder for 

imaging or surgical removal. For the latter, it is very important that the mouse's abdominal 

organs be perturbed as little as possible; even gentle manipulation of the gallbladder can 

stimulate contraction and emptying. Hence, to capture its entire contents, it is critical to place 

the clamp across the common bile duct as soon as possible. 

 Using the surgical approach suggested here, the gallbladder should be readily identified 

behind the right anterior lobe of the liver in the right upper quadrant of the abdomen (Figure 

2.1.3). Moving the liver aside, without touching the gallbladder exposes the common bile duct 

for clamping. Once this clamp is in place, there should be no difficulty proceeding with the 

other steps described in the Protocol to remove the gallbladder intact. 

 The data in Table 2.1.1 reveal highly selective concentration of MFBA in the 

gallbladder.13,14 Organ (liver and gallbladder) concentrations of MFBA were calculated by 

assuming a density of 1 g/ml.13,14 Within 7 hr of oral dosing, average accumulation of MFBA 

in the gallbladder was several orders of magnitude (1,000-fold) higher than that observed in 

either the liver or blood13,14; millimolar levels were observed in the gallbladder versus 

micromolar levels in liver and blood (Table 2.1.1). Average MFBA concentrations ranged 

from 0.4 - 1.4 µM in blood, 14.5 - 78.8 mM in liver, and 18.4 - 27.0 mM in gallbladder. These 

findings are consistent with MFBA being handled the same as physiological bile acids; after 

oral dosing, MFBA are actively transported by ASBT into the enterohepatic circulation 

whereby they are carried to the liver for active transport into hepatocytes by the 

sodium/taurocholate co-transporting polypeptide (NTCP), and excreted into the biliary tree for 

concentration in the gallbladder (Figure 2.1.1).  
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Table 2.1.1. Representative values for gallbladder, liver and plasma concentrations of 
19F-labeled bile acids 

 

 
Mean ± standard error (SE) values are shown for gallbladder weight and the concentrations of the 
indicated MFBA in the gallbladder, liver, and plasma.12,13 The values shown were measured 5 to 7 hr 
after gavaging mice with 150 mg/kg body weight of the indicated MFBA. Note the millimolar 
concentrations of MFBA in the gallbladder compared to micromolar concentrations in the liver and 
plasma. N = 3 mice per value for CA-lys-TFA and 5 mice per value for CA-sar-TFMA. 
 
 
 Figure 2.1.4 shows time-dependent accumulation of the 19F signal in the gallbladder 

after gavage with MFBA. A more detailed time-course using analytical methods (LC/MS/MS) 

indicated that peak gallbladder concentrations of MFBA were observed in the range of 4 to 

7 hr after oral dosing,12 a finding consistent with the physiological kinetics of enterohepatic 

circulation of bile acids. The left panel in Figure 2.1.4, an MRI image acquired two and one-

half to four hr after oral gavage with MFBA, reveals 19F signal emanating from what appears 

to be the common bile duct (dashed arrow) and a more robust signal emanating from the 

gallbladder (arrow); by 7 to 8.5 hr, the common bile duct signal is no longer detected and the 

gallbladder 19F signal has increased to the same intensity as that emanating from the adjacent 

MFBA phantom (Figure 2.1.4, right panel, arrow). 
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Figure 2.1.4. Representative MFBA-MRI images 

 

 
Results of experiments in live mice show reconstruction overlays of 19F and 1H images demonstrating 
that 19F signals emanate from the murine gallbladder (large arrows). Reference phantoms containing 
known concentrations of 19F-labeled bile acids were placed in the MRI scanner alongside the mouse 
(left arrow). In the left panel, the dashed arrow indicates 19F-labeled bile acid signal emanating from 
the common bile duct. Recorded above each panel is the time after gavage with 19F-labeled bile acid 
that MRI was started to the time that image acquisition was completed (1.5 hr). As anticipated, 
gallbladder filling with the 19F-labeled bile acid increases with time 
 
 
 We used mice with deficient expression of Asbt to test the ability of MFBA-MRI to 

detect reduced intestinal uptake of bile acids. As illustrated in Figure 2.1.5A, an approximately 

22-fold reduction in the concentration of MFBA in gallbladder from Asbt-deficient mice was 

measured by LC/MS13,14; based on these findings it was anticipated that the MFBA 19F MRI 

signal in these animals would be below the limits of detection. Indeed, as shown in Figure 

2.1.5B, whereas a robust 19F signal emanating from the gallbladder was detected in a wild-type 

mouse, there was no corresponding 19F signal in the Asbt-deficient mouse.13,14 These findings 

confirm that MFBA are handled similarly to physiological bile acids and that MFBA-MRI can 

be used to detect impaired intestinal uptake of bile acids. 
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Figure 2.1.5. Attenuated MFBA-MRI Signal from Gallbladders of Asbt-deficient Mice 

 

 
(A) Bar graph illustrates that the concentration of MFBA measured by LC/MS/MS is approximately 
22-fold lower in Asbt-deficient mice compared to control mice. (B) Absent MFBA-MRI signal from 
the gallbladder of an Asbt-deficient mouse. Arrowheads indicate 19F-labeled bile acid phantoms (left 
panels) and 19F MRI signal from phantoms (right panels). Arrow in upper right panel indicates 19F-
labeled bile acid signal emanating from the gallbladder; there is no corresponding 19F-labeled bile acid 
signal in the Asbt-deficient mouse (lower right panel). 
 
 
2.1.5. DISCUSSION 

 
 The synthesis of CA-lys-TFA and CA-sar-TFMA and the in vitro analysis of their 

transport using stably transfected Madin-Darby canine kidney cells expressing ASBT and 

human embryonic kidney cells expressing the sodium/taurocholate co-transporting 

polypeptide (NTCP) are detailed elsewhere.13,14 Here, the focus is on oral administration of 

MFBA by gavage to live animals, followed by harvest of the gallbladder, liver, and blood for 

analysis of MFBA content, and, notably, imaging MFBA in the gallbladder by live-animal 

MRI. Critical steps include avoiding fluorine-based anesthetics which may create competing 

19F signals, avoiding gallbladder manipulation before clamping the common bile duct which 

may result in gallbladder contraction and emptying before the organ is excised, and avoiding 

the placement of metals near the MRI scanner. 
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 As detailed here and elsewhere,13,14 MFBA-MRI has great potential to successfully 

analyze bile acid transport in vivo under both normal and abnormal physiological conditions. 

Major strengths of MFBA-MRI are that it involves no ionizing radiation (neither MFBA 

labeled with naturally occurring, non-radioactive fluorine nor MRI emit ionizing radiation) and 

MFBA are administered orally without requiring venipuncture (unlike mice, most humans will 

not require parenteral administration of anesthetics or sedatives to prevent motion artifact in 

the MRI scanner). Substitution of a hydrolyzable bile acid with a synthetic bile acid resistant 

to hydrolysis by the gut microflora,13,14 can overcome issues regarding the in vivo stability of 

MFBA in the gut. The initial prototype for MFBA involved adding three fluorine atoms per 

molecule of cholic acid, a naturally occurring human bile acid that is hydrolyzed in the gut by 

Clostridial hydrolases.13,14 A novel tri-fluorinated bile acid, CA-sar-TFMA, based on a 

sarcosine backbone that is resistant to hydrolysis by bacterial enzymes circumvented this 

limitation, extending the half-life of MFBA.13,14 

 Lastly, a potentially competing methodology, the use of N-methyl-[11C]cholylsarcosine 

for PET/CT, is limited by radiation exposure from both the radiolabeled bile acid and CT, and 

the need to prepare, ship, and store the radioactive bile acid.17 

 Regarding modifications and troubleshooting for this novel methodology, one may 

consider that failure to detect an MRI signal emanating from the gallbladder may be due to a 

problem with the 19F-labeled bile acid or its bioavailability, the timing of image acquisition, or 

insufficient filling of the gallbladder. As discussed above, we tested the structural integrity of 

these agents by their ability to be transported in vitro by cell lines expressing the appropriate 

bile acid transporters. We allow at least 1.5 hr for image acquisition but in certain cases this 
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duration may require extension. We find that fasting mice pre-MRI to ensure maximal 

gallbladder filling is important. 

 The limits of detection for 19F-MRI signals require animal imaging for 90 - 120 min 

for adequate signal acquisition; assuming humans would require a similar scanning time, this 

is likely too long for a practical clinical test - patients would have to lie still in the MRI scanner 

for that duration. Also, current, clinical MRI relies primarily on proton (1H) imaging; the 

application of fluorine (19F) imaging will require investment in hardware (19F coil) and 

software, at least a $250,000 investment per MRI scanner – it is unlikely sufficient MFBA 

testing would be performed to justify that investment. Hence, until other fluorine-based MRI 

applications are developed, using MFBA-MRI to evaluate patients for bile acid malabsorption 

is unlikely to be cost-effective. 

 Additional challenges must be overcome so that this innovative approach can be 

translated to measuring in vivo bile acid transport in the clinic (e.g., for the diagnosis of bile 

acid malabsorption as a cause of chronic diarrhea). A major challenge is to maximize signal 

intensity by increasing the number of 19F atoms per bile acid molecule without disrupting the 

ability of MFBA to behave like natural bile acids, that is, a bile acid molecule that is too bulky 

because of added 19F atoms will not be transported by either ASBT or bile acid transporters in 

the liver. The ability of novel MFBA to be transported in vitro can be tested in cell lines 

expressing key human bile acid transporters13,14 and should be predictive of in vivo transport. 

With increased sensitivity, MFBA-MRI has potential for improved imaging of the entire biliary 

tree (e.g., common bile duct and its branches); in this regard, the ability to image the common 

bile duct in some mice appears promising (Figure 2.1.4, left panel). 
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 Although the current limits of bile acid detection by MFBA-MRI allow their 

visualization only in the gallbladder, assuming the sensitivity of the technique can be improved 

we anticipate MFBA-MRI could be used to measure bile acid transport and distribution in vivo 

thereby providing comprehensive spatial information anatomically in real time; an enabling 

technology that would advance molecular imaging. MFBA-MRI would also offer a novel 

technology to assess the effects of gene polymorphisms and drugs that impair bile acid 

transporter function. MFBA-MRI has translational potential to help clinicians screen for bile 

acid malabsorption and thereby identify and manage illnesses resulting from increased fecal 

bile acids (e.g., diarrhea that mimics irritable bowel syndrome). Lastly, should this technique 

become clinically available it has great promise to accelerate progress in precision medicine 

by providing the capability to identify altered intestinal bile acid uptake in persons with colon 

neoplasia or other conditions that may be affected by changes in fecal bile acids. 
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Chapter 2.2. Attenuated Accumulation of Novel Fluorine (19F)-Labeled Bile Acid 

Analogues in Gallbladders of Fibroblast Growth Factor-15 (FGF15)-Deficient Mice† 
 

2.2.1. INTRODUCTION 

 
 The past 20 years have witnessed a great expansion in our understanding of the role 

bile acids play in both normal physiology and disease as well as the complex processes that 

maintain bile acid homeostasis.1 Despite these advances, there remains a paucity of tools to 

examine bile acid transport in vivo. To address this limitation, we investigated the potential of 

using bile acid analogues labeled with naturally occurring fluorine, 19F, and in vivo magnetic 

resonance imaging (MRI) to visualize bile acids in anatomical compartments, primarily the 

gallbladder.2−4 The work described herein focuses on the potential utility of 19F bile acid MRI 

to diagnose bile acid diarrhea, a condition frequently misdiagnosed as diarrhea-predominant 

irritable bowel syndrome (IBS-D).5 

 In humans, a gut hormone, fibroblast growth factor-19 (FGF19), governs intestinal 

feedback regulation of hepatic bile acid synthesis. FGF15 is the murine homologue of FGF19; 

the designation FGF19/15 refers to processes common to both the human and murine 

hormones. Bile acids actively absorbed by ileal enterocytes via the apical sodium-dependent 

bile acid transporter (ASBT, encoded by SLC10A2) bind and activate the nuclear farnesoid X 

receptor (FXR), which, among many actions, regulates the production and release of 

FGF19/15. FGF19/15 circulates to the liver where its interaction with the FGF receptor-4 

complex on hepatocytes results in inhibition of hepatocyte 7-alpha-hydroxylase (CYP7A1), the 

                                                 
† Metry, M., Felton, J., Cheng, K., Xu, S., Ai, Y., Xue, F., Raufman, J. P., and Polli, J. E. (2018). 
Attenuated Accumulation of Novel Fluorine (19F)-Labeled Bile Acid Analogues in Gallbladders of 
Fibroblast Growth Factor-15 (FGF15)-Deficient Mice. Molecular pharmaceutics, 15(11), 4827–4834. 
https://doi.org/10.1021/acs.molpharmaceut.8b00454 
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rate-limiting enzyme that catalyzes cholesterol hydrolysis and the formation of primary bile 

acids. 

 In FGF19/15 deficiency, the absence of feedback regulation of bile acid synthesis 

results in excess production of bile acids, reduced gallbladder filling, and increased levels of 

bile acids in the distal small intestinal that may overwhelm ASBT transport capacity, thereby 

increasing bile acid spillage into the colon. Increased fecal bile acid levels in the colon are 

associated with several harmful effects, including inflammation, altered water and electrolyte 

secretion, and stimulated motility that may result in diarrhea. Estimates suggest as many as 

one-third of individuals diagnosed with IBS-D, a common disorder, actually have bile acid 

diarrhea due to FGF19 deficiency.5 

 For more than 30 years, the most common approach available to diagnose bile acid 

diarrhea in Europe and Canada has been 75selenium homotaurocholic acid retention testing 

(SeHCAT). Although relatively easy to perform, this test requires ingestion of a radiolabeled 

compound, a nuclear medicine laboratory, and is neither FDA-approved nor available for use 

in the United States.6 Another method, direct measurement of fecal bile acids, is expensive, 

unavailable in most hospitals and clinics, requires a research laboratory, and is performed 

rarely. The recently developed plasma 7α-hydroxy-4-cholestene-3-one (C4) assay is less 

sensitive and specific than SeHCAT testing and is not widely available. Measuring serum 

FGF19 levels is possible but requires additional validation before clinical use.7 In the United 

States, the most common approach to diagnosing bile acid diarrhea remains the exclusion of 

other causes of diarrhea and a therapeutic trial of a bile acid binder such as cholestyramine or 

colesevalam. Although decreased diarrhea following treatment with these agents is considered 

indirect evidence of bile acid diarrhea, this approach is nonspecific.8 
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 The initial concept driving the current line of investigation was to use MRI, a technique 

that does not expose individuals to ionizing radiation, to “see” the transport of 19F-labeled bile 

acid analogues that mimic native bile acid transport in both in vitro and in vivo studies.2−4,9 We 

chose to image the gallbladder, an organ that concentrates bile acids into the millimolar range, 

orders of magnitude greater than bile acid concentrations observed in any other organ. In mice 

gavaged with these fluorinated bile acid probes, we consistently detected a strong 19F MRI 

signal in gallbladders of wild-type (WT) mice; 19F MRI signals were not detected in 

gallbladders of ASBT-deficient mice.2,3 With regard to the present work, we reasoned that 

FGF15-deficient mice would also have a diminished 19F MRI signal in the gallbladder. We 

anticipated that overproduction of native bile acids and their spillage into the gut would dilute 

19F-labeled bile acid analogues and increase competition for transport by ASBT. These factors 

were likely to reduce intestinal uptake, enterohepatic circulation, and gallbladder accumulation 

of 19F-labeled bile acid probes. 

 In the present study, we investigated the potential utility of 19F-labeled bile acids as 

tools to diagnose bile acid diarrhea resulting from FGF19/15 deficiency. We used biochemical 

quantification and in vivo 19F MRI imaging to compare the accumulation of two previously 

characterized 19F bile acid analogue probes, trifluoroacetyl l-lysine and trifluoro-N-methyl-

acetamide conjugates of the native human primary bile acid cholic acid (i.e., CA-lys-TFA and 

CA-sar-TFMA), in gallbladders from WT and FGF15-deficient mice. 
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2.2.2. EXPERIMENTAL SECTION 

 
Materials 

 Cholic acid, Dulbecco’s phosphate-buffered saline (DPBS), and poly(ethylene glycol) 

(PEG) 400 were purchased from Sigma-Aldrich (St. Louis, Missouri). Compounds 1, 3, and 

5 were commercially available. We obtained all chemicals from commercial suppliers and 

used them without further purification. 

 

Synthesis of CA-lys-TFA (Compound 4) 

 We synthesized CA-lys-TFA, as well as CA-sar-TFMA (below), using an approach 

modified from that described previously (Appendix A: Synthesis of CA-lys-TFA and CA-sar-

TFMA).2,4 Briefly, we synthesized target compound 4 as depicted in Figure 2.2.1. Activation 

of cholic acid 1 using HATU yielded the intermediate ester 2. Coupling of compound 2 with 

trifluoroacetyl l-lysine 3 provided the final product 4, CA-lys-TFA, in good yield. 

 
Figure 2.2.1. Synthesis of compound 4 (CA-lys-TFA) 

 
 

 
 

Reagents and conditions: (a) HATU, Et3N, DMF, RT, 4 h; (b) DMF, RT, 12 h, 80% for two steps. 
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Synthesis of CA-sar-TFMA (Compound 10) 

 The synthesis of compound 10 began with N-Boc-ethylenediamine 5 (Figure 2.2.2). 

Compound 5 was allowed to react with benzyl bromoacetate to yield compound 6 in high yield. 

Next, we removed the Boc-protecting group of compound 6 using TFA to generate amine 7, 

which was treated with trifluoroacetic anhydride (TFAA) to give compound 8 in high yield. 

Compound 8 was coupled to compound 2 to obtain the benzyl ester 9 in high yield. Finally, 

the benzyl-protecting group was removed by catalytic hydrogenation to yield product 10, CA-

sar-TFMA, in good yield. 

 
Figure 2.2.2. Synthesis of compound 10 (CA-sar-TFMA) 

 
 

 
 

Reagents and conditions: (a) benzyl bromoacetate, NaOH, DMF, RT, 12 h, 78%; (b) TFA, DCM, RT, 
1 h; (c) trifluoroacetic anhydride, DCM, RT, 12 h, 83% for two steps; (d) 2, DMF, RT, 12 h; (e) Pd/C, 
H2, EtOH, RT, 12 h, 81% for two steps. 
 
 
Chemical Analysis 

 We visualized analytical thin layer chromatography by ultraviolet light at 254 nM. We 

recorded 1H NMR and 19F NMR spectra on a Varian (400 MHz) spectrometer. Mass spectra 
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were recorded using electrospray as the ionization technique. Per NMR, the purities of the final 

products 4 and 10 were >95% (Figure A.1-Figure A.8). 

 

Animals 

 All animal studies were approved by the Institutional Animal Care and Use Committee 

of the University of Maryland School of Medicine and the Research and Development 

Committee at the VA Maryland Health Care System. We conducted animal studies in 

accordance with the Guide for the Care and Use of Laboratory Animals prepared by the U.S. 

National Academy of Sciences. Male FGF15-deficient and WT mice (on the same 25% 

C57BL/6J; 75% 129SvJ mixed genetic background) were kindly provided by Dr. Grace Guo 

(Rutgers University, Ernest Mario School of Pharmacy, Piscataway, NJ).10 We housed mice 

with free access to water and standard mouse chow in a pathogen-free environment with a 

12:12 h light/dark cycle for 1 week prior to experiments. After a fast of at least 6 h, mice 

underwent oral gavage with CA-sar-TFMA and/or CA-lys-TFA in vehicle (60% PEG 400 and 

40% DPBS, 8.33 μL per g mouse body weight) and were subsequently anesthetized with 

ketamine/xylazine at different time points. Doses of imaging agents reflect their slight 

difference in molecular weight and provide the same molar dose in micromol/kg mouse body 

weight (1.24 mmol/kg for 75 mg/kg CA-sar-TFMA and 78.5 mg/kg CA-lys-TFA; 2.48 

mmol/kg for 150 mg/kg CA-lys-TFA). 

 

Oral Disposition Characterization 

 We characterized the oral disposition of the two bile acid analogues via destructive 

sampling in Fgf15–/– and WT mice through a series of experiments. In a pilot study, four 
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Fgf15-/- and four WT mice were concomitantly gavaged with 75 mg/kg CA-sar-TFMA and 

78.5 mg/kg CA-lys-TFA. At 7, 10, 24, and 72 h postdosing, we euthanized mice and harvested 

the gallbladder, liver, and blood. We collected blood into heparinized tubes that we then 

centrifuged at 12,000g for 10 min. We analyzed supernatants using LC–MS/MS. The liver and 

gallbladder were homogenized on ice with a glass tissue homogenizer (Duall size-21; Kimble 

Chase Life Science, Vineland, New Jersey). We extracted CA-sar-TFMA and CA-lys-TFA 

with 75% ACN in water (800 μL for liver and 300 μL for gallbladder). We centrifuged extracts 

at 12,000g for 10 min before analysis by LC/MS/MS. 

 Favorable gallbladder results from the pilot study led to pharmacokinetic study 1, 

wherein five Fgf15–/– and five WT mice were concomitantly gavaged with 7.5 mg/kg CA-sar-

TFMA and 7.85 mg/kg CA-lys-TFA. At 7, 8.5, 10, 16, and 24 h post gavage, we euthanized 

mice and harvested and processed gallbladders as above. In pharmacokinetic study 2, nine 

Fgf15–/– and nine wild-type mice were concomitantly gavaged with 7.5, 22.5, or 75 mg/kg CA-

sar-TFMA and 7.85, 23.5, or 78.5 mg/kg CA-lys-TFA, respectively. We euthanized mice 8.5 

h post gavage and harvested and processed gallbladders as above. In pharmacokinetic study 3, 

nine Fgf15–/– and nine WT mice were concomitantly gavaged in triplicate with 75 mg/kg CA-

sar-TFMA and 78.5 mg/kg CA-lys-TFA. We euthanized mice at 7, 8.5, and 10 h postdosing 

and harvested the gallbladder, small intestine, cut into three equal segments, cecum, and colon. 

We extracted CA-sar-TFMA and CA-lys-TFA with 75% ACN in water (300 μL for 

gallbladder, 450 μL for small intestine segments, 650 μL for cecum, and 600 μL for colon). 

We centrifuged extracts at 12,000g for 10 min before LC–MS/MS analysis. 
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In Vitro Stability of CA-lys-TFA and CA-sar-TFMA in Mouse Stool 

 We evaluated the ability of mouse stool to hydrolyze CA-lys-TFA and CA-sar-TFMA 

in vitro. We collected and pooled stool pellets from multiple Fgf15–/– and WT mice maintained 

in metabolic cages to prevent coprophagia. We removed debris and then lyophilized stool for 

2 h using a Thermo Scientific Savant SpeedVac concentrator (Thermo Fisher Scientific, 

Waltham, MA). Then, we ground stool into a fine powder using a mortar and pestle. We 

incubated 50 mg aliquots of stool with CA-sar-TFMA or CA-lys-TFA in a water bath 

maintained at 37 °C for 0, 2, 4, 8, and 24 h. We quenched samples with ACN, centrifuged them 

at 10,000g for 10 min, and stored them at −80°C until analysis by LC–MS/MS. 

 

In Vitro Stability of CA-sar-TFMA and CA-lys-TFA in Gallbladder Homogenate 

 To prepare gallbladder homogenates, we collected, pooled, and homogenized in DPBS 

the gallbladders of four WT mice that had not been gavaged with probes. Aliquots of 

gallbladder homogenate were prepared in triplicate with CA-sar-TFMA and CA-lys-TFA and 

incubated in a water bath maintained at 37°C for 0, 20, 40, 60, 90, 120, 240, 480, and 1440 

min. Samples were quenched with ACN, centrifuged at 12,000g for 10 min, and stored at 

−80°C until analysis by LC–MS/MS. 

 

Murine Gallbladder Imaging 

 After fasting and gavage as described above, we anesthetized mice with 

ketamine/xylazine injected through an intraperitoneal (i.p.) catheter and imaged them by 1H 

MRI and 19F MRI ∼8.5 h after CA-lys-TFA dosing (1.5 h total 19F acquisition time). 

Approximately every 30 min throughout imaging, we infused maintenance doses of 
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ketamine/xylazine through the i.p. catheter. The mice remained in the MRI machine for 2 h, 

for system calibration and 1H and 19F MRI acquisition time. On each occasion, we imaged a 

30 mM phantom of CA-lys-TFA dissolved in methanol in a short glass NMR tube (5 mm 

diameter) alongside mice. 

 

Magnetic Resonance Imaging 

 All in vivo MRI data were acquired using identical parameters, as described previously3 

(i.e., phantom and animal experiments used identical 19F and 1H parameters). Briefly, we 

performed MRI experiments using a Bruker BioSpec 70/30USR Avance III 7T horizontal bore 

MR scanner (Bruker Biospin MRI GmbH, Ettlingen, Germany) with a BGA12S gradient 

system and used Bruker ParaVision 5.1 software for acquisition and processing. The coil was 

a Bruker 40 mm 19F/1H dual-tuned linear volume coil that transmitted and received radio 

frequency signals at 300.28 MHz for 1H and 282.55 MHz for 19F nuclei. Multislice 1H MR 

images used an acquisition time of 6 min and 10 s using a RARE (rapid acquisition with 

relaxation enhancement) sequence in the cross view of the phantom or animal body. 1H MRI 

employed a repetition time of 1850 ms, a RARE factor of 8, a field of view of 4 × 4 cm2, an 

echo time of 8.58 ms, a slice thickness of 1.0 mm, a matrix size of 200 × 200, a number of 

averages of 8, and an in-plane resolution of 200 × 200 μm2 with 20 slices. 19F images were 

acquired with a FLASH (fast low angle shot) sequence in an identical region to 1H MRI. The 

19F acquisition time was 1 h and 30 min. The parameters were the same as those of 1H MRI 

but with a repetition time of 220 ms, an echo time of 3.078 ms, an in-plane resolution of 

1.25 × 1.25 mm2, a matrix size of 32 × 32, a slice thickness of 4.0 mm, a number of averages 

of 768, and a flip angle = 30°. We optimized the flip angle using the T1 relaxation time of the 



 

39 
 

phantom. The phantom was a 5 mm diameter shortened glass NMR tube containing 30 mM 

CA-lys-TFA dissolved in methanol. 

 We calculated CA-lys-TFA concentrations in the mouse gallbladder by comparing the 

mean signal intensity in the region of interest (ROI) identified in the gallbladder to the mean 

signal intensity in the phantom ROI imaged next to the mouse body. In each case, we drew the 

ROI to exclude the edges of the phantom and gallbladder so that the signal intensity calculation 

did not suffer from a partial volume edge effect due to the image resolution. The mean signal 

intensity was calculated with Bruker ParaVision 5.1. The limit of quantification of 19F signal 

for this method was previously determined to be 6.82 mM, which corresponds to the noise 

magnitude of an ROI on the image periphery plus 2.5 times its standard deviation.3 Using this 

method, there is greater than 99% confidence that voxels with concentrations above this limit 

represent real 19F signal and not noise.11 

 We used Medical Image Processing, Analysis and Visualization software (MIPAV 

v7.0.1; CIT, NIH, Bethesda, Maryland) to generate a color 19F MR image of the mice and 

adjacent phantom. The image threshold used was 0.7 on a scale where the strongest signal (in 

red) was 1.0. 

 

LC-MS/MS Analysis 

 We determined concentrations of CA-sar-TFMA, CA-lys-TFA, and cholic acid by 

LC/MS/MS using a Waters Acquity UPLC system with a triple quadrupole detector (Waters 

Corporation, Milford, Massachusetts, USA). We used a Waters Acquity UPLC ethylene 

bridged hybrid C8 1.7 μm, 2.1 × 50 mm column with a flow rate of 0.4 mL/min. The gradient 

was as follows (expressed as % ACN in water, all mobile phases include 0.1% formic acid): 
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50% from 0 to 0.5 min, then increased to 95% until 3 min, then decreased to 50% at 3.01 min 

and held at 50% until 4 min. The injection volume was 10 μL. For CA-lys-TFA, the cone 

voltage was 65 V, the dwell time was 0.100 s, and the collision energy was 43 V. We used 

negative electrospray ionization with a multiple reaction monitoring method for the transition 

of 631.15 to 240.92 Da. The method was linear over a range of 5 to 2000 nM (r2 ≥ 0.97). For 

CA-sar-TFMA, the cone voltage was 65 V, the dwell time was 0.100 s, and the collision energy 

was 36 V. We used negative electrospray ionization with a multiple reaction monitoring 

method for the transition of 603.53 to 213.12 Da. The method was linear over a range of 5 to 

2000 nM (r2 ≥ 0.99). For cholic acid, the cone voltage was 66 V, the dwell time was 0.025 s, 

and the collision energy was 5 V. We used negative electrospray ionization with a single-

reaction monitoring method at 407.50 Da. The method was linear over a range of 0.5 to 10,000 

μM (r2 ≥ 0.96). 

 

Statistical Analysis 

 Error shown in the text and figures is standard error of the mean. We used Student’s 

paired t-test to evaluate stability data. We used Student’s unpaired t-test to evaluate 

concentration differences of CA-sar-TFMA and CA-lys-TFA in FGF15-deficient versus WT 

mouse. We considered a p-value ≤ 0.05 significant. 

 

2.2.3. RESULTS 

 
Oral Disposition Characterization 

 We calculated the concentrations of CA-lys-TFA and CA-sar-TFMA in the gallbladder 

and liver assuming an organ density of 1 g/mL. Gallbladder concentrations of 19F at 10 h were 
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above the 19F MRI limit of detection, as previously defined, and liver and plasma 

concentrations were below the limit of detection.3 The gavage concentrations of 75 mg/kg 

CA-sar-TFMA and 78.5 mg/kg CA-lys-TFA showed high accumulation in the WT mouse 

gallbladder at 10 h after oral dosing with a >20-fold difference compared to the gallbladder of 

the FGF15-deficient mouse (Figure 2.2.3). In contrast, CA-sar-TFMA and CA-lys-TFA 

concentrations in the liver and plasma were at least 1,000-fold lower on average than in the 

gallbladder; note the μM scales for liver and plasma vs mM scale for gallbladder. The dose–

response curves showed a linear relationship for both CA-lys-TFA and CA-sar-TFMA (Figure 

2.2.4). 

 
Figure 2.2.3. Concentration-time curve of CA-lys-TFA and CA-sar-TFMA in the 

gallbladder, liver, and plasma of WT and FGF15-deficient mice 

 
 

 
 

Concentration versus time for CA-lys-TFA (circles) and CA-sar-TFMA (squares) in the gallbladder 
(A), liver (B), and plasma (C) harvested from WT (closed symbols) and FGF15 deficient (open 
symbols) mice after concomitant oral administration of 75 mg/kg CA sar-TFMA and 78.5 mg/kg CA-
lys-TFA. 19F-labeled bile acid analogues were simultaneously coadministered to the same animal. 
Gavage with the two 19F-labeled bile acid analogues resulted in much higher concentrations in the 
gallbladder than the liver or plasma. In gallbladder and liver, bile acid analogue exposure was greater 
in WT mice than FGF15-deficient mice. Each data point reflects n = 1 mouse from destructive 
sampling. 
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Figure 2.2.4. Dose–response curve of CA-lys-TFA and CA-sar-TFMA in the gallbladder 

of WT and FGF15-deficient mice  

 

 
 

Dose–response curve in the gallbladder of WT (closed) and FGF15-deficient (open symbols) mice after 
concomitant oral administration of CA-lys-TFA (circles) and CA-sar-TFMA (squares). Larger doses 
resulted in higher gallbladder concentrations of 19F-labeled bile acid analogues. Each data point reflects 
n = 3 mice. 
 
 
 Given the results from the pilot study, 8.5 h was included as an additional time point to 

better elucidate the peak concentration. Peak concentration occurred in gallbladders of mice at 

8.5 h for both compounds at the higher gavage concentration of 75 mg/kg CA-sar-TFMA and 

78.5 mg/kg CA-lys-TFA when tested in triplicate (Figure 2.2.5A-B). Differences at the 8.5 h 

time point were statistically significant and showed a >2-fold difference when comparing WT 

to Fgf15–/– mice (p = 0.04 and p = 0.03, CA-sar-TFMA and CA-lys-TFA, respectively). 

Gallbladder concentrations in WT mice at 8.5 h were above the 19F MRI limit of detection, 

whereas all concentrations in the small intestines, cecum, and colon were below the limit of 

detection (Figure 2.2.5C-G). Concentrations of CA-sar-TFMA and CA-lys-TFA between WT 

and Fgf15–/– mice in the small intestines, cecum, and colon were not statistically different. 
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Figure 2.2.5. Concentration-time curve of CA-lys-TFA and CA-sar-TFMA in the 

gallbladder, small intestine, cecum, and colon of WT and FGF15-deficient mice 

 
Concentration versus time of CA-lys-TFA (circles) and CA-sar-TFMA (squares) in the gallbladder 
(A,B), small intestine (C–E), cecum (F), and colon (G) of WT (closed symbols) and FGF15-deficient 
(open symbols) mice after concomitant oral administration of 75 mg/kg CA-sar-TFMA and 78.5 mg/kg 
CA-lys-TFA. All panels use the same symbols. The only statistical difference in 19F-labeled bile acid 
analogue concentration between FGF15-deficient and WT mice was in the gallbladder at 8.5 h (A, p = 
0.04 and B, p = 0.03). Each data point reflects n = 3 mice. 
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In Vitro Stability of CA-sar-TFMA and CA-lys-TFA in Mouse Stool 

 Incubation of CA-sar-TFMA and CA-lys-TFA in stool showed no significant 

degradation at the longest time tested (p > 0.05, Figure 2.2.6). 

 
Figure 2.2.6. Percent remaining versus time of CA-lys-TFA and CA-sar-TFMA in stool 

samples of WT and FGF15-deficient mice 

 

 
 

Percent remaining versus time of CA-lys-TFA (circles) and CA-sar-TFMA (squares) in stool samples 
of WT (closed symbols) and FGF15-deficient (open symbols) mice performed in triplicate. Each 19F-
labeled bile acid analogue exhibited favorable stability over 24 h in stool. There was about a 15% loss 
of each 19F-labeled bile acid analogue over 24 h. 
 
 
In Vitro Stability of CA-sar-TFMA and CA-lys-TFA in Gallbladder Homogenate 

 Incubation of CA-sar-TFMA and CA-lys-TFA in gallbladder homogenates showed 

statistically significant degradation at the longest duration tested (p < 0.01). Cholic acid also 

showed statistically significant degradation (p < 0.01). However, degradation of 

CA-sar-TFMA and CA-lys-TFA was slightly more than that of cholic acid, which exhibited 

about a 12% loss at the longest duration tested (Figure 2.2.7). 
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Figure 2.2.7. Percent remaining versus time of CA-lys-TFA, CA-sar-TFMA, and cholic 

acid in pooled gallbladder homogenate 

 

 

Percent remaining versus time of CA-lys-TFA (circles), CA-sar-TFMA (squares), and cholic acid 
(triangles) in pooled gallbladder homogenate prepared in triplicate from four WT mice. The two 19F-
labeled bile acid analogues exhibited favorable stability over 24 h in WT gallbladder homogenate. 
There was about a 25% decrease in each bile acid analogue over 24 h. For reference, there was a 12% 
loss of cholic acid over 24 h. 
 
 
Murine Gallbladder Imaging 

 Based on LC–MS/MS results of the peak accumulation occurring at 8.5 h, mice 

underwent MRI at 8.5 h after oral gavage of 150 mg/kg CA-lys-TFA—we imaged mice once 

followed by euthanasia. We visualized strong 19F MRI signals emanating from the gallbladders 

of all WT mice tested (Figure 2.2.8A). Overlay of images obtained by 1H and 19F MRI signal 

acquisition confirmed that 19F signals emanated from the gallbladder (Figure 2.2.8A). 

CA-lys-TFA concentration in the gallbladder, calculated by normalizing the average intensity 

of the gallbladder ROI to that within the phantom, was determined to be 27 mM. 

 As predicted from our LC–MS/MS data, MRI of three consecutive Fgf15–/– mice 

revealed no detectable signal (Figure 2.2.8B); as a control, we observed a robust 19F MRI 

signal emanating from phantoms placed next to these mice. 
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Figure 2.2.8. 19F MRI in WT and FGF15-deficient mice gavaged with 150 mg/kg 

CA-lys-TFA 

 

 
 

 

We detected a 19F signal only in gallbladders from WT mice. Arrowheads (blue) and arrows (yellow) 
indicate 19F signals emanating from phantoms and gallbladder, respectively. This imaging result, 
representative of findings in three separate WT and FGF15-deficient mice, is consistent with the 
LC/MS/MS-based observations. 
 
 
2.2.4. DISCUSSION 

 
Performance of Bile Acid Analogues 

 To address the unmet need for a safe and accurate method of diagnosing bile acid 

diarrhea due to FGF19 deficiency in countries like the United States where clinicians do not 

have access to SeHCAT testing, we evaluated a novel noninvasive approach using in vivo 19F 

MRI. We tested the ability of gavage with a 19F bile acid analogue, CA-lys-TFA, to detect 

abnormal bile acid transport in FGF15-deficient mice, an animal model of human FGF19 

deficiency. We, and others, have shown that, like humans with FGF19 deficiency, FGF15-

deficient mice have increased fecal bile acid excretion.12−15 We detected low quantities of intact 

CA-lys-TFA and CA-sar-TFMA in the stool, with more in stool from FGF15-deficient mice 

than from wild-type mice (Figure A.9). 
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 In the present communication, our LC–MS/MS data show that, in both WT and 

Fgf15-/- mice, each 19F bile acid analogue accumulated in the gallbladder and, at much lower 

concentrations, in the liver, plasma, small intestine, and colon (Figure 2.2.3 and Figure 2.2.5). 

Notably, across three doses, we observed that FGF15 deficiency reduced the concentrations of 

19F-labeled bile acid analogues in gallbladder bile (Figure 2.2.4). In WT mice, average 

gallbladder bile CA-lys-TFA and CA-sar-TFMA concentrations exceeded our 19F MRI limit 

of detection (i.e., above 2.27 mM, as there are three equivalent fluorine atoms in each 

structure).3 In contrast, the concentrations of these molecules measured by LC–MS/MS in 

tissues from FGF15-deficient mice were generally below the 19F MRI limit of detection 

(Figure 2.2.3, Figure 2.2.4, and Figure 2.2.5). The lack of 19F MRI signals from gallbladders 

of FGF15-deficient mice 8.5 h after gavage with 150 mg/kg CA-lys-TFA substantiated this 

finding; gallbladders of comparably treated WT mice provided strong imaging signals (see 

representative examples in Figure 2.2.8). 

 Interestingly, CA-lys-TFA and CA-sar-TFMA provided similar in vivo 

pharmacokinetic distribution profiles, although prior in vitro studies suggested greater stability 

against cholylglycine hydrolase for CA-sar-TFMA compared to CA-lys-TFA.2,4 To address 

the similar in vivo stabilities of CA-lys-TFA and CA-sar-TFMA observed here, we assessed 

the stability of these molecules in murine stool and gallbladder homogenates. Our finding of 

similar stability of CA-lys-TFA and CA-sar-TFMA in stool (Figure 2.2.6) and gallbladder 

homogenates (Figure 2.2.7) is consistent with the compounds’ similar in vivo stability. In 

mice, cholylglycine hydrolase does not appear to be a large determinant of CA-sar-TFMA or 

CA-lys-TFA stability in vivo. Overall, neither CA-sar-TFMA nor CA-lys-TFA is preferred 
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over the other. These observations highlight the importance of confirming in vitro observations 

using in vivo models. 

 

Potential Use of Fluorinated Bile Acid Analogues 

 Previously, we synthesized CA-lys-TFA and CA-sar-TFMA and evaluated the in vitro 

stability and affinity of these molecules for ASBT and Na+/taurocholate co-transporting 

polypeptide (NTCP, SLC10A1).2,4 In addition, to assess their ability to concentrate in the 

gallbladder, the 19F bile acid analogues’ 19F MRI signals were measured in the gallbladders of 

WT and ASBT-deficient mice in vivo.2−4 In the present study, we evaluated CA-lys-TFA and 

CA-sar-TFMA in FGF15-deficient mice. 

 In humans, reduced levels of FGF19 impair bile acid homeostasis within the 

enterohepatic circulation. Specifically, the liver continues to synthesize bile acids despite the 

presence of abundant bile acids in the terminal ileum. The loss of feedback repression of bile 

acid synthesis by FGF19 results in excess spillage of bile acids into the colon, which simulates 

electrolyte and water secretion, inflammation, and motility, thus leading to diarrhea. Bile acid 

uptake from the distal small intestine by ASBT is unimpaired, but the excess bile acids in the 

ileum overwhelm ASBT transport capacity, causing diarrhea.16 Approximately one of three 

individuals diagnosed with IBS-D may actually have bile acid diarrhea.5 Distinguishing these 

conditions is important; incorrectly attributing bile acid diarrhea to IBS may result in prolonged 

treatment with costly, ineffective drugs that may have substantial side effects. The resulting 

therapeutic failure may have a negative impact on the quality of life. 

 Conceptually, the clinical use of 19F bile acid analogue MRI to diagnose bile acid 

diarrhea is attractive; the test would not require phlebotomy or exposure to ionizing radiation. 
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Nonetheless, there are limitations to our work and to the translational potential of this test. We 

employed FGF15-deficient mice, which excrete excess bile acids, but do not exhibit 

diarrhea.12,15 Thus, although these mice mimic the physiology of FGF19 deficiency, the clinical 

phenotype is different; this difference may reflect differences between murine and human 

colon physiology, diet, and other factors. Additionally, we needed high doses to detect 

analogues in mouse gallbladder via MRI, employing a 1.5 h acquisition time. The necessary 

dose and acquisition time for use in humans would require clinical testing. Since 19F bile acid 

analogue MRI requires the presence of a functional gallbladder, this test would not work in 

experimental animals lacking a gallbladder (e.g., rats) or in humans after cholecystectomy. 

Finally, a major obstacle to such a diagnostic approach is the current paucity of clinical MRI 

facilities equipped with the appropriate hardware (coil) and software needed to detect fluorine 

signals. 

 Overall, our findings support the concept that increased fecal bile acids in FGF15/19 

deficiency result from a reduction in the fraction of intestinal bile acids transported by ASBT. 

Moreover, 19F bile acid MRI shows potential as a novel test for diagnosing bile acid diarrhea 

resulting from FGF19 deficiency. Nonetheless, we must address and overcome several 

limitations and obstacles before 19F bile acid MRI can transition to clinical practice. 
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Chapter 2.3. Novel Nitroxide-Bile Acid Conjugates are not Substrates for Key Human 

Bile Acid Transporters‡ 
 

2.3.1. INTRODUCTION 

 
 Bile acids are synthesized in the liver from cholesterol and transported in a highly 

conservative and coordinated cycle from the liver to the small intestine via the gallbladder and 

back to the liver via the portal vein within the enterohepatic circulation. An overall bile acid 

pool size of 2 to 4 g is maintained in humans and a small loss (<0.6 g/day) through the colon 

as feces is offset by de novo hepatic synthesis.6 Bile acids are excreted from the liver into bile 

via the bile salt export pump (ABCB11, BSEP) and stored at very high concentrations in the 

gallbladder. After a meal, the gallbladder contracts to empty bile acids via bile ducts into the 

duodenum to promote food absorption. Bile acids are passively absorbed across all regions of 

the small intestine or exclusively at the ileum by active transport. The ileal apical sodium-

dependent bile acid transporter (SLC10A2, ASBT) is responsible for the reclamation of the 

majority of bile acids from the ileum. Bile acids in the portal circulation are then transported 

back to the liver for uptake into hepatocytes via Na+/taurocholate co-transporting polypeptide 

(SLC10A1, NTCP). ASBT and NTCP are key transporters for enterohepatic circulation of bile 

acids to maintain proper bile acid homeostasis. 

 In addition to cholesterol metabolism and lipid solubilization, bile acids are signaling 

molecules and metabolic regulators. Bile acids play important roles in glucose and lipid 

metabolism, energy expenditure, intestinal and colonic motility, gut microbiota composition, 

intestinal inflammation, liver regeneration, and hepatocarcinogenesis. Dysregulated bile acid 

                                                 
‡ Metry, M., Dirda, N. D. A., Kao, J. P., Raufman, J-P., and Polli, J. E. Novel nitroxide-bile acid 
conjugates are not substrates for key human bile acid transporters. In preparation. 
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homeostasis can result in diabetes, dyslipidemia, cardiovascular diseases, hepatic steatosis, and 

cholestasis.7 Bile acids, bile acid derivatives, and bile acid sequestrants are used therapeutically 

for such ailments. An aliment caused by disrupted bile acid homeostasis, bile acid diarrhea 

(BAD), can be misdiagnosed as irritable bowel syndrome (IBS-D). BAD manifests as chronic, 

watery diarrhea without ileal disease. BAD has been associated with deficiency in fibroblast 

growth factor 19 (FGF19), a protein that regulates de novo hepatic bile acid synthesis in 

response to the amount of bile acids in the ileum. Without the negative feedback control, bile 

acids are excessively produced, exceed the uptake capacity of ASBT, and spill into the colon. 

Augmented bile acid levels in the colon induce diarrhea by stimulating electrolyte, water, and 

mucus secretion. FGF19 also controls gallbladder motility to concentrate bile acids in the 

gallbladder until its postprandial contraction.8,9 

 The use of bile acid derivatives to assess impaired bile acid transport, particularly in 

detecting BAD, has been previously characterized in vitro and in vivo. For example, the 

accumulation of 19F-labeled bile acid analogues in murine gallbladders was visualized using 

1H/19F magnetic resonance imaging (MRI).1,10-14 Despite the promise of this approach, clinical 

translation was impeded by the lack of MRI facilities possessing the costly hardware and 

software necessary to detect fluorine signals or the financial incentive for such facilities to 

make this costly investment.11,12 

 As an alternative to 19F-labeled bile acid analogue-MRI, we devised bile acids 

conjugated with molecules that can be visualized using conventional proton MRI. We 

conceived this novel ability to visualize enterohepatic circulation of bile acids had promise to 

diagnose BAD and other conditions resulting from altered bile acid transport. As reported here, 

we synthesized and tested two novel nitroxide-bile acid conjugates (NBACs). Nitroxides are 
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stable, organic free radicals. Because the unpaired electrons on nitroxides can promote proton 

relaxation, they have been considered and studied as MRI contrast agents.15-17 Nitroxides also 

have an excellent imaging and safety profile, and a long shelf-life. Thus, we designed NBACs 

to visualize bile acid accumulation and transport by conventional MRI without venipuncture, 

exposure to ionizing radiation, or additional infrastructure costs (i.e., no need for 19F-MRI 

hardware or software) – favorable features to facilitate clinical adoption of NBACs to detect 

BAD and other common gastrointestinal disorders resulting from altered bile acid synthesis or 

transport. The NBACs used in this study were prepared by conjugating cholic acid (CA) and 

3-carboxy-2,2,5,5-tetramethyl-pyrrolidin-1-oxyl (“3-carboxyl-proxyl”) through different 

linkers (Figure 2.3.1). 

 

Figure 2.3.1. Cholic acid and 3-carboxy-proxyl (3-carboxy-2,2,5,5-

tetramethylpyrrolidin-1-oxyl) 

 

 

 
 
2.3.2. MATERIALS AND METHODS 

 
Materials 

 Reagents and solvents for chemical synthesis were from commercial sources and were 

used as purchased, unless otherwise specified. [3H]-taurocholic acid was purchased from 

PerkinElmer (Waltham, MA). Taurocholate and glycocholic acid were obtained from Sigma 
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Aldrich (St. Louis, MO), and cholic acid was from Alfa Aesar (Tewksbury, MA). Geneticin, 

trypsin, Dulbecco’s Modified Eagle Medium (DMEM), fetal bovine serum (FBS), nonessential 

amino acids, penicillin-streptomycin, and Turbofect™ transfection reagent were purchased 

from Invitrogen (Rockville, Maryland). Opti-MEM reduced serum medium and poly-d-lysine 

coated cultureware were obtained by Thermo Fisher Scientific (Waltham, MA). Plasmid 

PCMV5-NTCP was kindly provided by Dr. Peter Swaan. All other reagents and chemicals 

were of the highest purity commercially available.  

 

General Methods of Chemical Synthesis 

 Products of chemical synthesis were purified on prepacked silica gel columns on a flash 

chromatography system (AKROS, Yamazen Science, Inc.). NMR spectra were recorded on a 

400-MHz instrument (400 MR, Varian); samples were dissolved in either chloroform-d or 

dimethyl sulfoxide-d6. High-resolution mass spectrometry (HRMS) was performed on an 

electrospray ionization (ESI) instrument (AccuTOF-CS, JEOL) at the Mass Spectrometry 

Facility in the Department of Chemistry and Biochemistry at the University of Maryland, 

College Park. All EPR spectra were recorded on an X-band spectrometer (EMXnano, Bruker); 

EPR samples were contained in 50-μl borosilicate capillary micropipettes (Drummond 

Scientific Company) whose ends were closed with sealing clay. 

 

N-(2-aminoethyl)glycine methyl ester dihydrobromide, 1 

 To an oven-dried round-bottom flask, N-(2-aminoethyl)glycine (1.00 g, 8.47 mmol) 

and dry methanol (35 ml) were added. The stirred suspension was cooled in an ice bath, and 

freshly distilled thionyl chloride was added dropwise to the cold mixture over 20 min. The 
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resulting thick, white slurry was stirred for another 10 min at ice-bath temperature. Thereafter, 

the flask was fitted with a reflux condenser, and the stirred mixture was refluxed overnight. 

Rotary evaporation reduced the mixture to a nearly dry paste, which was dried on a vacuum 

line to give 1 as a white powder in quantitative yield. 1H-NMR (DMSO-d6), δ (ppm):  9.83 (s, 

broad, 2H), 8.43 (s, broad, 3H), 4.07 (s, 2H), 3.75 (s, 3H), 3.26 (d, J = 5.2 Hz), 3.22 (d, J = 5.2 

Hz, 2H). HRMS(ESI+): [M+H]+, C5H13N2O2 requires 133.0977, found 133.0981. 

 

3-{N-2-[(methoxycarbonylmethyl)amino]ethylcarbamoyl}-2,2,5,5,-tetramethylpyrrolidin-1-

oxyl, 2 

 To an oven-dried round-bottom flask were added, in sequence, 1 dihydrochloride (0.5 

g, 2.44 mmol), 3-carboxy-proxyl (0.454 g, 2.44 mmol), dry DMF (4 ml), and DIPEA (2.55 ml, 

1.89 g, 14.6 mmol). After the suspension was stirred for 10 min, HBTU (0.925 g, 2.44 mmol) 

was added, and dry DMF (1 ml) was used to rinse down the flask walls. The now homogeneous 

reaction mixture was stirred under dry argon overnight. The solvent was removed under 

vacuum and the resulting viscous oil was partitioned between EtOAc (15 ml) and cold, 

saturated NaHCO3 (15 ml, adjusted to pH 9.5 with Na2CO3). The aqueous phase was extracted 

with EtOAc (2 × 15 ml), and the combined organic phase was dried over anhydrous Na2SO4, 

filtered, and reduced to a yellow oil by rotary evaporation, and further dried under vacuum. 

The crude material was purified by flash chromatography (EtOAc-MeOH gradient) to yield 2 

as a yellow oil, weighing 0.36 g (49.2%). HRMS(ESI+): [M+H]+ C14H27N3O4 requires 

301.20018, observed 301.2010. 
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3-{N-2-[(methoxycarbonylmethyl)cholylamino]ethylcarbamoyl}-2,2,5,5-tetramethyl-

pyrrolidin-1-oxyl, 3 

 Compound 2 (0.360 g, 1.20 mmol) was added to a dry flask, followed by CA (0.979 g, 

2.40 mmol), dry DMF (5 ml), and DIPEA (0.835 ml, 0.620 g, 4.79 mmol). The mixture was 

stirred under dry argon for 5 min and HBTU (0.909 g, 2.40 mmol) was added. The reaction 

mixture was stirred under dry argon overnight. The reaction mixture was partitioned between 

saturated NaHCO3 (20 ml) and EtOAc (25 ml). The aqueous phase was further extracted with 

EtOAc (4 × 25 ml). The combined organic phase was dried over anhydrous Na2SO4, filtered, 

and reduced by rotaray evaporation to an oil, which was dried under vacuum to a thick gum. 

The crude material was purified by flash chromatography (EtOAc-MeOH gradient) to yield 3 

as a yellow foam weighing 0.794 g (95.6%). HRMS(ESI+): [M+H]+ C38H65N3O8 requires 

691.4772, observed 691.4778. 

 

3-{N-2-[(carboxymethyl)cholylamino]ethylcarbamoyl}-2,2,5,5-tetramethylpyrrolidin-1-oxyl, 

4 (CA-Px-1) 

 To a solution of compound 3 (0.1 g, 0.145 mmol) in a mixture of MeOH (2.6 ml) and 

water (0.75 ml) LiOH⋅H2O (30.4 mg, 0.724 mmol) was added. The reaction mixture was 

stirred for 100 min, at which point no starting material remained, as judged by TLC. MeOH 

was removed by rotary evaporation, the reaction mixture was partitioned between ice-cold 1 

M glycine-HCl buffer (20 ml, pH 2) and EtOAc (20 ml). The aqueous phase was further 

extracted with EtOAc (3 × 15 ml). The combined organic phase was dried over anhydrous 

Na2SO4, filtered, and reduced to a solid yellow residue by rotary evaporation. The residue was 

purified by flash chromatography to yield CA-Px-1 as a yellow solid weighing 77.8 mg 

(79.4%). HRMS(ESI+): [M+H]+ C37H63N3O2 requires 677.4615, observed 677.4600. 
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3-{N-2-[(carboxymethyl)cholylamino]ethylcarbamoyl}-1-hydroxy-2,2,5,5-tetra¬methyl-

pyrrolidine, 5 (CA-Px-1H) 

 CA-Px-1 (4) (68.0 mg, 0.100 mmol), 5% Pd/C (0.15 g), and MeOH (20 ml) were added 

to a hydrogenation bottle and shaken on a hydrogenator (Parr) under H2 (~30 psi) for 100 min. 

The mixture was filtered through celite into a flask containing 0.12 ml of 2 M HCl. The 

acidified filtrate was reduced by rotary evaporation and dried under vacuum to give CA-Px-1H 

(5) as a colorless solid in quantitative yield. 

 

N2-Cholyl-N6-[tert-butoxycarbonyl]-L-lysine methyl ester, 6 

 In an oven-dried flask, CA (1.377 g, 3.37 mmol) was dissolved in dry DMF (5 ml). To 

the stirred solution HBTU (1.278 g, 3.37 mmol), DIPEA (2.35 ml, 1.74 g, 13.5 mmol), and the 

hydrochloride salt of N6-Boc-L-lysine methyl ester (1.00 g, 3.37 mmol) were added 

sequentially; solids adhering to the walls of the flask were washed down with 1 ml dry DMF. 

The flask was purged with dry argon and the mixture was stirred at room temperature (RT) for 

21 h. Solvent was then removed under vacuum to leave a stiff gel, which was partitioned 

between water (25 ml) and EtOAc (35 ml). The aqueous phase was extracted once more with 

EtOAc (35 ml). The combined organic phase was washed once with cold 2 M KHSO4, dried 

over Na2SO4, filtered, reduced by rotary evaporation, and dried under vacuum to give a white 

foam. The crude material was purified by flash chromatography (EtOAc-MeOH gradient) to 

yield 6 as a white foam weighing 2.030 g (92.6%). 1H-NMR (DMSO-d6) δ (ppm): 8.14 (d, J 

= 7.2 Hz, 1H), 6.78 (t, 1H), 4.33 (d, J = 4.8 Hz, 1H), 4.16 (m, 1H), 4.10 (d, J = 2.4 Hz, 1H), 

4.01 (m, 1H), 3.78 (s, 1H), 3.59 (s, 4H), 3.16 (m, 1H), 2.88 (d, J = 6.4 Hz, 2H), 2.15 (m, 3H), 

1.99 (m, 3H), 1.77 (m, 3H), 1.62 (m, 5H), 1.36 (s, 9H), 1.25 (m, 13H), 1.17 (m, 3H), 0.94 (d, 
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J = 6.0 Hz, 3H), 0.81 (s, 3H), 0.58 (s, 3H). HRMS(ESI+): [M+H]+ C36H63N2O8 requires 

651.4585, observed 651.4594. 

 

N2-Cholyl-L-lysine methyl ester, 7 

 To a stirred solution of compound 6 (0.75 g, 1.15 mmol) in dioxane (2 ml), ice-cold 6 

M HCl (2 ml) was added over 1 min. After 45 min, TLC confirmed absence of the starting 

material. Volatile components were removed under vacuum overnight to give 7 as a clear 

lacquer (weighing 0.634 g, quantitative), which was shown by NMR spectroscopy to be 

essentially pure, and was used in the next reaction without further purification. 1H-NMR 

(DMSO-d6) δ (ppm): 8.95 (s, broad, 1H), 8.21 (d, J = 6.8 Hz, 1H), 8.06 (d, J = 6.8 Hz, 1H), 

7.81 (s, 3H), 4.19 (m, 4H), 3.79 (s, 1H), 3.61 (m, 4H), 3.19 (m, 2H), 2.74 (m, 2H), 2.15 (m, 

3H), 1.99 (m, 2H), 1.62 (m, 9H), 1.27 (m, 12H), 0.95 (d, J = 6.3 Hz, 3H), 0.81 (s, 3H), 0.59 (s, 

3H). 

 

N2-Cholyl-N6-[2,2,5,5-tetramethyl-1-oxyl-3-pyrrolidinylcarbonyl]-L-lysine methyl ester, 8 

 Compound 7 (0.634 g, 1.15 mmol), 3-carboxyproxyl (0.215 g, 1.15 mmol), and HBTU 

(0.437 g, 1.15 mmol) were added to a flask, which was then purged with dry argon. Thereafter, 

DMA (3.5 ml) was added, followed by DIPEA. The mixture was stirred for 18 h under positive 

argon pressure. Volatiles were removed under vacuum to leave a thick oil, which was 

partitioned between water (20 ml) and EtOAc (20 ml). The aqueous phase was extracted once 

with EtOAc (20 ml). The combined organic phase was dried over anhydrous Na2SO4, filtered, 

reduced by rotary evaporation, and dried under vacuum to give a yellow foam. The crude 

material was purified by flash chromatography (EtOAc-MeOH gradient) to yield 8 as a yellow 
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foam weighing 0.217 g (26.2%). HRMS(ESI+): [M+H]+ C40H69N3O8 requires 719.5085, 

observed 719.5068. 

 

N2-Cholyl-N6-[2,2,5,5-tetramethyl-1-oxyl-3-pyrrolidinylcarbonyl]-L-lysine, 9 (CA-Px-2) 

 LiOH (63.2 mg, 1.51 mmol) was added to a solution of compound 8 (0.217 g, 0.301 

mmol) in a mixture of MeOH (5.4 ml) and water (1.6 ml). The mixture was stirred under argon 

atmosphere for 50 min and then most of the MeOH was removed by rotary evaporation. The 

remaining solution was chilled in an ice bath and ice-cold glycine-HCl (1 M, 20 ml) was added. 

The acidified mixture was extracted with EtOAc (3 × 20 ml). The combined organic extract 

was dried over anhydrous Na2SO4, filtered, and reduced to dryness by rotary evaporation. The 

crude material was purified by flash chromatography (EtOAc:MeOH) to yield 0.17 g (80%) of 

yellow solid. HRMS(ESI+): [M+H]+ C39H67N3O8 requires 705.49286, observed 705.4927. 

 

N2-Cholyl-N6-[1-hydroxy-2,2,5,5-tetramethyl-3-pyrrolidinylcarbonyl]-L-lysine, 10 (CA-Px-

2H) 

 CA-Px-2 (9) (0.0900 g, 0.128 mmol), 5% Pd/C (0.15 g), and MeOH (20 ml) were added 

to a hydrogenation bottle and shaken on a hydrogenator (Parr) under H2 (~30 psi) overnight. 

The mixture was filtered through celite into a flask containing 0.12 ml of 2 M HCl. The 

acidified filtrate was reduced by rotary evaporation and dried under vacuum to give CA-Px-

2H (10) as a colorless solid weighing 94.0 mg (99.2%). 

Cell Culture 

 Stably transfected hASBT-Madin-Darby canine kidney (MDCK; type-II) cells were 

cultured as previously described.13 Briefly, hASBT-MDCK cells were maintained in a 

humidified incubator at 37°C and 5% CO2 atmosphere in complete DMEM fortified with 10% 
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(v/v) FBS, 50 units/ml penicillin, 50 µg/ml streptomycin, and geneticin (1 mg/ml) to maintain 

selection pressure. Cells were fed every 2 days and were passaged approximately every 4 days 

(after reaching 90% confluency). Cells were seeded in 24-well plates at a density of 

5 × 105 cells/well. One day after seeding and 12-15 h prior to assays described below, ASBT-

MDCK cells were induced with 10 mM sodium butyrate.  

 Human embryonic kidney (HEK) 293T cells were cultured in a humidified incubator 

at 37°C and 5% CO2 atmosphere in complete DMEM fortified with 10% (v/v) FBS, 50 units/ml 

penicillin, 50 µg/ml streptomycin, and 1% (v/v) nonessential amino acids in poly-d-lysine 

coated cultureware. Cells were fed every 2 days and were passaged approximately every 4 

days (after reaching 90% confluency). Cells were seeded in 24-well plates at a density of 

5 × 105 cells/well and transiently transfected 24 h later using pCMV5-hNTCP (accession: 

NM_003049.4), Opti-MEM® reduced serum medium, and Turbofect transfection reagent 

(0.5 μg plasmid DNA: 2 µl turbofect) according to the manufacturer’s directions. After 24 h 

post-transfection, hNTCP-HEK293T cells were used for the assays described below.  

 

Bile Acid Transport Kinetics 

 The sodium (Na+)-dependent bile acid transport of taurocholic acid (TCA) was 

assessed by hASBT-MDCK cells and hNTCP-HEK293T cells. Cells were washed thrice with 

pre-warmed Hank’s Balanced Salt Solution (HBSS) containing NaCl (8 g/l, 0.8%) or sodium-

free solution with 137 mM TEA-Cl replacing NaCl. Cells were then incubated at 37°C for 5 

or 10 min (periods of linear uptake for NTCP and ASBT, respectively) with 0-100 µM cold 

TCA spiked with 1 µCi/ml [3H]-TCA in HBSS or sodium-free buffer (SFB) donor solutions. 

Wells were quenched and then washed twice using ice cold sodium-free buffer (SFB). Cells 
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were lysed with 300 µl ACN and left to evaporate at RT for 2-3 h. Lysates were resuspended 

in 1:1 ACN:H2O and centrifuged at 12,000g for 10 min. Supernatants were counted for 

radioactivity using a Tri-Carb® 2910 TR liquid scintillation counter (PerkinElmer, Waltham, 

MA). TCA uptake rates were determined as pmol/surface area (cm2)/min. Results were fitted 

to a straight line for SFB samples or a modified Michaelis–Menten equation for HBSS 

samples; no weighting was used, and regression was performed using Prism (GraphPad, San 

Diego, CA). This modified equation [Eq. (1)] accounts for passive permeability, 

 

 

where V is TCA flux, [S] is TCA concentration and Ppass is passive TCA permeability. Ppass 

was determined on the same occasion by TCA uptake in SFB. 

 

Transporter Inhibition Potential 

 To test the ability of this assay to detect competition with TCA for transport via ASBT 

and NTCP, glycocholic acid (GCA) was used as a positive control inhibitor. Donor solutions 

consisted of 0-100 µM GCA in HBSS containing 2.5 µM TCA spiked with 1 µCi/ml 

[3H]-TCA. Competition of NBACs for transport via ASBT and NTCP were assessed using a 

similar assay where HBSS donor solutions consisted of increasing concentrations of NBAC 

with 2.5 µM cold TCA spiked with 1 μCi/ml [3H]-TCA. Inhibition rates were determined as 

pmol/cm2/min. Results were fitted to a modified Michaelis–Menten competitive inhibition 

equation; no weighting was used, and regression was performed using Prism (GraphPad, San 

Diego, CA). This modified equation [Eq. (2)] accounts for passive permeability, 

 

� =  ���� �	
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where V is TCA flux, [S] is TCA concentration and Ppass is passive TCA permeability. Vmax 

and Km were determined on the same occasion by TCA uptake in HBSS. Ppass was determined 

on the same occasion by TCA uptake in SFB. 

 

Statistical Analysis 

 Data analysis was conducted using Prism (GraphPad, San Diego, CA). Results are 

expressed as the mean of three replicates ± standard error. Statistical comparisons were 

performed using the Student’s t test (assuming unequal variance). A critical p-value was used 

to determine statistical significance of TCA flux in the presence of NBACs compared to its 

absence.  

 

2.3.3. RESULTS 

 
Synthesis of Nitroxide-Bile Acid Conjugates 

 Syntheses of the two NBACs, CA-Px-1 and CA-Px-2, are outlined in Figure 2.3.2 

and Figure 2.3.3. 
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Figure 2.3.2. Synthesis of CA-Px-1 and its reduced form, CA-Px-1H 

 

 
 

Reagents and conditions: i. COCl2, methanol; ii. HBTU, iPr2EtN, DMF; iii. HBTU, iPr2EtN, DMF; iv. 
a) LiOH⋅H2O, methanol/H2O, b) glycine-HCl buffer, pH 2; v. a) H2, Pd/C, methanol, b) HCl. 
Abbreviations: 3CxP = 3-carboxy-proxyl; CA = cholic acid 

 
 

Figure 2.3.3. Synthesis of CA-Px-2 and its reduced form, CA-Px-2H 

 

 
 

 

Reagents and conditions: i. H2N-Lys(Boc)-OMe, HBTU, iPr2EtN, DMF; ii. 6 M HCl, EtOAc; iii. 3-
carboxy-proxyl, HBTU, iPr2EtN, DMA; iv. a) LiOH⋅H2O, methanol/H2O, b) glycine-HCl buffer, pH 2; 
v. a) H2, Pd/C, methanol, b) HCl. Abbreviations: 3CxP = 3-carboxy-proxyl 
 
 
 Preparation of CA-Px-1 began with methyl esterification of commercially available N-

(2-aminoethyl)glycine to give the protected linker, 1, which was isolated as the 
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dihydrochloride salt. Condensing 1 with 3-carboxyl-proxyl gave protected linker-nitroxide 2. 

Condensation of 2 with CA yielded the protected conjugate, 3, which was deprotected with 

lithium hydroxide to yield the desired NBAC, 4 (CA-Px-1). Catalytic hydrogenation of 4 

reduces the nitroxide to a hydroxylamine, which was isolated as the HCl salt, 5 (CA-Px-1H). 

 Preparation of CA-Px-2 began with condensation of CA with doubly-protected lysine 

linker, with Boc on the ε-amino and methyl on the α-carboxyl. The resulting protected CA-

linker, 6, was treated with 6 M hydrochloric acid with remove the Boc group to give 7. 

Condensation of 7 with 3-carboxy-proxyl gave the protected conjugate, 8. Removing the 

methyl protective group of 8 with lithium hydroxide yielded the desired NBAC, 9 (CA-Px-2). 

Catalytic hydrogenation reduced the nitroxide to the corresponding hydroxylamine, which was 

isolated as the HCl salt, 10 (CA-Px-2H). 

 

Bile Acid Transport Kinetics 

 As shown in Figure 2.3.4A, ASBT is a sodium-dependent transporter. In the presence 

of NaCl, TCA uptake displayed a Michaelis–Menten-like profile. Conversely, without NaCl, 

the passive transport of TCA across hASBT-MDCK cells exhibited a lower, linear profile. 

Regression analysis showed ASBT Km = 3.35 ± 0.82 µM and Vmax = 2.15 ± 0.11 pmol/cm2/min. 

Adding NaCl to 2.5 μM TCA increased TCA transport via ASBT ten-fold (Figure 2.3.4B). 

  



 

67 
 

Figure 2.3.4. ASBT-mediated uptake of TCA 

 

 
Data points represent uptake of TCA in the presence of Na+ (closed) and in the absence of Na+ (open). 
Each data point represents mean ± SEM (n=3). (A) Concentration dependence of TCA (0-100 µM) 
uptake. (B) Effect of Na+ on TCA uptake (2.5 µM).  
 
 
 As shown in Figure 2.3.5A, NTCP is also a sodium-dependent transporter. In the 

presence of NaCl, TCA uptake showed a Michaelis–Menten-like profile. Conversely, without 

NaCl, the passive transport of TCA across hNTCP-HEK293 cells exhibited a lower, linear 

profile. Regression analysis showed NTCP Km = 2.14 ± 1.55 µM and Vmax = 1.94 ± 0.25 

pmol/cm2/min. Adding NaCl to 2.5 μM TCA increased TCA transport via NTCP more than 

ten-fold (Figure 2.3.5B). 
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Figure 2.3.5. NTCP mediated uptake of TCA 

 

 
Data points represent uptake of TCA in the presence of Na+ (closed) and in the absence of Na+ (open). 

Each data point represents mean ± SEM (n=3). (A) Concentration dependence of TCA (0-100 µM) 

uptake. (B) Effect of Na+ on TCA uptake 

 
 
Inhibition of ASBT and NTCP with GCA 

 GCA dose-dependently decreased active TCA transport into hASBT-MDCK and 

hNTCP-HEK293 cells (Figure 2.2.8), consistent with competition for the same transporter 

[ASBT (A) and NTCP (B), respectively]. Regression analysis showed ASBT Ki = 8.28 ± 0.57 

µM and NTCP Ki = 2.47 ± 0.43 µM. These findings show the assay’s ability to measure 

inhibition of in vitro transport by ASBT and NTCP.   
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Figure 2.3.6. Inhibition of TCA uptake by glycocholic acid by ASBT and NTCP 

 

 
Regression analysis showed ASBT Ki = 8.28 ± 0.57 µM and NTCP Ki = 2.47 ± 0.43 µM. Each data 

point represents mean ± SEM (n = 3). 

 
 
Inhibition of ASBT and NTCP with NBACS 

 Transport and inhibition assays were used to characterize the newly devised NBACs, 

CA-Px-1 and CA-Px-2 (Figure 2.3.7), on 3H-labeled TCA transport via ASBT (Figure 2.3.7A 

and Figure 2.3.8C, respectively) and via NTCP (Figure 2.3.7B and Figure 2.3.7D, 

respectively). CA-Px-1 and CA-Px-2 did not inhibit TCA transport via ASBT and NTCP. All 

p-values in Figure 2.3.8A, Figure 2.3.8B, and Figure 2.3.8D were generally greater than 

critical p-value 0.007. In Figure 2.3.8C, p = 0.007 for 50 µM CA-Px-2.   
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Figure 2.3.7. TCA uptake by ASBT and NTCP in the presence of CA-Px-1 or CA-Px-2 

 

 

TCA uptake by (A, C) ASBT and (B, D) NTCP in the presence of (A, B) CA-Px-1 or (C, D) CA-Px-2. 
Each data point represents mean ± SEM (n = 3). 
 
 
 To assess the impact of the nitroxide functional group on this observed lack of 

inhibition, the reduced forms of the NBACs, CA-Px-1H and CA-Px-2H (Figure 2.3.8), were 

synthesized and subjected to 3H-labeled TCA inhibition studies of ASBT (Figure 2.3.8A and 

Figure 2.3.8C, respectively) and of NTCP (Figure 2.3.8B and Figure 2.3.8D, respectively). 

In Figure 2.3.8, CA-Px-1H and CA-Px-2H did not inhibit TCA transport via ASBT and NTCP. 

All p-values in Figure 2.3.8A were greater than 0.007 in all studies, except for 200 µM CA-

Px-1H, where p = 0.005. All p-values in Figure 2.3.8B and Figure 2.3.8C were greater than 
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0.007. All p-values in Figure 2.3.8E were greater than 0.007, except for 10 and 100 µM CA-

Px-1H, where p-value equaled 0.007 and 0.002, respectively. Overall, it was concluded that 

neither CA-Px-1H nor CA-Px-2H inhibited ASBT nor NTCP. 

 
Figure 2.3.8. TCA uptake by ASBT and NTCP in the presence of CA-Px-1H or 

CA-Px-2H 

 

 
TCA uptake by (A, C) ASBT and (B, D) NTCP in the presence of (A, B) CA-Px-1H or (C, D) CA-

Px-2H. Each data point represents mean ± SEM (n=3). 

 
 
2.3.4. DISCUSSION 

 
 To assess bile acid transport within the enterohepatic circulation in vivo, we designed 

nitroxide-bile acid conjugates that were structurally similar to CA-sar-TFMA and CA-lys-
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TFMA, fluorinated conjugates of bile acids previously shown to undergo enterohepatic 

circulation.1,10-14 Fluorinated bile acid conjugates are potential MRI imaging agents to identify 

BAD and other disorders of bile acid synthesis and transport, but their translational value is 

limited by the requirement of specialized hardware and software to detect fluorine MRI 

signals.11,12 

 Literature on the structural requirements of hASBT and hNTCP substrates is 

limited.18,19 Uncertainty regarding the molecular mechanisms underlying bile acid transport 

and the absence of high-resolution crystal structures of hASBT and hNTCP exacerbates the 

challenge of designing bile acid conjugates with transport capacity.20,21 Structural features 

essential for interaction with hASBT are summarized in Table 2.3.1. Notably, native bile acids 

such as chenodeoxycholic acid (CDCA) have been conjugated with a glutamic acid linker, to 

preserve the single negative charge around C-24, and structurally diverse moieties were 

attached to the linker.  Increased polarity (e.g., esters and amine substituents on the benzene 

ring) was shown to reduce ASBT affinity. Although dianions, cations, and zwitterions bind 

with high affinity, they are not substrates of ASBT.22,23 Similarly, using aniline conjugates of 

CDCA-glutamic acid, compound hydrophobicity promoted ASBT inhibition.3 

 

Table 2.3.1. Favorable structural elements for compound interactions with hASBT 
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 Some studies suggest that the substrate specificity of NTCP is much broader than 

ASBT.24-26 However, in a study using an in vitro 72-drug screen, we found NTCP was less 

permissive than ASBT to drug inhibition.27 Generally, NTCP substrates have a steroid scaffold, 

associated with the structural requirement for two hydrophobes and one hydrogen bond 

donor.28 

 Sarcosine and lysine were used successfully as linkers in preparing the fluorinated bile 

acid conjugates demonstrated to undergo enterohepatic circulation.1,10-14 We therefore used the 

same amino acids to link CA to a nitroxide to generate the NBACs CA-Px-1 and CA-Px-2. 

The two nitroxide conjugates were tested for hASBT and hNTCP inhibition potential. We used 

reproducible in vitro models to detect and measure transport of the endogenous bile acid TCA 

by two key human bile acid transporters, intestinal ASBT and hepatic NTCP. Inhibition of 

TCA transport by glycocholic acid served as positive control. Surprisingly, the nitroxide 

conjugates did not inhibit TCA uptake by either transporter.  

 We asked whether the free radical moiety (N‒O•) of the nitroxides could have impeded 

bile acid transport. Therefore, we reduced the nitroxides in CA-Px-1 and CA-Px-2 to yield the 

respective reduced (hydroxylamine) forms, CA-Px-1H and CA-Px-2H (Figure 2.3.2 and 

Figure 2.3.3). We anticipated that, if successfully translocated into the cell, the reduced forms 

would autooxidize intracellularly to the parent compounds, CA-Px-1 and CA-Px-2. The 

“masking” of the nitroxide moieties at various stages of enterohepatic circulation (e.g., in 

intestinal epithelial cells, hepatocytes, and the gallbladder) may be clinically useful. 

Unfortunately, however, CA-Px-1H and CA-Px-2H also did not inhibit TCA uptake via ASBT 

or NTCP. Therefore, the free radical nature of the conjugate is not the structural feature that 

prevents transport by ASBT and NTCP. 
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 An obvious possible reason for the nitroxide conjugates not being substrates of ASBT 

and NTCP is steric - the substituted pyrrolidine rings of the nitroxides may be too large to be 

accommodated by the transporters. This explanation seems unlikely, however, since 

structurally analogous cholyl conjugates with bulkier moieties are known to be substrates. As 

the comparison in Figure 2.3.9 shows, the proxyl nitroxide conjugate is intermediate in size 

(in molecular volume and surface area) compared to known substrates of ASBT. We thus 

conclude that steric factors cannot rationalize our observations. 
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Figure 2.3.9. Comparison of cholic acid conjugates with structurally diverse species 

 

 

For each species, the cholyl structure is shown in black, the linker in blue, and the conjugated moiety 
in red. The tripartite text labels indicate the bile acid (CA, cholic acid), the amino acid liner (Lys or 
Glu), and the conjugated species (TFA = trifluoroacetyl, NBD = nitrobenzoxadiazole fluorophore, 
PDBoc = 3-t-butoxycarbonylaminoaniline, Fluo = aminofluorescein, Px = proxyl nitroxide). The 
hASBT and hNTCP columns show whether the corresponding species is (+), or is not (-) a substrate of 
the human transporter (ND = not determined). The V and SA columns tabulate the molecular volume 
(in Å3) and surfaces area (in Å2) of the conjugated species; calculations were performed with 
HyperChem 8. Transporter properties were taken from the literature: CA-Lys-TFA,1 CA-Lys-NBD,2 
CA-Glu-PDBoc,3,4 *CA-Lys-NBC is taken up by acutely isolated rat hepatocytes.5 
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 In conclusion, two nitroxide conjugates of bile acid and their reduced forms were 

synthesized. Surprisingly, none of these novel compounds exhibited bile acid transport 

properties. Findings from this study provide important insights into potential structural 

constraints on bile acid conjugates. In future work, we plan to explore conjugates where the 

nitroxide is attached to the steroid nucleus of the bile acid. 
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CHAPTER 3. METFORMIN-MEDIATED TRANSPORT CONCERNS 
 

Chapter 3.1. Biowaiver Monographs for Immediate Release Solid Oral Dosage Forms: 

Metformin Hydrochloride§ 

 

3.1.1. INTRODUCTION 

 
 A Biopharmaceutics Classification System (BCS)-based biowaiver monograph for 

metformin hydrochloride (metformin) is presented. The scope and purpose of monographs has 

been previously described.1 Prior biowaiver monographs are available via J Pharm Sci and the 

International Pharmaceutical Federation (FIP).2 

 The objective here is to evaluate risks of a BCS-based biowaiver for metformin by 

reviewing all pertinent literature. Risks are considered concerning an incorrect allowance of a 

biowaiver for approval of new metformin hydrochloride (metformin) immediate-release (IR) 

solid oral dosage forms, where metformin is the sole drug. Research data used in preparing this 

manuscript is from the literature. 

 Metformin, a hydrophilic cation at physiological pHs, is a prototypical BCS Class III 

drug.3 Metformin is highly soluble but poorly permeable in the gut.4,5,6 Specifically, 

metformin's aqueous solubility of 1% at a pH 6.68 exceeds the high solubility threshold of 1 g 

in 250 mL over a pH range of 1–7.5.7,8 Metformin has a dose-dependent but saturable oral 

absorption in humans, thereby indicating a complex transport-mediated mechanism.9,10 

Therefore, metformin is highly dependent on transporters for its absorption and disposition.11 

                                                 
§ Metry, M., Shu, Y., Abrahamsson, B., Cristofoletti, R., Dressman, J. B., Groot, D. W., Parr, A., 
Langguth, P., Shah, V. P., Tajiri, T., Mehta, M. U., and Polli, J. E. (2021). Biowaiver Monographs for 
Immediate Release Solid Oral Dosage Forms: Metformin Hydrochloride. Journal of pharmaceutical 
sciences, 110(4), 1513–1526. https://doi.org/10.1016/j.xphs.2021.01.011 



 

80 
 

 The BCS initially allowed biowaivers only for rapidly dissolving IR products of Class 

I drugs (high solubility and high permeability). The potential for extending biowaivers to Class 

III drugs then came under scrutiny. Several studies have shown that metformin, a BCS Class 

III drug, should be included under biowaiver guidelines as for BCS Class I compounds.8,12,13 

European Medicines Agency (EMA) and Food and Drug Administration (FDA) 

bioavailability/bioequivalence (BA/BE) biowaiver guidances were then devised to be 

applicable to both BCS Class I and Class III IR solid oral dosage forms.14,15 

 For example, to be qualified under the 2017 FDA guidance, Class III biowaivers require 

the test product to have the same excipients as the reference product, except for a different 

flavor, color, or preservative that could not affect the BA. Also, the composition of the test 

product must contain similar amounts of excipients. This requirement includes changes in the 

technical grade of an excipient and percent (w/w) changes in excipients to the total formulation. 

The total additive effect of all excipient changes should not be more than 10%.14 

 The FDA in 2015 achieved greater harmonization with the EMA and World Health 

Organization (WHO) after issuing guidance about BCS-based biowaivers for Class I and Class 

III drugs. Specifically, the harmonized International Council for Harmonisation (ICH) M9 

document concerning BCS-based biowaivers requires excipients to be qualitatively the same 

and quantitatively similar for excipients that may affect absorption (except for film coating or 

capsule shell excipients, flavor agent, colorant, or preservatives).16 In general, it is recognized 

that Class III drug absorption is potentially more susceptible to excipients.16 In the context of 

BCS Class III biowaivers, there appears to be no consensus on which drug-excipient 

combinations pose the greatest biopharmaceutic risk for bioequivalence of Class III drugs.17 
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3.1.2. GENERAL CHARACTERISTICS 

 
 Developed from a derivative of guanidine, metformin is a biguanide and has an 

empirical formula of C4H12ClN5 (Figure 3.1.1).18 The molecular weight of metformin is 

165.63.19 

 
Figure 3.1.1. Chemical structure of metformin. 

 

 
 

Therapeutic Indication 

 Metformin is commonly employed to treat type 2 diabetes mellitus (T2DM) and a first-

line T2DM therapy per guidelines from the American Diabetes Association/European 

Association for the Study of Diabetes. It has also been studied for use in conditions of cancer, 

aging, cardiovascular disease, and polycystic ovary syndrome.20 

 

Therapeutic Index and Toxicity 

 Glucophage® labelling states metformin steady-state plasma concentrations are 

attained within 24-48 hr and are generally <1 μg/mL. The maximum metformin plasma levels 

did not exceed 5 μg/mL in clinical trials using Glucophage,® even at maximum doses.7 Even 

though metformin has been widely used for over 60 years, there is no consensus on its 

therapeutic concentrations. Therefore, a dose-efficacy study is necessary to determine the 

therapeutic concentration window for metformin.21 
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 Metformin has a proven safety record, and notably, hypoglycemia is not an adverse 

effect.22,23 Patients are advised to take metformin with food to help reduce gastrointestinal side 

effects.24 Blood metformin concentrations >45 μg/mL and lactic acidosis have been observed 

after metformin overdose.25,26 Metformin is contraindicated in patients with renal insufficiency 

(eGFR below 30 mL/min/1.73 m2) due to the associated risk of lactic acidosis.7 Long-term 

carcinogenicity studies in mice at doses about three times the maximum recommended human 

daily dose (2550 mg) showed no evidence of carcinogenicity.24 

 

3.1.3. CHEMICAL PROPERTIES 

 
Dose and Dosage Forms Strengths 

 Metformin IR oral tablets are listed in The Orange Book in 1000 mg, 850 mg, 750 mg, 

625 mg, and 500 mg strengths.27 The maximum daily dose of the reference product of 

metformin in adults is 2550 mg in the United States and Japan and 3000 mg in the European 

Union, with dose reductions relative to declining renal function.28 

 

Solubility 

 Metformin solubility is approximately one part in two parts of water.4 Metformin is 

highly soluble in water (>300 mg/mL) at room temperature.29 Metformin solubility exceeds 

100 mg/mL in water, 0.1 N HCl, pH 4.5, pH 6.8, and pH 9.5 phosphate buffers.8 Specifically, 

metformin solubility has been measured to be 425.56 ± 13.44 mg/mL (pH 4.6) and 

348.27 ± 15.46 mg/mL (pH 6.8).30 The highest dose strength of metformin tablet (1000 mg) is 

soluble in 250 mL aqueous media over a pH range of 1–7.5.7,8 Given the solubility of 

metformin in BCS buffers, the highest single therapeutic dose of 3000 mg is highly soluble. 



 

83 
 

Polymorphism 

 Metformin is known to exist in 2 different polymorphs - the thermodynamically stable 

form (Form I) and the metastable polymorph (Form II).31,32 Form I has a fibrous habit, while 

Form II is a flaky aggregate.4 Both forms have monoclinic structures, with one complete 

metformin cation and one chloride anion in the asymmetric unit.32 

 

Partition and Distribution Coefficients 

 The unionized partition coefficient, logP (n-octanol/aqueous buffer at pH 7.4), of 

metformin is −1.43.18 The logD (octanol-phosphate buffer distribution coefficient) for 

metformin is −1.228 for pH 7.4, −1.300 for pH 7.0, 1.310 for pH 6.5, and −1.406 for pH 5.5.33. 

Of note, logD can generally be expected to be equal to or smaller than logP, although logD = 

−1.228 and logP = −1.43 at pH 7.4 for metformin. This perhaps reflects that the values are 

from two different laboratories, although values agree that metformin is hydrophilic. 

pKa 

 Metformin has two acid dissociation constant values (pKa), 2.8 and 11.5 (at 32°C), 

reflecting the biprotonated/monoprotonated and monoprotonated/neutral forms.18,19,34 

Therefore, metformin exists as the hydrophilic cation at physiological pH.18,34 

 

3.1.4. PHARMACOKINETIC PROPERTIES 

 
Absorption, Bioavailability, Permeability, and Intestinal Transporter Properties 

 The peak plasma concentration of a single dose of an IR metformin tablet occurs at 

around 3 hours after administration. Peak plasma concentrations (Cmax) are 1000–1600 μg/L 

after a 500 mg dose and increases to about 3000 μg/L after a 1.5 g dose. Concentrations then 
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decrease rapidly, however, with a long urinary excretion rate causing a terminal t½ of about 20 

hours.18 

 Metformin absolute BA from a 500 mg tablet in the fasted state is approximately 50–

60%. There is a lack of dose proportionality from 500 to 1500 mg and 850 to 2550 mg due to 

reduced metformin absorption, and not due to changes in elimination.7 Proportionately less 

drug is absorbed after higher doses than lower doses, possibly due to an active, saturable 

absorption process.35 

 Metformin is poorly absorbed from the stomach.36 Absorption of metformin is 

estimated to be complete within 6 hours of administration and is likely confined to the upper 

part of the intestine through an interplay of uptake transporters and paracellular 

absorption.36,37,38 Although there is sufficient absorption in humans, metformin often shows 

poor permeability in Caco-2 cells (e.g., lower Caco-2 permeability than metoprolol).39 

 Food reduces metformin absorption, where Cmax is 40% lower and area under the 

plasma concentration versus time curve (AUC) is 25% lower.7 

 The apparent permeability coefficient (Papp) (i.e., apical-to-basolateral permeability) in 

human small intestinal and colonic mucosa is 6.67 ± 0.54 cm/s × 10−6. However, the apparent 

permeability coefficient total (Papp, total) (i.e. combined apical-to-basolateral permeability and 

the time-dependent drug accumulation in the tissue) in human small intestinal and colonic 

mucosa is 7.68 ± 1.62 cm/s × 10−6.39 The intestinal in vivo effective permeability (Peff) in the 

proximal and distal small intestine was determined to be 0.35 × 10−4 cm/s and 

0.33 × 10−4 cm/s, respectively.40 Permeability is similar to other small hydrophilic compounds, 

indicating at least partial passive permeation involving a paracellular route.33 
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 Consistent with its low passive membrane permeability, metformin is a prototypical 

transporter-mediated substrate, although the net clinical impact of any one transporter is 

generally difficult to assess. Organic cation transporters (OCTs) in the intestine, liver, and 

kidney are thought to be most important for metformin pharmacokinetics, as well as 

pharmacodynamics, as the liver is a major site of action. In the intestine, metformin is a 

substrate for the organic cation transporter 1 (OCT1) and 3 (OCT3), carnitine/organic cation 

transporter (OCTN1), plasma membrane monoamine transporter (PMAT), thiamine 

transporter 2 (THTR-2), serotonin transporter (SERT), and high-affinity choline transporter 

(CHT), which are all solute carrier (SLC) membrane transport proteins (Figure 3.1.2).41,42 

OCT1 (SLC22A1), OCT3 (SLC22A3), and OCTN1 (SLC22A4) mainly transport various 

organic cations with different molecular structures. OCTs have also been shown to interact 

with zwitterionic or cationic substances, although with generally weak affinity.43,44 Metformin 

is an excellent substrate of OCT1 and OCT3 with an apparent Km of 1.47 mM and 1.10 mM, 

respectively. Whereas OCT1 and OCT3 function exclusively as facilitative diffusion systems, 

OCTN1 also operates as a proton-coupled organic cation antiporter or a Na+-dependent or 

Na+-independent zwitterion transporter.42 Although no Km value has been reported, significant 

uptake of metformin was observed in HEK293 cells overexpressing mouse OCTN1 compared 

to mock cells.45 OCT3 and OCTN1 are localized in the apical membrane of enterocytes. The 

literature is conflicting regarding OCT1 localization, although findings for the apical 

membrane are promising.45,46 A study by Chen et al. used genetically engineered mice and 

discovered that after oral doses, Oct3 knockout mice had significantly lower bioavailability of 

metformin than wild-type mice, suggesting that OCT3 plays an important role in metformin 

absorption in vivo.47,48 
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Figure 3.1.2. Transport of metformin in the intestine, liver, and kidney 

 

 

PMAT (SLC29A), which transports diverse hydrophilic organic cations, transports metformin with 
comparable affinity to OCTs and is localized to the apical membrane of enterocytes.42 The apparent Km 
of metformin toward PMAT is 1.32 mM.49 Metformin transport by PMAT is stimulated by lower 
extracellular pH, where uptake at pH 6.6 was ~4-fold higher than that at pH 7.4.49 THTR-2 (SLC19A3), 
previously known as highly selective for the endogenous cation thiamine, can also transport organic 
cationic drugs like metformin. In particular, THTR-2 transported metformin with a Km of 1.15 mM in 
cells stably expressing human THTR-2.47,50,51 SERT (SLC6A4) transports organic cations and has been 
shown to be involved in apical uptake of metformin in enterocytes with a Km of 4 mM.46,47,52,53 
 
 
 CHT (SLC5A7) was shown to play a role in metformin uptake using Caco-2 cell 

monolayers where the specific inhibitor of CHT, hemicholinium-3, inhibited metformin apical-

to-basolateral uptake by ~15%. Other intestinal choline transporters, choline transporter–like 
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protein (CTL) 1–5, which are highly expressed, are not inhibited by hemicholinium-3, and 

therefore, not likely to be involved in metformin apical-to-basolateral uptake.38 Metformin has 

also been reported to not be a substrate of OCTN2 in vitro using OCTN2-expressing Chinese 

hamster ovary (CHO) cells.38 

 A study conducted by Han et al. employed inhibitors and knockdown studies in CHO 

and Caco-2 cells to elucidate transporters of metformin across the gut. They found that the 

main intestinal metformin apical transporters are OCT1, PMAT, SERT and CHT, responsible 

for about 25%, 20%, 20% and 15% transport, respectively. However, the expression of all four 

is higher in Caco-2 cells compared to human jejunum, with CHT expression barely detectable 

in human jejunum.38,41 Thus, care should be taken to extrapolate differences in transporter 

expression levels based on the models used in these studies. Further studies on the relative 

contribution of individual transporters to intestinal absorption of metformin are needed. 

 

Hepatic and Renal Handling and Transporter Properties 

 Metformin is excreted unchanged in the urine and does not undergo hepatic metabolism 

nor significant biliary excretion with a plasma half-life of about 6 hours. Renal clearance is the 

major elimination route of metformin and approximately 90% of the absorbed drug is 

eliminated within the initial 24 hours. Metformin is widely distributed by OCTs into the kidney 

and liver. Metformin's distribution is 654 L after an 850 mg oral dose. The drug is practically 

not bound to plasma proteins. Elimination half-life from blood is about 17.6 hours, indicating 

erythrocyte mass as a distribution compartment.7 

 The liver is a site of action of metformin. In mice, lower hepatic concentrations alter 

metformin response.54 The hepatic transporters of metformin include OCT1, OCT3, and 
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multidrug and toxin extrusion protein 1 (MATE1) (Figure 3.1.2). Metformin has also been 

shown to repress bile salt export pump (BSEP, ABCB11) expression and not directly inhibit 

BSEP.55,56 OCT1 and OCT3 are expressed in the sinusoidal membrane of hepatocytes.42 OCT1 

is abundantly expressed in human liver and is known to be the primary hepatic uptake 

transporter for metformin.54,57,58,59,60 OCT1 plays a major role such that fasting plasma glucose 

was significantly attenuated by more than 30% in wild-type mice fed with high-fat diets but 

not in Oct1 knockout mice.54 OCT3 also plays a role in the pharmacologic effects of 

metformin. Specifically, after an oral glucose tolerance test, a significant reduction in blood 

glucose AUC in wild-type (but not Oct3 knockout mice) was observed after metformin 

treatment.61 MATE1 (SLC47A1), a H+-coupled organic cation exporter, is expressed in the bile 

canalicular membrane of hepatocytes and mediates the final step of some organic cation 

excretion.62 MATE1 dysfunction has been shown to cause an elevation in metformin liver 

concentration, leading to lactic acidosis.63 The basolateral location of OCTs along with the 

apical location of MATEs in the liver provide organic cation uptake and efflux, respectively, 

for transcellular movement.64 

 The major metformin clearance pathway is renal elimination.18 Metformin is cleared 

via glomerular filtration and tubular secretion. Metformin renal clearance is 507 ± 129 mL/min 

in healthy adults and diabetic patients with good renal function, reflecting active tubular 

secretion.18 The renal transporters of metformin include OCT2, MATE1, and MATE2K 

(Figure 3.1.2). OCT2 (SLC22A2) investigations are recommended in the current FDA and 

EMA guidances for drug pharmacokinetics and drug-drug interactions.65,66 MATEs, localized 

in the brush-border membrane of proximal tubules, play a predominant role in the tubular 

secretion of metformin. MATE1 (SLC47A1) and MATE2K (SLC47A2) mRNA are detected at 
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comparable levels in kidney, although MATE2K exhibits a kidney-specific expression. 

MATE1 has also been shown to potentially contribute to the renal tubular secretion of 

zwitterionic drugs.67 The basolateral location of OCTs along with the apical location of 

MATEs in the kidney provide organic cation uptake and efflux, respectively, for transcellular 

movement.64 

 Although transporters regulate metformin pharmacokinetics, human genetic studies 

present conflicting results in linking these transporters to glycemic response. Dujic et al. 

showed that polymorphisms in the genes encoding OCT1, OCT2, OCTN1, MATE1, and 

MATE2K did not significantly reduce glycated hemoglobin (HbA1c) in T2DM patients. Zhou 

et al. showed a strong association between genetic variants of glucose transporter 2 (GLUT2, 

SLC2A2) and HbA1c reduction in T2DM patients.47 GLUT2 is the major hepatic glucose 

transporter, but is also present in enterocytes and cells of the renal proximal tubule.68 GLUT2 

in the liver is responsible for the last step in gluconeogenesis (i.e. glucose release) and therefore 

takes in glucose after meals and releases glucose during fasting. Although speculative, Liang 

et al. claims that GLUT2 may be a target of metformin to reduce hepatic glucose output by 

reducing its function or expression.47 

 

3.1.5. DOSAGE PERFORMANCE 

 
Dissolution 

 The metformin tablets USP monograph includes several tests, which employ 1000 mL 

of phosphate buffer (pH = 6.8).69 Meanwhile, the August 2018 FDA dissolution guidance on 

IR products with highly soluble drug indicates the basket method or the paddle method at 

standard dissolution testing conditions, which employs 500 mL of 0.1 N HCl.70 The more 
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recent ICH M9 guideline on BCS-based biowaivers references pH 1.2, pH 4.5, and pH 6.8 

media.71 

 

BE Studies 

 In 2015, FDA initiated allowance of BCS-based biowaivers of IR solid oral dosage 

forms of Class III drugs.72 In the Orange Book, there are 21 metformin 500 mg tablets that are 

rated AB (demonstratively bioequivalent), as well as 20 metformin 1000 mg tablets that are 

rated AB. Of these, 19 metformin 500 mg tablets and 18 metformin 1000 mg tablets were 

approved prior to 2015.27 Hence, several metformin tablet formulations have been shown to be 

bioequivalent to reference through in vivo human BE testing. The large number of generic 

tablet formulations of metformin that have demonstrated BE through in vivo human BE testing 

suggests common excipients do not modulate the rate or extent of metformin absorption. 

 Literature has also shown bioequivalence of numerous metformin hydrochloride oral 

tablet formulations.13,73,74,75,76,77,78,79,80,81,82,83,84,85,86 These are summarized in Table 3.1.1. 

 

Table 3.1.1. Summary of BE studies about metformin IR solid oral dosage forms in the 

literature 
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 Additionally, fixed-dose combination (FDC) tablets containing metformin have been 

bioequivalent to metformin tablets alone, with regard to metformin.87,88,89,90,91,92,93 Metformin 

oral solution has also been shown to be bioequivalent to oral tablets.94 

 

Excipients in Reference Products 

 In the United States the reference product is GLUCOPHAGE® (metformin 

hydrochloride) tablets available in 500 mg, 850 mg, or 1000 mg of metformin hydrochloride. 

The inactive ingredients found in each dosage form include povidone and magnesium stearate. 

The coating for the 500 mg and 850 mg tablets contains hypromellose (HPMC) while the 1000 

mg tablet coating contains HPMC and polyethylene glycol (PEG).7 

 Japan has two reference products of metformin hydrochloride, which are 

METGLUCO® tablets (available in 250 mg and 500 mg) and Glycoran® tablets (available in 

250 mg).95,96 METGLUCO® tablets contain povidone, magnesium stearate, HPMC, PEG 400, 

PEG 6000, and talc.95 Glycoran® tablets contain corn starch, HPMC, magnesium stearate, 

titanium dioxide, D-mannitol, propylene glycol, and carnauba wax.96 

 

3.1.6. GENERAL CONDERATIONS ABOUT BCS CLASS III DRUGS AND 

EXCIPIENTS 

 
 Although metformin is only one of many BCS Class III drugs, there has been 

considerable concern regarding the potential effect of excipients on all Class III drugs in the 

context of BCS-based biowaivers.16,97,98 BCS Class III biowaivers require that excipients be 

qualitatively the same and quantitatively very similar when excipients are not known to affect 

bioavailability.16 These limitations reflect potential concerns that motility, drug intestinal 



 

94 
 

permeability, or drug stability/metabolism, may be modulated by excipients.99 For example, 

osmotic agents sorbitol, mannitol, and PEG 400 can shorten the in vivo transit time of low 

permeability drugs, causing bioinequivalence.100,101,102 However, required amounts far exceed 

what can be considered typical in solid oral dosage forms.97 Yamane et al. estimated that 400 

mg of sugar alcohols can be expected to have no impact on BE.103 

 For common excipients of solid oral dosage forms, the literature reflects a lack of 

impact on BCS Class III absorption.97 In non-human studies, surfactants [e.g., Tween 80 and 

sodium lauryl sulfate (SLS)] have been shown to modulate passive permeability or transporter-

mediated influx or efflux. However, the qualitative and quantitative amounts of surfactants do 

not appear to be relevant to the typical use of common excipients in solid oral dosage forms. 

It appears that there are no reports of excipients inhibiting active absorption processes.97,104 

However, surfactant effect on the cell membrane may potentially attenuate active absorption 

in vitro.105 Of note, Bogman et al. observed d-α-tocopheryl polyethylene glycol 1000 succinate 

(TPGS) enhanced talinolol oral bioavailability via TPGS inhibition of intestinal P-glycoprotein 

(P-gp).106 

 We agree that five factors need to be considered regarding impact of the clinical 

relevance of absorption-modifying excipients (AMEs).107,108 Factors include mucosal exposure 

time and intestinal transit of AMEs, intraluminal AME dilution and prandial state, and mucosal 

recovery. This perspective suggests that failure to consider these processes yields preclinical 

investigations of AMEs to be of limited value in predicting clinical effects.107 In vitro and in 

situ model selection is important to assess potential excipient effects on drug permeability and 

avoid overprediction. Physiological factors such as dilution, gastric emptying, degradation, and 

intestinal transit may reduce the effect of an excipient on the in vivo mucosal barrier, relative 
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to in vitro and in situ models. In vivo dilution effects may eliminate an excipient effect that 

occurs in vitro and in situ. There may be differences in residence times between in vivo and in 

vitro. Furthermore, the absence of mucus in vitro may result in overprediction of an excipient 

enhancing effect. 

 Vaithianathan et al. studied the impact of 14 common excipients in humans on two 

BCS Class III drugs, cimetidine and acyclovir.99 They found that even high quantities of 12 

common excipients did not impact drug absorption (e.g., SLS), and that these 12 excipients do 

not need to be qualitatively the same nor quantitatively very similar to reference, but rather, 

not simply more than the amounts studied. Findings for two excipients, microcrystalline 

cellulose and HPMC, were less determinant. It was noted that only cimetidine and acyclovir 

were studied, and that intestinal transporter-mediated impact needs to be considered for other 

drugs of interest.99 

 In vitro and rat studies have shown chitosan to enhance drug absorption. Interestingly, 

Kubbinga et al. examined chitosan HCl impact on human acyclovir oral absorption to confirm 

chitosan absorption promoting effect from in vitro and rat studies.109 However, the results did 

not confirm an oral chitosan absorption promoting effect, but rather, reduced acyclovir 

absorption. Chitosan is not an excipient in any FDA-approved drug product.110 

 Parr et al. assessed in situ rat intestinal perfusion and Caco-2 cell monolayer 

permeability of four BCS Class III compounds in the absence and presence of five commonly 

used excipients (i.e., povidone, HPMC, SLS, PEG 400, and lactose).111 Results indicate that 

their absorption would not be greatly impacted by the excipients. Dahlgren et al. examined the 

effect of SLS and chitosan on the rat intestinal perfusion flux of acyclovir, atenolol, and 

enalaprilat. SLS, but not chitosan, increased drug flux.112 
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 While efforts to increase drug permeability through enhanced membrane permeation 

are long-standing,113 one excipient-drug combination appears to facilitate drug absorption. 

Semaglutide is a glucagon-like peptide-1 (GLP-1) receptor agonist against type 2 diabetes.114 

This modified peptide has 94% sequence homology to human GLP-1. The molecular weight 

of semaglutide is over 4000 Da. It has been available as a subcutaneous solution and is now 

available as an oral tablet, with tablet strengths of 3, 7, and 14 mg. Tablet inactive ingredients 

are povidone, microcrystalline cellulose, magnesium stearate, and salcaprozate sodium 

(SNAC). SNAC promotes oral semaglutide absorption. Semaglutide absorption occurs largely 

in the stomach. Absolute oral bioavailability is approximately 0.4%–1%. SNAC is not a 

common excipient. We continue to believe that such findings do not mean that common 

excipients commonly alter BCS Class III permeability.99 

 Overall, there has been substantial active interest in, as well as potential concern about, 

excipients that enhance or decrease the absorption of poorly permeable drugs. We are only 

aware of SNAC to increase absorption of semaglutide and osmotic agents at minimum 

quantities to reduce Class III drug absorption. Data generally supports that common excipients 

in typical quantities do not impact Class III drug absorption via modulation of permeability, 

motility, or drug stability/metabolism. 

 

3.1.7. DISCUSSION 

 
Solubility 

 The FDA dissolution methods database appears to denote metformin to be highly 

soluble, as it makes reference to the August 2018 FDA dissolution guidance on IR products 

with highly soluble drugs.70 
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Permeability 

 As described above, several references denote metformin to be poorly permeable.30,115 

Its oral absorption is 50–60%, even though it is highly soluble. Consistent with its BCS Class 

III properties, metformin is a prototypical drug that relies on transporters for its absorption and 

disposition.37,116 

 

BCS Classification and Excipient Considerations 

 As described above, several laboratories have classified metformin as a Class III 

drug.3,4,8,11,12 None of these references point towards excipients impacting metformin 

absorption with respect to motility, intestinal permeability, or drug stability/metabolism, i.e., 

ways in which BCS-based biowaivers require excipients to be qualitatively the same and 

quantitatively similar. 

 

Common Excipients in IR Class III Oral Drugs: Transport-Mediated Considerations for 

Metformin 

 The 20 most common excipients in BCS Class III oral solid Abbreviated New Drug 

Application (ANDA) products are characterized in Table 3.1.2 and are: SLS, HPMC, 

microcrystalline cellulose, colloidal silicon dioxide, corn starch, sodium starch glycolate, 

crospovidone, lactose, stearic acid, dibasic calcium phosphate, povidone, croscarmellose 

sodium, pregelatinized starch, magnesium stearate, talc, Opadry®, sucrose, methyl cellulose, 

citric acid, and titanium dioxide. Additionally, Table 3.1.3 characterizes PEG and 

polysorbates. General information regarding excipients is provided from The Handbook of 

Pharmaceutical Excipients.117 Given that metformin is a Class III drug and a prototypical drug 
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that is handled by transporters, there is potential concern for transporter-mediated excipient 

effects of metformin absorption, distribution, metabolism, and elimination. Most excipients 

have not been explicitly evaluated to assess their impact on transporter-mediated flux of 

metformin. Hence, there is a general potential for such excipients to impact metformin. 

Biopharmaceutic risk assessment of these effects is evaluated here. Briefly, many common 

excipients are polymeric (i.e., HPMC, microcrystalline cellulose, corn starch, sodium starch 

glycolate, crospovidone, povidone, pregelatinized starch, croscarmellose sodium, and methyl 

cellulose), and hence not orally absorbed, with practically no potential to impact metformin 

hepatic or renal transporters. Many common excipients are insoluble (i.e., sodium starch 

glycolate, microcrystalline cellulose, corn starch, dibasic calcium phosphate, stearic acid, 

colloidal silicon dioxide, crospovidone, talc, magnesium stearate, and titanium dioxide), and 

hence have low risk to impact metformin intestinal, hepatic, or renal transporters. 

 

Table 3.1.2. Characterization of the 20 most common excipients in BCS Class III oral 

solid Abbreviated New Drug Application (ANDA) formulationsa 
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Table 3.1.3. Characterization of polyethylene glycol (PEG) and polysorbates in oral 

solid dosage formsa 
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 Microcrystalline cellulose is made from a spray-dried form of purified hydrocellulose 

from the pulp of fibrous plant materials. This excipient is commonly used as a binder/diluent 

in tablet and capsule formulations and is valuable in tableting because of its lubricant and 

disintegrant properties. Although microcrystalline cellulose is neutral and hydrophilic at 

physiological pHs, however, its large particle sizes (μm range) and molecular weight prevents 

systemic absorption following oral administration.117 Microcrystalline cellulose is insoluble, 

and therefore, is not able to be absorbed across the intestine or inhibit metformin transporters. 

Additionally, its high molecular weight guards against any substantial absorption of 

microcrystalline cellulose. 

 HPMC, short for hydroxypropyl methylcellulose, is a white or creamy-white fibrous or 

granular powder that is made from a purified form of cellulose. The cellulose is treated to 

produce methyl hydroxypropyl ethers of cellulose that is purified and pulverized. HPMC is 

available in several grades based on viscosity and the amount of methoxy and hydroxypropoxy 

groups. HPMC is broadly used in oral formulations. HPMC is used as a tablet binder and in 

film-coating in IR oral solid dosage forms. Although HPMC is neutral and hydrophilic at 

physiological pHs, its large molecular weight prevents systemic absorption following oral 

administration.117 Likewise, it is not expected to inhibit metformin transporters. 

 Sodium lauryl sulfate (SLS), an anionic surfactant, is used in numerous products, 

including orally-administered products. SLS is predominately used as a surfactant and wetting 

agent for tablets and capsules. SLS is prepared by lauryl alcohol sulfation, and subsequent 

neutralization.117,118 SLS, although a soluble small anionic compound, is not expected to 

impact drug absorption of metformin. As described above, in vitro and in situ model selection 

is important to assess potential excipient effects on drug permeability and avoid overprediction. 
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SLS has been shown to have permeation enhancing effects in vitro.111,119,120 Compromising the 

intestinal surface by surfactants has the potential to increase the bioavailability of BCS Class 

III drugs if these effects are evident in vivo.97 However, Caco-2 monolayers as a model to 

predict human intestinal permeability lack important physiological functions.121 

 For example, Parr et al. assessed the ability of SLS to alter the permeability of BCS 

Class III drugs in vitro and in situ, using Caco-2 cell monolayers and intestinal rat perfusion, 

respectively.111 Although metformin was not studied, the in vitro model overpredicted the in 

situ SLS effect on drug permeability. Of the excipient concentrations tested 

(0.01-0.17 mg/mL), there was no significant increase in drug permeability in the in situ model. 

The same was observed for the in vitro model, except for the two highest concentrations tested 

(0.1 and 0.17 mg/mL). The permeability of the monolayer integrity marker, lucifer yellow, 

indicated cell monolayer damage at these higher concentrations. 

 Furthermore, intact intestinal membranes are often more resilient to the cytotoxic 

effects of permeation-enhancing excipients than are in vitro cell culture models which 

commonly show steep concentration vs toxicity effect profiles.122,123 We know of no study of 

SLS that shows increased drug membrane permeability in humans, in spite of several in vitro 

reports of SLS enhancing membrane drug permeability.111,119,120 Vaithianathan et al. showed 

200 mg SLS did not impact BCS Class III absorption in humans, although metformin was not 

studied.99 

 Corn starch is a fine, white-colored powder comprising of irregular polyhedron-shaped 

granules separated from the mature corn grain. It contains about 27% amylose and 73% 

amylopectin. Starch is mainly used as a binder, diluent, and disintegrant in oral solid-dosage 
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formulations.117 Corn starch is a large, insoluble, neutral polymer that is not expected to be an 

inhibitor of the intestinal cationic transporters of metformin. 

 Sodium starch glycolate is a free-flowing powder consisting of oval or spherical 

granules. It is a substituted derivative of potato starch that is widely used as a disintegrant in 

tablets and capsules. Typically, commercial products are also cross-linked to different 

degrees.117 Sodium starch glycolate is insoluble, and therefore, is not able to be absorbed across 

the intestine or inhibit metformin transporters. Additionally, its high molecular weight guards 

against any substantial absorption of sodium starch glycolate. 

 Colloidal silicon dioxide is a light, bluish-white amorphous powder widely used in oral 

capsules and tablets. It is a submicroscopic fumed silica and is fabricated via vapor hydrolysis 

of chlorosilanes (e.g., silicon tetrachloride). Several grades of colloidal silicon dioxide, based 

on particle size, surface area, and density, are commercially available. Colloidal silicon 

dioxide’s small particle size and large specific surface area enhances powder flow properties 

during tableting. Colloidal silicon dioxide is also used as a tablet disintegrant.117 Colloidal 

silicon dioxide is insoluble, and therefore, is not able to be absorbed across the intestine or 

inhibit metformin transporters. 

 Dibasic calcium phosphate, anhydrous, is a white powder or crystalline solid that 

occurs as triclinic crystals. It is used as an excipient for its compaction and good flow 

properties, although a lubricant is required for tableting due to its abrasiveness. Calcium 

phosphates are typically fabricated via reacting limestone-derived calcium hydroxide with 

phosphoric acid, with subsequent drying. Dibasic calcium phosphate, anhydrous, may also be 

fabricated via spray drying.117 Dibasic calcium phosphate is not soluble, and is therefore not 

expected to be absorbed across the intestine or inhibit metformin transporters. 
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 A synthetically crosslinked homopolymer of N-vinyl-2-pyrrolidinone, crospovidone is 

used in oral capsules and tablets, and is water-insoluble. It functions as a tablet disintegrant 

and a dissolution tablet agent to promote solubilization.117 From long-term clinical studies, 

crospovidone is known to not be absorbed in the gastrointestinal tract.124 Crospovidone, a large 

insoluble polymer, is not expected to be absorbed across the intestine or inhibit metformin 

transporters. Additionally, its high molecular weight guards against any substantial absorption 

of crospovidone. 

 Generally composed of 20–30% anhydrous α-lactose and 70–80% anhydrous β-lactose, 

anhydrous lactose is frequently employed in direct compression of tablets and functions as a 

filler and binder in tablets and capsules. With a low water content, anhydrous lactose is used 

with moisture-sensitive compounds.117 Lactose, a neutral sugar, should not be expected to 

inhibit the cationic transporters of metformin in the intestine. 

 A synthetic polymer of linear 1-vinyl-2-pyrrolidinone groups, povidone provides 

various molecular weights, due to differing degrees of polymerization. Povidone is commonly 

used in tablets and can be used as a coating agent. To make tablets, solutions of povidone are 

used as binders in wet granulation or, in the dry form, is added to powder blends and 

granulated. Povidone is also used as a solubilizer and enhances the dissolution of poorly water-

soluble drugs. It is not absorbed from the gastrointestinal tract.117 Likewise, it is not expected 

to inhibit metformin transporters. 

 Stearic acid is mostly employed as a lubricant in oral tablets and capsules. This 

excipient is employed as a binder, or as a tablet coating in concert with shellac. Stearic acid 

can be manufactured by hydrolysis of fat followed by purified via vacuum steam distillation.117 
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Stearic acid is insoluble, and therefore, not expected to be absorbed in the intestine or inhibit 

metformin transporters. 

 Pregelatinized starch is a starch that has been modified, resulting in flowable and 

directly compressible powder. This excipient is used as a binder, diluent, and disintegrant in 

oral capsule and tablet formulations. Fully pregelatinized starch of pharmaceutical grade 

employ no additives, where aqueous suspension of ungelatinized starch is spread on hot drums, 

resulting in gelatinization. Material is then dried. Partially pregelatinized starch results from 

moistened starch being subjected to mechanical pressure.117 Pregelatinized starch is slightly 

soluble to soluble in cold water and is not expected to inhibit metformin transporters. 

 A crosslinked polymer of carboxymethylcellulose sodium, croscarmellose sodium is a 

capsule, tablet, and granules disintegrant. It is a white or grayish white powder.117 Although 

soluble, croscarmellose sodium's high molecular weight guards against any substantial 

absorption. 

 Magnesium stearate is widely employed as a capsule and tablet lubricant. It is 

hydrophobic and can slow dissolution, such that the lowest possible amount is employed.117 

Magnesium stearate is insoluble, and therefore not expected to be absorbed across the intestine 

or inhibit metformin transporters. 

 Opadry® is one-step film coating system that combines polymer, plasticizer, and 

pigment.125 Opadry® consists of a mixture of HPMC or polyvinyl alcohol, titanium dioxide, 

and PEG, and may contain talc and/or polysorbates.126 

 A component of Opadry® that is not a single common excipient is polyvinyl alcohol, 

as well as PEG. Polyvinyl alcohol is a water-soluble synthetic polymer. Its physical properties 

depend upon degree of hydrolysis during synthesis and degree of polymerization during 
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synthesis.117 Polyvinyl alcohol, a neutral large molecular weight compound, is not expected to 

be absorbed in the intestine or inhibit metformin transporters. 

 Talc, a purified, hydrated, magnesium silicate, is used mainly in tablet and capsule 

formulations.117 It is a naturally occurring hydropolysilicate mineral. It is not absorbed after 

oral administratoion.117 

 Titanium dioxide is employed as a white pigment and opacifier in sugar-coated tablets, 

film-coating suspensions, and gelatin capsules. Titanium dioxide occurs naturally but may be 

prepared commercially. After oral administration in the rat, titanium dioxide in the 500 nm 

range translocate to all major body organs.117 Titanium dioxide, an insoluble neutral 

compound, is not expected to be absorbed in the intestine or inhibit metformin transporters. 

 PEGs are commonly used in many formulations including oral dosage preparations. 

PEGs are stable, hydrophilic, condensation polymers. Solid grades (PEG > 1000) are white or 

off-white and vary in consistency from pastes to waxy flakes. Higher-molecular-weight PEGs 

can increase tablet binder effectiveness and afford plasticity to granules in solid-dosage 

formulations. When used alone, PEGs have modest binding ability and can extend 

disintegration at 5% w/w or more levels. PEGs may produce solid dispersions of poorly soluble 

drugs. Solid grades of PEG can be used in film coats of tablets or as hydrophilic polishing 

materials, as well as plasticizers in combination with film-forming polymers. PEGs are also 

beneficial as plasticizers to reduce film coating rupture of microencapsulated products. PEGs 

with molecular weights ≥ 6000 may be used as lubricants, especially for soluble tablets. Liquid 

PEGs in soft gelatin capsules are water-miscible solvents. Liquid PEGs may be absorbed when 

taken orally. However, the high-molecular-weight PEGs, such as PEG 3350, are not 

significantly orally absorbed. In general, PEG is renally excreted unchanged.117 PEG is water 
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soluble and, in sufficient quantities, is known to reduce Class III absorption via an osmotic 

effect. Ashiru et al. examined the impact of PEG 400 on ranitidine renal excretion in humans 

(n = 12, with half being male and half being female).127 It appears that PEG 400 had no impact 

in either males or females, although the study may have been insufficiently powered. 

Citric acid is mainly used in formulations as either the monohydrate or anhydrous material to 

adjust the pH of solutions. Citric acid monohydrate is used to formulate effervescent granules. 

Anhydrous citric acid is employed to formulate effervescent tablets. Obtained from pineapple 

waste and lemon juice, or produced industrially, citric acid is found in a normal diet. It is orally 

absorbed and is generally nontoxic as an excipient.117 Citric acid, although water soluble and 

anionic, is not expected to significantly affect the transport of metformin, since metformin is 

cationic at physiological pH. 

 There are perhaps at least three mechanisms that citric acid or its salt can potentially 

impact drug absorption: dissolution,128,129 apparent drug permeability via pH-partition 

hypothesis,130, 131,132 and modulation of membrane permeability.133 Citric acid can improve the 

dissolution profile of weakly basic drugs by lowering the pH of the surrounding environment 

within the gastrointestinal tract. Specifically, lowering of the pH would deliver more protons 

to aid drug speciation to the more ionized state, and thus promote weak base 

solubilization.128,129 However, changing the surrounding pH is not likely impactful for 

metformin since it is already a highly soluble cation. 

 While solubilization generally is promoted by drug ionization, permeation is generally 

promoted by the neutral species. For a weakly basic drug, the higher proportion of unionized 

drug within the gastrointestinal tract due to the pH-raising effect of sodium citrate may increase 

the apparent drug permeability via the pH-partition hypothesis.130,132 However, changing the 
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surrounding pH is not likely impactful for metformin permeability since metformin is a strong 

base, and even relies mainly on transporters for its disposition. Additionally, like SLS, 

assessing the ability of citric acid or its salt to increase the intestinal permeability for some 

poorly permeable compounds in vitro can lead to an overprediction. Specifically, the 

pH-partition hypothesis has been shown to not apply to in vitro models due to the lack of an 

intestinal mucosal surface.131 We know of no examples where citric acid or its salt modulate 

apparent drug permeability via pH-partition hypothesis in humans. 

 Welling et al. examined the ability of citric acid and tri-sodium citrate to increase the 

membrane permeability of oral protein formulations in Caco-2 monolayers and rat intestinal 

tissue. Findings show that citric acid's ability to significantly enhance permeation in vitro and 

ex vivo via calcium chelation is very low. Calcium ions are required to form tight junctions. 

Citrate has multivalent-cation sequestration capacity that depends on the pH conditions of the 

surrounding environment. Formulations containing citric acid, which lower the pH, primarily 

dissociated into a non-dominant chelating species. Thus, this approach was not a potent 

chelator of calcium ions; tight junctions remain intact and did not cause changes in 

absorption.133 

 Although widely used in foods, sucrose is employed less than previous in 

formulations.117 Sucrose syrup is employed as a binding agent in tablet wet granulation, as well 

as in tablet-coating agents. Sucrose powder is used as a dry binder, bulking agent, and 

sweetener in lozenges and chewable tablets. In the small intestine, it is hydrolyzed by sucrase 

to dextrose and fructose, which are absorbed. It is excreted unchanged in the urine, after 

intravenous administration. Sucrose, a neutral compound, is not expected to be absorbed by, 

or inhibit, the intestinal transporters of metformin. 
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Methyl cellulose is a methyl ester of cellulose widely employed in oral solid products and 

commercially available in a wide range of viscosity grades.134,135 Methyl cellulose has a large 

molecular weight and is therefore not expected to be absorbed across the intestine or inhibit 

metformin transporters. 

 

Risk of Excipient Impact on Metformin Transporters 

 Even when water soluble and mainly neutral or anionic at physiological pH, the most 

common excipients in BCS Class III oral solid ANDA formulations are not expected to be 

substrates or inhibitors of metformin transporters. A literature search was conducted to uncover 

reports of the effects of these excipients (Figure 3.1.2) on metformin transporters (i.e., OCT1, 

OCT2, OCT3, PMAT, OCTN1, THTR-2, SERT, MATE1, and MATE2K) and GLUT2, BSEP, 

and CHT. No known effects were observed for the 20 most commonly used excipients. 

However, reports were found for the surfactants PEG and polysorbates on OCT1-3 (Table 

B.1).136,137 

 Collectively, PEG 400, polysorbate 20, and polysorbate 80 inhibited OCT1, OCT2, and 

OCT3 in cell culture studies.136,137 PEG and polysorbate are characterized in Table 3.1.3. 

Surfactants have been shown to have a potential effect on absorption in vitro.71 In particular, 

surfactants have been shown to increase passive membrane permeability in cell culture, as well 

as attenuate transporter functioning. Transporters rely on the integrity of the cell membrane’s 

lipid bilayer for their functionality. One example is SLS, which moderately increased the 

permeability of six poorly permeable compounds (ranitidine hydrochloride, atenolol, 

cimetidine, acyclovir, hydrochlorothiazide, and furosemide) in Caco-2 cells by disrupting 

monolayer integrity.119 Therefore, any change in bilayer fluidity due to surfactants may imply 
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a potential drug-excipient interaction. However, the mucus lining within the gut may help 

maintain the gastrointestinal tract, of which in vitro cell models are lacking. 

 Uses of PEG are listed in the previous section (e.g., coating plasticizer). The use of 

PEG as a drug solubilizing agent for metformin is not expected, since metformin is highly 

water soluble. Polysorbates (i.e., poxyethylene sorbitan fatty acid esters), also known as 

Tweens, are a series of partial fatty acid esters of sorbitol and its anhydrides copolymerized 

with about 20, 5, or 4 mol of ethylene oxide for each mole of sorbitol and its anhydrides. 

Tweens are hence polydisperse in molecular weight. Polysorbate 20, 40, 60, and 80 are in the 

FDA Inactive Ingredients Guide. Polysorbate containing 20 units of oxyethylene are 

hydrophilic nonionic surfactants and widely employed as surfactants or wetting agents. An 

estimated acceptable daily intake from WHO for polysorbate 20, 40, 60, 65, and 80 (based on 

total polysorbate esters) is 25 mg/kg body-weight.117 Polysorbates have large molecular 

weights, and are therefore not expected to be absorbed in the intestine. 

 However, polysorbates are typically wetting or solubilizing agents in oral solid dosage 

forms. Hence, polysorbates are not expected to be used in BCS Class III drug products, but 

rather in poorly water-soluble compounds (i.e., BCS Class II and IV drugs). Therefore, the 

inclusion of polysorbates with highly soluble drug substances is not expected, except perhaps 

in very small amounts for tablet coatings. 

 

3.1.8. CONCLUSION 

 
 Metformin, a prototypical transporter-mediated drug, is a BCS Class III drug. 

Numerous studies have demonstrated bioequivalence of metformin tablets. The current ICH 

BCS guidance requires all excipients to be qualitatively the same and quantitatively similar, 
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reflecting potential concern of excipient effects on passive metformin permeability and 

excipient effects on metformin transporter-mediated flux. However, beyond osmotic agents 

that, in sufficient quantities, lower BCS Class III drug absorption, we know of no common 

excipients that are expected to modulate metformin absorption or transporter-mediated flux in 

the intestine, liver, or kidney. Therefore, the risk of metformin IR products being 

bioinequivalent appears to be very low provided that the in vitro dissolution of both test and 

reference preparation is very rapid (at least 85% within 15 min at pH 1.2, 4.5, and 6.8) and the 

test and reference products contain the same active drug ingredient. Notably, commonly used 

excipients in usual amounts are not likely to impact absorption of metformin. 

 This perspective regarding the use of excipients for BCS Class III drugs is less 

restrictive compared to the recently released ICH BCS guidance. Consequently, prior 

monographs of Class III drugs (e.g., acetaminophen, acyclovir, cimetidine, enalapril, 

metoclopramide hydrochloride, proguanil hydrochloride, pyrazinamide, ranitidine 

hydrochloride, and ribavirin) merit a re-evaluation regarding the need for all excipients to be 

qualitatively the same and quantitatively similar, noting that exceptions already exist for 

excipients present in very low amounts, such as preservatives, flavoring agents, colorants and 

excipients which are only present in the capsule shell/film coating. 
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Chapter 3.2. Differential Effects of Metformin-Mediated BSEP Repression on 

Pravastatin and Bile Acid Pharmacokinetics in Humans** 
 

3.2.1. INTRODUCTION 

 
 Metformin is a first-line therapeutic for type 2 diabetes mellitus (T2DM).1 Potential 

uses of metformin include the areas of anticancer, antiaging, cardiovascular disease, and 

polycystic ovary syndrome.2 Despite decades of use, the mechanisms underlying metformin’s 

benefits remain controversial.3 

 Typical doses of metformin are 1 to 2 g/day, which lead to plasma concentrations of 

about 10 to 40 µM. Hepatic concentrations are likely 2- to 3-fold higher due to absorption and 

first-pass effect.4 The liver is a major site of metformin’s glucose-lowering effect. It does not 

undergo metabolism in the liver and is excreted mostly unchanged (>90%) in the urine 

following tubular secretion via organic cation transporter 2 (OCT2, SLC22A2).5 

Polymorphisms in the gene encoding for organic cation transporter 1 (OCT1, SLC22A1) have 

been shown to affect absorption, distribution, and secretion of metformin.6,7 Some studies have 

shown transporter-mediated drug-drug interactions (DDIs) that affect metformin’s 

pharmacodynamics but not its pharmacokinetics (PK, e.g., Cmax and AUC).4,8 

 We recently showed that metformin represses the expression of the bile salt export 

pump (BSEP) in cultured human primary hepatocytes at high concentrations (>500 µM), 

although it did not directly inhibit BSEP-mediated efflux of taurocholic acid (TCA).9 Given 

                                                 
** Metry, M., Krug, S. A., Karra, V. K., Kane, M. A., Fink, J. C., Shu, Y., Wang, H., and Polli, J. E. 
Differential effects of metformin-mediated BSEP repression on pravastatin and bile acid 
pharmacokinetics in humans. Submitted. 
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the pivotal roles of BSEP in hepatic bile secretion and the biliary secretion of some drugs, 

BSEP dysfunction may lead to transporter-mediated DDIs with metformin. 

 Pravastatin, the only currently known non-bile acid BSEP substrate, is a 3-hydoxy-3-

methylglutaryl coenzyme A reductase (HMG-CoA) inhibitor used to treat 

hypercholesterolemia.10 Its oral absorption is 34% and absolute bioavailability is 17%, 

indicating low and incomplete intestinal absorption and high first-pass effect. About 70% of a 

radiolabeled oral dose is excreted in the feces.11 Pravastatin undergoes extensive hepatic 

extraction (extraction ratio 0.66),12 does not undergo metabolism by cytochrome P450 

enzymatic pathways, and is excreted largely in its unchanged form. Pravastatin is also excreted 

by the kidneys. 13 Although biliary excretion of pravastatin via multidrug resistance protein 2 

(MRP2, ABCC2) has been shown in rats, the relative contribution of MRP2 and BSEP to the 

overall biliary excretion of pravastatin is unknown in humans.10  

 BSEP is the major transporter responsible for the biliary secretion of bile acids, which 

are synthesized exclusively in the liver from cholesterol. Following accumulation, storage, and 

concentration in the gallbladder, bile acids are released into the gastrointestinal tract after a 

meal to aid in the absorption of dietary fats and lipophilic drugs. Bile acid synthesis mainly 

(90%) occurs through the classic pathway initiated by cholesterol 7α-hydroxylase (CYP7A1) 

to produce the primary bile acids cholic acid (CA) and chenodeoxycholic acid (CDCA). Bile 

acids are secreted into bile almost completely (>98%) as glycine and taurine conjugates (3:1). 

Despite efficient transport of both conjugated and unconjugated bile acids via BSEP-

transfected mammalian cells, unconjugated bile acids are minimally secreted by the liver.14 In 

the intestines, bile salt hydrolase from bacteria deconjugates bile acids and 7α-dehydroxylase 

removes the 7α-HO-group from CA and CDCA to form the secondary bile acids deoxycholic 
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acid (DCA) and lithocholic acid (LCA), respectively. CDCA also forms the secondary bile 

acid ursodeoxycholic acid (UDCA) in the distal small intestine and colon by bacterial 

7β-hydroxyl epimerization.15 

 A whole-body bile acid pool of ~2 to 4 g consisting of approximately 40% CA, 40% 

CDCA, 20% DCA, and trace amounts of LCA and UDCA, is recycled 4 to 12 times each day 

within the enterohepatic circulation. Bile acids lost in the feces (~0.5 g/day) are replenished by 

de novo synthesis in the liver to maintain a constant bile acid pool.16 In intestinal epithelial 

cells, farnesoid X receptor (FXR) activation by bile acids induces fibroblast growth factor 19 

(FGF19) to activate liver FGF receptor 4 (FGFR4) to inhibit CYP7A1 via extracellular signal-

regulated kinase 1/2 signaling, thereby regulating bile acid synthesis. The majority of bile acids 

(95%) are reabsorbed in the ileum, mainly by apical sodium-dependent bile salt transporter 

(ASBT, SLC10A2) in the terminal ileum. ASBT transports unconjugated bile acids but is 

mainly responsible for conjugated bile acid uptake. In the ileum, FXR also induces basolateral 

organic solute transporter α-β (OSTα-β) to secrete conjugated bile acids into the portal blood 

circulation to be taken up into the liver via sinusoidal sodium-dependent taurocholate 

transporting peptide (NTCP). OSTα-β is also present at the sinusoidal membrane and can 

transport unconjugated bile acids. Organic anion transporting polypeptide (OATP) family on 

the sinusoidal membrane transport unconjugated bile acids into the liver. FXR activation by 

bile acids in the liver inhibits CYP7A1 gene transcription indirectly. FXR activation by bile 

acids in the liver also induces the expression of BSEP, which secretes bile acids into bile 

canaliculi to maintain low levels in the liver and blood circulation.  

 Notably, based on in vitro data in the literature, BSEP17,18 and NTCP19 inhibition have 

been associated with drug induced liver injury (DILI). Inhibition of BSEP is thought to cause 
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DILI due to accumulation of intrahepatic bile acids. Inhibition of NTCP is thought to cause 

DILI due to accumulation of bile acids in plasma. In fact, the association between human 

NTCP and BSEP inhibition with DILI has been shown to be unwarranted.20-22 

 The primary objective of this study was to assess the effect of oral metformin on the 

human pharmacokinetics of two BSEP probe substrates: pravastatin and CDCA. Endogenous 

bile acid levels were assessed as a secondary measure of metformin impact. In this PK study 

which focused on plasma levels, uptake into liver was considered clearance from the plasma. 

Hence, secretion by BSEP was considered a potential step towards reabsorption, such that 

BSEP repression could increase, decrease, or have no effect on plasma exposure, depending 

upon extent of enterohepatic recirculation. 

 We hypothesized that metformin represses BSEP, a contributor to pravastatin body 

elimination, resulting in increased pravastatin plasma exposure, as pravastatin is poorly 

recycled by enterohepatic circulation (Figure 3.2.1A). We also hypothesized that metformin 

represses BSEP, a major contributor to the efficient recirculation of conjugated bile acids, 

resulting in reduced conjugated bile acid plasma exposure, as conjugated bile acids are highly 

recycled by enterohepatic circulation (Figure 3.2.1B). In particular, after bile acids have been 

hepatically cleared from plasma, BSEP functions as the initial step toward conjugated bile acid 

reabsorption. 
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Figure 3.2.1. Differential function of BSEP in pravastatin and conjugated bile acid 

disposition 

 

 
 

BSEP functions to eliminate pravastatin from the body (A), and reabsorb conjugated bile acids within 
the enterohepatic circulation (B). BSEP repression by metformin increased pravastatin exposure and 
reduced conjugated primary bile acid plasma exposure. 
 
 
 CDCA, an endogenous unconjugated primary bile acid that can be safely administered 

orally, was included with pravastatin as a BSEP probe substrate. Intravenously administered 

CDCA has an apparent half-life of 1.7 ± 0.1 h.23 CDCA shows 60-80% first-pass hepatic 

extraction.6,24 However, unlike conjugated primary bile acids, BSEP does not function as the 

initial step toward its reabsorption. Rather, CDCA is conjugated in the liver prior to BSEP-

mediated secretion. Of the only 20-40% of the administered CDCA that becomes systemically 

available, little will be recirculated even once back into the plasma. Hence, we hypothesized 

that metformin repression of BSEP has no effect on CDCA plasma exposure after oral 

administration. 
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3.2.2. METHODS 

 
Materials 

 CDCA 250mg tablets (Chenodal; Lot #004949) were kindly supplied by Travere 

Therapeutics (San Diego, CA). Pravastatin 80mg tablets were obtained from Accord 

Healthcare (Durham, NC). Metformin 500mg tablets were obtained from Granules 

Pharmaceuticals (Chantilly, VA). Placebo tablets were manufactured at the University of 

Maryland Good Manufacturing Practice facility using PROSOLV® EASYtab SP (JRS 

PHARMA; Weissenborn, Germany). FGF19 human ELISA kit was obtained from Invitrogen 

(Waltham, MA). LC-MS/MS grade solvents were purchased from Fisher Scientific 

(Pittsburgh, PA). Pravastatin was obtained from United States Pharmacopeia (Rockville, MD). 

Pravastatin-d3 was obtained from Toronto Research Chemicals (North York, ON, Canada). 

Bile acid standards and stable isotope labeled bile acid standards were purchased from Sigma 

Aldrich (St. Louis, MO), Toronto Research Chemicals (North York, ON, Canada), Steraloids 

(Newport, RI), Cambridge Isotope Laboratories (Tewksbury, MA), or CDN Isotopes (Pointe-

Claire, QC, Canada). ISOLUTE PLD+ phospholipid depletion columns were purchased from 

Biotage (Uppsala, Sweden). 

 

Clinical Study 

 An open-label, randomized, single-dose, placebo-controlled, fasted, crossover PK 

study was conducted in 12 healthy adult volunteers (ClinicalTrials.gov identifier: 

NCT04640571). The study was approved by the Institutional Review Board at University of 

Maryland, Baltimore and was conducted at the General Clinical Research Center at the 

University of Maryland. Informed consent was obtained from all participants in the study. 
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Table C.1 (See Appendix C) describes participant demographics. All volunteers received 

metformin and placebo with a minimum wash out period of 10 days and maximum wash out 

period of 28 days. Metformin (500 mg BID) or placebo (BID) was administered orally for 6 

days. On day 7, after a minimum of 10h overnight fast, a single dose of the BSEP substrates 

pravastatin (80 mg) and CDCA (250 mg) were administered orally with 240 mL water. 

Enalaprilat (20 mg) and valacyclovir (500 mg) were also administered concomitantly in a 

cocktail approach for a corresponding sub-study with a shared placebo arm. The four probes 

of the cocktail (i.e., pravastatin, CDCA, enalaprilat, and valacyclovir) were not expected to 

modulate one another.11,13,24-27 Nonetheless, cocktail was administered orally in the same 

fashion across all three arms to minimize the impact of potential interactions among the four 

probes. 

 Water was not allowed 1 h before and 1 h after administration of probe cocktail. 

Participants were provided standardized lunch and a snack 4 and 7.5 h after cocktail 

administration, respectively. Blood samples (~5cc, heparinized tubes) for PK analysis were 

drawn prior to cocktail administration and at 0.5, 1, 1.5, 2, 3, 4, 6, 8, and 10 h post-dose. The 

blood samples were centrifuged at >2000 rpm at 4°C for 10 min within 15 min of collection to 

produce plasma. Harvested plasma aliquots were stored at −80°C until assayed. The plasma 

concentrations of pravastatin, CDCA, and endogenous bile acids were quantified by mass 

spectrometry. Plasma FGF19 was quantified by enzyme-linked immunosorbent assay 

(ELISA). Hepatic function testing (i.e., AST, ALT, and total bilirubin) was performed from a 

blood sample taken at the participant’s last sampling of the metformin arm to evaluate potential 

hepatotoxicity. 
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Quantification of Pravastatin, CDCA, Endogenous Bile Acids, and FGF19 

 Pravastatin, CDCA, and endogenous bile acids were measured using liquid 

chromatography – tandem mass spectrometry (LC-MS/MS). Bile acids were quantified using 

a method previously described with minor adjustments.28 Batches were considered acceptable 

if standards and QCs met the acceptance criteria as detailed by the FDA Guidance for 

Bioanalytical Method Validation.29 FGF19 was measured from plasma samples (0-10h) by 

ELISA. See supplementary methodology in Appendix C. 

 

Statistical Analysis 

 All numerical results were expressed as mean ± SEM. Differences were determined to 

be statistically significant using Student’s t-test.  

 Non-compartmental analysis was used to calculate the PK parameters Cmax and AUC 

for drugs within cocktail (i.e., pravastatin, baseline-corrected CDCA, valacyclovir, and 

enalaprilat) and endogenous plasma bile acids. Valacyclovir is the pro-drug of the active 

moiety acyclovir. Differences between metformin and placebo arms were considered 

statistically significant when p < 0.05 for pravastatin, CDCA, and endogenous bile acids using 

an unpaired one-tailed Student’s t-test. P < 0.003 was also considered for endogenous bile 

acids. Differences in Cmax and AUC point estimate ratios (i.e., means of the ratios of 

metformin/placebo) were considered statistically significant from a value of one when p < 0.05 

for pravastatin, CDCA, and endogenous bile acids using a one sample, unpaired one-tailed 

Student’s t-test. P < 0.003 was also considered for endogenous bile acids. Use of p < 0.003 

reflects effort to address multiple comparisons, as there were multiple endogenous bile acids 

assessed. 
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 Student’s unpaired, two-sided t-test was used to evaluate average FGF19 concentration 

differences between metformin and placebo arm among participants at each time point and was 

considered significant when p < 0.05. 

 

3.2.3. RESULTS 

 
Participant Adverse Events 

 Metformin was well-tolerated with the most common adverse event being 

gastrointestinal disturbances. All adverse events were expected, not serious, and occurred in 7 

out of 12 participants. Adverse events included nausea, stomach discomfort/tightness and 

uneasiness, easy bowel movements, diarrhea, mildly elevated ALT, and headache. One 

participant experienced diarrhea on placebo. Two participants exhibited common adverse 

events due to intravenous needle insertion during their placebo round (i.e., lightheadedness, 

vision tunneling, and vasovagal syncope). 

 

Pravastatin 

 Mean profiles of pravastatin in the metformin and placebo arms are shown in Figure 

3.2.2.  Metformin increased pravastatin plasma exposure, as hypothesized. 
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Figure 3.2.2. Mean concentration versus time profile of pravastatin in n = 12 

participants in the metformin and placebo arms 

 

 
 

Participants took 500 mg metformin or placebo BID for 6 days. On day 7, participants were 
administered cocktail, which included 80 mg pravastatin and 250 mg CDCA. Metformin increased the 
plasma concentrations of pravastatin. Data are expressed as mean ± SEM. 
 
 
 Mean PK parameters of pravastatin after metformin and placebo treatment are shown 

in Table 3.2.1. Metformin increased pravastatin Cmax by 38% and AUC by 55%. Pravastatin 

AUC, but not Cmax, was statistically increased with metformin compared to placebo (p = 0.02). 

Pravastatin Cmax and AUC ratios for metformin versus placebo were 1.62 and 1.75, 

respectively, and statistically different than unity (p = 0.02 and 0.01, respectively). 
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Table 3.2.1. Pharmacokinetic parameters of pravastatin and baseline-corrected CDCA 

in n = 12 participants on day 7 after metformin and placebo treatment for 6 days 

 

 
 

Participants took 500 mg metformin or placebo BID for 6 days. On day 7, participants were 
administered cocktail, which included 80 mg pravastatin and 250 mg CDCA. Pravastatin and CDCA 
were measured 0-10 h post-dose. Metformin had an effect on the PK parameters of pravastatin, but not 
baseline-corrected CDCA. Data are expressed as mean ± SEM. 
 
 
CDCA 

 Mean profiles of CDCA in the metformin and placebo arms are shown in Figure 3.2.3.  

Metformin did not alter CDCA plasma exposure, as hypothesized. Mean PK parameters of 

baseline-corrected CDCA after placebo and metformin treatment are shown in Table 3.2.1. 

Metformin had no effect on the Cmax, AUC, or their respective metformin versus placebo ratios. 
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Figure 3.2.3. Mean concentration versus time profile of CDCA in n = 12 participants in 

the metformin and placebo arms 

 

 

 

Participants took 500 mg metformin or placebo BID for 6 days. On day 7, participants were 
administered cocktail, which included 80 mg pravastatin and 250 mg CDCA. Time 0 was 
approximately at 8 am. Metformin had no effect on the plasma concentrations of CDCA. Data are not 
baseline corrected. Data are expressed as mean ± SEM. 
 
 
Endogenous Bile Acids: Primary Bile Acids 

 Profiles of all primary bile acids in the placebo and metformin arms are shown in 

Figure C.1. Mean profiles of glycocholic acid (GCA), taurocholic acid (TCA), 

glycochenodeoxycholic acid (GCDCA), and taurochenodeoxycholic acid (TCDCA) in the 

metformin and placebo arms are shown in Figure 3.2.4. CA is a primary bile acid and secreted 

by the liver as GCA and TCA. CDCA is a primary bile acid and secreted by the liver as 

GCDCA and TCDCA. GCA, TCA, GCDCA, and TCDCA collectively are the conjugated 

primary bile acids. Mean PK parameters of each conjugated primary bile acid is summarized 

in Table 3.2.2 and point toward metformin decreasing conjugated primary bile acid plasma 

exposure, as hypothesized. 
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Figure 3.2.4. Mean concentration versus time profile of primary conjugated bile acids 

in n = 12 participants in the metformin and placebo arms 

 

 
GCA (A), TCA (B), GCDCA (C), and TCDCA (D) were measured from 0-10 h post-dose. Time 0 was 
approximately at 8 am. Metformin reduced plasma concentrations of primary conjugated bile acids 
GCA, TCA, and TCDCA. Data are expressed as mean ± SEM. 
 
 

Table 3.2.2. Cmax, Cmax ratio, AUC, and AUC ratio of endogenous plasma bile acids in 

n = 12 participants on day 7, after metformin and placebo treatment for 6 days 

 
Endogenous bile acids were measured 0-10 h post-dose. Metformin reduced plasma concentrations of 
primary conjugated bile acids GCA, TCA, and TCDCA. Data are expressed as mean ± SEM. 
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 Metformin decreased TCA Cmax by 58% and AUC by 49% (p = 0.01 and p = 0.01, 

respectively). TCA Cmax and AUC ratios for metformin versus placebo were 0.51 and 0.59 

(p = 0.002 and p = 0.01, respectively). TCA Cmax and AUC were statistically reduced. 

Metformin decreased GCA Cmax by 43% and AUC by 36% (p = 0.003 and p = 0.06, 

respectively). GCA Cmax and AUC ratios for metformin versus placebo were 0.63 and 0.76 

(p = 0.01 and p = 0.09), respectively. GCA Cmax was statistically reduced while AUC was not, 

although supportive of a reduction. Unconjugated CA was not impacted by metformin. 

 Metformin decreased TCDCA Cmax by 45% and AUC by 37% (p = 0.03 and p = 0.02, 

respectively). TCDCA Cmax and AUC ratios for metformin versus placebo were 0.78 and 0.72 

(p = 0.18 and p = 0.02, respectively). GCDCA was not impacted by metformin. 

 Overall, and in contrast to CDCA above and the secondary endogenous bile acids 

discussed below, conjugated primary bile acid plasma exposure generally decreased with 
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metformin compared to placebo. TCA and TCDCA showed reduced plasma exposure and 

reduced Cmax with metformin. GCA showed reduced Cmax and tended towards a reduced AUC. 

Since three of the four conjugated primary bile acids showed reduced levels, and since such 

reductions were not observed for other bile acids, we conclude that metformin reduced 

conjugated primary bile acid plasma exposure. 

 

Endogenous Bile Acids: Secondary Bile Acids 

 Profiles of all secondary bile acids in the placebo and metformin arms are shown in 

Figure C.1. Unlike the conjugated primary bile acids, secondary bile acids were virtually 

unchanged with metformin. In Table 3.2.2, there was no change in any PK metric for DCA, 

glyco-DCA (GDCA), LCA, glyco-LCA (GLCA), tauro-LCA (TLCA), glyco-UDCA 

(GUDCA), and tauro-UDCA (TUDCA) with metformin compared to placebo. Tauro-DCA 

(TDCA) Cmax was reduced by 42% (p = 0.03). Cmax of UDCA, a direct metabolite of CDCA, 

was increased by 55% (p=0.04). 

 

Other Cocktail Probes 

 Mean PK parameters from the two other drug cocktail probes in a separate sub-study 

(i.e., acyclovir, the active moiety rapidly converted from valacyclovir, and enalaprilat) after 

metformin and placebo treatment are shown in Table C.3. There was no statistically significant 

effect of metformin on acyclovir or enalaprilat. Mean profile of acyclovir and enalaprilat in the 

placebo and metformin arms are shown in Figure C.2 and Figure C.3, respectively. 
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FGF19 

 Plasma FGF19 was measured at every time point between 0-10 h. There was no 

apparent or statistical difference at any time point between the metformin and placebo arm 

(data not shown). Also, there was no apparent or statistical difference in Cmax and AUC of 

FGF19 between the metformin and placebo arm (data not shown). 

 

3.2.4. DISCUSSION 

 
Metformin Dosing and Non-BSEP Transporter Considerations 

 Metformin was administered at a typical dose and dosing schedule of 500 mg BID for 

6 consecutive days to allow for potential BSEP repression, as alteration of protein expression 

typically takes 48-72 h.30 On the next day, cocktail (i.e., pravastatin and CDCA, along with 

valacyclovir and enalaprilat for a separate sub-study that shared the placebo arm) was 

administered approximately 12 h after participants’ last dose of metformin. At usual clinical 

doses and dosing schedules of metformin, steady state plasma concentrations of metformin are 

reached within 24-48 h and are usually < 1 μg/mL. After oral administration, about 90% of the 

absorbed drug is eliminated renally within the first 24 h. The elimination half-life is 

approximately 17.6 h in blood and 6.2 h in plasma.31 

 Figure 3.2.5A illustrates transporters involved with metformin. Within intestinal 

epithelia, metformin can be transported by organic cation transporter 3 (OCT3, SLC22A3), 

plasma membrane monoamine transporter (PMAT, SLC29A4), organic cation/ergothioneine 

transporter (OCTN1, SLC22A4), thiamine transporter 2 (THTR-2, SLC19A3), and serotonin 

transporter (SERT, SLC6A4) in the lumen and by OCT1 on the basolateral side. Metformin 

can be taken up by OCT1 and OCT3 in hepatocytes and be biliary excreted by MATE1.32 
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Metformin represses BSEP and potentially other transporters. Despite a lack of complete 

elimination of metformin on day 7, metformin does not directly inhibit BSEP.9,33 In renal 

epithelia, metformin is transported on the basolateral side via organic cation transporter 2 

(OCT2, SLC22A2) and via MATE1, multidrug and toxin extrusion protein 2-K (MATE2-K, 

SLC47A2), and OCTN1 on the apical side.32 Pravastatin, CDCA, and endogenous bile acids 

were used as potential victim substrate probes of in vivo BSEP repression. Other transporters 

may be involved. Notably, metformin does not inhibit organic anion transporting polypeptide 

1B1 (OATP1B1, SLCO1B1), organic anion transporting polypeptide 1B3 (OATP1B3, 

SLCO1B3), and organic anion transporting polypeptide 2B1 (OATP2B1, SLCO2B1) in stably 

transfected hepatocytes,34 and we understand metformin would not affect pravastatin or bile 

acid hepatic uptake.  

 

Figure 3.2.5. Schematic of hepatic, intestinal, and renal transport of metformin, 

pravastatin, and bile acids 

 
Abbreviations: ASBT, apical sodium-bile acid transporter; BSEP, bile salt export pump; MATE1, 
multidrug and toxin extrusion transporter 1; MATE2-K, multidrug and toxin extrusion transporter 2-
K; MRP2, multidrug resistance protein 2; MRP3, multidrug resistance protein 3; MRP4, multidrug 
resistance protein 4; NTCP, Na+-taurocholate cotransporting polypeptide; OAT3, organic anion 
transporter 3; OAT4, organic anion transporter 4; OAT7, organic anion transporter 7; OATP1A2; 
organic anion transporting polypeptide 1A2; OATP1B1, organic anion transporting polypeptide 1B1; 
OATP1B3, organic anion transporting polypeptide 1B3; OATP2B1, organic anion transporting 
polypeptide 2B1; OCT1, organic cation transporter 1; OCT2, organic cation transporter 2; OCT3, 
organic cation transporter 3; OCTN1, organic cation/carnitine transporter 1; OSTα-β, organic solute 
transporter alpha and beta; PMAT, plasma membrane monoamine transporter; SERT, serotonin 
transporter; THTR-2, thiamine transporter 2 
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 Figure 3.2.5B illustrates transporters involved with pravastatin. Pravastatin can be 

transported by organic anion transporting polypeptide 1A2 (OATP1A2, SLCO1A2), 

OATP2B1, and multidrug resistance associated protein 2 (MRP2, ABCC2) within the intestinal 

lumen. Pravastatin’s overall PK profile (i.e., elimination and distribution) in humans is 

mediated by sinusoidal OATP1B1.35 Kobayashi et al. reported a pH-dependent OATP2B1-

mediated transport of pravastatin mainly via the acidic duodenum, suggesting minimal 

transport via the lowly acidic basolateral membrane of the liver or lower part of the intestines.36 

Pravastatin is a substrate of canicular MRP2 and BSEP for biliary excretion. However, the in 

vivo significance of MRP2 for pravastatin is unknown. Grapefruit juice is an inhibitor of MRP2 

but did not affect pravastatin plasma concentrations.37,38 Notably, a recent study has shown 

that pravastatin may in fact not be a MRP2 substrate, but rather a substrate of multidrug 

resistance protein 3 (MRP3), a sinusoidal hepatic efflux transporter.39 Within hepatocytes, 

pravastatin can be transported by MRP3, OAT7, OATP1B1, OATP1B3, and OATP2B1 on the 

basolateral side. Pravastatin has been shown to not be a substrate of breast cancer resistance 

protein (BCRP, ABCG2).39-42 Pravastatin has also been shown to not be a substrate for NTCP.43 

 Figure 3.2.5C illustrates transporters involved with conjugated and unconjugated bile 

acids. ASBT can transport all major bile acids, including unconjugated bile acids, but is 

primarily for intestinal uptake of conjugated and unconjugated trihydroxy bile acids. OSTα-β 

transports all major species of bile acids between the portal venous blood and intestinal 

epithelia. Although the majority of bile acids are absorbed in the small intestine, MRP3 and 

OSTα-β in colonocytes may absorb unconjugated bile acids that were passively diffused in the 

lumen of the colon. In the liver, NTCP mainly transports all the major conjugated bile acids 

while OATP1B1 and OATP1B3 are predominantly for unconjugated bile acids. Both 
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conjugated and unconjugated bile acids can be transported by OSTα-β, MRP3, and multidrug 

resistance protein 4 (MRP4, ABCC4) under cholestatic conditions. For biliary excretion, BSEP 

mainly transports conjugated bile acids while MRP2 transports a small number of sulphate or 

glucuronide bile acids. OSTα-β and ASBT in the kidney transport most bile acids.14 If BSEP 

is repressed, a potentially compensating transporter for biliary elimination of bile acids is 

MRP2. Similarly, OSTα-β, MRP3 and MRP4 may provide compensatory mechanisms on the 

sinusoidal membrane for bile acids to enter the systemic circulation. 

 

Differential Impact of Metformin on Pravastatin and Conjugated Primary Bile Acids 

 Interestingly, pravastatin and conjugated primary bile acids qualitatively differed in 

response to metformin. Pravastatin plasma exposure slightly increased. For three of the four 

conjugated primary bile acids, their plasma exposure decreased with metformin. This 

differential impact of metformin-mediated BSEP repression was likely due to the contrasting 

roles of BSEP in pravastatin and conjugated primary bile acid PK. For pravastatin, BSEP is a 

significant contributor for its elimination. The liver functions to eliminate pravastatin, although 

some pravastatin in the bile is reabsorbed by the intestine. BSEP repression reduced biliary 

excretion to cause a slight increase in pravastatin plasma concentration, which may have been 

attenuated likely due to a compensatory hepatic efflux of pravastatin by MRP3 or OAT7. 

Similarly, MRP2 may provide a pathway for biliary excretion of pravastatin due to BSEP 

repression. 

 For conjugated primary bile acids, which are efficiently extrahepatically recycled, 

BSEP plays a critical role in their bile acid homeostasis. Bile acids must be excreted from the 

liver to allow for their reabsorption and the maintenance of the bile acid pool. NTCP plays a 
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significant contribution to bile acid removal from the portal blood. In conjunction with BSEP, 

ASBT allows bile acids to be reabsorbed after being hepatically cleared from the blood. Bile 

acids are about 99% reabsorbed per cycle. Since the bile acid pool is about 2-4 g and recycles 

about six times per day, total loss is only 0.5 g per day.14 In light of this efficient recycling, 

BSEP is essentially a significant contributor to conjugated primary bile acid reabsorption. 

BSEP allows bile acids in the liver to be secreted into the bile and hence be subsequently 

reabsorbed, by ASBT. This high enterohepatic recycling of bile acids contrasts with the low 

enterohepatic recycling of pravastatin. Hence, BSEP is a significant contributor to pravastatin 

elimination, but a significant contributor to conjugated primary bile acid reabsorption. 

 Three of the four conjugated primary bile acids showed reduced plasma exposure with 

metformin. Specifically, GCA, TCA, and TCDCA were reduced with metformin, but GCDCA 

was not. The reduced exposure is notable in two ways. First, virtually no other bile acid or 

cocktail drug (i.e., pravastatin, acyclovir, or enalaprilat) exhibited reduced exposure. Second, 

these conjugated primary bile acids are directly synthesized and secreted by the liver. This 

concurrence that the conjugated primary bile acids were the only BSEP substrates to show 

reduced exposure supports a metformin effect, including the hypothesis that metformin 

repressed BSEP. 

 While the conjugated primary bile acids exhibited reduced exposure, pravastatin was 

unique in exhibiting increased exposure with metformin. No other cocktail drug or bile acid 

exhibited increased exposure. For example, the exposures of acyclovir and enalaprilat were 

not modulated by metformin. 

 CDCA is an unconjugated primary bile acid that was administered as a BSEP substrate. 

The oral administration of 250 mg CDCA is only about 7-13% of the bile acid pool, which is 
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approximately 2-4 g. Hence, oral administration of a single 250 mg dose of CDCA was not 

expected to significantly alter the bile acid pool over the 10 h PK window, other than for CDCA 

itself. Unlike pravastatin and conjugated primary bile acids, no change was observed in 

baseline-corrected CDCA Cmax, AUC, or their respective metformin/placebo ratios. This result 

for CDCA is consistent with the hypothesis that metformin represses BSEP, as only taurine 

and glycine-conjugated bile acids are secreted into bile by BSEP. This result is consistent with 

the pattern that, among the bile acids, only conjugated bile acids were impacted by metformin. 

CA was also not impacted by metformin (Table 3.2.2). 

 FGF19 is synthesized in the intestine, and its expression is a direct response to the 

amount of bile acids in the terminal ileum. Synthesized FGF19 is secreted into the portal 

circulation, where it is taken up by the liver to inhibit CYP7A1-mediated bile acid synthesis. 

Interestingly, the synthesis of de novo bile acids, as measured by FGF19 in plasma, was 

unaffected. This lack of impact is consistent with the majority of bile acids (i.e., all but 

conjugated primary bile acids) not being impacted by metformin, as assessed by bile acid 

plasma levels. Collective results point towards no metformin-mediated change in bile acid 

synthesis, but lower plasma exposure of conjugated primary bile acids. Even though FGF19 

was not impacted by metformin, primary bile acid plasma levels were reduced. 

 

Study Limitations and Distinction Between Conjugated Primary Bile Acids and Conjugated 

Secondary Bile Acids 

 This study has several limitations. As a first human study to examine PK effects of 

BSEP-mediated repression, additional studies of this incompletely examined and challenging 

topic are merited. The study can be viewed as a DDI study and employed a routine sample size 
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of n = 12. While n = 12 was adequate, a larger sample size may have provided more definitive 

results for the concluded metformin effect on conjugated primary bile acids. Relatedly, the 

study examines several probes and involves multiple PK profile comparisons of metformin 

versus placebo. Statistical methods addressed this familiar multiple comparisons issue, 

although we understand no one approach to consider multiple comparisons is best. Another 

limitation is the unavailability of BSEP-only substate probes and follows from general 

challenges of in vivo studies of transporter phenomena. Study design aimed to focus on BSEP 

and the hypothesized BSEP repression. Figure 3.2.5 describes known transporters of study 

compounds. However, healthy volunteers will have a full complement of transporters, 

including the liver where many transporters with often overlapping transport capabilities are 

expressed. 

 The study differentiated between conjugated primary bile acids and the orally 

administered unconjugated primary bile acid CDCA. Study results differed between 

conjugated primary bile acids and conjugated secondary bile acids, where conjugated primary 

bile acids generally showed reduced exposure with metformin, while conjugated secondary 

bile acids did not. Given that conjugated secondary bile acids are efficiently reabsorbed too, 

we cannot explain why conjugated secondary bile acids did not show reduced plasma exposure. 

Complexities above may have contributed. Another potential explanation is that BSEP 

repression did reduce conjugated secondary bile acids and plasma exposure, but this repression 

effect was compensated by an enhanced conversion of primary bile acids to secondary bile 

acids. With respect to bile acid type, the bile acid pool is about 40% CA, 40% CDCA, 20% 

DCA, trace LCA, and trace UDCA.44 That is, 80% of the bile pool are primary bile acids, and 

only 20% is secondary bile acids. The vast majority of the secondary bile acid pool is the more 
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soluble DCA form (from the tri-hydroxylated CA, rather than LCA from the di-hydroxylated 

CDCA), as LCA is poorly soluble. Hence, only a small fraction of the primary bile acid pool 

would need to be converted to secondary bile acids to compensate for any enhanced conversion 

due to BSEP-mediated repression. This explanation is speculative, and no single mechanism 

is immediately likely. 

 

Possible Next Steps to Investigate BSEP Repression 

 FXR is an active research target and a known modulator of BSEP expression. Bile acids 

activate FXR in the liver to induce BSEP expression to maintain a homeostatic bile acid pool. 

In humans, CDCA, DCA, and LCA are the most potent agonists of FXR. In mice, CDCA is 

metabolized to α- and β-muricholic acid (MCA), which are the major murine bile acids and 

are antagonists to FXR.45 The bile acid pool between humans and mice vastly differs due to 

MCA in mice and the proportions of glycine to taurine conjugates.46 Bile acid derivatives 

7-ethylidene-LCA and 7β-isopropyl-CDCA were identified in vitro to be FXR antagonists.47 

GUDCA is an intestinal FXR antagonist in T2DM patients.48 

 Lien et al. demonstrated in vitro that metformin, an adenosine monophosphate-

activated protein kinase (AMPK) activator, can directly inhibit FXR activity.49 Sun et al. 

demonstrated that metformin directly inhibits FXR in the intestines of mice by bile acid 

modifications in the gut, rather than by AMPK signaling.48 However, gut microbiota also 

inhibits bile acid synthesis in murine liver by alleviating FXR inhibition in the ileum. It is well-

accepted that metformin exerts its pharmacological actions through both AMPK-dependent 

and -independent mechanisms. Our recent in vitro study showed that in human primary 

hepatocytes, co-treatment with metformin and compound C, a widely used AMPK inhibitor, 
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did not reverse metformin-mediated BSEP repression.9 Interestingly, in mice, metformin alone 

did not repress BSEP, but did repress BSEP in the presence of administered TCA.49 This result 

in mice has some parallel to human findings here. 

 Metformin is generally viewed to have an excellent safety profile. Results here indicate 

BSEP repression in healthy volunteers had a modest effect on pravastatin exposure and 

conjugated primary bile acid exposure. Many research groups have speculated that BSEP 

inhibition causes DILI due to intrahepatic bile acid accumulation, but this association is 

questionable.20 Future studies should aim to characterize the frequency and extent that 

metformin or other drugs repress BSEP in patients, using standard approaches for these 

complex interactions.50 Such studies should also aim to predict the direction and extent of 

interactions with other drugs and with conjugated and unconjugated bile acids (e.g., increase 

or decrease in plasma and/or liver exposure). Such studies should also aim to predict scenarios 

when such interactions cause adverse events, such as DILI, as metformin has caused DILI on 

rare occasions.51,52 
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CHAPTER 4. EXCIPIENT CONCERNS ON DRUG TRANSPORT 

 

Chapter 4.1. Evaluation of Excipient Risk in BCS Class I and III Biowaivers†† 

 

4.1.1. INTRODUCTION 

 
 Following oral administration, solid dosage formulations must first disintegrate in the 

gastrointestinal (GI) tract and dissolve in solution for drug absorption to occur. Based on the 

drug’s physiochemical properties, intestinal permeation occurs by passive diffusion or 

active/facilitative transport.1 Of the fraction of the oral dose that is absorbed from the intestinal 

lumen, the fraction that becomes available in systemic circulation (i.e., is bioavailable) is 

further reduced by metabolism through the gut wall into the hepatic portal circulation, 

metabolism by first pass elimination through the liver, and biliary excretion.2 

 Oral drug absorption is a process influenced by key biopharmaceutical and 

physiological factors. Important physiochemical properties of the drug include its solubility, 

intrinsic dissolution rate, ionization (pKa), lipophilicity (log P), stability, surface area, 

crystallinity, polymorphism, salt form, and molecular size. Physiological factors such as 

gastrointestinal pH, gastric emptying, small intestinal transit time, bile salts, and mechanisms 

of membrane permeability also influence oral drug absorption.3 Non-drug components of the 

dosage formulation, i.e., excipients, may also impact absorption of the drug. Excipients are 

typically used in dosage formulations to ensure manufacturability and content uniformity but 

are also used to modulate drug substance or active drug ingredient (API) stability and 

bioavailability. Generally, excipients can potentially have an impact on drug absorption by 

                                                 
†† Metry, M., and Polli, J. E. (2022). Evaluation of Excipient Risk in BCS Class I and III Biowaivers. 
The AAPS journal, 24(1), 20. https://doi.org/10.1208/s12248-021-00670-1 
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altering the dosage formulation’s disintegration, dissolution, or stability, or by directly 

impacting GI physiological processes. 

 It is well appreciated that excipients can alter drug release rate and/or extent of release 

from dosage formulations. However, there are several anticipated mechanisms through which 

excipients in the GI tract could impact drug absorption. For example, excipients may 

potentially modify GI transit time and luminal volumes, alter permeability, or modify 

metabolism within the GI tract.4 Osmotically active excipients such as sugar-alcohols (e.g., 

mannitol, sorbitol) and polyethylene glycol (PEG) 400 are known to potentially reduce drug 

absorption by increasing GI fluid volume, which in turn dilutes intraluminal drug concentration 

and reduces small intestinal transit time.5 However, other potential concerns such as excipient 

impact on drug membrane permeability have much less evidence of an effect in vivo.5-9 

 Given the potential excipient risks to drug absorption, changes to drug formulations 

should consider excipient amount, mechanism(s) in which excipient may impact absorption, 

and the drug’s absorption properties.10,11 In vivo bioequivalence (BE) studies are generally 

needed to demonstrate a lack of impact of significant formulation changes on a drug’s 

bioavailability during its development, for post-approval manufacturing changes, and when 

developing generic products. A regulatory framework to provide regulatory relief based on the 

in vitro characterization of the drug substance and drug product, termed Biopharmaceutics 

Classification System (BCS), allows the waiving of clinical BE studies for some immediate-

release (IR) solid oral dosage formulations. Not needing human BE trials provides a great 

benefit in that it reduces drug development costs and eliminates unnecessary clinical trials.12 

For various reasons, in vitro studies are sometimes better than conventional human 

pharmacokinetic in vivo studies in assessing BE of IR solid oral dosage formulations.13 
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4.1.2. BCS CLASSIFICATION AND BCS-BASED BIOWAIVERS 

 
 The BCS classifies orally administered immediate release drug products based on the 

fundamental principles that control the rate and extent of drug absorption, i.e., solubility, 

dissolution rate, and intestinal permeability. The categories are high solubility-high 

permeability (Class I), low solubility-high permeability (Class II), high solubility-low 

permeability (Class III), and low solubility-low permeability (Class IV).14 

 The first finalized US Food and Drug Administration (FDA) BCS guidance for industry 

was issued in August 2000 and indicated that evidence of BE via in vitro dissolution studies in 

lieu of in vivo pharmacokinetic profiles may be sufficient for BCS Class I drugs. Such 

biowaivers were also supported by the European Medicines Agency (EMA) in their guidance 

issued in 2001. EMA and FDA expanded BCS-based biowaivers to include Class III drugs in 

2010 and 2017, respectively.15,16 Although the World Health Organization (WHO) considered 

granting BCS biowaivers for Class II weak acids, the organization published a guideline in 

2015 for only Class I and Class III generic drugs.17 

 The International Council for Harmonisation of Technical Requirements for 

Pharmaceuticals for Human Use (ICH), which involves experts from both regulatory and 

industry agencies, finalized a guideline intended to be recognized worldwide, entitled “M9 

guideline on biopharmaceutics classification system-based biowaivers (Step 5)” in 2020.10 

With the support of ICH, FDA recently finalized a guidance for industry in May 2021 entitled 

“M9 Biopharmaceutics Classification System-Based Biowaivers,” which replaced the 2017 

FDA guidance.11 Relative to the 2017 FDA guidance, the 2021 FDA guidance (i.e., M9 

document) has some biowaiver acceptance criteria changes, as summarized in Table 4.1.1. 

Both documents indicate that BCS Class I and III drug products may be eligible for a biowaiver 
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for IR oral dosage formulations with the same strength as the reference product. Acceptance 

criteria consist of the composition (i.e., excipients) and in vitro dissolution performance of the 

drug product depending on its BCS classification.11 It should be noted that M9 is a notable step 

forward, as it is the first harmonized allowance of BCS-based regulatory relief, including for 

example, in Japan. 
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Table 4.1.1. Comparison of 2017 FDA versus 2021 M9 BCS-based biowaiver criteria 

 

 
 
 
 However, M9 guidance is more restrictive than the prior 2017 FDA guidance, 

specifically about excipient risk. The 2017 FDA guidance indicated, in the context of BCS-

based biowaivers, “In general, using excipients that are currently in FDA-approved IR solid 

oral dosage forms will not affect the rate or extent of absorption of a highly soluble and highly 

permeable drug substance that is formulated in a rapidly dissolving IR product.” On the other 

hand, M9 lacks such a statement. The prior 2017 FDA guidance also indicates, “Unlike for 

BCS class 1 products, for a biowaiver to be scientifically justified, BCS class 3 test drug 
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product must contain the same excipients as the reference product,” and further describes 

evaluation of “the same excipients” (e.g., qualitatively the same and quantitatively similar). 

While the prior 2017 FDA guidance anticipates common excipients to not be a concern for 

BCS Class I, this expectation is less evident from the M9 guidance. M9 does indicate “[BCS 

Class I drugs] generally represent a low-risk group of compounds in terms of the potential for 

excipients to affect absorption, compared to other BCS classes. Consideration of excipient 

effects for BCS Class I drug products should focus on potential changes in the rate or extent 

of absorption.” However, this statement is only relative to other BCS classes and apparently 

does not convey the anticipation that common excipients are not a concern for BCS Class I 

drugs. An additional restriction is observed where Caco-2 is indicated as the only in vitro 

permeability assessment in M9, while the prior guidance states in vitro permeability methods 

using excised intestinal tissues, or monolayers of suitable epithelial cells, may be used. This 

difference is a notable narrowing. 

 EMA and FDA have published product-specific guidances, and the International 

Pharmaceutical Federation (FIP) has published over 50 drug monographs that assess potential 

usage of BCS biowaivers.17 BCS-based biowaiver monographs are a series of literature reviews 

on IR solid oral dosage formulations published in the Journal of Pharmaceutical Sciences. 

Evaluation of the API’s physiochemical properties, pharmacokinetics, and interactions with 

excipients are considered for biowaiver risk-based analysis. Many of the monographs support 

biowaivers for specific drugs and their corresponding IR dosage formulations, such as 

metformin, sitagliptin, and moxifloxacin.18–20 Meanwhile, a smaller number of monographs 

suggest against biowaivers for specific drugs and their corresponding IR dosage formulations, 

such as carbamazepine (i.e., due to its narrow therapeutic index).21 
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 It should be noted that when comparing BE in vitro test results to in vivo test results, in 

vivo BE studies can have type I (i.e., consumer risk/false positive) and type II (i.e., producer 

risk/false negative) errors. Hence, a reason for discordance between a BCS biowaiver 

conclusion and an in vivo BE conclusion is type II error in Cmax from in vivo pharmacokinetic 

(PK) BE studies. Of the in vivo BE metrics for rate and extent, Cmax is the more common reason 

for BE failure.22–25 Limitations of Cmax as a BE metric are well described.26-29 In a retrospective 

study performed in Brazil, 12 of 115 studies of Class III drug products provided 

non-bioequivalent (i.e., non-BE, where confidence interval exceeds 80–125% range) result, 

with 5 of those being bioinequivalent (i.e., point estimate is outside the range of 80–125%).30 

Specifically, among the 12 non-BE studies, 7 were due to only Cmax, 4 were due to both Cmax 

and AUC0-t, and 1 was due to only AUC0-t. Of the 5 bioinequivalent studies, 4 were caused by 

only Cmax and 1 was due to Cmax and AUC0-t. Similarly, for Class I drug products, 22 out of 

140 studies provided a non-BE result, with 8 of those being bioinequivalent. Of the 22 non-BE 

studies, 18 were due to only Cmax while 4 were due to both Cmax and AUC0-t. Of the 8 

bioinequivalent results, 7 were due to only Cmax while 1 was due to both Cmax and AUC0-t. 

Thus, it is important to consider that in vivo bioinequivalence can be due to limitations of Cmax. 

 

4.1.3. CLASSIFICATION OF BCS CLASS I AND III AND ELIGIBLITY FOR 

BIOWAIVER 

 
 According to the current FDA guidance, to be considered highly soluble, the highest 

single therapeutic dose must be soluble in 250 mL or less of aqueous media in at least three 

pHs within the range of 1.2–6.8 at 37±1°C. To be considered highly permeable, the drug 

product must have human pharmacokinetic results with an absolute bioavailability of ≥85% or 
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a urine recovery of ≥85% via mass balance with demonstrated GI stability. Other in vivo data 

such as drug recovery in feces or data obtained from the literature (e.g., product knowledge 

and bioavailability studies) may be acceptable. In vitro methods include Caco-2 cell 

permeability assays, but they should be used alongside available in vivo data to estimate 

intestinal drug absorption. If Caco-2 permeability assays are used alone to classify a drug as 

highly permeable, classification is limited to passively absorbed drugs due to the lack of certain 

intestinal transporters in the Caco-2 cell model.11 

 Using comparative in vitro dissolution tests, the test and reference products of BCS 

Class I drugs must dissolve very rapidly (≥85% for the mean percent dissolved in ≤15 min), or 

rapidly (≥85% for the mean percent dissolved in ≤30 min) with similar f2 (≥50) comparison. 

BCS Class III drugs must demonstrate very rapid comparative in vitro dissolution.11 

Interestingly, the 2021 FDA Guidance does not allow for other methods to compare in vitro 

dissolution profiles other than f2. 

 

4.1.4. POTENTIAL ABSORTION-MODIFYING EXCIPIENTS  

 
 FDA’s Inactive Ingredient Database (IID) catalogs all excipients used in approved New 

Drug Application (NDA) and Abbreviated New Drug Application (ANDA) products, 

regardless of current market availability of the drug product.31 Information on each excipient 

includes ingredient name, route of administration, dosage formulation, chemical abstracts 

service (CAS) number, unique ingredient identifier (UNII), maximum potency per unit dose, 

and maximum daily exposure (MDE). 

 Excipients are usually in much greater amounts than the API and can typically make 

up to ~90% of the entire drug product. They are used in dosage forms to facilitate 
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manufacturability, stability of the API, dose uniformity, and delivery of the API to the systemic 

circulation. Commonly used excipients can be grouped into several categories based on their 

functions such as binders (e.g., hypromellose, starch, povidone), fillers (e.g., lactose, 

mannitol), lubricants (e.g., magnesium stearate, stearic acid), and surfactants (e.g., sodium 

lauryl sulfate, polysorbates). Excipients are generally considered as “inactive ingredients.” 

Some excipients (e.g., polymers) are utilized as enhancers of solubility or dissolution rate for 

poorly soluble drugs. 

 It can be conceived that absorption-modifying excipients (AMEs) that do not affect in 

vitro dissolution testing can be considered “critical” (i.e., concerning) for biowaivers since 

their effect on GI absorption (e.g., transit, intestinal permeability) would be overlooked. In the 

literature, only a subset of mechanisms exist by which excipients could function as AMEs and 

potentially affect the absorption of BCS Class III drugs. In contrast, BCS Class I drug 

absorption is not likely to be impacted by such excipients. For many potential AMEs, there is 

no in vivo evidence of such an effect. For example, we know of no common excipient that 

decreased drug absorption of a BCS Class I drug by drug-excipient binding where in vitro 

testing did not anticipate such binding. Many of the excipients with such reported effects, such 

as surfactants, would not normally be used in IR solid oral dosage forms for highly soluble 

drugs, i.e., BCS Class I and III. Only a few potential AMEs have been identified, such as 

excipients that can impact intestinal transit (e.g., sorbitol, mannitol). Evidence of an effect in 

humans for several of these AMEs has largely been observed with only high quantities of 

excipient (e.g., 1.6 g of sorbitol).9 Although surfactants have also been associated as potentially 

critical AMEs, there is no clear evidence in humans. Rather, evidence has been observed in the 

preclinical and in vitro domains. 
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Sorbitol and Mannitol 

 The sugar alcohols sorbitol and mannitol are known to generate, in sufficient doses, 

significant osmotic effect after oral administration (i.e., decreases transit time that reduces drug 

absorption, particularly for low permeability drugs). The molecular weights of sorbitol and 

mannitol are the same (i.e., 182 Da), as they are stereoisomers, and they exhibit a dose-

dependent proportional decrease in small intestinal transit time.32,33 It is important to consider 

the amount of excipient used, the degree at which that amount affects BCS Class I or III drug 

absorption, and the absorption properties of the drug substance such as the location, rate, and 

mechanism.4,11 

 Chen et al. showed BCS Class III drugs were more sensitive than BCS Class I drugs to 

sorbitol, with respect to the ability of 5 g sorbitol to reduce drug absorption. Chen et al. 

employed metoprolol and ranitidine as Class I and Class III drugs, respectively. Test product 

containing 5 g of sorbitol had no impact on metoprolol extent of absorption compared to 

reference product containing sucrose in healthy volunteers. Meanwhile, ranitidine absorption 

was reduced by 7%, 25%, and 45% by 1.25 g, 2.5 g, and 5 g sorbitol, respectively.6 In general 

agreement with Chen et al.’s observation regarding metoprolol, Fassihi et al. observed that 10 

g of sorbitol had no impact on the extent of theophylline, a BCS Class I drug.7,8 

 Vaithianathan et al. assessed commercial solutions containing sorbitol of each 

cimetidine and acyclovir, BCS Class III drugs, in bioequivalence studies.9 The cimetidine and 

acyclovir solutions contained about 1.6 g and 1.5 g of sorbitol, respectively. The dose 

containing 1.6 g sorbitol reduced cimetidine absorption by 19%. Conversely, 1.5 g sorbitol did 

not impact acyclovir absorption. It is not clear why these similar doses of sorbitol showed 

apparently different impacts, although cimetidine and acyclovir are of course different drugs, 
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including with different formulation compositions. Vaithianathan et al. also compared the 

cimetidine commercial solution (with about 1.6 g of sorbitol) against a sorbitol-free solution 

of cimetidine.9 While Cmax was reduced by about 13%, cimetidine absorption was not 

impacted. Overall results support Chen et al.’s observation that 1.25 g sorbitol can impact Class 

III drug absorption. An in silico model conducted by Yamane et al. estimated that a threshold 

of 400 mg of sugar alcohols will not impact drug absorption.34 

 Other studies examined quantities more than 2 g of sugar alcohols. Adkin et al. 

evaluated the impact of 2.264 g of mannitol on cimetidine absorption, as well as small intestinal 

transit times. Mannitol reduced cimetidine absorption by about 31%, as well as small intestinal 

transit time by 23%.35 Also, Adkison et al. observed that 3.2, 10.2, and 13.4 g of sorbitol 

decreased absorption of lamivudine, a BCS Class III drug, by 20%, 39%, and 44%, 

respectively.36,37 

 

Surfactants 

 Surfactant effect on permeability has been studied in vivo and in vitro, in regard to 

reducing small intestinal transit time or modifying passive or active permeation.4 However, in 

vivo human data has shown no effect. 

 The surfactant sodium lauryl sulfate (SLS) has been shown to increase permeability of 

mannitol and other drugs in Caco-2 monolayers via opening of tight junctions.38 SLS has also 

been classified as a modulator of paracellular transport from ex vivo data.39 Parr et al. showed 

SLS at ≥ 0.1 mg/mL increased permeability across Caco-2 monolayers of four BCS Class III 

drugs due to damaging membrane integrity, but not the BCS Class I compound antipyrine. 

Concentrations of 0.01–0.04 mg/mL did not have any effect on the permeability of all five 
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drugs.40 Although García-Arieta considered the in vivo impact of SLS where two studies 

showed bioinequivalence (with 3.64 mg or 1.5 mg SLS), other studies with very high amounts 

(9 g) have demonstrated bioequivalence.5 Vaithianathan et al. found that sodium lauryl sulfate 

(25 mg) had no significant impact on the in vivo bioavailability of cimetidine or acyclovir.9 

 The surfactants Vit-E-PEG, AOT, polysorbate 80, CTAB, polysorbate 20, 

Cremophor® EL, Solutol® HS 15, and Brij® 58 and the polymer NaCMC have been shown to 

be inhibitors of P-glycoprotein (P-gp) in MDCK-MDR1 cell culture, as determined by 

significant intracellular increase in digoxin.41 In an in vivo rat experiment, surfactants modified 

the pharmacokinetic profile of orally administered digoxin and celiprolol (BCS Class III), 

although the overall AUC was not increased. An early peak of absorption was observed 

consistently across surfactants, most likely due to the higher concentration of excipient in the 

proximal intestine where P-gp expression is lower.42 

 

4.1.5. REGULATORY FRAMEWORK IN FORMULATION 

 
 Biowaivers are allowed for scale-up and post-approval changes (SUPAC) to drug 

formulations. The FDA guidance on “Immediate Release Solid Oral Dosage Forms Scale-Up 

and Post-Approval Changes” (SUPAC-IR) published in November 1995 outlines post-

approval changes in the composition of formulation, manufacturing location, batch size, and 

manufacturing equipment and process. SUPAC-IR provides regulatory relief in the context of 

BCS. Specifically, excipient changes are divided into three impact levels on formulation 

quality and performance that are accepted by dissolution and in vivo BE requirements. The 

categories include level 1 (negligible impact), level 2 (could have a significant impact), and 

level 3 (likely to have a significant impact).43 
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 Changes in excipients at level 1 are unlikely to affect the quality or performance of the 

formulation such as in the color or flavor of the drug product or excipient amounts less than or 

equal to a percentage (w/w) of the total formulation. Specifically, ±5% for fillers, ±3% for the 

disintegrant starch and ±1% for other disintegrants, ±0.5% for binders, ±0.25% for the 

lubricants calcium or magnesium stearate or ±1% for other lubricants, ±1% for talc and ±0.1% 

for other glidants, and ±1% for film coating. Additionally, the total additive excipient changes 

must not be >5%. BE is demonstrated in level 1 via in vitro dissolution testing (i.e., 

biowaiver).43 

 Changes in excipients at level 2 could significantly alter the quality or performance of 

the formulation. Examples include a change in the technical grade of an excipient or in the 

percent (w/w) of the total formulation greater than level 1 but less than or equal to a two-fold 

increase over level 1 changes. Additionally, the total additive excipient changes must not be 

>10%. BE for level 2 is demonstrated via dissolution profile similarity factor f2 (i.e., biowaiver) 

for BCS Class I, II, and III, with an exemption for BCS Class I drugs that show ≥85% 

dissolution in 900 mL 0.1N HCl in 15 min.43 

 Changes in excipients at level 3 significantly alter the quality or performance of the 

formulation due to additive excipient changes of >10% and require in vivo BE testing for 

qualification.43,44 

 FDA expanded its SUPAC-IR requirements in the guidance for ANDAs, in which 

excipient changes must be “Q1/Q2,” i.e., the test formulation must be the same excipients 

(qualitatively the same; Q1) and in the same concentration (quantitively the same; Q2) to the 

reference formulation.45 Allowable qualitative excipient differences to be Q1 include those that 

affect the color or flavor of the drug product, printing ink, technical grade and/or specification, 
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and particle size. Allowable quantifiable excipient differences to be Q2 include excipient 

amounts less than or equal to a percentage (w/w) of the total formulation. Specifically, the 

guidance for ANDAs states ≤10% for fillers, ≤6% for starch and ≤2% for other disintegrants, 

≤3% for binders, ≤0.5% for the lubricants calcium or magnesium stearate or ≤2% for other 

lubricants, ≤2% for the glidant talc or ≤0.2% for other glidants, and ≤2% for film coating. 

Additionally, the total additive excipient changes must be ≤10%.45 

 

4.1.6. EXCIPIENT RISK FOR BCS CLASS I 

 
 BCS Class I drug products have minimal risk regarding excipient changes since they 

are very well absorbed given their high solubility and high permeability characteristics. Since 

the rate-determining steps are dissolution, permeation, or gastric emptying, excipients that 

could alter the rate or extent of the drug’s absorption should still be evaluated. Such cases 

include excipients that modulate uptake transporters that the drug relies on for its high 

permeability, or excipients that increase the absorption rate of drugs that are absorbed slowly. 

A biowaiver is acceptable for BCS Class I drugs if the excipients that may affect absorption 

are qualitatively the same (i.e., identical chemistry, grade, and characterization) and 

quantitatively similar (i.e., within ±10% of the weight of excipient in the reference product and 

a cumulative difference within ±10%). For all other excipients, any qualitative and quantitative 

differences in excipients are acceptable when granting a biowaiver.10,11 

 Cephalexin, a BCS Class I drug, has high intestinal permeability due to active uptake 

across the apical membrane of enterocytes via the proton-coupled oligopeptide transporter 

PEPT1. Variations in the expression of PEPT1 in vitro and in vivo (i.e., Caco-2 cells, human 

duodenum, and rat jejunum) are correlated with differences in the permeability of cephalexin.46 



 

168 
 

Hypothetically, excipients that have the potential to modulate PEPT1 activity or expression 

could affect the extent of absorption of cephalexin and would be important to consider during 

formulation development. In general, a 10-15% change in extent of absorption can be expected 

to cause bioinequivalence.47 

 In vitro data has shown the non-ionic surfactants Solutol® HS15 (poly-oxyethylene 

esters of 12-hydroxystearic acid), polysorbate 20, and polysorbate 80 inhibit PEPT1 in 

transfected MDCKII cells.48 Notably, surfactants are also known to enhance the penetration of 

drugs through the intestinal membrane by disrupting its integrity and function. Therefore, it is 

important to consider an overall net effect since multiple mechanisms may (or may not) be at 

play when surfactants are present in the GI tract.49 Similarly, in vitro and in situ experiments 

have shown the excipient caprylocaproyl macrogolglycerides to enhance cephalexin transport. 

However, these experiments fail to emulate the in vivo human environment that includes active 

transport and fail to consider an already high permeability of cephalexin.46 

 

4.1.7. EXCIPIENT RISK FOR BCS CLASS III 

 
 BCS Class III drug products are thought to be at risk of excipient changes since they 

have low permeability and may only be locally absorbed at specific sites along the 

gastrointestinal tract (e.g., only small intestine as colonic permeability is too low). Therefore, 

according to the current FDA guidance, a biowaiver is acceptable for BCS Class III drugs if 

all excipients are qualitatively the same (i.e., identical chemistry, grade, and characterization) 

and quantitatively similar (i.e., within ±10% of the weight of excipient in the reference product 

and a cumulative difference within ±10%), except for excipients that are used in limited 

amounts such as the film coating or capsule shell. This criterion assumes that all excipients 
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have the potential to affect absorption of the drug, regardless of known or suspected 

capability.10,11 

 Osmotically active excipients at amounts used in formulations have been shown to alter 

the bioavailability of BCS Class III drugs.50 Sorbitol decreased ranitidine absorption by 

increasing intestinal fluid volume, and thus enhancing GI motility and decreasing ranitidine 

transit time. Mannitol decreased the bioavailability of cimetidine. PEG 400 accelerated transit 

time and altered the absorption of ranitidine.50 

 Valacyclovir, a BCS Class III drug and prodrug of acyclovir, is more permeable than 

administration as the parent drug acyclovir due to active uptake of valacyclovir (but not 

acyclovir) via PEPT1 such that bioavailability is improved to >50% compared to 15%.9,51,52 

Non-ionic surfactants have been shown in vitro to inhibit intestinal transporters, including via 

modulation of membrane fluidity.53-55 For example, polysorbate 80 has been shown to inhibit 

the intestinal transporter PEPT1.48 Hypothetically, the PEPT1 substrate valacyclovir could be 

impacted by polysorbate 80, which may potentially decrease valacyclovir absorption, although 

FDA M9 regulatory guidelines do not describe methods to assess transporter-mediated 

excipient-drug interactions. 

 If inhibition of intestinal efflux transporters affects permeability, there could be a 

potential increase in bioavailability, although not concerning for passive permeability drugs. 

Cimetidine and famotidine, which are both BCS Class III drugs, are substrates for intestinal 

efflux mediated by P-gp. Concentration-dependent decrease of the secretion of both drugs in 

situ via single-pass intestinal perfusion studies in rats was obtained by P-gp inhibitors. Notably, 

the in vivo permeability of both drugs along the small intestine correlated with P-gp expression 

levels, thereby exhibiting segmental dependent intestinal absorption. Site-specific P-gp 
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inhibition along the intestine, as observed by verapamil in the literature, may impact overall 

drug absorption.56 Many surfactants and one polymer have also been shown in vitro to inhibit 

P-gp in MDCK-MDR1 cells while five dyes and one suspending agent showed minimal 

inhibition in HEK293 cells.41,57 

 The surfactant vitamin E TPGS (d-α-tocopheryl polyethylene glycol 1000 succinate) 

has been classified as an inhibitor of P-gp-mediated drug transport in Caco-2 monolayers and 

other cell lines.58,59 It has also been shown to enhance the oral bioavailability of the BCS Class 

III drug colchicine in rats.60 Notably, in vitro findings involving intestinal absorption of P-gp 

substrates have been performed using Caco-2 monolayers, although these cells have variable 

P-gp expression based on the culture conditions61 and it is indicated that they overexpress P-

gp.62 

 Rege et al. assessed the influence of nine excipients (lactose, SLS, polysorbate 80, 

HPMC, docusate sodium, EDTA, propylene glycol, PEG 400, and anhydrous cherry flavor) 

on the Caco-2 permeability of seven low permeability compounds. Polysorbate 80 significantly 

increased apical-to-basolateral permeability of low permeability compounds via inhibition of 

active efflux as assessed by the lack of effect on mannitol permeability. SLS moderately 

increased drug permeability and affected Caco-2 monolayer integrity. The rest of the excipients 

showed minimal impact on the overall permeability of these compounds.54 

The surfactants salcaprozate sodium (SNAC) and sodium caprate (C10) are two of the most 

advanced AMEs that have gone through clinical testing for the oral delivery of 

macromolecules. Oral semaglutide, which has gone through multiple phase 3 clinical trials, is 

the first oral peptide therapeutic for type 2 diabetes in the form of a daily capsule. It is thought 

that SNAC promotes semaglutide absorption in the stomach by raising local pH to protect drug 
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from degradation by gastric enzymes, as well as by inducing transcellular flux of semaglutide 

across the gastric epithelium of the stomach. C10 was assessed for use with oral insulin although 

dosage formulation development was discontinued. Low concentrations of C10 act via 

openings of tight junctions, while high concentrations via membrane perturbation.63 

 

4.1.8. DISCUSSION 

 
Suitability of Experimental Models to Assess Drug Absorption 

 Intestinal absorption is often determined using in situ rat perfusion models or in vitro 

epithelial cell culture models. It is important to consider the utility of these alternative methods 

to drug absorption in humans. In situ rat perfusion models exhibit physiological differences 

from humans such as dilution, gastric emptying, degradation, and intestinal transit. However, 

this model favorably assesses drug transport in small intestinal tissue, the main in vivo 

absorption site. Notably, although rat and human tissue show similar drug absorption profiles, 

they exhibit distinct transporter and metabolic enzyme expression in the intestinal wall. 

Therefore, a rat model can be used to predict oral drug absorption in the small intestine of 

human, but not to predict oral bioavailability.64 

 Caco-2 cell monolayers are a sensitive tool capable of distinguishing between high and 

low permeability values. However, they present practical limitations as an in vitro model to 

assess excipient effects on drug permeability. For example, a theoretical increase in drug 

intestinal permeability of a Class III drug by a theoretical absorption-modifying excipient from 

60% absorption to 65% may or may not be detectable by Caco-2 monolayers, or by in vivo 

human bioequivalence testing. Since the Caco-2 permeability assay has an intraday variability 

of ~10% that is comparable to the bioequivalence similarity assessment (e.g., 10–15%), it 
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would be difficult to reliably detect small excipient effects for low permeability drugs by Caco-

2 monolayers. That is, a true enhancement of drug permeability of 10% across Caco-2 

monolayers may not reliably be detected, even though a 10% increase in in vivo drug 

absorption may be important. In general, a 10–15% change in extent of absorption can be 

expected to cause bioinequivalence.47 

 However, despite a lower limit of sensitivity of Caco-2 monolayers to drug 

permeability enhancement, in the literature, Caco-2 cells have been highly sensitive to 

excipient effects on drug permeability compared to in vivo.54 Consistent with the sensitivity of 

Caco-2 monolayers, excipients such as surfactants, disintegrants, and chitosans have shown an 

effect on drug permeability across Caco-2 monolayers but not in vivo. Caco-2 monolayers can 

be expected to frequently over-predict in vivo effect of excipients, such as SLS. This over-

prediction is in part because Caco-2 monolayers do not secrete mucus, such that Caco-2 is 

much more sensitive to membrane disruptors (i.e., surfactants) than in vivo. Mucus creates a 

steric and interactive barrier against intestinal permeation such that its presence (or absence) 

may impact drug permeation.65 Therefore, the in vivo implication of an enhancement in in vitro 

Caco-2 permeability by an excipient is not clear. 

 A practically challenging topic is the comparison of permeability values (e.g., with and 

without excipient). There is currently no known universal method to assess permeability 

similarity when employing an in vitro model such as Caco-2 in assessing potential excipient 

effect. Although intraday variability in Caco-2 permeability is low, there is appreciable 

variability between studies (even conducted on the same day) that is often unexplained. This 

may lead statistical analysis via t-tests to false-positives, even before considering the high 

sensitivity of Caco-2 to predict in vivo human permeability. For example, Rege at al. reported 
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a false-positive outcome in about 10% of all studies.54 These apparent effects were about 1.3-

fold in magnitude, were not systematic, and attributed to variability effects than true excipients 

effects. Two studies were repeated and showed no subsequent excipient effect. In another two 

studies, “tighter” monolayers, as assessed by mannitol permeability, explained the decreased 

drug permeability. Parr et al. examined excipient effects on BCS Class III permeability using 

Caco-2 monolayers and rat perfusion.40 It was concluded that the four BCS Class III 

compounds would not be greatly impacted by the excipients. Permeability values were 

examined in the presence and absence of excipient, but no statistical tests were conducted. It 

would appear that permeability comparisons should not be limited to straight-forward t-tests 

(either with or without multiple comparisons correction). 

 Madin-Darby canine kidney (MDCK) cells have also been used in permeability assays 

since they favorably grow more rapidly than Caco-2 cells. In drug discovery/development 

interface programs that examine drug biopharmaceutic properties, MDCK monolayers are 

perhaps even more commonly used than Caco-2 monolayers. MDCK and Caco-2 cells both 

form polarized epithelial monolayers. Although Caco-2 and MDCK cells differ biological in 

their source (human colon and canine kidney, respectively), their monolayers have comparable 

apparent permeability coefficient values. Notably, they each differ and vary in their own 

transporter expression levels.66–68 

 Other cell lines, such as HT29-H and HT29-MTX human colon carcinoma cell lines 

which form monolayers with a mucosal barrier, may provide more practical permeability 

models and are worth further evaluation.69,70 Co-culture models of enterocyte-like Caco-2 cells 

with mucus-producing HT29-MTX cells have also been assessed for correlation with human 

in vivo studies, although relevant intestinal transporters are still not expressed.71-73 
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Bioengineering approaches that involve 3D co-cultures have also been reported in the literature 

as biomimetic models.74 Nonetheless, to assess permeability, there is a need for novel in vitro 

models alongside the use of human and animal in vivo techniques.75 

 

Considerations of Excipient-Transporter Interaction 

 M9 guidance requires a BCS-based biowaiver proposal to include a mechanistic and 

risk-based approach in assessing if differences between test and reference product (e.g., pre- 

and post-change SUPAC products, brand versus proposed generic) will not affect drug 

absorption. One such potential mechanism is transporter-mediated drug absorption. Although 

M9 guidance references important intestinal transporters, i.e., P-gp and BCRP, Caco-2 cell 

monolayers are limited in M9 to only assessing high permeability of passively transported 

drugs due to the potential lack of transporter expression. Transporter-mediated risk assessment 

of excipients is discussed. A critical question is “Are there excipients in the formulation with 

known or suspected effects on drug absorption?” 

 Regarding the potential for transporter-mediated excipient-drug interactions, two other 

FDA guidances are more comprehensive in assessing such risks than M9: “In Vitro Drug 

Interaction Studies — Cytochrome P450 Enzyme- and Transporter-Mediated Drug 

Interactions” and “Clinical Drug Interaction Studies — Cytochrome P450 Enzyme- and 

Transporter-Mediated Drug Interactions.”76,77 These companion guidances are largely aimed 

at drug development in anticipating or assessing drug-drug interactions. The guidances are 

additionally supported with a website concerning tables that list substrates, inhibitors, and 

inducers of P450 enzymes and transporters.78 Nine transporters are discussed, including two 

apically localized efflux transporters that have significant expression in the intestine: P-gp and 
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breast cancer resistance protein (BCRP). Given their location and directionality of transport, 

they have the potential to translocate drug back into the gut lumen and reduce drug absorption. 

Correspondingly, for a drug that is incompletely absorbed due to such efflux, an excipient that 

inhibits P-gp and/or BCRP has the potential to increase drug absorption. In vitro dissolution 

would presumably not detect such an excipient effect. 

 The quality of experimental tools to evaluate transporter-mediated drug interactions 

varies and depends upon the question to be addressed. There are in vitro assays that are viewed 

as reliable to demonstrate that a drug, or presumably an excipient, is not an inhibitor.76 For 

example, vitamin E TPGS was shown to not inhibit human PEPT1.55 

Meanwhile, in vitro assays showed the BCS Class III drug cimetidine to be a P-gp substrate 

and inhibitor.9,79,80 This situation exemplifies the general challenge in addressing the question 

about whether or not excipients in a formulation have potential effects on drug absorption. It 

is well appreciated that, even for perpetrator drug substances much less perpetrator excipients, 

that in vitro tools to predict in vivo transporter impact or transporter-mediated drug interactions 

have limitations. These limitations include relevance of in vitro studies to in vivo impact, as 

well as specificity to one transporter over another transporter, as transporters such as P-gp and 

BCRP can have overlapping activities. Of note, M9 guidance lists four model drugs for 

permeability assay method validation: digoxin, paclitaxel, quinidine, and vinblastine. Of these, 

only digoxin and quinidine are listed as example probes in the FDA clinical drug-drug 

interaction guidance.77 This lack of convergence reflects that in vitro and in vivo tools, as well 

as overall understanding about transporter-mediated interactions at the level of the gut, are still 

often only modestly developed. 
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 Such limitations are highlighted in examining the current, state-of-the-art 

recommendations for conducting in vivo clinical studies to assess transporter-mediated drug 

interactions, even for perpetrator excipients.77 This guidance notes clinical substrates of P-gp 

to include dabigatran etexilate, digoxin, and fexofenadine. The guidance further notes that 

criteria for selecting P-gp clinical substrates are (a) AUC fold-increase ≥2 with verapamil or 

quinidine co-administration and (b) in vitro transport by P-gp expression systems, but not 

extensively metabolized. More importantly for one with an interest in assessing excipient risk 

to modulate P-gp (e.g., risk of excipient to increase drug absorption via P-gp inhibition), the 

guidance notes that criteria for selecting P-gp clinical inhibitor are (a) AUC fold-increase of 

digoxin ≥2 with co-administration and (b) in vitro inhibitor. That is, it is clear that digoxin is 

the state-of-the-art in vivo victim drug to assess a P-gp-mediated drug interaction by a potential 

perpetrator drug (or excipient). Trueck et al. employed digoxin as the P-gp probe in a five-drug 

cocktail that aims to serve as a clinical tool to screen for transporter-based interactions.81 

 However, there are specificity and sensitivity limitations in using digoxin as the P-gp 

probe for in vivo clinical studies.82 Oral absorption of digoxin from tablets is 60–80%,83 

reflecting its intestinal permeability is less than high.84 However, with only 20–40% 

incomplete permeation due to perhaps P-gp, there is a modest amount that P-gp inhibition can 

increase digoxin absorption. Fexofenadine and dabigatran etexilate have been suggested to be 

more appropriate P-gp probes than digoxin to assess intestinal P-gp inhibition, although they 

also have significant limitations.85 Limitations in the availability of a suitable P-gp probe for 

in vivo clinical studies generally reflect the experimental challenges in assessing whether or 

not excipients in a formulation have potential in vivo effects on drug absorption. In other words, 

transporter effects are difficult to demonstrate or characterize, particularly in vivo. 
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 Future research should be aimed to help better answer the critical question — “Are 

there excipients in the formulation with known or suspected effects on drug absorption?” 

Currently, in vitro and in vivo tools as well our overall understanding about transporter-

mediated interactions at the level of the gut are often only modestly developed, making this 

critical question difficult to fully address. This difficulty is further challenged if there is the 

presumption of an excipient effect, which M9 appears to assume for even BCS Class I drugs. 

 

4.1.9. CONCLUSION 

 
 Excipients affecting GI drug absorption limit the granting of BCS-based biowaivers. 

Excipients may impact small intestinal transit, passive permeability, or active transport for 

BCS Class III drugs. BCS Class I drugs are not likely to be impacted by common excipients. 

However, experience to date supports the notion that common excipients in solid oral IR 

dosage formulations generally do not modify in vivo drug permeability or transit. A few 

potentially critical absorption-modifying excipients have been identified at high quantities in 

vitro and preclinically, including excipients that can impact intestinal transit (e.g., sorbitol, 

mannitol). Nonetheless, the current FDA M9 guideline has conservative limits for excipient 

changes. These restrictions, especially for BCS Class III drugs, merit regulatory relief. A 

database of failed BE clinical trials because of excipient changes could help identify 

disallowable excipient changes to dosage formulations due to impacting performance. 
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Chapter 4.2. Lack of an Effect of Polysorbate 80 on Intestinal Drug Permeability in 

Humans‡‡ 
 

4.2.1. INTRODUCTION 

 
 Excipients are inactive ingredients in drug products and have the potential to modulate 

drug absorption in undesirable ways.1 Such excipients have been conceived as “absorption-

modifying excipients” (AMEs). AMEs in drug products have important regulatory 

implications during formulation changes (e.g., scale-up and post-approval modifications, 

formation of a new generic product).2,3 Specifically, the waiving of in vivo bioequivalence 

(BE) studies (i.e., biowaiver) for highly soluble drugs [i.e., Biopharmaceutics Classification 

System (BCS) Class I and III drugs] carries potential concerns. Hence, there are major 

limitations on quantitative and qualitative excipient changes for drug approval. For several 

common excipients, we have shown that such potential concerns did not have an in vivo impact 

in humans.4 

 Despite no broad, direct evidence in humans, there is a potential concern that 

surfactants alter drug intestinal permeability to increase oral drug absorption.5 For example, 

the nonionic surfactant polysorbate 80 (also known as Tween 80 or polyoxyethylene 20 

sorbitan monooleate), has been shown in Caco-2 cell monolayers6,7 and mice8 to modulate 

intestinal permeability. Polysorbate 80 has been shown in vitro to inhibit intestinal transporters, 

specifically peptide transporter 1 (PepT1, SLC15A1) and P-glycoprotein (P-gp, MDR1, 

ABCB1).1,6,7,9 Transporters are membrane-bound proteins in the dynamic lipid bilayer. The 

fluidity of the lipid bilayer and specific lipids that are tightly bound to transporters can impact 

                                                 
‡‡ Metry, M., Krug, S. A., Karra, V. K., Ekins, S., Hoag, S. W., Kane, M. A., Fink, J. C., and Polli, J. 
E. Lack of an effect of polysorbate 80 on intestinal drug permeability in humans. Submitted. 
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transporter function.10 Surfactants can alter membrane fluidity and hence presumably change 

the structure/conformation and function of transporters.11,12 Such changes have been associated 

with the inhibition of PepT1 and P-gp.6,9 Surfactants can also inhibit protein kinase C (PKC) 

and modulate the function of several transporters that are regulated by PKC-dependent 

pathways, such as P-gp and apical sodium bile acid transporter (ASBT, SLC10A2).13,14 

Polysorbate 80 was also shown in vitro to disrupt cytochrome P450 3A4 (CYP3A4) enzyme 

activity.15,16 Polysorbate 80 has been demonstrated ex vivo to disrupt the composition and 

function of intestinal microbiota, which could damage the epithelial barrier and contribute to 

inflammation of the intestinal tract.17,18 

 The primary objective of this study was to assess the effect of oral polysorbate 80 on 

the human (n = 12) pharmacokinetics (PK) of three probe substrates of intestinal absorption: 

valacyclovir, chenodeoxycholic acid (CDCA; also known as chenodiol), and enalaprilat. 

Valacyclovir is a PepT1 substrate. CDCA is an ASBT substate. PepT1 and ASBT are active 

transporters in the intestine. Enalaprilat was employed as a very low passive permeability 

marker. Endogenous bile acid levels were assessed as a secondary measure of transporter and 

microbiota impact. We hypothesized that polysorbate 80 will not inhibit PepT1-mediated and 

ASBT-mediated intestinal absorption of valacyclovir and CDCA, respectively, and not 

increase passive intestinal permeability of enalaprilat. We further hypothesized that 

polysorbate 80 will modify intestinal microbiota, leading to alterations in plasma secondary 

bile acids. 

 Plasma was assessed for changes in acyclovir (i.e., the active metabolite of 

valacyclovir), CDCA, enalaprilat, and endogenous bile acid PK, relative to placebo. Results 

showed that polysorbate 80 (400 mg) BID had no impact on PepT1, ASBT, or passive intestinal 
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membrane permeability. Polysorbate 80 increased Cmax ratio of unconjugated secondary bile 

acids compared to placebo, whereas AUC was not impacted. Hence, polysorbate 80 may have 

modulated intestinal microbiota, leading to a higher Cmax of unconjugated secondary bile acids 

in the plasma. 

 

4.2.2. MATERIALS AND METHODS 

 
Materials 

 Polysorbate 80 (400mg) capsules were manufactured at the University of Maryland 

Good Manufacturing Practice (GMP) facility using Polysorbate 80, NF (Spectrum Chemical; 

New Brunswick, NJ). Placebo tablets were manufactured at the University of Maryland GMP 

facility using PROSOLV® EASYtab SP (JRS PHARMA; Weissenborn, Germany). 

Valacyclovir (500mg) tablets were obtained from Mylan Pharmaceuticals (Canonsburg, PA). 

CDCA (250mg) tablets (Chenodal; Lot #004949) were kindly supplied by Travere 

Therapeutics (San Diego, CA). Enalaprilat solution (2.5 mg / 2mL) was obtained from West-

Ward Pharmaceuticals (Berkeley Heights, NJ). LC-MS/MS grade solvents were purchased 

from Fisher Scientific (Pittsburgh, PA). Acyclovir was obtained from United States 

Pharmacopeia (Rockville, MD) and enalaprilat was obtained from Sigma Aldrich (St. Louis, 

MO). Acyclovir-d4 was obtained from Toronto Research Chemicals (North York, ON, 

Canada) and enalaprilat-d5 was obtained from CDN Isotopes (Pointe-Claire, GC, Canada). 

Bile acid standards and stable isotope labeled standards were purchased from Sigma Aldrich 

(St. Louis, MO), Toronto Research Chemicals (North York, ON, Canada), Steraloids 

(Newport, RI), Cambridge Isotope Laboratories (Tewksbury, MA), or CDN Isotopes (Pointe-
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Claire, QC, Canada). ISOLUTE PLD+ phospholipid depletion columns were purchased from 

Biotage (Uppsala, Sweden).      

 

Clinical Study 

 An open-label, randomized, single-dose, placebo-controlled, fasted, crossover PK 

study was conducted in n = 12 healthy adult volunteers (ClinicalTrials.gov identifier: 

NCT04640571). The study was approved by the Institutional Review Board at University of 

Maryland, Baltimore and was conducted at the General Clinical Research Center at the 

University of Maryland. Informed consent was obtained from all participants in the study. 

Table D.1  (see Appendix D) describes participant demographics. All volunteers received 

polysorbate 80 and placebo with a minimum washout period of 10 days and maximum washout 

period of 28 days. In this study, polysorbate 80 (400 mg) BID or placebo BID was administered 

orally for 6 days. Volunteers were given a study schedule and journal to report adverse events. 

On day 7, after a minimum of 10 h overnight fast, a single dose of valacyclovir (500 mg), 

CDCA (250 mg), and enalaprilat (20 mg) were administered orally with 240 mL water, along 

with a final dose of polysorbate 80 (400 mg) in the polysorbate 80 arm. Pravastatin (80 mg) 

was also administered concomitantly in a cocktail approach for a corresponding sub-study with 

a shared placebo arm. The four probes of the cocktail (i.e., valacyclovir, CDCA, enalaprilat, 

and pravastatin) were not expected to modulate one another.19-24 Nonetheless, cocktail was 

administered orally in the same fashion across all three arms to minimize the impact of 

potential interactions among the four probes in comparing polysorbate 80 arm to placebo arm. 

 Water was not allowed 1 h before and 1 h after administration of probe cocktail. 

Participants were provided standardized lunch and a snack 4 and 7.5 h after cocktail 
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administration, respectively. Blood samples (~5 cc, heparinized tubes) for PK analysis were 

drawn prior to cocktail administration and at 0.5, 1, 1.5, 2, 3, 4, 6, 8, and 10 h post-dose. The 

blood samples were centrifuged at >2000 rpm at 4°C for 10 min within 15 min of collection to 

produce plasma. Harvested plasma aliquots were stored at −80°C until assayed. The plasma 

concentrations of acyclovir, CDCA, enalaprilat, and endogenous bile acids were quantified by 

mass spectrometry. 

 

Computational Modeling 

 We conducted computational modeling to assess if CDCA or pravastatin were 

predicted inhibitors of PepT1, and if valacyclovir inhibits ASBT (Figure D.1). Briefly, PepT1 

inhibition activity for 223 compounds was obtained from the ChEMBL dataset 

(www.ebi.ac.uk/chembl). A Bayesian approach using Assay Central software was 

employed,25,26 using a PepT1 model threshold of 100 µM. The model exhibited favorable 

precision, recall, and specificity. CDCA and pravastatin were each predicted to be non-

inhibitors of PepT1. Similarly, ASBT inhibition activity for 251 compounds was obtained, and 

a model was developed using a threshold of 60 nM. The model exhibited favorable precision, 

recall, and specificity. Valacyclovir was predicted to be a non-inhibitor of ASBT. 

 

Quantification of Acyclovir and Enalaprilat 

 Drug concentrations in plasma were measured using a liquid chromatography - tandem 

mass spectrometry (LC-MS/MS) method. Acyclovir and enalaprilat were measured in human 

plasma using deuterated internal standard (IS) with extraction by simple acetonitrile-based 

protein precipitation. Briefly, acyclovir and acyclovir-d4 stock solutions were prepared in 
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dimethyl sulfoxide (DMSO). Similarly, enalaprilat and enalaprilat-d5 stock solutions were 

prepared by independently weighing out reference material and dissolving in methanol. All 

stock solutions were stored at -20°C for the duration of the study. Fresh calibration standard 

samples were prepared at nine concentrations (5, 10, 50, 100, 500, 1000, 2000, 4000 and 5000 

ng/mL for acyclovir; and 0.2, 0.4, 1, 5, 10, 25, 100, 300, and 500 ng/mL for enalaprilat) for 

each analytical batch. Quality control samples at four concentrations (15, 210, 2100 and 4200 

ng/mL for acyclovir; and 0.8, 8, 200 and 400 ng/mL for enalaprilat) were used to assess assay 

reliability. All stock solutions were used within 2 months of preparation.   

 For extraction, 100 µL of plasma was mixed with 25 µL of internal standard solution 

(4000 ng/mL of acyclovir-d4 and 700 ng/mL of enalaprilat-d5) and were extracted with 500 µL 

of acetonitrile. The samples were shaken for 3 min and were centrifuged at 15000 rpm for 10 

min at 5°C.  Supernatant was collected and evaporated to dryness. The residue was 

reconstituted in 100 µL of water and methanol (50:50, v/v) and a 2 µL aliquot was injected.  

 LC-MS/MS was performed on a Waters H-Class ultraperformance liquid 

chromatography system coupled to a Waters TQ-XS tandem quadrupole mass spectrometer 

(Waters Corporation, Milford, MA, USA). The chromatographic separation was achieved on 

a Phenomenex (Torrance, CA, USA) Kinetex C18 column (2.1×100 mm, 2.6 μm) at a column 

temperature of 45 ± 2°C. Acetonitrile was used as mobile phase A and 5 mM ammonium 

acetate with 0.1% formic acid was used as mobile phase B. The gradient program was 

performed over 6 min, starting with 99.9% B, ramping to 80% B over 0.5 min, continuing to 

ramp to 20% B over 2.0 min, holding at 80% B for 1 min and then equilibrating the column 

for 2.5 min. Flow rate was 0.400 mL/min. The mass spectrometer was operated in electrospray 

ionization (ESI) positive ion mode for the analysis with m/z transitions of 225.6 → 151.9 for 
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acyclovir; 229.6 → 151.9 for acyclovir-d4; 348.8 → 206.1 for enalaprilat and 354.1 → 211.0 

for enalaprilat-d5. Parameters were: capillary voltage 1.5 kV; desolvation temperature 600°C; 

desolvation flow 1000 L/hr; cone flow 150 L/hr; nebulizer 7 Bar; collision gas flow 0.15 

mL/min; source temperature 150°C; dwell time 30 msec; cone voltage: acyclovir 4 V, 

acyclovir-d4 8 V, enalaprilat 2 V, and enalaprilat-d5 14 V; collision energy: acyclovir 16 V, 

acyclovir-d4 22 V, enalaprilat 22 V, and enalaprilat-d5 24 V.   

 Analyte quantification was achieved in the concentration range of 5-5000 ng/mL of 

acyclovir and 0.2-500 ng/mL of enalaprilat in plasma. Batches were considered acceptable if 

standards and QCs met the acceptance criteria as detailed by the FDA Guidance for 

Bioanalytical Method Validation.27 All data was acquired using MassLynx (v 4.1). Standard 

regression was performed using TargetLynx (v 4.1) and all analytes used linear 1/x2 weighting. 

AUC was calculated between 0 and 10 h using the trapezoidal rule. 

 

Quantification of CDCA and Endogenous Bile Acids 

 Bile acids were quantified using a method previously described with minor 

adjustments.28 Briefly, stock solutions were prepared by independently weighing out reference 

material and dissolving in methanol. The concentration of the resulting stock solution 

considered salt form and purity from the certificate of analysis, as necessary. All stock 

solutions were stored at -20°C for the duration of the study. Fresh calibration standard samples 

were prepared at nine concentrations (1, 5, 10, 50, 100, 200, 500, 900, and 1000 ng/mL) for 

each analytical batch. Quality control samples at three concentrations (15, 400, and 800 ng/mL) 

were used to assess assay reliability. All stock solutions were used within 2 months of 
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preparation. No significant decrease in response was noted and slope was consistent for all 

analytical runs.   

 For extraction, 100µL of plasma was loaded directly onto the ISOLUTE PLD+ column 

per manufacture’s instructions and then 5µL of internal standard mixture (1000 ng/mL stable 

isotope labeled bile acid cocktail) was added to each tube. Samples were then spiked with 

400 µL of acetonitrile and independently vortexed for 30 s to precipitate proteins. Sample flow 

through was collected by applying approximately 4 psi via positive pressure manifold. Eluent 

was dried down under nitrogen stream at 40°C and the samples were reconstituted with 50:50 

water/acetonitrile with 0.01% formic acid. Samples were then transferred to glass autosampler 

vials with conical inserts for analysis.  

 LC-MS/MS was performed on a Waters I-Class ultraperformance liquid 

chromatography system coupled to a Waters TQ-XS tandem quadrupole mass spectrometer 

(Waters Corporation, Milford, MA, USA). Chromatographic separation was performed using 

0.01% formic acid in water as mobile phase A and 0.01% formic acid in acetonitrile as mobile 

phase B. The column used was Acquity BEH C18 (150×2.1 mm, 1.7 µm; Waters Corporation, 

Milford, MA, USA) and the column temperature was set to 55°C. The gradient program was 

performed over 32 min, starting with 25% B, ramping to 40% B over 12 min, continuing to 

ramp to 75% B over 14 min, followed by 100% B for 3 min and then equilibrating the column 

for 4 min. The flow rate was 0.350 mL/min. Of note, the strong needle wash was changed from 

the original study to acetonitrile:2-propanol:methanol:formic acid/30:30:40:0.5/v:v:v:v in 

order to alleviate carry over from taurine conjugated bile acids. 3 µL was injected for each 

sample. Tandem mass spectrometry analysis was carried out in ESI negative ion mode due to 

the acidic group on bile acids. Parameters were: capillary voltage 2.5 kV; desolvation 



 

194 
 

temperature 500°C; desolvation flow 800 L/hr; cone flow 150 L/hr; nebulizer 7 Bar; collision 

gas flow 0.15 mL/min; and source temperature 150°C.  

 Three scheduled periods were used to monitor the elution from the column: Period 1 

(4-10 min) monitored for glycoursodeoxycholic acid (GUDCA), glycocholic acid (GCA), 

tauroursodeoxycholic acid (TUDCA), and taurocholic acid (TCA); Period 2 (10-16 min) 

monitored for ursodeoxycholic acid (UDCA), cholic acid (CA), glycochenodeoxycholic acid 

(GCDCA), glycodeoxycholic acid (GDCA), taurochenodeoxycholic acid (TCDCA), and 

taurodeoxycholic acid (TDCA); Period 3 (16-24 min) monitored for lithocholic acid (LCA), 

deoxycholic acid (DCA), chenodeoxycholic acid (CDCA), glycolithocholic acid (GLCA), and 

taurolithocholic acid (TLCA). Mass transitions, cone voltage, and collision energy are 

provided in Table D.2. Batches were considered acceptable if standards and QCs met the 

acceptance criteria as detailed by the FDA Guidance for Bioanalytical Method Validation.27 

All data was acquired using MassLynx (v 4.1). Standard regression was performed using 

TargetLynx (v 4.1) and all analytes used linear 1/x2 weighting except for UDCA, which used 

quadratic 1/y2 weighting as recommended by Gu et al.29 AUC was calculated between 0 and 

10 h using the trapezoidal rule. 

 

Statistical Analysis 

 All numerical results were expressed as mean of three replicates ± SEM. Differences 

were determined to be statistically significant using Student’s t-test.  

 Non-compartmental analysis was used to calculate the PK parameters Cmax and AUC 

for drugs within cocktail (i.e., valacyclovir, baseline-corrected CDCA, enalaprilat, and 

pravastatin) and endogenous plasma bile acids. Valacyclovir is the pro-drug of the active 
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moiety acyclovir. Differences between polysorbate 80 and placebo arms were considered 

statistically significant when p < 0.05 for acyclovir, CDCA, enalaprilat, and endogenous bile 

acids using an unpaired one-tailed Student’s t-test. Differences in Cmax and AUC point estimate 

ratios (i.e., means of the ratios of polysorbate 80/placebo) were considered statistically 

significant from a value of one when p < 0.05 for acyclovir, CDCA, enalaprilat, and 

endogenous bile acids, using a one sample, unpaired one-tailed Student’s t-test. 

 

4.2.3. RESULTS 

 
Participant Adverse Events 

 Polysorbate 80 (400 mg) BID was well-tolerated among all participants with only two 

participants exhibiting adverse events. One participant had easy bowel movements on day 7 

after cassette dose administration. One participant exhibited an itchy rash following the 

polysorbate 80 round (i.e., during the washout period). All adverse events resolved without 

sequalae. 

 

Valacyclovir 

 Mean profiles of acyclovir in the polysorbate 80 and placebo arms are shown in Figure 

4.2.1.  Polysorbate 80 had no effect on acyclovir plasma exposure, as hypothesized. Mean PK 

parameters of acyclovir after polysorbate 80 and placebo treatment are shown in Table 4.2.1. 

Polysorbate 80 had no effect on the Cmax (p = 0.4) or AUC (p = 0.4) of acyclovir compared to 

placebo. Acyclovir Cmax and AUC ratios for polysorbate 80 versus placebo were 1.10 and 1.03, 

respectively, and were not statistically different than unity (p = 0.1 and 0.3, respectively). 
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Figure 4.2.1. Mean concentration versus time profile of acyclovir in n = 12 participants 

in the polysorbate 80 and placebo arms 

 

 

Participants took 400 mg polysorbate 80 or placebo BID for 6 days. On day 7, participants were 
administered a single dose of 500 mg valacyclovir, 250 mg CDCA, and 20 mg enalaprilat, as well as 
400 mg polysorbate 80 in polysorbate 80 arm. Polysorbate 80 had no effect on the plasma 
concentrations of acyclovir. Data are expressed as mean ± SEM. 

 
 

Table 4.2.1. Pharmacokinetic parameters of acyclovir, baseline-corrected CDCA, and 

enalaprilat in n = 12 participants on day 7 after polysorbate 80 and placebo treatment 

for 6 days 

 

 

Participants took 400 mg polysorbate 80 or placebo BID for 6 days. On day 7, participants were 
administered a single dose of 500 mg valacyclovir, 250 mg CDCA, and 20 mg enalaprilat, as well as 
400 mg polysorbate 80 in polysorbate 80 arm. Acyclovir, CDCA, and enalaprilat were measured 0-10 
h post-dose. Polysorbate 80 had no effect on the PK parameters of acyclovir, baseline-corrected CDCA, 
or enalaprilat. There was no statistical significance between polysorbate 80 and placebo. Data are 
expressed as mean ± SEM. 
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CDCA 

 Mean profiles of CDCA in the polysorbate 80 and placebo arms are shown in Figure 

4.2.2. Polysorbate 80 did not alter CDCA plasma exposure, as hypothesized. Mean PK 

parameters of baseline-corrected CDCA after polysorbate 80 and placebo arms are shown in 

Table 4.2.1. Polysorbate 80 had no effect on the Cmax (p = 0.4) or AUC (p = 0.3) of baseline-

corrected CDCA compared to placebo. Baseline-corrected CDCA Cmax and AUC ratios for 

polysorbate 80 versus placebo were 1.12 and 1.10, respectively, and were not statistically 

different than unity (p=0.2 and 0.1, respectively). 

 

Figure 4.2.2. Mean concentration versus time profile of CDCA in n=12 participants in 

the polysorbate 80 and placebo arms. 

 

 
Polysorbate 80 had no effect on the plasma concentrations of CDCA. Data are not baseline corrected. 

Data are expressed as mean ± SEM. 

 
 
Enalaprilat 

 Mean profiles of enalaprilat in the polysorbate 80 and placebo arms are shown in 

Figure 4.2.3.  Polysorbate 80 had no effect on enalaprilat plasma exposure, as hypothesized. 
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Mean PK parameters of enalaprilat after polysorbate 80 and placebo arms are shown in Table 

4.2.1. Polysorbate 80 had no effect on the Cmax (p = 0.3) or AUC (p = 0.4) of enalaprilat 

compared to placebo. Enalaprilat Cmax and AUC ratios for polysorbate 80 versus placebo were 

1.02 and 1.10, respectively, and were not statistically different than unity (p = 0.5 and 0.4, 

respectively). 

 

Figure 4.2.3. Mean concentration versus time profile of enalaprilat in n = 12 

participants in the polysorbate 80 and placebo arms 

 

 
 

Polysorbate 80 had no effect on the plasma concentrations of enalaprilat. Data are expressed as mean 
± SEM. 
 
 
Endogenous Bile Acids 

 Profiles of all bile acids in the polysorbate 80 and placebo arms are shown in Figure 

D.2. Mean PK parameters of each bile acid is summarized in Table 4.2.2. In comparing PK 

metrics from polysorbate 80 arm versus placebo arm, polysorbate 80 did not have a statistically 

significant effect on the Cmax or AUC of any bile acid (p > 0.1 and 0.2, respectively). Average 
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Cmax ratios (polysorbate 80 / placebo) of CA, DCA, LCA, and UDCA were statistically 

significant than unity (p = 0.04, 0.02, 0.03, and 0.04, respectively). Meanwhile, all other bile 

acids were not statistically significant. Average AUC ratio of GCA was statistically significant 

than one (p = 0.03), while all other bile acids were not statistically significant. 

 

Table 4.2.2. Cmax, Cmax ratio, AUC, and AUC ratio of endogenous plasma bile acids in 

n = 12 participants on day 7, after polysorbate 80 and placebo treatment for 6 days 

 

 
 

Endogenous bile acids were measured 0-10 h post-dose. Polysorbate 80 had no effect on most bile 
acids. Data are expressed as mean ± SEM. 
 
 
Other Cocktail Probes 

 Mean PK parameters from the other drug cocktail probe (i.e., pravastatin in a separate 

sub-study) after polysorbate 80 and placebo treatment are shown in Table D.3. There was no 

statistically significant effect of polysorbate 80 on pravastatin Cmax, Cmax ratio, AUC, and AUC 

ratio (p = 0.3, 0.08, 0.2, and 0.07, respectively). Mean profile of pravastatin in the polysorbate 
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80 and placebo arms is shown in Figure D.3. Polysorbate 80 had no effect on pravastatin 

plasma exposure. 

 

4.2.4. DISCUSSION 

 
Potential Drug-Excipient Interaction 

 Polysorbate 80 capsules contained 400 mg of polysorbate 80 and were administered 

BID for 6 consecutive days to allow for potential modulation of intestinal membrane fluidity 

and intestinal membrane disruption. On the next day, cocktail (i.e., valacyclovir, CDCA, and 

enalaprilat, along with pravastatin for a separate sub-study that shares the placebo arm) was 

administered with an additional 400 mg dose of polysorbate 80 to allow for potential direct 

transporter inhibition.  

 Valacyclovir is an orally administered prototypical PepT1 targeted prodrug designed 

to increase the intestinal absorption of the antiviral agent acyclovir. The bioavailability of 

orally administered acyclovir is 10-20%, however, oral bioavailability increases by 3- to 5-

fold to 54% when administered as valacyclovir.22,30,31 Specifically, intestinal PepT1 accounts 

for 90% of the intestinal uptake of valacyclovir.32 A potential concern is that the absorption of 

PepT1 substrate valacyclovir may be reduced by polysorbate 80 though membrane fluidity 

modulation or direct PepT1 inhibition. Valacyclovir is rapidly converted to acyclovir, an OCT1 

substrate, with dose-linear PK. Pravastatin, CDCA, and enalaprilat were not expected to impact 

valacyclovir or acyclovir PK.  

 CDCA, an orally administered drug used to dissolve gallstones, is also a native bile 

acid substrate that significantly relies on intestinal reabsorption during enterohepatic 

circulation by intestinal ASBT.33-35 In healthy subjects, the enterohepatic recirculation system 
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has high capacity to transport CDCA and bile acids. Valacyclovir is not an inhibitor of ASBT 

since it does not inhibit taurocholate uptake in vitro with up to 600 µM valacyclovir in hASBT-

COS cells.36 Pravastatin is not a potent inhibitor of ASBT (Ki = 1360 ± 360µM).37 Valacyclovir 

is not expected to be an inhibitor of ASBT, whereas pravastatin and CDCA are not expected 

to inhibit PepT1. Valacyclovir, enalaprilat, and pravastatin are not expected to impact CDCA 

PK. A potential concern is that the absorption of CDCA may be impacted by polysorbate 80. 

However, results indicate that polysorbate 80 did not inhibit PepT1- or ASBT-mediated PK of 

valacyclovir and CDCA, respectively. 

 Enalaprilat, due to its high solubility and low membrane permeability, is poorly 

absorbed after oral administration (i.e., 3-12%).38-40 In a human jejunal perfusion study, the 

permeability of enalaprilat was low, 0.20 x 10-4 cm/s.41 Therefore, enalaprilat is typically orally 

administered as the mono-acid prodrug enalapril, which is 60-70% absorbed after oral 

administration.42 Enalaprilat and not enalapril is administered intravenously due to 

enalaprilat’s high solubility. Enalaprilat is a weak multidrug resistance protein 4 (MRP4) 

substrate. Enalaprilat is not an inhibitor of ASBT or PepT1.43,44 Valacyclovir, pravastatin, and 

CDCA and are not expected to impact enalaprilat PK. A potential concern is that polysorbate 

80 may increase passive intestinal permeability (e.g., disrupt membrane integrity) and increase 

enalaprilat absorption. However, results indicate that polysorbate 80 did not module intestinal 

membrane fluidity or cause intestinal membrane disruption. 

 

Potential Disruption of Intestinal Microbiota 

 Polysorbate 80 has been shown in an ex vivo human model to disrupt the composition 

and function of intestinal microbiota.17 Bile acid composition and gut bacteria are tightly 
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coupled, such that bile acids are metabolized by intestinal microbiota and are also regulators 

of the intestinal microbiota. The primary bile acids CDCA and cholic acid (CA) are synthesized 

exclusively in the liver and conjugated to glycine or taurine to be secreted into bile and stored 

in the gallbladder. Following a meal, bile acids are released into the small intestine to emulsify 

dietary fats and enhance lipid absorption. Most bile acids (>95% daily) are reabsorbed in the 

terminal ileum and returned to the liver via the portal circulation. Unconjugated BAs that are 

not reabsorbed undergo bacterial biotransformation to form secondary bile acids, DCA and 

LCA from CA and CDCA, respectively. CDCA is also transformed to the secondary bile acid 

UDCA. These secondary bile acids can also be absorbed and undergo enterohepatic 

circulation.34,45 Significant increases in the secondary bile acids in this study demonstrate a 

potential alteration of the in vivo intestinal microbiota by 400 mg polysorbate 80 BID. 

 

Study Limitations 

 BE was not assessed. Rather, the study employed a drug-drug interaction study design, 

involving n = 12 crossed-over healthy volunteers. Multiple drug probes were evaluated, such 

that statistics suffer from the general multiple comparisons problem. However, with a view of 

detecting polysorbate 80 effect on any of the drug probes, a critical p-value of 0.05 was applied, 

without correcting for multiple comparisons to maintain a low 5% type 1 error rate.  

Nevertheless, polysorbate 80 was not detected to impact valacyclovir, CDCA, or enalaprilat 

absorption. 
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Implications for BCS-Based Biowaivers and Next Steps 

 BCS-based biowaivers beneficially streamline the development of new and generic 

drug products by reducing the need for in vivo BE assessment when not needed. Biowaivers 

also provide regulatory relief for scale-up and post-approval changes. From a public health 

perspective, biowaivers eliminate the risk of exposing participants to investigative clinical 

research, provides economic relief for drug sponsors by decreasing drug development time and 

cost, and reduces level of regulatory review burden.46 

 Previously, many regulatory agencies and organizations around the world, such as the 

US Food and Drug Administration (FDA), World Health Organization (WHO), and the 

European Medicines Agency (EMA) had implemented BCS-based biowaiver systems. A 

harmonized M9 BCS guidance was adopted in 2019 by the International Council for 

Harmonisation of Technical Requirements for Pharmaceuticals for Human Use (ICH).  

Prior to M9 BCS guidance, the FDA issued an updated BCS guidance in 2017 that exemplified 

polysorbate 80 as a surfactant that may be an AME. Similarly, M9 BCS guidance cautions that 

surfactants may impact drug permeability and references sodium lauryl sulfate [SLS; also 

known as sodium dodecyl sulphate (SDS)]. M9 BCS is more conservative about excipient 

changes than prior guidance.2 

 Results here for polysorbate 80 follow results of SLS. Previously, multiple in vitro and 

in situ studies showed SLS increased drug permeability.47-51 For example, SLS has been shown 

in a rat jejunal perfusion model to increase the absorption of enalaprilat by 8- to 9-fold.51 

However, Vaithianathan et al. found that 25 mg SLS had no significant impact on the human 

bioavailabilities of cimetidine nor acyclovir.4 Interestingly, M9 BCS cautions SLS as an 

excipient with potential to modulate permeability. Like SLS, polysorbate is a surfactant, and 
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multiple in vitro and in situ studies showed polysorbate 80 increased drug permeability.6-8 

However, like SLS previously, polysorbate 80 (400 mg BID and at co-administration) showed 

no impact on drug absorption in humans. 

 

4.2.5. CONCLUSION 

 
 Results indicate that polysorbate 80 does not impact active or passive intestinal drug 

absorption in humans. Polysorbate 80 did not inhibit PepT1- or ASBT-mediated PK of 

valacyclovir and CDCA, respectively. Polysorbate 80 did not increase intestinal absorption of 

enalaprilat, a low permeability probe. Significant increases in the Cmax values of secondary bile 

acids but not exposure, demonstrate a potential alteration of the in vivo intestinal microbiota 

composition by polysorbate 80. These findings support reducing excipient restrictions of BCS-

based biowaivers. 
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CHAPTER 5. CONCLUSIONS AND FUTURE DIRECTIONS 

 

 In Chapter 2, accumulation of the multi-fluorinated bile acids (MFBAs), CA-lys-TFA 

and CA-sar-TFMA, was visually detected in murine gallbladders using dual 1H/19F MRI. This 

methodology distinguished between WT and FGF15-deficient mice, which demonstrated its 

potential as a novel test for diagnosing bile acid diarrhea that results from FGF19 deficiency. 

Although this diagnostic method would favorably not involve exposing humans to ionizing 

radiation, there are major concerns about its translational potential due to infrastructure costs. 

Therefore, we pursued an alternate approach using bile acid analogues that can be visualized 

by standard 1H MRI. We synthesized and tested novel nitroxide-bile acid conjugates (NBACs), 

CA-Px-1 and CA-Px-2, for their transport via two key human bile acid transporters, intestinal 

ASBT and hepatic NTCP. These NBACs did not inhibit taurocholic acid (TCA) uptake by 

either transporter. Given the structural similarity of the NBACs to MFBAs, one major 

difference was the free radical moiety of the proxyl group. Therefore, we reduced the free 

radicals in CA-Px-1 and CA-Px-2 to yield CA-Px-1H and CA-Px-2H, respectively. However, 

CA-Px-1H and CA-Px-2H were also not inhibitors of TCA uptake via ASBT or NTCP. 

Overall, this study identified NBACs that are not suitable to evaluate bile acid transport and 

provided insight into potential structural constraints on bile acid conjugates. Future work 

considers modified NBACs that have a smaller nitroxide side group that may undergo bile acid 

transport (Figure 5.1). 
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Figure 5.1. Proxyl group modifications 

 

 
 

Proxyl group modifications. Abbreviations: V = molecular volume, A = surface area  

 

 
 In Chapter 3, the prototypical transporter-mediated drug metformin was shown to be 

eligible for a Biopharmaceutics Classification System (BCS)-based biowaiver based on its 

classification as a Class III drug. The current ICH BCS guidance requires all excipients to be 

qualitatively the same and quantitatively similar, reflecting potential concern of excipient 

impact on passive metformin permeability and transporter-mediated flux. However, beyond 

osmotic agents that, in sufficient quantities, lower BCS Class III drug absorption, we know of 

no common excipients that are expected to modulate metformin absorption or transporter-

mediated flux. In Chapter 3, the potential for pre-treatment with metformin (500 mg BID for 

6 days) to repress bile salt export pump (BSEP) expression in humans was assessed. Compared 

to placebo, metformin pre-treatment increased pravastatin plasma exposure, reduced 
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conjugated primary bile acid plasma exposure, and did not impact CDCA plasma exposure. 

Overall, metformin appeared to repress BSEP in healthy humans and exhibited modest 

differential effects on BSEP substrates depending upon their degree of enterohepatic 

recirculation. Future studies should aim to characterize the frequency and extent that 

metformin or other drugs repress BSEP in patients. Such studies should also aim to predict the 

direction and extent of interactions with other drugs and with conjugated and unconjugated 

bile acids (e.g., increase or decrease in plasma and/or liver exposure). Future studies should 

also aim to predict scenarios when these interactions could lead to adverse events. 

 In Chapter 4, experience to date supports that commonly used excipients in solid oral 

immediate release (IR) dosage formulations generally do not modify in vivo drug permeability 

or transit. A few potentially critical absorption-modifying excipients have been identified at 

high quantities in vitro and preclinically, including excipients that can impact intestinal transit 

(e.g., sorbitol, mannitol). Nonetheless, the current FDA M9 guideline has conservative limits 

for excipient changes regarding formulation changes (e.g., scale-up and post-approval 

modifications, formation of a new generic product). These restrictions, especially for that of 

BCS Class III drugs, merit regulatory relief. A database of failed BE clinical trials because of 

excipient changes could help identify unacceptable excipient changes to dosage formulations 

due to impacting performance. In Chapter 4, the excipient polysorbate 80 was demonstrated to 

not impact active or passive intestinal drug absorption in humans. Specifically, polysorbate 80 

did not inhibit PepT1- or ASBT-mediated PK of valacyclovir and CDCA, respectively. 

Polysorbate 80 also did not increase intestinal absorption of enalaprilat, a low permeability 

probe. Significant increases in the Cmax values of secondary bile acids but not exposure, 

demonstrated a potential alteration of the in vivo intestinal microbiota composition by 
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polysorbate 80. These findings support reducing excipient restrictions for BCS-based 

biowaivers based on the safety of polysorbate 80 as an excipient in drug formulations. 
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APPENDIX A: SUPPORTING INFORMATION FOR CHAPTER 2.2 

 

Attenuated Accumulation of Novel Fluorine (19F)-Labeled Bile Acid Analogues in 

Gallbladders of Fibroblast Growth Factor-15 (FGF15)-Deficient Mice 

 

Synthesis of CA-lys-TFA and CA-sar-TFMA 

 For CA-lys-TFA (Compound 4) synthesis, trimethylamine (TEA, 0.68 mL) and 2-(7-

azabenzotriazol-1-yl)-N,N,N',N'-tetramethyluronium hexafluorophosphate (HATU, 1.86 g, 

4.89 mmol) were added to a solution of cholic acid (2 g, 4.89 mmol) in N,N-

dimethylformamide (DMF, 10 mL). The mixture was allowed to stir at room temperature (RT) 

for 4 h, then extracted with 60 mL ethyl acetate (EtOAc) and washed with 30 mL water (3×), 

and then 20 mL brine (2×). The EtOAc layer was dried with sodium sulfate, filtered, and the 

solvent removed by evaporation to give 2, which was used without further purification. 

 To 2 (4 g) in DMF was added trifluoroacetyl L-lysine 3 (1.8 g). The mixture was 

allowed to stir at RT for 12 h, then extracted with 80 mL EtOAc, washed with 30 mL water 

(3×), 20 mL 1 M HCl (3×), 30 mL water (3×), and then extracted with 30 mL 1 M NaOH (1×). 

This aqueous extract was subsequently acidified to pH 1 using concentrated HCl and extracted 

into 80 mL EtOAc, then washed with 30 mL water (3×), then 30 mL brine (3×), and then the 

organic layer was dried using sodium sulfate. The resulting solution was filtered and 

evaporated to remove EtOAc to obtain compound 4 (80% for two steps). 1H NMR (400 MHz, 

CDCl3) δ12.99 (br s, 1H), 9.98 (s, 1H), 8.57 (d, J = 8.0 Hz, 1H), 4.89 (m, 1H), 4.35 (m, 1H), 

4.18 (m, 1H), 1.50 (d, J = 6.0 Hz, 3H), 1.37 (s, 3H), 1.15 (s, 3H); 19F-NMR (400 MHz, CDCl3) 

δ 3.57 (s, 3F); HRMS [M + H]+ (ESI-TOF) calculated for C32H51F3N2O7 632.3648, found 

633.3703.  
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 For CA-sar-TFMA (Compound 10) synthesis, we added sodium hydroxide (NaOH, 

25.2 mmol) to a solution of N-boc-ethylene diamine 5 (2 mL, 12.6 mmol) in DMF. We allowed 

the mixture to stir for 15 min. To this mixture, we added benzyl bromoacetate (7.6 mmol) and 

stirred overnight at RT. DMF was diluted with EtOAc and washed with 30 mL water (3×). We 

dried the product with sodium sulfate and removed EtOAc by vacuum. We separated the 

resulting clear oil by silica gel column chromatography to yield 6 (78%). 1H NMR (400 MHz, 

CDCl3, Figure A.4) δ 7.54 (m, 5H), 5.35 (s, 2H), 5.26 (br s, 1H), 3.64 (s, 2H), 3.40-3.39 (m, 

2H), 2.93 (t, J = 5.6 Hz, 2H), 1.63 (t, 9H). 

 We stirred compound 6 with 1:1 dichloromethane (DCM):trifluoroacetic acid (TFA) 

for 15 min to remove the N-boc protecting group. We evaporated excess solvent, which yielded 

compound 7. Next, the compound was stirred in DCM at 0ºC and 0.6 eq. (3.5 mmol) 

triflouroacetic anhydride was added. We allowed the mixture to return to RT and stirred it 

overnight. We then evaporated DCM under vacuum and dissolved the product in ethyl acetate, 

and washed it with saturated sodium bicarbonate. We dried the organic layer with sodium 

sulfate and evaporated ethyl acetate under vacuum. The resulting product was purified using 

flash column chromatography with a solvent of 30% hexane in ethyl acetate to yield compound 

8 (83% for two steps). 1H NMR (400 MHz, CDCl3, Figure A.5) δ 8.62 (d, J = 6.4 Hz, 1H), 

7.47-7.38 (m, 5H), 5.27 (s, 2H), 3.96 (s, 2H), 3.84 (s, 2H), 3.42 (s, 2H). 

 To 2 (3.4 mmol) in DMF, compound 8 (3.4 mmol) was added. We stirred the mixture 

at RT for 12 h. The resulting product was extracted with ethyl acetate, washed three times with 

water, dried with sodium sulfate, and ethyl acetate was evaporated under vacuum to give 9, 

which was used without further purification. 
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 The final product 10 was obtained by hydrogenating compound 9 in the presence of 10 

weight percent palladium/carbon catalyst in EtOH for 12 h to remove the benzyl protecting 

group (yield 81% for two steps). 1H NMR (400 MHz, CDCl3) δ12.11 (br s, 2H), 9.52 (s, 1H), 

9.31 (s, 1H); 19F-NMR (400 MHz, CDCl3) δ 3.35 (s, 3F), 3.30 (s, 3F); HRMS: calculated for 

C30H48F3N2O7 [M + H]+  605.3414, found 605.3421. 

 

Figure A.1. 1H-NMR of compound 4 
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Figure A.2. 19F-NMR of compound 4 
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Figure A.3. HRMS of compound 4 
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Figure A.4. 1H-NMR of compound 6 
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Figure A.5. 1H-NMR of compound 8 
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Figure A.6. 1H-NMR of compound 10 
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Figure A.7. 19F-NMR of compound 10 
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Figure A.8. HRMS of compound 10 
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Figure A.9. Mass of CA-lys-TFA and CA-sar-TFMA in stool samples per 24-h stool 

collection 

 

 
 

Mass of CA-lys-TFA (A) and CA-sar-TFMA (B) in stool samples per 24-h stool collection. Time on 

x-axis denotes days after dosing (e.g. day 1 is the 24-h period after dosing, with day 2 and 3 being the 

subsequent 24-h periods). Oral dose of CA-lys-TFA and CA-sar-TFMA were 78.5 mg/kg and 75 

mg/kg, respectively. Each mouse weighed between about 21-26 g. Error bars are standard error of the 

mean from n = 3. Low quantities of each CA-lys-TFA and CA-sar-TFMA were found intact in the 

stool, with more from FGF15-deficient mice (open symbols) than from wild-type (WT) mice (closed 

symbols). 
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APPENDIX B: SUPPORTING INFORMATION FOR CHAPTER 3.1 

 

Biowaiver Monographs for Immediate Release Solid Oral Dosage Forms: Metformin 

Hydrochloride 

 

Table B.1. Reports of interactions of metformin transporters with 20 most commonly 

used excipients of solid oral dosage forms, as well as polyethylene glycol and 

polysorbates 

 
Metformin transporters are OCT1, OCT2, OCT3, PMAT, OCTN1, THTR-2, SERT, MATE1, and 
MATE2K, since each translocates metformin. Also listed are GLUT2, BSEP, and CHT 
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APPENDIX C: SUPPORTING INFORMATION FOR CHAPTER 3.2 

 

Differential effects of metformin-mediated BSEP repression on pravastatin and bile 

acid pharmacokinetics in humans 

 

Supplementary Methodology 

 
Quantification of Pravastatin 

 Using liquid chromatography - tandem mass spectrometry (LC-MS/MS), pravastatin 

was measured in human plasma using deuterated internal standard (IS) with extraction by 

simple acetonitrile-based protein precipitation. Briefly, pravastatin and pravastatin-d3 stock 

solutions were prepared by independently weighing out reference material and dissolving in 

methanol. All stock solutions were stored at -20°C for the duration of the study. Fresh 

calibration standard samples were prepared at nine concentrations (4, 8, 25, 50, 100, 150, 250, 

360, and 400 ng/mL) for each analytical batch. Quality control samples at four concentrations 

(12, 20, 200 and 340 ng/mL) were used to assess assay reliability. All stock solutions were 

used within 2 months of preparation.   

 For extraction, 100 µL of plasma was mixed with 25 µL of internal standard solution 

(1000  ng/mL of pravastatin-d3) and was extracted with 500 µL of acetonitrile. The samples 

were shaken for 3 min and centrifuged at 15000 rpm for 10 min at 5°C. Supernatant was 

collected and evaporated to dryness. The residue was reconstituted in 100 µL of water and 

methanol (50:50, v/v) and a 2 µL aliquot was injected.  

 LC-MS/MS was performed on a Waters H-Class ultraperformance liquid 

chromatography system coupled to a Waters TQ-XS tandem quadrupole mass spectrometer 

(Waters Corporation, Milford, MA, USA). The chromatographic separation was achieved on 

a Phenomenex (Torrance, CA, USA) Kinetex C18 column (2.1×100 mm, 2.6 μm) at column 
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temperature of 45 ± 2°C. Acetonitrile was used as mobile phase A and 5 mM ammonium 

acetate with 0.1% formic acid was used as mobile phase B. The gradient program was 

performed over 6 min, starting with 99.9% B, ramping to 80% B over 0.5 min, continuing to 

ramp to 20% B over 2.0 min, holding at 80% B for 1min and then equilibrating the column for 

2.5 min. Flow rate was 0.400 mL/min. The mass spectrometer was operated in electrospray 

ionization (ESI) negative ion mode for the analysis with m/z transitions of 423.0 → 101.1 for 

pravastatin and 426.1 → 104.1 for pravastatin-d3. Parameters were: capillary voltage 1.5 kV; 

desolvation temperature 600°C; desolvation flow 1000 L/hr; cone flow 150 L/hr; nebulizer 7 

Bar; collision gas flow 0.15 mL/min; source temperature 150°C; dwell time 30 msec; cone 

voltage 35 V; and collision energy 20 V.   

 Analyte quantification was achieved in the concentration range of 4-400ng/mL of 

pravastatin in plasma. Batches were considered acceptable if standards and QCs met the 

acceptance criteria as detailed by the FDA Guidance for Bioanalytical Method Validation.1 All 

data was acquired using MassLynx (v 4.1). Standard regression was performed using 

TargetLynx (v 4.1) and all analytes used linear 1/x2 weighting. AUC was calculated between 

0 and 10h using the trapezoidal rule.  

 

Quantification of CDCA and Endogenous Bile Acids 

 Bile acids were quantified using a method previously described with minor 

adjustments.2 Briefly, stock solutions were prepared by independently weighing out reference 

material and dissolving in methanol. The concentration of the resulting stock solution 

considered salt form and purity from the certificate of analysis, as necessary. All stock 

solutions were stored at -20°C for the duration of the study. Fresh calibration standard samples 
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were prepared at nine concentrations (1, 5, 10, 50, 100, 200, 500, 900, and 1000 ng/mL) for 

each analytical batch. Quality control samples at three concentrations (15, 400, and 800 ng/mL) 

were used to assess assay reliability. All stock solutions were used within 2 months of 

preparation. No significant decrease in response was noted and slope was consistent for all 

analytical runs.   

 For extraction, 100 µL of plasma was loaded directly onto the ISOLUTE PLD+ column 

per manufacture’s instructions and then 5 µL of internal standard mixture (1000 ng/mL stable 

isotope labeled bile acid cocktail) was added to each tube. Samples were then spiked with 400 

µL of acetonitrile and independently vortexed for 30 s to precipitate proteins. Sample flow 

through was collected by applying approximately 4 psi via positive pressure manifold. Eluent 

was dried down under nitrogen stream at 40°C and the samples were reconstituted with 50:50 

water/acetonitrile with 0.01% formic acid. Samples were then transferred to glass autosampler 

vials with conical inserts for analysis.  

 LC-MS/MS was performed on a Waters I-Class ultraperformance liquid 

chromatography system coupled to a Waters TQ-XS tandem quadrupole mass spectrometer 

(Waters Corporation, Milford, MA, USA). Chromatographic separation was performed using 

0.01% formic acid in water as mobile phase A and 0.01% formic acid in acetonitrile as mobile 

phase B. The column used was Acquity BEH C18 (150×2.1 mm, 1.7 µm; Waters Corporation, 

Milford, MA, USA) and the column temperature was set to 55°C. The gradient program was 

performed over 32 min, starting with 25% B, ramping to 40% B over 12 min, continuing to 

ramp to 75% B over 14 min, followed by 100% B for 3 min and then equilibrating the column 

for 4 min. The flow rate was 0.350 mL/min. Of note, the strong needle wash was changed from 

the original study to acetonitrile:2-propanol:methanol:formic acid/30:30:40:0.5/v:v:v:v in 
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order to alleviate carry over from taurine conjugated bile acids. 3 µL was injected for each 

sample. Tandem mass spectrometry analysis was carried out in ESI negative ion mode due to 

the acidic group on bile acids. Parameters were: capillary voltage 2.5 kV; desolvation 

temperature 500°C; desolvation flow 800 L/hr; cone flow 150 L/hr; nebulizer 7 Bar; collision 

gas flow 0.15 mL/min; and source temperature 150°C.  

 Three scheduled periods were used to monitor the elution from the column: Period 1 

(4-10 min) monitored for GUDCA, GCA, TUDCA, and TCA; Period 2 (10-16 min) monitored 

for UDCA, CA, GCDCA, GDCA, TCDCA, and TDCA; Period 3 (16-24 min) monitored for 

LCA, DCA, CDCA, GLCA, and TLCA. Mass transitions, cone voltage, and collision energy 

are provided in Table C.2. Batches were considered acceptable if standards and QCs met the 

acceptance criteria as detailed by the FDA Guidance for Bioanalytical Method Validation.1 All 

data was acquired using MassLynx (v 4.1). Standard regression was performed using 

TargetLynx (v 4.1) and all analytes used linear 1/x2 weighting except for UDCA which used 

quadratic 1/y2 weighting as recommended by Gu et. al.3 AUC was calculated between 0 and 

10 h using the trapezoidal rule.  

 

Quantification of FGF19 

 FGF19 was measured from plasma samples (0-10 h) by ELISA according to 

manufacturer’s instructions. Briefly, all reagents and samples were brought to RT before use. 

Samples were diluted 2-fold and 100 µL was added in triplicate to FGF19 antibody-coated 

wells of a 96-well plate. A standard curve (0-8,000 pg/mL) of recombinant human FGF19 

standard (100 µL in triplicate) was also added to the plate. The plate was covered and incubated 

for 2.5 h at RT with gentle shaking, followed by washing with wash buffer (300 µL) 4 times. 
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Biotin conjugate (100 µL) was added to each well and incubated for 1 h at RT with gentle 

shaking, followed by washing 4 times. Streptavidin-HRP solution (100 µL) was added to each 

well and incubated for 45 min at RT with gentle shaking, followed by washing 4 times. TMB 

substrate (100 µL) was added to each well, incubated for 30 min at RT in the dark with gentle 

shaking. Stop solution (50 µL) was added to each well, gently mixed, and absorbance was read 

within 30 min at 450 nm and 550 nm (background). GraphPad Prism® was used to generate a 

baseline corrected standard curve using a third order polynomial. Plasma concentrations were 

interpolated from the standard curve and multiplied by the dilution factor to obtain FGF19 

concentrations in pg/mL.  
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Table C.1. Demographics 

 

 
 

Age, sex, and race of n = 12 participants. All participants were not Hispanic/Latino. 
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Table C.2. Acquisition method for bile acids 

 

 
 

Mass transitions, cone voltage, and collision energy are provided. Period 1 was from 4-10 min, Period 
2 was from 10-16 min, and Period 3 was from 16-24 min.  
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Table C.3. Pharmacokinetic parameters of acyclovir and enalaprilat in n = 12 

participants on day 7 after metformin and placebo treatment for 6 days 

 

 
 

Participants took 500 mg metformin or placebo BID for 6 days. On day 7, participants were 
administered cocktail, which included 80 mg pravastatin and 250 mg CDCA, as well as 500 mg 
valacyclovir and 20 mg enalaprilat for a separate sub-study. Metformin had no effect on the PK 
parameters of acyclovir or enalaprilat. Data are expressed as mean ± SEM. 
 
 
Figure C.1. Mean concentration versus time profiles of endogenous bile acids in n = 12 

participants in the metformin and placebo arms 

 
Participants took 500 mg metformin or placebo BID for 6 days. On day 7, participants were 

administered cocktail, which included 80 mg pravastatin and 250 mg CDCA. Endogenous bile acids 

were measured from 0-10 h post-dose. Time 0 was approximately at 8 am. Metformin generally reduced 

the plasma concentrations of conjugated primary bile acids and had no effect on the PK parameters of 

all other endogenous bile acids. Data are expressed as mean ± SEM. 
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Figure C.2. Mean concentration versus time profile of acyclovir in the metformin and 

placebo arms 

 

 
 

Participants took 500 mg metformin or placebo BID for 6 days. On day 7, participants were 

administered cocktail, which included 80 mg pravastatin and 250 mg CDCA, as well as 500 mg 

valacyclovir and 20 mg enalaprilat for a separate sub-study. Metformin had no effect on the plasma 

concentrations of acyclovir, which was administered as valacyclovir. Data are expressed as mean ± 

SEM. 
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Figure C.3. Mean concentration versus time profile of enalaprilat in the metformin and 

placebo arms 

 

 
 

Participants took 500 mg metformin or placebo BID for 6 days. On day 7, participants were 
administered cocktail, which included 80 mg pravastatin and 250 mg CDCA, as well as 500 mg 
valacyclovir and 20 mg enalaprilat for a separate sub-study. Metformin had no effect on the plasma 
concentrations of enalaprilat. Data are expressed as mean ± SEM. 
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APPENDIX D: SUPPORTING INFORMATION FOR CHAPTER 4.2 

 

Lack of an effect of polysorbate 80 on intestinal drug permeability in humans 

 

Table D.1. Demographics 

 

 
 

Age, sex, and race of n = 12 participants. All participants were not Hispanic/Latino. 
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Table D.2. Acquisition method for bile acids 

 

 

Mass transitions, cone voltage, and collision energy are provided. Period 1 was from 4-10 min, Period 
2 was from 10-16 min, and Period 3 was from 16-24 min.  
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Table D.3. Pharmacokinetic parameters of pravastatin in n = 12 participants on day 7 

after polysorbate 80 and placebo treatment for 6 days 

 

 
 

Participants took 400 mg polysorbate 80 or placebo BID for 6 days. On day 7, participants were 
administered a final dose of 400 mg polysorbate 80 (for polysorbate 80 arm only) and cocktail, which 
included 500 mg valacyclovir, 20 mg enalaprilat, and 250 mg CDCA, as well as 80 mg pravastatin for 
a separate sub-study. Pravastatin was measured from 0-10 h post-dose. Polysorbate 80 had no effect on 
the PK parameters of pravastatin. There was no statistical significance between polysorbate 80 and 
placebo. Data are expressed as mean ± SEM. 
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Figure D.1. Bayesian classification models for PepT1 and ASBT 

 

 
 

Bayesian classification models for hPepT1 and hASBT were run using data from ChEMBL 

(www.ebi.ac.uk/chembl). The models were then applied to predict transporter interactions for 

pravastatin, CDCA, and valacyclovir. In particular, three questions were:  

Does pravastatin interact with PepT1 or overlap with the compounds that do? 

Does CDCA interact with PepT1 or overlap with the compounds that do? 

Does valacyclovir interact with ASBT or overlap with the compounds that do?  

 

The ROC plots labeled ASBT and PepT1 represent 5-fold cross validation. All statistics are favorable 

(ROC>0.75, for instance). The ASBT model had a calculated threshold set to 60nM and the 

PepT1model had a threshold set to 100μM.  

 

Pravastatin score and domain values for PepT1 were 0.239 and 0.321, respectively. CDCA score and 

domain values for PepT1were 0.121 and 0.299, respectively. Valacyclovir score and domain values for 

ASBT were 0.297 and 0.333, respectively.  

 

Scores were less than 0.5 (>0.5 is classed as active) which indicated that pravastatin and CDCA were 

not likely to interact with PepT1at this threshold. Also, the domain values suggested that these 

molecules have little overlap with the compounds in the training set. Furthermore, PepT1 is well known 

to be a high capacity / low affinity transporter. Scores and domain values suggest that valacyclovir will 

not interact with ASBT and has little overlap with this model training set. 
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Figure D.2. Mean concentration versus time profiles of endogenous bile acids in n = 12 

participants in the polysorbate 80 and placebo arms 

 
Participants took 400 mg polysorbate 80 or placebo BID for 6 days. On day 7, participants were 

administered 500 mg valacyclovir, 20 mg enalaprilat, and 250 mg CDCA, as well as 400 mg 

polysorbate 80 in polysorbate 80 arm. Endogenous bile acids were measured from 0-10 h post-dose. 

Time 0 was approximately at 8 am. Data are expressed as mean ± SEM. 
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Figure D.3. Mean concentration versus time profile of pravastatin in the polysorbate 80 

and placebo arms 

 

 
Participants took 400 mg polysorbate 80 or placebo BID for 6 days. On day 7, participants were 

administered cocktail, which included 500 mg valacyclovir, 20 mg enalaprilat, and 250 mg CDCA, as 

well as 80 mg pravastatin. Polysorbate 80 had no effect on the plasma concentrations of pravastatin. 

Data are expressed as mean ± SEM. 
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