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Bile acids (BAs) are the amphipathic end products of cholesterol metabolism and represent 

a critical means of cholesterol excretion. BAs have a plethora of functions, including 

digestive roles, homeostatic feedback loops, energy metabolism, regulation of the 

microbiome, inflammation, and more. These effects implicate BAs in physiological and 

pathological processes throughout the body, not just within the enterohepatic circuit. To 

date, BAs have been linked to the pathogenesis of multiple types of cancer, type 2 diabetes 

mellitus, metabolic syndrome, and neurological disorders, among others. In health, BA 

homeostasis is precisely regulated by a process termed enterohepatic circulation (EHC). 

Several transport proteins are instrumental to this process, and disruptions in any of these 

transport systems lead to dysregulation of BA homeostasis, further leading to 

complications such as cholestasis and liver disease. BA metabolism and the EHC are 



 
 

conserved throughout vertebrate evolution, but the BA pool of more modern species has 

been modified to be more hydrophilic while still retaining properties of digestive 

surfactants. Though EHC is well-characterized, the understanding of eukaryotic 

transporters in this process is lacking, especially at the molecular level. 

Despite the recognition of bile acids as signaling molecules involved in disease 

progression, there remain numerous BAs that are poorly characterized. This is especially 

important because BAs are an extremely diverse group of molecules that represent the 

effects of host and microbiome metabolism. Furthermore, the unique physicochemical 

properties of these variations confer these molecules with differential levels of cytotoxicity 

and divergent, sometimes opposing, activation of cell signaling pathways.  

Thus, the scope of this dissertation is two-fold: first, to further characterize the BA pool in 

health and injury using cell and animal models; secondly, to use this information in order 

to probe the transporter responsible for the first step of the enterohepatic circulation, ASBT 

(SLC10A2). Completion of the first objective yielded improved understanding of BA 

metabolism in cell culture models and non-human primate laboratory models, as well as in 

radiation injury in the latter model. Accomplishment of the second objective returned 

insight into ASBT and BA evolution through the use of multiple vertebrate orthologs.  
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1. Bile Acids as Digestive Molecules and Hormonal Messengers 

1.1 Bile Acid Homeostasis 

1.1.1 Synthesis of bile acids 

Bile acids (BAs) are synthesized in the hepatocytes from cholesterol, a C27 steroid 

containing an alcohol group at C3, a double bond at C5, and an isooctane side chain (figure 

1.1)  (1, 2). Two pathways have 

been characterized for BA 

biosynthesis in humans: the 

neutral or classic pathway and 

the alternative or acidic 

pathway (1). The neutral 

pathway begins with the 

hydroxylation of cholesterol at 

the 7α position by CYP7A1 

(1). This enzyme is also the rate-limiting step of the classical pathway of BA biosynthesis 

(2, 3). Next, the planar steroid backbone of the cholesterol molecule becomes “bent” via 

isomerization and subsequent saturation of the C5-C6 double bond by two enzymes: 

microsomal cholest-5-ene-3β,7α-diol-3β-dehydrogenase (3β-HSD) and cytosolic Δ4-3-

oxosteroid-5β-reductase. (AKR1D1), respectively (1). These two steps result in 

epimerization of the A/B ring system from the trans to the cis conformation, effectively 

bending the steroidal backbone of the molecule (1, 4). The resultant product can be 

hydroxylated at the 12α position by CYP8B1 or proceed without 12α-hydroxylation to 

reduction of the C4-C5 double bond and C3 oxo group (1). Intermediates that undergo 12α-

Figure 1.1 The biosynthesis of bile acids from cholesterol through 

the classical pathway requires at least 16 enzymatic reactions.   

Figure 1.1 The biosynthesis of bile acids from cholesterol through 

the classical pathway requires at least 16 enzymatic reactions.   
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hydroxylation before this step will ultimately produce cholic acid (CA), and those that do 

not will become chenodeoxycholic acid (CDCA), the two primary bile acids in humans (1). 

Following the reduction step at the C4-C5 bond and the C3 oxo group, intermediates are 

hydroxylated and oxidized by CYP27A1 at the C27 position, producing a carboxylic acid 

group (1). The side chain is then ligated to coenzyme A by the bile acid coenzyme-A 

synthetase (BAS) and shortened to 24 carbon atoms by β-oxidation (1). Finally, BAs are 

amidated to either glycine or taurine via BA-CoA:amino acid N-acyltransferase (BAAT) 

(1). This step increases the acidity and overall solubility of BAs, allowing them to more 

efficiently mix with the digestive contents and preventing cytotoxicity due to their 

amphipathic nature (1-3). Though amidation to either glycine or taurine predominates in 

health by a wide margin, BAs can also be conjugate to sulfate or glucuronidasted to small 

sugar residues (5).   

The alternative pathway of BA biosynthesis is also called the acidic pathway due 

to the increased production of acidic intermediates in comparison to the classical pathway 

(5). In this pathway, cholesterol is oxidized at C27 by CYP27A1, then converted via 

hydroxylation by CYP7B1 into 7α,27-dihydroxycholerol (1, 5). These intermediates then 

feed into the classical pathway. The alternative pathway produces mostly  CDCA, while the 

classical pathway of BA biosynthesis produces approximately equal amounts of CDCA 

and CA (1, 5). Though the classical pathway predominates in health, the alternative 

pathway may become more active during disease or in cases of deficient CYP7A1 activity, 

such as during infancy (1, 5, 6). Additionally, other pathways of BA biosynthesis may be 

found in extrahepatic tissues; for example, oxidation of cholesterol at C24 or C25 produces 



3 
 

metabolites that feed into the BA synthetic pathway and represents an important 

mechanism of cholesterol elimination in the brain (5).  

1.1.2 Enterohepatic circulation of bile acids 

 Following biosynthesis, BAs are actively transported into the bile and stored in the 

gall bladder (in animals that are equipped with one), then secreted into the small intestine 

when a fatty meal is ingested (2). Instead of being excreted with the feces, bile acids are 

efficiently reclaimed at the terminal end of the small intestine and transported back to the 

liver through the portal circulation via a series of highly specific transporters (figure 1.2) 

(2, 5). This cycle is termed the enterohepatic circulation (EHC) of bile acids and allows 

BAs to be recycled many times per day, resulting in a minute loss of approximately 0.5 

grams of BAs daily (5). The total available quantity of bile acids throughout the 

enterohepatic tissues of the body is known as the bile acid pool and totals 2-4 grams in the 

human adult (2, 5).  

 The EHC of bile acids is made possible by multiple transporters in the bile duct, 

intestine, and liver epithelia acting in concert to efficiently recycle BAs. Once BAs have 

synthesized and amidated in the hepatocytes, they are effluxed from the liver into the bile 

canaliculi via the bile salt export pump (BSEP/ABCB11). Additional transporters that are 

primarily responsible for the efflux of phospholipids, cholesterol, and organic anions such 

as the MRPs (multidrug resistance-associated proteins) and MDRs  

(multidrug resistance proteins) can also transport BAs to a lesser extent (2, 7). From the 

bile canaliculi, bile acids, phospholipids, cholesterol, electrolytes, minerals, and bilirubin 

and biliverdin pigments are combined and concentrated in the gall bladder (6). Within the 

gall bladder, the amphipathic nature of bile acids allows the formation of mixed micelles 
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with phospholipids, solubilizing cholesterol and preventing the formation of gall stones 

(6).  

  

The presence of dietary fats in the proximal small intestine trigger contraction of 

smooth muscle in the gall bladder, releasing bile into the duodenum (6). Upon reaching the 

distal small intestine, conjugated BAs are taken up by the secondary active transporter 

ASBT (apical sodium-dependent bile salt transporter/SLC10A2) (7). A minority of BAs in 

the intestinal lumen will be unionized and therefore subject to passive diffusion without 

needing ASBT-mediated transport (6, 7).  Within enterocytes, BAs are thought to be 

Figure 1.2 A crude representation of the enterohepatic 
circulation of bile acids (represented as small diamond shapes). 

Major physiological compartments and transporters involved in 

EHC are highlighted. 
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shuttled to the basolateral membrane by the ileal bile acid binding protein (IBABP) where 

they are exported into the portal vein via the organic solute transporter (OST) α/β 

heterodimer (7). As in the hepatocytes, MRPs may also play a minor role in transporting 

modified BAs through the intestinal membrane (7).  

 From the portal bloodstream, BAs are transported across the hepatocyte sinusoidal 

membrane by the sodium-taurocholate cotransporting polypeptide (NTCP/SLC10A1) and 

the organic anion transporting polypeptide (OATP/SLCO) (7). BAs are then redirected to 

the bile canaliculi to begin the process anew (2, 6, 7). Under cholestatic conditions – i.e. 

when the hepatocyte is overloaded with BAs and risks hepatotoxicity – BAs may spill over 

into systemic circulation via OSTα/β and MRPs (7). When this happens, free BAs are 

filtered by the renal glomerulus and taken up by renal ASBT for delivery back to the liver, 

thus minimizing urinary excretion of BAs (7).  

 Because BAs are exposed to the intestinal microbiota multiple times per day via 

the EHC, they are subjected to microbial metabolism, resulting in the formation of so-

called secondary bile acids. In humans, the quantitatively most important secondary BAs 

are lithocholic acid (LCA) and deoxycholic acid (DCA), but the term secondary bile acid 

refers to any BA species that is not synthesized from the host metabolism and encompasses 

hundreds of potential metabolites and intermediate species (8). The formation of LCA and 

DCA occurs through dehydroxylation of primary BAs at C7 (7).  These processes result in 

the conversion of CA to DCA and CDCA to LCA (7). Intestinal metabolism of primary 

and secondary BAs yields a wide variety of possible isomers and steroidal derivatives, all 

of which can vary in their micellar and hormonal capabilities (7). Notably, because it 
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usually includes dehydroxylation, intestinal metabolism tends to result in a more 

hydrophobic and, therefore, more cytotoxic BA metabolite (6, 7).  

1.2 Functions of Bile Acids 

 The following functions of bile acids have been summarized in table 1.1. 

1.2.1 Bile acids as digestive surfactants 

 Bile acids are first and foremost known as digestive surfactants that aid in the 

solubilization of dietary fats (6). The amphipathic nature of bile acids allows them to form 

simple micelles at high concentrations; however, because BAs are rarely circulating on 

their own, it is more common for them to form mixed micelles with phosphatidylcholine 

in the bile and with fatty acids and glycerols in the small intestine (2). In these mixed 

micelles, BAs are able to solubilize membrane lipids, which is critical for the digestion and 

absorption of dietary fats and fat-soluble vitamins A, D, E, and K (2, 6).  

 Bile acids have additional roles in the digestive tract that expand beyond their 

formation of mixed micelles. For example, BAs accelerate the digestion of dietary proteins 

by proteases via binding to these proteins and causing denaturation (2). Bile acids have 

also been found to improve calcium absorption and affect pancreatic enzyme secretion (9). 

Furthermore, BAs serve as antimicrobial agents that regulate the amount and species of 

bacteria in the intestines (9). Within the biliary tree, the transport of BAs into the bile 

canaliculus generates osmotic pressure that stimulates bile flow (5, 9). Similarly, certain 

bile acids (CDCA and DCA) act as osmosensors within the colon, stimulating secretion  of 

water and electrolytes and colonic motility (2).  
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1.2.2 Bile acids as signaling molecules 

 Bile acids have been discovered to activate a number of nuclear and cell membrane 

receptors and are significant players in multiple physiological signaling cascades. These 

include regulation of their own synthesis and transport via feedback mechanisms, glucose 

and energy homeostasis, lipid metabolism, and inflammation, among others (6).  

Bile acid feedback 

 As demonstrated by the enterohepatic circulation, BA homeostasis is tightly 

regulated to minimize loss and maintain an appropriate concentration of BAs within the 

bile acid pool. This regulation is accomplished through a number of mechanisms. The 

nuclear receptor (NR) FXR (farnesoid X receptor/NR1H4) is found at the highest levels in 

hepatic, renal, and enteric cells and is differentially responsive to multiple BAs (2, 6, 7). 

Table 1.1 Summary of the currently recognized functions and effects of bile acids. 
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CDCA is the most efficient endogenous activator of FXR, followed by LCA and DCA, 

then CA (7). Activation of FXR causes repression of CYP7A1 and CYP8B1, important 

enzymes in the BA biosynthetic pathway, through at least two mechanisms. The first 

mechanism begins with the activation of hepatic FXR, causing increased expression of the 

small heterodimer partner (SHP/NR0B2). SHP then disrupts the positive regulatory effects 

of liver receptor homolog 1 (LRH-1) and hepatocyte nuclear factor 4 alpha (HNF4α) on 

CYP7A1 and CYP8B1 (2, 6). The second mechanism for FXR-mediated BA feedback 

involves the activation of ileal FXR by bile acids that have been reabsorbed from the 

intestinal lumen. Ileal FXR activation causes production of fibroblast growth factor 19 

(FGF19), which is secreted into the circulation and, upon reaching the hepatocyte 

membrane, binds to the FGFR4/β-Klotho receptor complex (2, 6). This activates a JNK 

signaling cascade that represses CYP7A1 expression (6).  

 BA activation of FXR also modulates the expression and function of transporters 

involved in EHC. Hepatic FXR activation leads to increased expression of BSEP, 

MDR3/MDR2, and ABCG5/ABCG8 and decreased expression of NTCP, thereby 

increasing the efflux of bile acids and other components of bile into the biliary canaliculi 

while decreasing the influx of bile acids from the blood (6). Similarly, activation of ileal 

FXR represses the expression of ASBT, which limits the amount of bile acids in the 

ileocyte, while increasing expression of IBABP, presumably to aid in expediated shuttling 

of BAs across the cell (6, 7). As mentioned in the above section, renal FXR and ASBT play 

a similar role in regulating the amount of bile acids lost to the urine (7).  

Bile acids in glucose and energy metabolism 
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 Bile acid signaling is known to affect glucose and energy metabolism, mainly 

through activation of FXR and the membrane bile acid receptor (M-BAR/TGR5/GPBAR1)  

(6, 10). These effects have been demonstrated in both enterohepatic and peripheral tissues, 

highlighting the importance of BAs as more than just digestive molecules (10). As such, 

targeting BA signaling represents a potential treatment for type 2 diabetes mellitus (T2DM) 

and dyslipidemia.     

BA-mediated hepatic FXR signaling modulates glucose levels following a meal through 

repression of gluconeogenesis and simultaneous induction of glycogen synthesis (10). 

Specifically, genes involved in lipogenesis and glycolysis, including carbohydrate 

responsive element-binding protein (ChREBP) and sterol responsive element-binding 

protein 1 (SREBP1c),  are inhibited, along with gluconeogenesis genes such as 

phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosophatase (G6Pase) (10). 

Additionally, activation of the intestinal FXR/FGF19/FGFR4 pathway contributes to 

hepatic glycogen synthesis (10). There is also recent evidence that peripheral secretion of 

FGF19 by extraenterohepatic BAs leads to repressed glucagon secretion from the pancreas 

(10).  

M-BAR is a G protein-coupled receptor that can be found in multple tissues throughout the 

body (10). BA-mediated activation of M-BAR activates protein kinase A (PKA) pathways 

in these compartments. In intestinal L cells, M-BAR activation promotes secretion of 

glucagon-like peptide 1 (GLP-1), which further acts on the pancrease to regulated insulin 

secretion (10). This effect is antagonized by activation of FXR, which suppresses GLP-1 

secretion in L cells but does so in a delayed fashion, causing a temporal separation between 

BA-mediated GLP-1 signaling (10). 



10 
 

M-BAR activation also induces the thyroid hormone-activating enzyme type 2 

iodothyronine deiodinase, which further induces energy expenditure in brown adipose and 

skeletal tissue (10). Pancreatic β cells are equipped with both M-BAR and FXR, and 

activation promotes glucose-stimulated insulin secretion, while FXR activation leads to 

induction of insulin transcription (10).  

Overall, most studies have demonstrated negative effects of intestinal FXR activation on 

hyperglycemia and positive effects of M-BAR signaling. Thus, one potential approach to 

T2DM is the combined activation of M-BAR signaling and simultaneous antagonism of 

intestinal FXR signaling; however, precautions would need to be taken in order to prevent 

peripheral effects of M-BAR activation (10).  

The role of bile acids in inflammation 

 BA signaling is believed to play a part in anti-inflammatory responses with most 

evidence pointing towards this effect being M-BAR-mediated. Though the exact 

mechanisms have not been elucidated as of yet, it has been shown that M-BAR activation 

suppresses lipid polysaccharide (LPS)-induced production of proinflammatory cytokines 

and NF-κB phosphorylation and signaling (10). This  may be especially important because 

M-BAR is especially present on macrophages and Kupffer cells in the liver (5). Activation 

of another bile acid-responsive nuclear receptor, the pregnane X receptor (PXR), also 

attenuates expression of NF-κB and proinflammatory cytokines (6). Additional studies 

suggest that M-BAR activation decreases macrophage infiltration into adipose tissue, 

leading to improved glucose and insulin sensitivity (10). Thus, there may be a link between 

BA-mediated glucose and energy signaling and anti-inflammatory signaling.  
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Additional roles of bile acids in signaling 

 Multiple avenues of research regarding BA signaling are being followed and 

continue to reveal new discoveries. For example, it is possible that BAs affect xenobiotic 

or at least their own metabolism through the activation of PXR in the liver. PXR is most 

responsive to activation by hydrophobic secondary bile acid LCA and its metabolite, 3-

keto-LCA (6). PXR activation leads to production of phase I-III enzymes and transporters 

that are involved in the metabolism and excretion of xenobiotics and more hydrophobic 

bile acids like LCA (6). As mentioned above, PXR activation also attenuates the 

inflammatory response by inhibiting the NF-κB pathway; thus, this effect may be part of 

the hepatic defense mechanism in cholestatic conditions.  

 Like PXR, LCA and its metabolite 3-keto-LCA are capable of activating another 

nuclear receptor, the vitamin D receptor (VDR) (6). VDR is present in the kidney, intestine, 

and macrophages, as well as multiple other tissues. Activation of VDR by LCA induces 

target genes including the CYP3A family of enzymes, which are responsible for the 

detoxification of hydrophobic secondary BAs and a wide array of xenobiotics (6). In 

addition, vitamins A and D are capable of activating separate feedback mechanisms that 

repress BA biosynthesis, indicating a possible balance between BAs and vitamins A and/or 

D (6).   

1.3 Dysregulation of Bile Acids during Disease and Injury 

 Dysregulation of normally tightly regulated bile acid homeostasis has been noted 

in a plethora of disease and injury states, including maladies of enterohepatic and 

peripheral tissues. In some cases, this dysregulation is a symptom of the causative disease; 
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in others, BA dysregulation can cause and exacerbate related issues. In most of these cases, 

this is due to the aforementioned hydrophobicity and thus cytotoxicity of BAs; however, 

deleterious effects can also arise from skewed BA signaling.  

1.3.1 Cholestasis 

 One of the most common and well-known complications of BA dysregulation is 

cholestasis, or buildup of bile acids within the liver and/or bile. This can occur for a number 

of reasons but usually is due to the absence or inhibition of BSEP at the canalicular  

membrane. Absence of BSEP is found as a congenital defect, so named Primary Familial 

Infantile Cholestasis (PFIC) type 2, and presents as severe infantile cholestasis, i.e. bile 

acid buildup in the hepatocytes, with accompanying jaundice (2). In these cases, the only 

viable treatment option is total liver transplantation (2). Less severe phenotypes can be seen 

in patients with mutations in other EHC transporters (11).  

 Inhibition of BSEP by xenobiotics can cause drug-induced liver injury (DILI), 

which is sometimes so severe that the injury can be fatal or require organ transplantation  

to save the patient. Multiple drugs can inhibit BSEP, including rifampicin, cyclosporine A, 

and troglitazone, the latter of which required market withdrawal due to DILI (11). Thus, 

preclinical studies of new drug candidates screen for cholestatic potential, and BSEP 

inhibition is one of the leading causes new drug candidates are pulled before or during 

clinical trials (11). These studies are complicated by the differences between the bile acid 

pools between laboratory animal models and humans; however, advances in 

pharmacological modeling have proven to be a potential workaround (11).  

 In most cases of nonfatal cholestasis and/or BSEP inhibition, regulatory feedback 

pathways can compensate for the nonfunctional transporter with other mechanisms of BA 
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excretion, preventing liver injury. As mentioned in an earlier section, sulfation and 

glucuronidation represent minor pathways of BA metabolism in health, but these may 

become more important during cholestasis (1, 11). Similarly, transporters that normally 

carry a very small BA load, such as MDRs, MRPs, P-GP, OATPs, and OSTs, may be able 

to shoulder some of the burden when the classical transporter’s function is repressed. 

 Cholestasis can also be caused by physical blockage of the bile ducts. Primary 

biliary cholangitis (PBC) is a progressive autoimmune disease that causes inflammation in 

the intrahepatic bile duct, preventing proper bile flow (12). Primary sclerosing cholangitis 

(PSC) presents as a similar disease but is idiopathic and causes progressive inflammation 

in both intra- and extrahepatic bile ducts (12).  

Regardless of the underlying cause of cholestasis, hepatocytes become overloaded 

with cytotoxic bile acids, which leads to inflammation, mitochondrial dysf unction, 

formation of reactive oxygen species, and apoptosis, all of which may also be added to by 

the underlying cause of the cholestatic insult (5, 11). As mentioned, untreated cholestasis 

that cannot be remedied through the liver’s compensatory mechanisms can be fatal. 

Moreover, cholestasis is a common complication of other liver diseases, as detailed in the 

following sections.  

1.3.2 BA dysregulation in cancer 

  Multiple types of cancer – including gastrointestinal, esophageal, stomach, liver, 

biliary, pancreatic, and intestinal cancers – are associated with dysregulation in the BA 

pool and/or EHC (5). Besides their cytotoxic effects, BAs are also of interest due to their 

activation of FXR, which may influence cell proliferation (5). The more hydrophobic bile 

acids have been shown to be teratogenic and carcinogenic or co-carcinogenic (5).  
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 Hepatocellular carcinoma (HCC) is the most common type of liver cancer and one 

of the most deadly cancers overall (13). HCC risk factors include heavy alcohol use, 

hepatitis C infection, and obesity or metabolic disorder (13). Multiple studies have 

identified skewed BA profiles in HCC patients versus those with other types of liver injury 

(13, 14). Specifically, glycine-conjugated CA, DCA, and CDCA, taurine-conjugated CA, 

and unconjugated CDCA were decreased in HCC patients when compared with healthy 

controls (14). A separate study discovered similar trends with decreases seen in GCA, 

GDCA, TCA, and TCDCA in comparison to patients with cirrhosis (13). It is still unclear 

if the modified BA profile plays a causative or exacerbating role in the pathogenesis of 

HCC, if it plays a role at all. Efforts continue to be made to establish these changes in the 

BA pool as biomarkers of HCC; however, confounding factors such as diet, concomitant 

medications, and genetics prove to be substantial hurdles.    

 Colorectal cancer (CRC) is another common cancer whose development is rooted 

in lifestyle choices such as alcohol consumption and diet (15). The development of CRC 

and most of its risk factors (e.g. diet, alcohol consumption, physical activity, etc.) can 

profoundly modify the intestinal microbiome; in turn, the microbiome is known to 

influence the members of the bile acid pool (15). As noted in an above section, production 

of secondary bile acids by bacterial dehydroxylation creates stronger activators of VDR, 

M-BAR, and PXR. An overabundance of dietary fat leads to increased synthesis and 

circulation of primary bile acids (CA and CDCA) in order to properly digest the lipids. 

Increased primary BA delivery to the intestines then leads to increased bacterial 

metabolism of these compounds, resulting in the increased formation of secondary bile 

acids (LCA and DCA). Because LCA is more efficiently excreted and metabolized, DCA 
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is more likely to reside in the body and cause changes (15). It has been established for 

several decades that CRC patients have increased serum and fecal levels of DCA; 

furthermore, the increased proliferation of colonic mucosa is correlated with the amount of 

DCA in circulation (15). This is possibly through a number of mechanisms, including 

release of arachidonic acid due to the solubilization of local membranes by the detergent 

BAs (15). DCA has also been shown to be involved in transactivation of the epidermal 

growth factor receptor (EGFR), causing cell proliferation through the β-catenin signaling 

pathway (15).  Finally, DCA can induce degradation of the tumor suppressor gene p53, 

thus disrupting an important defense against cancer cell proliferation (15). 

 In stomach and esophageal cancers, bile acids are proposed to have a contributing 

role due to the combination of BAs and stomach acid refluxing from the duodenum into 

the stomach and/or esophagus (16). Chronic esophageal and/or duodenogastric reflux is 

already thought to be a major risk factor for these cancers, but BAs may be an unknown 

mechanistic factor. In addition, the ingestion of a high animal protein and high fat diet, as 

with colorectal cancer, is a major risk factor for the development of other types of cancer 

in the digestive tract, including pancreatic, gall bladder, bile duct, and small intestinal 

cancers (16). As above, dietary modulation of the gut microbiome may promote the 

formation of a more carcinogenic BA pool.  

1.3.3 NAFLD, NASH, and metabolic diseases 

NAFLD, NASH, and cirrhosis 

Nonalcoholic fatty liver disease (NAFLD) is one of the most common types of liver 

disease and is associated with metabolic dysregulation and T2DM (17, 18). If NAFLD 

progresses without treatment, it can develop into nonalcoholic steatohepatitis (NASH), 
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which further can lead to liver cirrhosis, then cancer. Save for liver transplantation, there 

are no approved therapies for NASH (18). The BA pool has been shown to shift towards 

more trihydroxy BAs (i.e. CA versus CDCA) with advancing steatosis, which would result 

in depressed FXR activation, which has also been demonstrated in NAFLD patients (18). 

Another study showed an increase in the percent of secondary bile acid DCA, which 

antagonizes FXR activation, with a simultaneous increase in the percent of circulating 

CDCA, the strongest endogenous FXR activator (17). Similarly, increased conjugated and 

unconjugated CA was discovered to directly associate with clinically significant fibrosis 

(18).  Taken together, these data represent compelling evidence that BA dysregulation 

contributes to NAFLD and NASH progression, likely through inhibition of FXR signaling.  

Diabetes mellitus and metabolic disorders 

 Type 2 diabetes mellitus (T2DM) and multiple metabolic disorders share multiple 

similarities, including insulin resistance and glucose intolerance, which is modulated by 

bile acid signaling, as reported above. Accordingly, BA metabolism is altered in T2DM, 

and the BA pool size in increased in this and other metabolic disorders (19, 20). 

Additionally, glucose and insulin can stimulate transcription of CYP7A1, the rate-limiting 

step of BA biosynthesis (19). In diabetic and obese patients, serum bile acids are composed 

of a higher ratio of CA and its bacterial metabolite DCA to CDCA and its bacterial 

metabolite LCA, leading to decreased FXR signaling, as above (19). This is consistent with 

decreased circulating FGF19 in diabetic patients (19). Thus, increase 12α BAs stimulate 

fat and cholesterol absorption and may contribute to dyslipidemia. As in the above section, 

diet – a major factor in the development of T2DM and metabolic disorders – affects the 

gut microbiome, which affects the composition of the bile acid pool. Indeed, it has been 
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shown that the populations of certain gut bacteria are skewed in T1DM and T2DM patients 

(19).  

T2DM is often associated with comorbidities, such as obesity, metabolic syndrome, 

and cardiovascular disease (19). In obese patients, increased circulating BAs positively 

correlate with body mass index (BMI) and serum triglycerides (21). Due to the differential 

ability of BAs to induce or inhibit inflammation, it is also postulated that modifications 

made to the BA pool caused by changes in the microbiota in metabolic disorders plays a 

role in the intestinal inflammation present in many of these diseases (21).  Finally, BAs are 

known to differentially modulate lipoprotein metabolism (21). As above, it is unclear the 

extent to which BAs exacerbate and/or contribute to the pathogenesis of metabolic 

disorders, but it is clear that they are significant players.  

1.3.4 BA dysregulation in other disease and injury states 

BAs in neurodegenerative and neurological disorders 

It is clear that bile acids are ubiquitous molecules that can affect and are affected 

by more than just the digestive system. Thus, their dysregulation has been noted in a wide 

variety of diseases. For example, BAs in cerebrospinal fluid (CSF) have been investigated 

as biomarkers in the development of Alzheimer’s disease (AD); CA, CDCA, and ACA 

(allocholic acid, an epimer of cholic acid) concentrations in CSF distinguished AD patients 

from those with non-AD neurological diseases, and the concentrations of these correlated 

with disease severity (22). Similarly, this group reported increased BAs in the plasma of 

patients with Parkinson’s disease (23). Additional evidence exists for the dysregulation of 

bile acids in other neurodegenerative and neurological disorders, including Huntington’s 
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disease, amyotrophic lateral sclerosis (ALS), prion diseases such as Creutzfeldt-Jakob 

disease, multiple sclerosis (MS), and cerebrotendinous xanthomatosis (CTX) (24).  

BAs as biomarkers for lung transplant rejection 

 Preclinical studies have demonstrated the utility of bile acids in predicting 

inflammation in lung allografts following transplantation (25). In these studies, the 

presence of certain BAs in bronchoalveolar lavage correlated with gastroesophageal reflux, 

amount of proinflammatory markers, and predictive of chronic lung allograft dysfunction 

(25-27). Thus, these authors have suggested the use of TCA and inflammatory factors as 

biomarkers to predict lung allograft inflammation and rejection.  

BAs in cardiovascular diseases  

As mentioned above, BAs are involved in glucose, lipid, and energy metabolism 

and are dysregulated in obesity and metabolic disorders; thus, it follows that BA 

homeostasis is also modified in cardiovascular diseases. Multiple studies have 

demonstrated the depressed fecal excretion of BAs in patients with coronary artery disease 

(CAD), which agrees with a lower concentration of circulating bile acids in this group (28). 

Moreover, decreased presence of total bile acids in serum is associated with severity of 

CAD and myocardial infarction (28).   

1.4 Conclusions and Thesis Introduction 

 It is clear that bile acids are important regulatory, digestive, and pathological 

molecules with an abundance of functions and effects. Cutting edge research is constantly 

taking place that furthers the understanding of these versatile compounds. One area that 

still remains to be explored is the function and properties of unusual subsets of bile acids, 

those which occupy an infinitesimal part of the BA pool during health but may become 
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important players during cases of dysregulated bile acid metabolism. Among these subsets 

are the tetra-hydroxy BAs, the iso- and oxo-BAs, and the planar BAs, which form a large 

basis of this thesis and will be discussed in more detail in the following chapters.   
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Chapter 2 2. Significance and Research Objectives 

2.1 Background  

The solute carrier (SLC) superfamily of uptake transporter proteins constitutes an 

indispensable method of nutrient acquisition, homeostasis, and xenobiotic absorption and 

disposition; however, many of these proteins are poorly characterized at the molecular 

level. No crystal structures have been obtained from eukaryotic transport proteins, so 

structural information has been derived from computational modeling and cellular studies 

as well as bacterial transporter crystal structures, which may not be an accu rate 

representation of eukaryotic transporters (1). The Swaan laboratory’s research is focused 

on increasing structural and mechanistic understanding of SLC member 10A2, or ASBT, 

as a prototypical SLC transporter. ASBT, the ileal sodium-dependent bile acid transporter, 

is responsible for the uptake of bile acids (BAs) from the intestine following their release 

from the gallbladder after a meal (1, 2). As such, it is an integral component of 

enterohepatic circulation and BA homeostasis. BAs are molecules produced by the liver 

from cholesterol with the traditional purpose of solubilizing lipids for increased intestinal 

absorption (3). BAs are also involved in signaling pathways, antimicrobial activity, 

intestinal function, and are the major route of elimination of cholesterol (3). Human ASBT 

exhibits high affinity for BAs, but the extent varies substantially with the structure of each 

individual BA (1, 2). More hydroxylated (i.e. trihydroxylated species) and unconjugated 

BAs are recognized with the highest affinity, while conjugated and di- and mono-

hydroxylated BAs are recognized with less affinity (1). This structure specificity is 

important because BAs are a highly diverse group of molecules, exhibiting more structural 

variation than any other known class of molecules in vertebrates (4). It is currently 
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estimated that humans can have nearly 400 distinct BAs resulting from the highly diverse 

bacterial metabolism occurring within the intestine (4).  

BAs are especially diverse between species. Three broad classes of bile salts have 

been acknowledged among vertebrates: the 27-carbon (C27) bile alcohols, C27 bile acids, 

and the 24-carbon (C24) bile acids (figure 2.1) (3, 5, 6). These groups differ in the length 

of the carbon side chain as well as oxidation state at C-27 (having a carboxylic acid or 

alcohol group). These classes can be further divided based on hydroxylation points, 

hydroxyl group orientation, and orientation of the ring system (3). For the most part, an 

individual species uses just one group or subgroup of bile salts. For example, humans and 

most mammals utilize 5β-C24 BAs – molecules with a 19-carbon steroidal ring system in 

which the A and B rings are cis to one another and a 5-carbon side chain with various 

hydroxylation points specific to the individual bile acid (5, 6). Earlier evolved species, 

however, utilize 5α- and 5β-C27 bile alcohols and acids, with the earliest extant vertebrate 

species using 5α-C27 bile alcohols (Figure 2.1). The 5α-C27 bile alcohols, unlike the BAs 

in most mammals, are molecules with an 8-carbon side chain instead of a 5-carbon chain, 

A B 

C D 

C D 

Figure 2.1 Representative models of cholesterol (A) and the three classes of bile 

salts: the C27 bile alcohols (B), C27 bile acids (C), and C24 bile acids (D). 
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less common hydroxylation points and ketone groups, and with an A/B trans ring system, 

as opposed to A/B cis (5, 6). Notably, the 5β configuration common in humans and most 

mammals results in a “bent” or “twisted” bile acid molecule, whereas the 5α-BAs are planar 

(5, 7-9). The structural diversity of bile salts confers bile acid transporters and receptors a 

great deal of specificity. The affinity of ASBT for human bile salts has been previously 

reported by our lab and others (2). 

As mentioned, there is a high degree of diversity among the bile acid pools of 

different species, especially of those species at distinct points of the phylogenetic tree. The 

5α C27 bile alcohols are regarded as the ancestral bile salts, used by the evolutionary oldest 

extant species, whereas the 5β C24 BAs are the most modern bile salts, used by humans and 

the most recently evolved mammalian species (5, 6). Thus, over time, BAs have shifted 

from having an 8-carbon chain and a 5α A/B ring orientation to a 5-carbon chain and a 5β 

A/B ring orientation (Figure 2.1). Between these distinct points of the phylogenic tree, 

species have also evolved to use 5α/β C27 BAs and 5α C24 BAs. Additional variance in bile 

salts appear in individual species as specific hydroxylation points (5, 6). For example, early 

aquatic species, such as lobe-finned and jawless fish use exclusively 5α C27 bile alcohols, 

and many lizards utilize 5α C24 BAs. Conversely, healthy humans use exclusively 3α-, 7α-

, and/or 12α-hydroxylated 5β C24 BAs (5, 6). Interestingly, humans are also found to 

sometimes have the 5α C24 bile salts, termed the allo or planar bile salts, during gestation 

and infancy, as well as in certain disease states (10-12). Sufficient information does not 

exist to explain the recurrence of the allo BAs in humans, but a popular theory postulates 

that the proliferating liver – as is found in infancy, gestation, and in hepatic cancer – has 

incomplete enzymatic capacity due to retro-differentiation of the hepatocytes and further 
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that this immature hepatic state is metabolically representative of a less evolved liver (10). 

Additional putative pathways for the formation of planar bile acids are given in figure 2.2.  

Simultaneous quantitation of individual BAs is needed to elucidate the changes in the BA 

pool as a function of the hepatic state. The Kane lab specializes in the development and 

application of analytical methods for the investigation of putative biomarkers using 

quantitative mass spectrometry (MS). Presently, LC-MS/MS represents the most sensitive, 

specific, and robust methodology of quantifying bioactive small molecules such as BAs 

from complex biological matrices.   

With the highly specific nature of ASBT’s transport capabilities formerly 

described, we hypothesize that this transporter has evolved alongside the bile salts 

previously described herein. That is, the ASBT protein found in human intestine is more 

suited to transport human BAs and structurally similar molecules, whereas bile 

acid/alcohol transport proteins found in earlier evolving animals, such as lizards and fish, 

are specific to the bile salts used by that species. This hypothesis is instrumental to another 

ongoing effort by our lab: to demonstrate that specific recognition  of bile salts by 

ASBT/SLC10A2 is unique to vertebrates, as this group comprises the only species to 

synthesize bile salts. Thus, we further hypothesize that eukaryotic SLC10A2 is functionally 

distinct from prokaryotic homologs. To this effect, we have made efforts to (1) examine 

the evolution of ASBT as a highly specific BA transporter and to (2) investigate the 

recurrence of planar BAs in injury models to determine their origin and potential effects.  

2.2 Research Objectives 

 This project began with the intention of using the planar bile acids as biomarkers 

and determining their role in cancer, hepatitis, and/or liver regeneration. For both of these  
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Figure 2.2 A simplified schematic of cholesterol (A) metabolism highlighting major enzymatic changes. 

Cholic acid (B) is used here to represent typical human BAs, which constitute most of cholesterol 
metabolism. Cholestanol (C) is another metabolic product of cholesterol found in small amounts in 
humans. All three of these are possible precursors to planar bile acids, the most common of which are 

shown here: (D) allo-cholic acid; (E) 7α,12α-dihydroxy-3-oxochol-4-en-24-oic acid; (F) 7α-hydroxy-3-
oxochol-4-en-24-oic acid; (G) 12α-hydroxy-3-oxochol-4,6-dien-24-oic acid. The reaction mechanisms 
shown here summarize the most important enzymatic changes during the conversion of cholesterol to 

cholestanol or to typical 5β bile acids as well as summarize the likely enzymatic reactions taking place 
during conversion to the planar bile acids. Structures E, F, and G are also transiently formed within 

normal bile acid biosynthesis. 



28 
 

goals, it was necessary to establish and validate an analytical method to reliably separate 

and quantify typical and unusual BAs, preferably simultaneously. Because the planar 

BAs are a relatively new and unexplored area of bile acid metabolism, it would also be 

necessary to first benchmark the amount of these molecules in different tissues and 

biofluids in any laboratory models that would be used. From these requirements came the 

experiments detailed in Chapter 3 of this dissertation.   

 When it became clear that the planar bile acids that were commercially available to 

our laboratory possessed no signaling capacity in our preliminary studies, the focus of this 

project switched to examining the evolutionary timeline of BAs and their transporters, 

specifically ASBT. This was fortuitous, as the method developed in Chapter 3 for in vivo 

studies could also be applied to cell culture and transporter experiments,  minimizing 

additional method development. Thus, Chapter 4 presents the investigation of multiple 

Asbt orthologs using representative BAs and derivatives to probe ancestral and modern BA 

transport.  

 Finally, it is clear from past research that BA homeostasis is disturbed in multiple 

forms of intra- and extrahepatic injury; however, information is lacking regarding changes 

to planar bile acid production. Chapter 5 investigates perturbation of planar and typical bile 

acid homeostasis following partial body irradiation in a non-human primate (NHP) model 

of gastrointestinal acute radiation syndrome (GI-ARS). These studies highlight the 

importance of examining the less populous members of the bile acid pool, including the 

planar BAs as well as other less commonly described subsets.  
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Chapter 3 3. Development, Optimization, and Validation of a Quantitative LC-MS/MS 

Assay for the Detection of Bile Acids in vivo and in vitro 

3.1 Introduction 

Bile acids (BAs), the amphipathic metabolites of cholesterol, have been recognized 

as having a multitude of regulatory properties that extend beyond the emulsification and 

absorption of lipids in the gut. These many functions are discussed in detail in sev eral 

recent reviews (1-5). Furthermore, these roles have implicated this extremely diverse group 

of molecules in the progression of many disease and injury states, including, among others: 

hepatic and intestinal cancer (6-8), liver steatosis and associated non-alcoholic 

steatohepatitis (NASH) and non-alcoholic fatty liver disease (NAFLD) (9-12), diabetes 

(13-15), metabolic disease (16), and drug-induced liver injury (DILI) (17). Understanding 

the particular changes in the BA pool that occur in these conditions can aid in diagnostic 

and prognostic assessments thereof. Moreover, a deeper awareness of the mechanisms that 

give rise to the perturbations in the BA pool during disease can assist in the understanding 

of hepatic and gastrointestinal function and pathology.  

The biosynthetic pathway of BAs is highly complex, resulting in an exceptionally 

diverse pool of BAs mostly within the liver, gastrointestinal (GI) tract, bile, plasma, urine, 

and feces (2, 5). BAs and their derivatives can also accumulate in other tissues, especially 

in illness (1, 3, 5, 18). In health, the BA pool is mainly made up of conjugated primary 

BAs; however, in disease and following injury, dysregulation in BA synthesis and/or 

homeostasis can result in the accumulation of unusual and intermediate species (1, 3, 5, 

19-21). Thus, the total amount of possible BA derivatives that circulate in disease is orders 

of magnitude more diverse than in health, demonstrating the need for a more sensitive 
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quantification method that captures this high heterogeneity in the multiple compartments 

of the BA pool.  

This phenomenon of distortion in the BA pool has already been demonstrated in 

numerous studies in human patients in the disease states mentioned above as well as in 

several animal models (10, 22-28). Nevertheless, there remain multiple subsets of BAs that 

have yet to be characterized in much detail, if at all.  Further investigation is needed to 

determine if the appearance of these molecules in disease is related to disease progression 

‒ either as instigators or byproducts ‒ and if they can be used to aid in clinical detection 

and prognoses. Because it is still unclear exactly why, how, and which of these BA species 

develop in various disease states, investigating them is critical for understanding the 

molecular mechanisms behind these conditions. Unfortunately, due to their high degree of 

structural similarity, most detection methods are insufficient to simultaneously detect and 

differentiate the high variety of BAs (29, 30). One such case is the planar BAs, a category 

that differs in their 3D structure, resulting in a “flat” or “planar” conformation contrary to 

the more typical “bent” or “twisted” shape of the steroid backbone (1, 25, 31). The planar 

BAs are of interest due to their resurgence in the circulating BA pool in several types of 

liver diseases, but the high degree of similarity to the more abundant BAs make them 

challenging to detect in vivo (1, 23-25, 31). Historically, BA heterogeneity was detected 

with gas chromatography coupled to mass spectrometry (GC-MS). (8, 23, 32-34). 

Recently, several research groups have taken advantage of the high specificity and 

selectivity of liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) 

to reliably detect and quantify these molecules among their more typical counterparts (18, 
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30, 35-37). The study herein sought to build upon and extend previous methodologies and 

simultaneously characterize BAs in vitro and in vivo.  

BA metabolism is often studied using animal models that assume similarity to 

human systems. Murine BA metabolism is well studied and known to have several 

discrepancies when compared to that of humans, but mouse and rat models are still used 

most often (5, 38-45). Nonhuman primate (NHP) models represent an attractive alternative 

because of their increased genetic resemblance to man; however, BA metabolism in NHPs 

has not been as well characterized (46, 47). A secondary purpose of this study was to apply 

the method developed herein to establish a detailed baseline profile of the BA pool in 

relevant tissues and biofluids in NHP, for the comparison to injury models in this animal 

and to humans. Similarly, cultured cell systems of human origin are also popular in 

studying liver physiology and pharmacology, but these models, too, are poorly detailed 

with regard to BA synthesis and metabolism. Examples of primary and immortalized cell 

systems were examined. Herein, the development, validation, and application of a sensitive 

UPLC-MS/MS method for the simultaneous quantification of abundant BAs, as well as 

uncommon and planar mammalian BA species is demonstrated in human cell lysates and 

cell culture media and in NHP liver tissue, bile, and plasma. 

3.2 Materials and Methods 

 3.2.1 Chemicals and reagents. 

All solvents used were of LC-MS grade or higher and purchased from Fischer 

Scientific (Pittsburgh, PA). Solid standards were purchased from either Sigma-Aldrich (St 

Louis, MO), Toronto Research Chemicals (North York, ON, Canada), Cambridge Isotope 

Laboratories (Tewksbury, MA), Isosciences (Ambler, PA), Bridge Organics (Vicksburg, 
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MI), or Steraloids (Newport, RI). 3-oxo-cholic acid was generously provided by Dr. James 

E. Polli’s lab (University of Maryland, Baltimore, MD).  

3.2.2 Preparation of standard solutions and calibrants 

Stock solutions of each BA were prepared at 500 μg/mL by dissolving each solid 

standard in 100% methanol, then sonicating in a 45°C water bath. Twelve mixed standard 

solutions containing between 0.05 ng/mL and 2500 ng/mL of each analyte standard (CA, 

GCA, TCA, CDCA, GCDCA, TCDCA, UDCA, GUDCA, ACA, IALCA, LCA, GLCA, 

TLCA, DCA, GDCA, TDCA, 3-oxo-CA, 3-oxo-chol-4-enic acid, and 7-alpha-hydroxy-3-

oxo-chol-4-en-24-oic acid) and 50 ng/mL of each deuterium-labeled internal standard (CA-

d4 and GCDCA-d4) were prepared in mobile phase (1:1 ACN:water with 0.01% FA) by 

serial dilution. From these, calibration curves for each analyte were constructed.  

3.2.3 Immortalized cell lines and culture conditions 

COS-1 and HepG2 cells were purchased from ATCC (Manassas, VA). HuH-7 cells 

were a generous gift from Dr. Hongbing Wang (University of Maryland, Baltimore, 

Maryland). COS-1, HuH-7, and HepG2 cells were cultured in Dulbecco’s modification of 

Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), penicillin 

(100 IU/mL), and streptomycin (100 μg/mL) (Life Technologies, Inc., Rockville, MD). For 

the analysis of basal BA production in immortalized cell lines, cells were plated at a density 

of 2.0 x 106 cells/10 cm culture dish in DMEM containing no supplements and in 

Hepatocyte Culture Medium (HCM) and maintained at 37°C with 5% CO2 for 48 hours 

(Lonza, Basel, Switzerland). Human primary hepatocytes (HPHs) were obtained from 

BioIVT (Baltimore, MD). Hepatocytes at ≥90% viability were seeded  at 1.5 × 106 

cells/well in a 6-well collagen coated plate in InVitroGRO CP medium (BioIVT, 
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Baltimore, MD). After overnight attachment at 37°C in a humidified atmosphere of 5% 

CO2, the culture medium was changed to complete Williams’ E medium. The cells we re 

overlaid with 0.25 mg/ml Matrigel (Corning Inc., Corning, NY) for another 24 hours before 

medium was switched to HCM. Medium was then aspirated and stored at -20°C until 

further preparation for LC/MS-MS injection. Before lysis, cells were rinsed with cold PBS. 

If not further processed immediately, culture dishes were stored at -80°C.  

3.2.4 Animal model 

All animal procedures were conducted in accordance with the NIH guidelines for 

the care and use of laboratory animals and experiments were performed with  prior approval 

from the University of Maryland Institutional Animal Care and Use Committee (IACUC). 

Animals were housed and cared for in accordance with the Animal Welfare Act at the 

University of Maryland’s Association for Assessment and Accreditation of  Laboratory 

Animal Care-Accredited Facility. Plasma, bile, and liver tissue were obtained from male 

rhesus macaques (Macaca mulatta) with a mean age = 4.5 y. These NHP samples were 

derived from a naïve, nonirradiated (no sham treatment) group of multiple irradiation 

studies (48-51). 

3.2.5 Sample preparation 

HybridSPE Phospholipid 96-well plates (Sigma-Aldrich, St Louis, MO), ISOLUTE 

PLD+ protein and phospholipid removal plates, and ISOLUTE PLD+ phospholipid 

depletion columns (Biotage, Uppsala, Sweden) were used to evaluate different methods of 

solid-phase extraction. All SPE methods examined use solvent crash/filtration protocols to 

filter precipitated proteins and phospholipids from matrices with the goal of improved 
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signal-to-noise. Sample preparation for plasma, bile, and liver utilize the ISOLUTE PLD+ 

phospholipid depletion columns using procedures as described below.  

Cell culture sample preparation 

Cell culture medium was aspirated. 1 mL aliquots of culture medium were added 

to 4 mL ACN and 5 ng IS in glass culture tubes and vortexed quickly, then centrifuged at 

2,000 rpm for 10 minutes. 4 mL of each supernatant was transferred to fresh glass culture 

tubes and dried down under N2 flow. Extracts were resuspended in 100 μL 1:1 ACN:water 

with 0.01% FA, resulting in a final IS concentration of 50 ng/mL, and transferred to LC-

MS vials, then stored at -20 °C until injection. For cells, 1 mL RIPA buffer with 5 ng each 

IS was added to each plate or well following PBS wash. Culture dishes were rocked at 4°C 

for 1 hour, then scraped. Total protein was estimated at this point using the Bradford assay. 

Lysates were added to 4 mL 100% ACN in glass culture tubes and vortexed quickly, then 

centrifuged at 2,000 rpm for 10 minutes. 4 mL of each supernatant was transferred to fresh 

glass culture tubes and dried down under N2 flow. Extracts were resuspended in 100 μL 

1:1 ACN:water with 0.01% FA, resulting in a final IS concentration of 50 ng/mL, and 

transferred to LC-MS vials, then stored at -20 °C until injection. 

Plasma and bile preparation 

ISOLUTE PLD+ phospholipid depletion columns were filled before use with 400 

μL ACN with 1% FA as protein crash solvent. 5 μL of 1 ng/μL internal standard solution 

and 100 μL plasma aliquot were added to the column and vortexed. Flow-through was then 

collected into glass culture tubes by applying approximately 4 p.s.i. positive pressure by 

nitrogen gas. Eluates were further dried down by nitrogen flow, then resuspended in 100 

μL 1:1 ACN:water with 0.01% FA for LC-MS/MS injection. If resuspensions were not 
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injected that day, samples were stored at -80°C. For bile samples, the protocol was 

performed similarly, save that the aliquoted bile was diluted 1:9 or 1:1000 with water and 

5 µL of 1 ng/µL IS or 100 µL of 50 ng/µL IS, respectively to each dilution, was added 

before being applied to the ISOLUTE PLD+ column. Additionally, the bile diluted pre -

extraction 1:1000 with water was diluted 1:100 post-extraction by resuspending in 100 μL 

1:1 ACN:water with 0.01% FA, then diluting 10 µL into 1000 µL of 1:1 ACN:water with 

0.01% FA (resulting in a final dilution factor of 1:100,000) for the analysis of highly 

abundant analyte species. For all dilutions, final injections contained 50 ng/mL of each IS. 

Liver sample preparation  

Approximately 50 mg sections of liver initially removed from the central right lobe 

of naïve rhesus macaques were preweighed and added to Fisherbrand™ pre -filled bead 

mill tubes (2mL, 1.4mm beads) with 750 μL 50% methanol. Tissue sections were 

homogenized using a Precellys 24 tissue homogenizer run at 6,500 rpm for 10 seconds; 

tubes were then centrifuged at 500 x g for 1 minute. 600 μL of each homogenate was 

aspirated and spiked with IS (1 ng each internal standard per 10 mg tissue section weight), 

then transferred to a new tube with 3 mL ice-cold alkaline acetonitrile (ACN with 5% v/v 

NH4OH, equal to 1.15M NH4OH) and vortexed for 5 seconds. Homogenates were shaken 

at ambient room temperature (23 ± 2°C) for 1 hour, then centrifuged at 5,000 x g for 10 

minutes. 3 mL of each supernatant was applied to ISOLUTE PLD+ columns. 

Approximately 4 p.s.i. positive pressure was applied to collect flow-through into glass 

culture tubes. Flow-through fractions were dried under N2 flow and then resuspended in 

1:1 ACN:water with 0.01% FA proportionally to starting tissue section weight and IS 

added. Final injections thus contained 0.5 mg of liver tissue per μL of resuspension. The 
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use of a basic crash solvent in this procedure has the disadvantage of dehydrating 7 -

hydroxy groups in 7-hydroxy-3-oxo-4-ene BA structures, causing loss of at least one 

analyte of interest during sample preparation (52). 

3.2.6 Liquid chromatography-tandem mass spectrometry (LC-MS/MS) 

Chromatography 

The LC-MS/MS method used was adapted from Han, J. et al. 2015 (35). LC-

MS/MS analysis was performed on a Waters I-Class UPLC coupled to a Waters Xevo TQ-

XS triple quadrupole mass spectrometer (Waters Corporation, Milford, MA). Separation 

was effected by a Waters ACQUITY BEH (ethylene bridged hybrid) C18 UPLC column 

(150 mm x 2.1 mm, 1.7 µm) using gradient elution with the following mobile phases: water 

with 0.01% FA (solvent A) and ACN with 0.01% FA (solvent B). The gradient was as 

follows: 25% to 40% solvent B in 12 minutes and then 40% to 75% solvent B in 14 minutes. 

Solvent B was increased to 100% over 30 seconds and held for 2 minutes to wash the 

column. Return to 25% B was accomplished over 30 seconds and allowed to re-equilibrate 

over 4 minutes. The column was maintained at 55°C with a flow rate of 350 µL/min. 2 μL 

of sample was injected per run.  

Electrospray ionization tandem mass spectrometry 

Detection was performed in negative ion mode using electrospray ionization (ESI). 

Source conditions were as follows: capillary voltage was 2.50 kV, and cone voltage was 

10 V. The desolvation temperature was set to 500 ℃ and  the source temperature to 150 ℃. 

The desolvation gas flow operated at 800 L/hr, the cone gas flow at 150 L/hr, and the 

collision gas flow at 0.15 mL/min. The Q1 low mass (LM) resolution was set to 3.06 and 
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the (high mass) HM resolution to 14.84. The Q3 LM resolution was set to 2.73 and HM 

resolution to 15.11. Ion guides offset were set to 3 V and 0.3 V. Both the entrance and exit 

potentials were set to 1.0. Dwell time for each analyte was 7.0 milliseconds.  

BA species were detected using scheduled multiple reaction monitoring (MRM) 

wherein each BA is detected with MRM according to a unique precursor to product ion 

m/z transition or selected ion monitoring (SIM) where a single ion is detected in both Q1 

and Q3 with no fragmentation (Table 3.1). Each BA was f urther identified by their 

chromatographic retention time (Table 3.1).  

 

Table 3.1 Summary of m/z transitions, retention times, and collision energies used for analyte detection. 

 

Data processing 

Data were processed using Waters MassLynx and TargetLynx software (version 

4.1 SCN 901). Analyte responses were determined by the peak area of the BA, and analyte 
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concentrations were determined by calibration curves constructed for each BA standard by 

plotting the ratio of the response for each BA to the IS response against the nominal 

concentration. Linearity of calibration curves was assessed through linear regression 

analysis using a weighting factor of 1/x. Calculated concentrations of analytes were 

converted from ng/mL to ng/mg of starting liver tissue by dividing by a factor of 500 to 

reflect the theoretical 500 mg of liver tissue in every 1 mL of final prepared resuspension 

used for injection. Bile measurements were multiplied by their dilution factors (i.e. either 

x10 or x100,000) to reflect the initial dilution with water and post-extraction dilution in 

mobile phase. 

3.2.7 Method validation 

Method validation studies were designed by following the FDA’s Guidance for 

Industry for Bioanalytical Method Validation for sensitivity, linear range, precision, 

accuracy, recovery, and bench-top stability. Because BAs are endogenous compounds and 

blank matrix is not feasible to obtain, the non-endogenous IS compounds were used as 

surrogates to validate the LC-MS/MS method.  Intra- and inter-day precision was 

determined by injection of the same set of prepared plasma samples spiked with IS 4 and 

24 hours apart, respectively. Similarly, plasma spiked with IS was left at room temperature 

(23 ± 2°C) for 4 hours before performing sample preparation and compared to plasma 

spiked with IS prepared freshly in order to assess benchtop precision. Identical validation 

experiments were conducted for bile, liver tissue, and cultured cells (COS-1 cells used for 

validation experiments) and cell media.  

3.2.8 Statistics 
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 Student’s T-test analyses were performed using GraphPad Prism software (version 

8.3.0). 

3.3 Results   

3.3.1 Method development 

Sample preparation optimization 

Initially, the protocol from Han and colleagues (35) was duplicated for use in 

plasma; however, this resulted in poor extraction efficiency (5-15%) with the HybridSPE-

Phospholipid 96-well plates and continuously had issues with the wells becoming clogged 

with biological samples. However, a similar sample preparation method provided by 

another vendor, i.e. the ISOLUTE PLD+ protein and phospholipid removal plate, which 

provided better recovery but exhibited high variability between wells. Subsequently, it was 

determined that using the ISOLUTE PLD+ phospholipid depletion columns yielded the 

most robust extraction (i.e. highest and most consistent recovery and lowest coefficient of 

variation [CV] values) and utilized this method for the remainder of our experiments in 

biofluids and tissue.  The protocol developed for use with these columns required less than 

half the time; it was also less labor- and resource-intensive than other methods (35). 

Biotage ISOLUTE PLD+ protein and phospholipid depletion columns were utilized for 

plasma, bile, and liver sample preparation. Cultured cells and media did not require solid 

phase extraction procedures.  

LC-MS/MS 

The LC-MS/MS assay includes 19 BA analytes and uses stable isotope-labeled internal 

standards (IS) (Table S3). CA-d4 was used as an IS for the unconjugated BAs (LCA, 
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CDCA, DCA, UDCA, CA, ACA, 7α-hydroxy-3-oxo-chol-4-en-24-oic acid, IALCA, 3-

oxo-chol-4-enic acid, 3-oxo-CA), and GCDCA-d4 was used as an IS for the conjugated 

BAs (GLCA, GDCA, GUDCA, GCA, TLCA, TDCA, TCDCA, TCA). BAs were resolved 

with a reverse-phase gradient UPLC separation using a 150 mm column with a sub-2 µm 

particle size C18 stationary phase with an ACN/water/FA-based mobile phase. Retention 

times ranged from 7.9 min (TCA) to 22.0 min (LCA) (Table 3.1). BAs that fragmented 

well were detected according to an m/z transition (Table 3.1). Some BAs exhibited poor 

fragmentation efficiency and were more suitably detected by monitoring the precursor ion 

in both Q1 and Q3 (LCA, CDCA, DCA, UDCA, CA, ACA, and IALCA). Those BAs that 

Figure 3.1 Total ion chromatogram of included analytes inset with individual m/z transition channels for 
those analytes with less prominent peaks (1, 9, and 12). Authentic standards dissolved in mobile phase at 
500 ng/ml each. 1: TCA; 2: GUDCA; 3: GCA; 4: TCDCA, UDCA, and 3-oxo-CA; 5: ACA; 6: CA and 

CA-d4; 7: TDCA; 8: GCDCA and GCDCA-d4; 9: 7-hydroxy-3-oxo-chol-4-en-24-oic acid; 10: GDCA; 

11: CDCA; 12: TLCA; 13: DCA; 14: GLCA; 15: IALCA and 3-oxo-chol-4-enic acid; 16: LCA. 
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share a similar nominal mass and utilize the same SRM transitions are chromatigraphically 

resolved (Fig. 3.1).  

3.3.2 Method validation 

BA sensitivity and linearity were evaluated using authentic standards for each BA. Because 

BAs are endogenous species, IS (CA-d4 and GCDCA-d4) were used as non-endogenous 

BA surrogates to evaluate intra- and inter-day precision and accuracy, apparent recovery, 

and benchtop stability (Table 3.3).  

Sensitivity and linearity  

Sensitivity and linearity were determined by evaluating calibrants ranging in 

concentration from 0.05 ng/mL to 2500 ng/mL. The limit of detection (LOD) is defined as 

those points within the calibration curves with a signal-to-noise ratio (S/N) greater than 3. 

The lower limit of quantification (LLOQ) is defined as the lowest point on the calibration 

curve whose S/N is greater than 10 and whose calculated value is ≤20% of the nominal 

value. The LOD for BAs in this assay ranged from 0.05 ng/mL to 10 ng/mL with most BAs 

having LODs of 0.05-0.5ng/mL (Table 3.2). LLOQs for the various BAs is represented by 

the lower limit of the calibration curves in Table 1 and were between 0.1-10 ng/mL with 

most BAs having LLOQs between ≤0.5 ng/mL. The most sensitive LLOQ was TLCA (0.1 

ng/mL) whereas the least sensitive LLOQ was for 3-oxo-chol-4-enic acid (10 ng/mL). The 

upper limit of quantification (ULOQ) was 2500 ng/mL for all BAs included in this assay. 

Linearity was evaluated via regression coefficients (r2) for calibration curves, which 

exceeded 0.99, ranging from 0.990-0.999 (Table 3.2).  
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Precision and accuracy   

Intra-day and inter-day instrument precision and accuracy were evaluated for 

plasma, bile, liver, cell lysate, and cell media. Intra-day precision for all matrices evaluated 

was less than 15%, ranging from 2.4% to 14.6% (Table 3.3). Inter-day precision was also 

less than 15%, ranging from 2.6 to 14.5%. (Table 3.3). Intra- and inter-day accuracy for all 

matrices ranged from 80.4% to 119.5% and from 88.2% to 113.3%, respectively.  

Table 3.2 Summary of linear ranges and LODs and LLOQs for BAs in this assay. These values were 
determined using authentic standards dissolved in mobile phase. LOD is defined as analyte peak area 

having S/N >3. LLOQ is represented as the lower end of the linear range and is defined as analyte 
peak area having S/N >10 and deviation from the nominal value less than ±20%. The r2 value 

reflects fit to linear regression with 1/x weighting. 
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Table 3.3 Values are presented as mean ± standard deviation. n ≥ 5 for all validation experiments. Recovery 

was obtained from the ratio of response from samples spiked with IS pre-extraction to responses from 
samples spiked with IS post-extraction for each matrix. Intra-day studies were performed using 4 hour 

intervals for each matrix. Inter-day studies were performed using 24 hour intervals for each matrix. Benchtop 
stability was evaluated by leaving specified matrix with spiked IS at ambient room temperature (23±2°C) for 

4 hours before performing extraction. COS-1 cells grown with DMEM were used for method validation. 

Recovery 

Apparent recovery of CA-d4 and GCDCA-d4 in cell lysates was 74.1% and 66.0%, 

respectively, and in cell medium was 98.8% and 85.5%, respectively, with excellent 

reproducibility for each (< ± 8.4%). Bile and liver had similar recovery for CA-d4 and 

GCDCA-d4, 100% for both in bile and 73% for both in liver tissue. Variability in recovery 

was less for liver (< ± 4.5%) than in bile (< ± 28.9%). Plasma had different levels of 

recovery for CA-d4 and GCDCA-d4 with CA-d4 having 45.5 ± 13% recovery and GCDCA-

d4 having 114.9 ± 28.6% recovery (Table 3.3).  

Bench-top stability 

Bench-top stability was evaluated for plasma, bile, liver, cell lysate, and cell media 

at room temperature (23 ± 2°C) for 4 hours. BA stability in each of the matrices was 

between 2.8 to 13.6% deviation of the nominal value, indicating acceptable stability (as 
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defined as ≤ 15%) over this time period at these conditions in each of these matrices (Table 

3.3).  

3.3.3 Application 

 In order to demonstrate the utility of this method, several in vitro and in vivo model 

systems frequently used to study hepatic function were designated for investigation . The 

normal BA pools of two immortalized cell lines, as well as human primary hepatocytes, 

were determined. The BA levels in the liver tissue, plasma, and bile of healthy M. mulatta, 

a NHP laboratory model, were also established.  

Bile acid composition of cultured cell systems.  

Hepatic cell systems commonly used include two immortalized hepatoblastoma 

cell lines, HepG2 and HuH-7, as well as HPHs. HepG2 and HuH-7 cells are routinely 

grown in DMEM, whereas HPHs require a supplemented medium such as HCM. The basal 

levels of BAs in the immortalized cells grown in both types of media were determined for 

comparison to HPHs (Table 3.4, Table 3.5). Additionally, both types of medium with and 

without COS-1 growth were analyzed to ensure no exogenous BAs were present. For the 

most part, slightly more BAs were present in HCM than in unsupplemented DMEM, 

though this difference was only statistically significant when examining individual BAs, 

not total bile acids (TBA) as a whole. This was most obvious in the cases of CDCA and its 

taurine-conjugate, TCDCA, and was true in both the measured medium aliquots and cell 

lysates (Table 3.4, Table 3.5).  

HuH-7 and HepG2 cells demonstrated highly similar BA compositions both intra- 

and extracellularly compared with one another; however, the BA pools within the cells and 



46 
 

in media were distinct (Table 3.4 and Table 3.5, respectively). That is, the medium removed 

from cultured cells exhibited primarily conjugated BAs with the highest proportions being, 

in descending order: TCDCA (24.8-36.3% of TBA), TCA (18.5-22.3%), GCA (9.1-

16.6%), GDCA (8.2-10.7%), TDCA (7.7-9.8%), and GCDCA (6.6-10.9%) (Table 3.5, Fig. 

3.2), whereas the intracellular BAs were mostly unamidated (Table 3.4, Fig. 3.2). 

Interestingly, the medium also revealed slightly higher concentrations of taurine -

conjugated than glycine-conjugated BAs, which is contrary to the pattern found in healthy 

human liver (53, 54). The BA pool within the cell lysates of immortalized cells was made 

up nearly entirely of CA (91.7-94.5%) and ACA (4.8-7.0%) (Table 3.4, Fig. S1). This 

pattern was not reflected in HPHs, which exhibited high proportions of conjugated BAs 

(almost entirely GCA) both intra- and extracellularly (94.1% at an average of 9.1 ng/µg 

protein and 88.0% at an average of 6.3 ng/µg protein, respectively) (Fig. 3.2C). The 

remaining BA pool in HPH cell culture medium consisted of GCDCA, TCA, TCDCA, 
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TDCA, GDCA, TLCA, GLCA, and CA; in cells, the remaining BAs were GCDCA, TCA, 

CA, TCDCA, and ACA (Fig. 3.2C). 

 

Figure 3.2 Concentrations of BAs determined in human primary hepatocytes. A: BAs measured in HPH 

cell media and lysates, presented as ng/μg total protein. B: Concentrations of TBA measured in HPH cell 
media and lysates, presented as ng/μg total protein. C: Composition of BA pool in HPHs, presented as 

average (n=6) percent of TBA. Unconjugated BAs are represented in shades of green, G-amidated BAs in 

shades of blue, and T-amidated BAs in shades of red. Constructed from data in Tables 2 and 3. 
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Table 3.4 Concentrations of BAs found in cultured cell lysates. Determined concentration is displayed as 
mean ± SD. 

a Values are presented as picograms per microgram of total protein corresponding to cells grown to 
confluence in n = 3 10 cm dishes over 48 h 

containing 10 ml total medium per plate. 
b Values are presented as picograms per microgram of total protein corresponding to cells grown to 
confluence in n = 6 wells of a 6-well plate over 

48 h containing 2 ml total medium per well per 24 h. 
c Indicates at least one value <LLOQ and, thus, not included (n < 3 for HepG2 and HuH-7 cells). 
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Table 3.5 Concentrations of BAs found in medium removed from cultured cells. Determined concentration 
is displayed as mean ± SD. 

a Values are presented as picograms per microgram of total protein corresponding to cells grown to 
confluence in n = 3 10 cm dishes over 48 h 

containing 10 ml total medium per plate. 
b Values are presented as picograms per microgram of total protein corresponding to cells grown to 
confluence in n = 6 wells of a 6-well plate over 

48 h containing 2 ml total medium per well per 24 h. 
c Indicates at least one value <LLOQ and, thus, not included (n < 3 for HepG2 and HuH-7 cells). 
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Both the immortalized and the primary cells exhibited levels of secondary BAs (namely, 

UDCA, LCA, and DCA and their conjugates) to some extent, though this was much more 

pronounced in the HepG2 and HuH-7 cell lines and especially true for DCA and its 

amidated conjugates (Tables 3.4, Table 3.5, Fig. 3.3). In HPHs, these species were only 

detectable in conjugated forms (G- and T-amidated) in the culture medium (Fig. 3.2). 

Secondary BAs are often reported to be synthesized by bacterial species within the gut; 

however, it has become clear in recent years that this is not their exclusive origin (1, 3, 5, 

55-57).  

Additionally, there were similar intracellular and extracellular levels of TBA 

produced in both lines of immortalized cells, totaling 240-670 pg BAs/µg total protein in 

medium and 160-340 pg BAs/µg total protein in cell lysates (Table 3.4, Table 3.5). HPHs 

demonstrated much higher levels of basal BAs, approximately 30-60 times the amount of 

BAs/µg of protein in cell lysates and 10-30 times the amount of BAs/µg of protein in 

culture medium than immortalized cells. Specifically, HPHs had an average intracellular 

TBA of 9.6 ng/µg total protein and an average extracellular TBA of 7.1 ng/µg total protein 

(Tables 3.4, Table 3.5, Fig. 3.3B).  

Bile acid composition in plasma, bile, and liver tissue from a NHP model.  

Naïve NHP plasma, bile, and liver tissue were examined to determine detailed 

baseline information of the BA pool for later comparison to liver and gut injury models in 

these animals as well as to humans. In plasma, CDCA and its taurine and glycine 

conjugates predominated with the unconjugated BA as the most abundant. Hence, within 

plasma, unconjugated BAs were the most abundant species, totaling an estimated average 

of 73% of TBA with 69% of this being CDCA (Fig 3.4A). Glycine-conjugated and taurine- 
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Figure 3.3 BA pool in immortalized cells and media, presented as average (n=3) percent of TBA. 

Unconjugated BAs are represented in shades of green, G-amidated BAs in shades of blue, and T-amidated 

BAs in shades of red.  
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conjugated BAs made up averages of approximately 10% and 17% of the plasma BA pool, 

respectively, again being mostly conjugates of CDCA (Fig. 3.4A). Total circulating BAs 

ranged from 1.17-2.58 μg/mL and averaged 1.82 μg/mL (Table 3.6).  

BA profiles within NHP bile and liver tissue were very similar to one another. In 

both, conjugated BAs – specifically TCDCA and TCA – dominated the BA pool. In bile, 

TCDCA occupied an average of nearly half of BA species (40.5% of TBA) at 180.7 mg/mL 

(Table 3.6, Fig. 3.4). TCDCA concurrently made up an average of approximately one-

fourth of the BA pool in liver (26.5% of TBA) at 17.9 ng/mg tissue (Fig. 3.3C). On average, 

TCA comprised 21% (89 mg/mL) of the BA pool in bile and 29.1% in liver tissue (32 

ng/mg tissue). The succeeding most abundant BA species were also very  similar between 

liver and bile. In bile, the next most prominent BA species were, in descending order: GCA 

(13.8% of TBA), GDCA (9.8%), GCDCA (6.3%), and TDCA (5.4%) (Fig. S3B). In liver, 

the next most abundant BAs were GCA (18.7% of TBA), GCDCA (9.8%), GDCA (6.4%), 

and TDCA (5.7%) (Fig. 3.3C). In total, conjugated BAs made up most of both the bile and 

liver BA pools in similar ratios, with taurine-conjugated species comprising 68.6% (bile) 

and 62.3% (liver) and glycine-conjugated species making up 31.4% (bile) and 36.3% 

(liver) of TBA, on average. Thus, conversely to plasma, unconjugated BAs were minor 

constituents and totaled less than 1.5% TBA in liver and 0.004% TBA in bile, reflecting 

the high proficiency of the healthy hepatic conjugative enzyme systems. TBA in bile 

ranged between 378 mg/mL and 485 mg/mL (Table 3.6), an average of roughly 430 

mg/mL. In liver, TBA was highly variable and ranged between 19.5 ng/mg tissue and 175.5 

ng/mg tissue, averaging 97.5 ng/mg tissue. The high variability is a consequence of this 

study’s small sample size and ad libidum feeding; additional samples and control of 
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fasting/feeding status would provide a better indication of TBA concentration, as well as 

individual BA concentration, in healthy M. mulatta liver and bile. 

 

Table 3.6 Concentrations of BAs discovered in NHP tissues. Determined concentration is displayed as 
mean ± SD. Units are specified separately within the table due to the wide range of concentrations. 

a  Values are in nanograms per milliliter. 
b Values are in micrograms per milliliter. 

c Values are picograms per milligram of tissue. 
d Indicates at least one value was <LLOQ and was not included. 
e Values are in milligrams per milliliter. 

f Values nanograms per milligram of tissue. 
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Figure 3.4 BA pools and amidation summaries in M. mulatta tissue and biofluids, presented as average 
percent TBA. A: BA pool in plasma. B: BA pool in bile. C: BA pool in liver. The amounts of three largest 
portions of the BA pool are explicitly stated within the pie charts. Unconjugated BAs are represented in 

shades of green, G-amidated in shades of blue, and T-amidated in shades of red. 
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3.4 Discussion  

3.4.1 LC-MS/MS methodology  

A LC-MS/MS assay was developed for quantification of BA concentrations in a 

variety of cell systems and relevant biomatrices. These studies illustrate the validation of a 

simplified, rapid sample preparation in comparison to recent methods. Using this method, 

BA isomers were reliably separated; however, additional specificity for these and s imilar 

molecules could be gained by using an instrument with higher resolution capabilities. Of 

note, the first baseline level assessment for planar BAs, including ACA, in cell lines, 

biofluids, and tissue under healthy conditions is included. This single assay and simple 

sample preparation methods are highly adaptable and could be easily applied to a variety 

of experimental conditions relevant to BA homeostasis and pathology. This methodology 

could also be applied to human clinical samples or other animal models with the addition 

of species-specific BAs. Furthermore, the sensitivity of this method allows for the 

quantification of even low abundance BA species. A significant limitation of this method, 

however, is that its application for measurement of C27, sulfated, and glucuronidated BA 

species has not yet been assessed.  

3.4.2 Cell culture BA quantification 

Unsupplemented DMEM proved to be sufficient for the cellular production of BAs 

to allow measurement of the BA pool and total viability in immortalized HepG2 and HuH-

7 cell lines for the time period examined (48 hours); however, slightly more BAs were 

present per total protein in both cell lines when incubated in supplemented medium (i.e. 

HCM) (Table 3.4, Table 3.5). In both media and cell lines, taurine conjugation was slightly 

more prevalent than glycine conjugation (Fig. 3.3), which is directly contrary to the case 
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in the HPHs examined herein (Fig. 3.2) and in humans in vivo, in which glycine conjugation 

predominates greatly (53, 54). This is especially interesting because neither DMEM nor 

HCM include taurine in their formulations – whereas glycine is included at a concentration 

of 30 mg/L (in DMEM) to 50 mg/L (in HCM) – indicating that all three of these cell types 

are synthesizing taurine to some degree. Biosynthesis of taurine occurs in vivo in the liver 

and represents a sulfur excretion mechanism, so it is to be expected that hepatic and 

hepatocyte-derived cells are capable of this reaction; however, it is unexpected that the 

immortalized cells studied herein preferentially amidate BAs with the limited taurine 

instead of the more available glycine molecule that is favored in vivo (58). The altered 

amidation pattern in immortalized cells must be a result of modified cell metabolism, such 

as impedance in uptake in one or both of these amino acids or altered functionality and/or 

selectivity in the bile acid-CoA:amino acid N-acyltransferase (BAAT), the enzyme 

responsible for BA conjugation (1, 3, 5, 55). Indeed, qRT-PCR analysis has demonstrated 

that BAAT mRNA is undetectable in HepG2 and HuH-7 cell lines in comparison to HPHs 

(59). This is supported by this study, which demonstrated approximately equal amounts of 

conjugated and unconjugated BAs produced per total protein content in these immortalized 

cells (Fig. 3.3). Thus, BA levels in HepG2s and HuH-7s indicate that the cells are capable 

of BA production and conjugation but are deficient in comparison to HPHs and the healthy 

whole liver. Supporting this, HepG2 and HuH-7 cells presented impaired BA synthesis as 

a whole, producing only up to ~6% of TBA produced by HPHs (Table 3.4, Table 3.5). This 

is also in agreement with previous studies, which show very low or undetectable levels of 

mRNAs associated with BA synthetic enzymes CYP7A1, CYP7B1, and CYP8B1 in 

HepG2 and HuH-7 cells (59). Conversely, these cell lines express CYP27A1 mRNA, the 
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rate-limiting enzyme of the acidic or alternative pathway of BA synthesis, at levels 130-

155% of HPHs (1, 59). This, combined with the higher proportions of CDCA and its 

conjugates, adds evidence to the theory that the acidic or alternative pathway of BA 

synthesis is more active in immortalized cells relative to primary cells; however, BA 

synthesis as a whole is still very depressed, which is likely due to decreased expression of 

the succeeding enzymes in the BA synthesis pathway (60, 61).  

Of the BAs produced in immortalized cells, the amidated BAs were found almost 

exclusively in the culture medium, whereas the unconjugated BAs CA and ACA made up 

nearly all of the BA species within cells (Fig. 3.3). These distinct extracellular and 

intracellular profiles indicate that BA transport mechanisms selective for amidated BAs, 

such as BSEP, MDR2/3, and MRP, are still active within HepG2 and HuH-7 cells (1). 

Earlier studies demonstrated that, while BSEP and MDR2/3 mRNA levels are marginal or 

are undetectable in HepG2 and HuH-7 cells, MRP1 and MRP4 mRNA is nearly as abundant 

or many times more abundant than in HPHs (59). Hence, HepG2 and HuH-7 cells are more 

capable of exporting than they are at synthesizing amidated BAs, which is underpinned by 

both the high proportion of unconjugated BAs within the cell lysates and by the production 

of secondary BAs, LCA and DCA, which are presumed to be produced in vivo by intestinal 

bacteria (Table 3.4, Table 3.5, Fig. 3.3) (1, 3, 5, 55, 56). Earlier studies investigating the 

production of BAs by cultured cell systems did not probe for secondary BAs and 

enzymatically deconjugated BAs before analysis; thus, to the best of our knowledge, this 

study offers the most detailed characterization of BA production in HepG2 and HuH-7 

cells to date (60, 62, 63). The production of secondary BAs is presumably due to the 

buildup of unconjugated CA and CDCA within the cells: when insufficiently conjugated 
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and exported, these molecules are subject to dehydroxylation, which is likely performed 

by the same enzymes that rehydroxylate LCA and DCA in the normal liver, as this 

enzymatic reaction is reversible (64). The presence of secondary BAs in immortalized and 

primary cells calls into question the assumption that LCA and DCA are generated 

exclusively from the activity of intestinal bacteria in vivo. Further studies are needed to 

determine if hepatic synthesis of “secondary” BAs contribute significantly to the BA pool 

and if this contribution is altered during disease.  

As far as we are aware, this study is the first to observe the presence of planar BAs 

in human-derived cultured cells, though planar BAs have been discovered in both healthy 

and compromised individuals (30, 65-67). A significant portion of the unconjugated BAs 

present in HepG2 and HuH-7 cell lysates was ACA, the 5α-epimer of CA. The planar BAs 

represent a subset of BAs that retain the “flat” 3D structure of cholesterol instead of the 

“bent” or “twisted” structure of typical mammalian BAs (1, 24, 25, 31). This conformation 

can either be due to an α-positioning of the C5 hydrogen atom, as in ACA, or a double 

bond between C4 and C5, as in 7α-hydroxy-3-oxo-chol-4-en-24-oic acid (1, 19, 25, 31). 

These molecules are abundant in pregnancy and during the first few months of life but 

gradually disappear after infancy and are not usually detectable in healthy adults (25, 31). 

In certain cases of liver or GI disease, however, these species reappear among circulating 

BAs (31). The mechanisms of the recurrence of planar BAs have yet to be fully elucidated, 

but it is thought that their synthesis is due to immature hepatic enzyme systems that can be 

found in the underdeveloped hepatocytes of the fetus and in the dysregulated cells of the 

injured liver (31). Alternatively, it is possible that these species are isomerized from their 

more typical counterparts, either by hepatic or microbial enzymes (31). The production of 
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planar BAs by immortalized cells, however, substantiate the theory that proliferating 

hepatocytes must de-differentiate in order to repopulate the injured liver and therefore 

express less specialized or incomplete metabolic enzymes, resulting in the production of 

“fetal” BA species (68). Moreover, previous studies in HepG2 cells detected high levels of 

additional BA precursors and intermediates for which we did not probe (62). 

Though HPHs seem to produce fewer total BAs compared to the whole healthy 

human liver, these cells at least appear to produce similar ratios of each BA and amidate in 

similar patterns (Fig. 3.2) (69, 70). Glycine amidation predominated the BA pool greatly, 

but it should be noted that HCM does not provide any exogenous taurine, as stated above, 

which is presumably why HPHs produced such a low proportion of taurine -conjugated 

BAs. Also, this study examined BA production only in the 48 hours following perfusion, 

so it should also be considered that the amounts of BAs generated changes over time and 

does not reach maximal production until day 6 (i.e. 144 hours) (60, 63). Finally, only one 

donor was assayed in this study; further investigations would tell if these findings are true 

of all HPH cultures. Primary cells therefore offer a relatively good model of human liver 

BA synthesis and metabolism, as long as the above limitations are considered (60, 69, 70). 

Conversely, the HepG2 and HuH-7 cell lines make very poor models for the study of BA 

synthesis and metabolism, as they do not produce nearly as many or the same pattern of 

BAs as HPHs or whole human liver. 

3.4.3 NHP BA quantification  

NHP models are the most relevant and preferred model systems currently available 

in drug discovery and development due to the high degree of phylogeny and homogeneity 

to humans (71). Despite this, BA synthesis and metabolism in these animals remains poorly 
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characterized. Herein, the BA pools of several compartments were quantified in an 

accepted laboratory model, the NHP.  

Naïve NHP plasma BAs were dominated by unconjugated CDCA, distantly 

followed by TCDCA and GCDCA and then by GCA and TCA (Table 3.6, Fig. 3.4A). 

These results conform with previous studies indicating the prevalence of unconjugated BAs 

in rhesus macaque plasma; however, they disagree with previous studies regarding 

individual BAs, finding a higher percentage of unconjugated CDCA instead of DCA (46, 

47, 72). Circulating TBA concentration in NHP plasma proved comparable to that in 

human plasma as reported in scientific literature, i.e. an average of 1.82 μg/mL in NHP 

compared to 1.01-2.13 μg/mL in human (Table 3.6) (35, 53, 70). It is important to note, 

however, that the composition of the BA pool was altered in naïve NHP plasma, yielding 

a higher CDCA:CA ratio than is usual in human plasma. NHP plasma also presented a high 

proportion (~73%) of total unconjugated BAs, specifically CDCA, whereas human plasma 

BAs are mostly (~56-59%) glycine-amidated (Fig. 3.4A) (35, 46, 53). Yet, this has been 

shown to change with diet and fasting state: the glycine:taurine ratio in humans can change 

with diet and cooking habits, and the ratio of unconjugated to amidated BAs is increased 

in the fasting state compared to the nonfasting state (35, 53).  

The preponderance of CDCA compared to CA that occurred in plasma was also 

reflected in naïve macaque bile and liver, which demonstrated similar profiles when 

compared to one another (Fig. 3.4B-C). In these tissues, the BA pools were dominated by 

a high proportion of taurine-conjugated primary BAs, CDCA and CA. As has been reported 

in human bile and liver, an overwhelming majority of BAs in naïve macaque liver and bile 

were amidated, with only a very small fraction escaping conjugation (Fig. 3.4B-C) (1, 3, 
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5, 19, 70, 73). Though interindividual variability in this study was relatively high due to 

small sample size and ad libidum feeding, it is apparent that naïve NHP liver produced 

comparable TBA to healthy human liver as reported in previous studies, i.e. an average of 

97.5 ng/mg of tissue versus 7.7-29.5 ng/mg of tissue in humans (Table 3.6) (70, 73). 

Although, as in plasma, NHP liver shows a notable difference in regards to the 

glycine/taurine ratio, preferring taurine to glycine amidation, which is converse to that in 

humans (Fig. 3.4B-C) (3, 35, 70).  

In terms of TBA, NHP offers high resemblance to humans in plasma, liver tissue, 

and bile (35, 46, 53, 54, 69, 70, 73). The individual members of the BA pool in these 

tissues, however, are distinct between NHP and humans. The greatest differences observed 

in this study include: increased CDCA/CA ratio in the NHP BA pool, greater proportion 

of unconjugated compared to conjugated BAs within plasma, and the preference for taurine 

versus glycine amidation. Additionally, though this study did not evaluate sulfated BAs, at 

least one previous study has reported marked differences between the extent of this BA 

elimination pathway in NHP versus humans (46, 47). Overall, however, this laboratory 

animal represents a highly relevant model for the study of BA synthesis, metabolism, and 

pharmacology with relatively minor disparities in comparison to other models.   

3.5 Conclusions and future directions  

The optimization, validation, and application of a sensitive and selective LC-

MS/MS method for the simultaneous detection and quantification of numerous BAs in 

cultured cell systems and several biomatrices are described herein. The immortalized 

hepatoblastoma cell lines HepG2 and HuH-7 were studied for comparison with cultured 

human primary hepatocytes and previous research examining whole liver in vivo (69, 70). 
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Results from these studies demonstrate that these immortalized cell systems are poor 

indicators of healthy hepatic BA metabolism; however, HPHs are a promising alternative. 

Although, before using these cells as models, it should be established whether  

supplementing culture medium with exogenous taurine would present a similar BA profile 

to that produced in vivo. In addition, more HPH donors should be examined to ensure that 

these findings are universal.  

These experiments also support the use of NHP models in favor of murine models 

when studying BA synthesis and metabolism, especially for comparison to human 

systems. Laboratory rats and mice offer the advantages of low costs, rapid growth, and 

straightforward handling and use, but their low homology to man makes correlation to 

human systems challenging and usually inaccurate (38-43, 45). In BA research, the use of 

murine models is additionally complicated by the utilization of a set of unique BA 

epimers, the muricholic acids (MCA) (38, 39, 41, 45). NHPs offer a more homologous, 

suitable system for the study of BA synthesis and metabolism, both in physiology and in 

illness, that much more closely approximates that in healthy adult humans. Further 

characterization in these species, however, to elucidate such processes as BA elimination 

(i.e. renal versus biliary), sulfonation and glucuronidation, and signaling for comparison 

to man, should be pursued to establish physiological parameters that may be altered in 

relevant pathologies The continued study of NHP BA synthesis with regards to C-27 BAs 

precursors and intermediates should prove valuable in aligning this laboratory model with 

human conditions.  Additionally, the study of conjugated planar BAs (such as TACA and 

GACA) both in laboratory models and in human studies would be of increased relevance 
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due to the propensity of BAs to be amidated or otherwise conjugated in most biological 

systems.  

In summary, these studies have proven the utility of a validated method for the 

quantification of common and planar C24 BAs in a variety of systems. Detailed baselines 

have been established herein for multiple model systems for the study of BA production 

and metabolism, which have implications for the selection and use of cell and animal 

models for the study of BA metabolism and pathology. 
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Chapter 4 4. Investigating the Co-Evolution of SLC10A2 and Bile Salts 

4.1 Introduction 

While BAs have been studied for nearly a century, human BAs encompass nearly 

50 species synthesized by the human body alone, and modifications made by intestinal 

bacteria result in almost 400 derivatives of the C24 core structure (1). Most of these species 

are still poorly characterized (1). One of the least studied subspecies are the “flat” BAs, a 

group of C24 cholanoic acids that retain the planar structure of their cholesterol predecessor 

instead of the “bent” or “twisted” structure of the typical mammalian BAs (2-10). These 

so-called “flat” or “planar” BAs comprise several subspecies, and the study thereof is the 

foundation for this project. 

4.1.1 Bile acids as phenotypes of evolution 

BAs are produced by every class of vertebrate animals, with chemical variation 

within exceeding that of any other type of endogenous small molecule (11, 12). The 

generically termed “bile salts” are made up of several subgroups of cholesterol end 

products across species: the C27 bile alcohols, C24 bile acids, and C24  bile acids, differing 

in the length of the carbon side chain and oxidation state (figure 4.1) (11, 12). The C27 bile 

alcohols are considered the ancestral bile salts, as they are found as the bile salts of the 

earliest evolving extant species (jawless and lobe-finned fish such as the lamprey and 

hagfish), whereas the most recently evolved species utilize C24 BAs (11, 12). The C27 bile 

alcohols are also in the 5α configuration, whereas the more evolutionarily furthered 

vertebrate species (nearly all mammals and humans, for example) have 5β C24 BAs, 

demonstrating two evolutionary shifts: the C5 hydrogen atom from an alpha to a beta 

configuration and the decrease in side chain length from 8 to 5 carbon atoms (11, 12). The 
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latter represents the addition of several enzymatic steps taking place within multiple 

cellular compartments, but little is known about the biosynthetic pathways that produce 

either the 5α C27 alcohols or 5α C24 acids (11, 12). Moreover, there are several extant 

species, mostly lizards in the Iguanidae phylogenetic family, that utilize entirely 5α (allo) 

bile acids or bile alcohols (11, 12).  Thus, one hypothesis behind the presence of flat BAs 

is that the immature hepatic state in humans during liver proliferation is responsible for the 

formation of 5α BAs and is enzymatically and metabolically reflective of a less evolved 

BA biosynthesis pathway.  

 

Figure 4.1 A simplified flowchart of the different types of bile acids and alcohols used across many species. 

Bile acids are diversified by the length and oxidation state of the side chain, the configuration of various 
stereocenters, and the presence of hydroxy or oxo groups at multiple points of the steroid backbone. 
Additionally, different species’ bile acid pools are modified by species-specific gut microbe metabolism and 

preferred mechanisms of detoxification, including amidation, sulfation, glucuronidation, and others. 
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4.1.2 Planar bile acids in human health and disease 

Planar BAs are mostly found as highly abundant BAs in the healthy human fetus, 

newborn, and pregnant woman; however, they are normally very lowly abundant or 

undetectable in the healthy adult (13-15). What makes these molecules relevant, however, 

is not necessarily their importance in early life, but instead their recurrence in adult patients 

suffering from various types of liver injury or disease, such as cancer (2, 10). As discussed 

in a recent review, these typically fetal flat BAs become abundant at various stages of 

hepatocellular carcinoma, following liver ablation, and in other malignancies and 

subsequently disappear upon recovery (16). Thus, there has been renewed interest in 

studying these fetal flat bile acid species in recent years since their original discovery by 

Ohta in 1939 (17). Common interests include using these molecules as biomarkers for liver 

proliferation and damage as well as discovering their role in disease states.  

During synthesis from cholesterol, isomerization and saturation of the C5-C6 

double bond results in a “bent” or “twisted” conformation of the steroid backbone (16). 

The so-called “flat” BAs are thus molecules that retain the A/B trans structure of 

cholesterol, wherein the steroid backbone exists within the same spatial plane, instead of 

the A/B cis structure of typical human BAs (Fig. 2.1A, 2.1B). The A/B trans structure is 

relatively abnormal among the C24 BAs and is due to either the alpha arrangement of the 

C5 hydrogen atom – in contrast with the standard beta arrangement – or an unsaturation 

affecting the C5 bond (2).  Both of these configurations result in molecules that occupy the 

category of flat BAs and, as mentioned, are found in healthy humans only during gestation 

and shortly after birth (16).  



74 
 

Human ASBT transport in vitro and in vivo has already been well-characterized by 

previous research in our and other laboratories (18-21). To examine how Asbt has evolved 

over time with bile acid biosynthesis, it would be prudent to also characterize orthologs, 

such as those mentioned herein, in more detail. These experiments sought to do this using 

representative bile acids as probes to investigate the binding and transport capacity of these 

proteins. Moreover, these studies offer an improvement over existing uptake experiments 

because they do not rely on a commercially available or custom synthesized radiolabeled 

compound. In most cases of bile acid transporter studies, researchers choose to use 

radiolabeled TCA, which, as demonstrated below, may be poorly transported by certain 

orthologs (22). 

4.2 Materials and methods 

4.2.1 Materials 

All solvents used were of LC-MS grade or higher and purchased from Fischer 

Scientific (Pittsburgh, PA). Solid standards were purchased from either Sigma-Aldrich (St 

Louis, MO), Toronto Research Chemicals (North York, ON, Canada), Cambridge Isotope 

Laboratories (Tewksbury, MA), Isosciences (Ambler, PA), Bridge Organics (Vicksburg, 

MI), or Steraloids (Newport, RI). 3-oxo-cholic acid was generously provided by Dr. James 

E. Polli’s lab (University of Maryland, Baltimore, MD). Orthologs of ASBT/Asbt were 

previously developed by members of our lab (hASBT, mAsbt, and dmSlc10) or generously 

shared by the Boyer laboratory (Yale University) (leAsbt [little skate Asbt, previously 

called skAsbt] and pmAsbt [sea lamprey Asbt, previously called lpAsbt]).  
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4.2.2 Uptake assay and transporter kinetics 

 COS-1 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) 

containing 10% fetal bovine serum (FBS), 4.5 g/L glucose, 100 units/mL penicillin, and 

100 μg/mL streptomycin (Life Technologies, Inc., Rockville, MD), then transiently 

transfected with one Asbt ortholog at a time using Turbofect transfection reagent (Thermo 

Fisher Scientific, Inc.) in a previously written protocol (18). Preliminary experiments 

examining total bile acid uptake were performed with and without sodium chloride 

(substituting choline chloride) to determine Na-dependent transport. For timecourse 

studies, cells were washed twice with warm Dulbecco’s phosphate-buffered saline (DPBS), 

then incubated for up to 25 minutes with 10μM of bile acid in Modified Hank’s balanced 

salt solution (MHBSS), pH 7.4 with 139.9 mM sodium chloride, in order to determine 

linearity of ortholog transport. Kinetic studies were performed similarly except at a single 

time point with variable (2.5-500 μM) concentrations of bile acids used. Uptake was 

quenched by aspiration and simultaneous flooding with DPBS. Cells were lysed via 

evaporation of 70% acetonitrile (ACN) in water containing internal standards (CA-d4 and 

GCDCA-d4), then resuspended in 50% ACN in water for LC-MS/MS injection. Protein 

concentration was estimated using Pierce 660 nm protein assay and used to no rmalize 

uptake data. 

4.2.3 LC-MS/MS uptake analysis 

 The LC-MS/MS method used to quantify uptake was modified from that developed 

in Chapter 1. A shorter column (ACQUITY UPLC BEH C18 Column, 130Å, 1.7 µm, 2.1 

mm X 50 mm; Waters) was used to expedite the 32-minute method to 10 minutes. As 

before, solvent A consisted of water with 0.01% formic acid (FA), and solvent B was ACN 
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with 0.01% FA. The chromatography was compressed to the specifications in table 4.1 

with an increased flow rate of 0.5 mL/min. This method resulted in sufficient 

chromatographic resolution of independent analytes. Calibration curves were constructed 

and LLOQs and LLODs were determined as in Chapter 3.  

4.2.4 Data analysis 

 LC-MS/MS data were analyzed using Waters TargetLynx software and further 

processed within GraphPad Prism (version 8.4, San Diego, CA). Michaelis-Menten 

modeling was carried out within Prism.  

Time (min) % A % B 

0 75 25 

4 60 40 

8 25 75 

9 0 100 

9.5 75 25 

10 75 25 

Table 4.1 Chromatographic run used for LC-MS/MS analysis of uptake studies. 

4.3 Results 

4.3.1 Determining sodium-dependent uptake by multiple ASBT/Asbt orthologs 

Preliminary uptake experiments were performed in order to assess which ortholog and bile 

acid combinations should be pursued in further studies. Results are illustrated in figure 4.2.  

Human ASBT demonstrated the highest overall sodium-dependent uptake for TCA, 3-oxo-

cholic acid (3-oxo-CA), allocholic acid (ACA), and isoallolithocholic acid (IALCA). 

Conversely, sodium-dependent uptake of 3-oxo-chol-4-enic acid and 7α-hydroxy-3-oxo-

chol-4-en-24-oic acid did not significantly differ from sodium-independent diffusion. 
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Mouse Asbt was somewhat similar, preferentially transporting TCA, ACA, and 7α -

hydroxy-3-oxo-chol-4-en-24-oic acid with no significant transport of 3-oxo-CA, IALCA, 

or 3-oxo-chol-4-enic acid. An early evolving vertebrate animal, little skate (Leucoraja 

erinacea, ortholog denoted leAsbt), diverged from the evolutionary tree approximately 300 

million years ago and uses 5β-C27 bile alcohols as its primary bile salts (22). This ortholog 

demonstrated sodium-dependent uptake of the planar bile acid ACA and the oxo bile acid 

3-oxo-cholic acid; uptake of IALCA, 3-oxo-chol-4-enic acid, 7α-hydroxy-3-oxo-chol-4-

en-24-oic acid, and TCA showed transport not significantly different from sodium-

independent uptake. The earliest extant vertebrate model used herein, sea lamprey 

(Petromyzon marinus, ortholog denoted pmAsbt), appeared approximately 500 million 

years ago and uses the 5α-C27 bile alcohols in its bile. This ortholog presented a similar 

profile to skate, demonstrating sodium-dependent uptake of ACA, 3-oxo-CA, and 7α-

hydroxy-3-oxo-chol-4-en-24-oic acid but not IALCA, 3-oxo-chol-4-enic acid, or TCA. 

Finally, the insect model Drosophila melanogaster, or fruit fly (ortholog denoted as 

Figure 4.2 Relative amount of bile acid or derivative transported into ASBT/Asbt-transfected COS-1 cells, 

normalized by sodium-independent diffusion. An asterisk (*) indicates p-value < 0.05, ** indicates p < 

0.01, and *** indicates p < 0.001. 



78 
 

dmAsbt), which does not utilize bile acids in its digestion, demonstrated preferential uptake 

of only ACA, IALCA, and 7α-hydroxy-3-oxo-chol-4-en-24-oic acid. 

4.3.2 Characterizing transport 

kinetics of ASBT/Asbt orthologs 

Bile acids that demonstrated 

sodium-dependent uptake in the 

above preliminary studies are subject 

to further investigation. These 

studies are ongoing but have already 

revealed insights into the transport 

preferences of these orthologs. 

Human ASBT exhibited saturable 

sodium-dependent transport of TCA 

and ACA, as expected, with TCA 

having an affinity of about 3-fold 

higher, as inferred from the 

calculated Km value. While sodium-

dependent transport of 7α-hydroxy-

3-oxo-chol-4-en-24-oic acid was 

demonstrated, maximum transport 

B 

C 

A 

Figure 4.3 Substrate kinetics studies demonstrating sodium-

dependent uptake of bile acids in hASBT-transfected COS-1 
cells. Michaelis-Menton models are given in black with red 
dashed lines representing continuation of the nonlinear 

function. Blue dashed lines represent the passive, linear 
component of transport as determined by higher 

concentrations of bile acid outside the saturable phase of 
uptake. All functions were calculated using GraphPad Prism, 
as in Materials and Methods. Panel A is TCA uptake, panel B 

is ACA uptake, and panel C is 7α-hydroxy-3-oxo-chol-4-en-
24-oic acid uptake. Data are given as nmol of bile acid/μg of 

total cell protein/12 minute of uptake. 
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was very low, indicating that passive diffusion of this compound is likely more 

physiologically relevant (figure 

4.3).  

 The Asbt ortholog from sea 

lamprey (pmAsbt) demonstrated 

sodium-dependent uptake of ACA, 

3-oxo-CA, and 7α-hydroxy-3-oxo-

chol-4-en-24-oic acid, as shown in 

figure 4.4. P. marinus Asbt seems to 

transport 7α-hydroxy-3-oxo-chol-4-

en-24-oic acid with higher affinity 

than ACA or 3-oxo-CA, as inferred 

from the Michaelis-Menton-like 

constant (Km). 3-oxo-CA showed 

sodium-dependent uptake but at a 

very low maximum rate. For 

comparison to hASBT, TCA was 

also assayed in kinetics experiments 

with pmAsbt and demonstrated 

saturable but low affinity transport. 

While TCA seems to have 

demonstrated a saturable phase of 

D 

C 

B 

A 

Figure 4.4 Substrate kinetics studies demonstrating sodium-
dependent uptake of bile acids in pmASBT-transfected COS-1 

cells. Graphed functions are as in figure 4.3. Panel A is TCA 
uptake, panel B is ACA uptake, panel C is 7α-hydroxy-3-oxo-
chol-4-en-24-oic acid uptake, and panel D is 3-oxo-CA 

uptake. Data are given as nmol of bile acid/μg of total cell 

protein/12 minute of uptake. 
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sodium-dependent uptake, affinity was an order of magnitude lower than the planar bile 

acids.  

 Preliminary studies in 

the above section identified 

ACA and 3-oxo-CA as putative 

substrates for secondary active 

transport by the little skate 

ortholog of Asbt (leAsbt), so 

these compounds were further 

investigated in kinetics studies 

(figure 4.5). Again, TCA was 

assayed for comparison to 

hASBT; like with pmAsbt, 

leAsbt-mediated transport of 

TCA seemed to exhibit a 

saturable profile, but did so at a 

very low affinity, as indicated 

by the calculated Km value. 

Interestingly, the calculated Km 

value for ACA was about one-

third of that for TCA.  

C 

C 

B 

A 

Figure 4.5 Substrate kinetics studies demonstrating sodium-
dependent uptake of bile acids in leASBT-transfected COS-1 

cells. Graphed functions are as in figure 4.3. Panel A is TCA 
uptake, panel B is ACA uptake, and panel C is 3-oxo-CA uptake. 
Data are given as nmol of bile acid/μg of total cell protein/12 

minute of uptake. 
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4.4 Discussion 

 For the most part, the preliminary total uptake studies were able to predict the more 

detailed kinetic profiles of Asbt ortholog-mediated uptake of bile acids and derivatives. 

These earlier experiments reinforced our hypothesis that ASBT/Asbt has evolved alongside 

bile acid synthesis for the specific uptake of bile acids. Overall sodium-dependent uptake 

was manyfold higher for hASBT versus any of the orthologs, also indicating the increased 

efficiency of this transporter. However, it is also possible that transfection was simply more 

efficient in this case, since we did not examine the expression of ASBT/Asbt specifically, 

only total protein content. Similarly, it is important to note throughout the perusal of this 

discussion that, because data were normalized to total protein and not to the transporter 

protein in particular, transfection efficiency cannot be assumed, and Vmax cannot be 

compared between groups; however, Km can be compared to determine differences in 

transporter affinity for specific bile acids (22).  

 As expected, hASBT demonstrated the most overall sodium-dependent uptake of 

TCA, the prototypical primary human bile salt (23). It also demonstrated sodium-

dependent uptake of ACA, 3-oxo-CA, and isoallolithocholic acid (IALCA) to some extent 

(figure 4.2). This is consistent with previous studies demonstrating the ability of hASBT 

to take up earlier evolved bile salt forms in addition to modern bile salts (22). Additionally, 

pharmacophore modeling for hASBT indicates that the planar (trans conformation of the 

A ring) backbone of the allo bile acids should not be a hinderance to uptake (24, 25). As 

indicated by their names, ACA and 3-oxo-CA have only small changes to the typical CA 

and LCA that hASBT is known to readily transport (24). ACA is the 5α-epimer of CA; 3-

oxo-CA swaps an oxo group for the normal 3α-hydroxy group in CA, and IALCA is the 
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3β/5α epimer of LCA. As demonstrated in figure 4.3, hASBT had a higher affinity for TCA 

than ACA by about 3-fold. 

 Asbt from mouse demonstrated a similar profile to hASBT (figure 4.2), 

preferentially transporting TCA and ACA with the addition of 7α-hydroxy-3-oxo-chol-4-

en-24-oic acid, a bile acid similar to CDCA that switches an oxo group for the C3 hydroxyl 

and has a double bond at the C4-C5 position, making it a planar BA.  As with hASBT, 

these molecules closely resemble the normal substrates of mAsbt and may be metabolites 

of normal BA biosynthesis, so it is not surprising that they show active transport (16).  

 Little skate (leAsbt) represents the next latest evolving vertebrate model in this 

study. Total uptake profiles diverged from that of the mammalian ASBT/Asbt, showing no 

significant sodium-dependent transport of TCA. Instead, leAsbt demonstrated uptake of 

ACA and 3-oxo-cholic acid. When investigated further during kinetics experiments, leAsbt 

seemed to show some saturable transport of TCA but at very low affinity, consistent with 

previous studies (figure 4.4) (22).  

 Sea lamprey (pmAsbt) evolved approximately 200 million years before the little 

skate, and its existence as one of the earliest extant vertebrates is also thought to represent 

the earliest development of bile salts and the biliary tree (22). This ortholog exhibited 

significant sodium-dependent uptake of ACA, 3-oxo-CA, and 7α-hydroxy-3-oxo-chol-4-

en-24-oic acid but not TCA (figure 4.3). As with leAsbt, further studies revealed low 

affinity but saturable transport for TCA via pmAsbt. Again, the highest affinity transport 

as inferred from the Km value was for 7α-hydroxy-3-oxo-chol-4-en-24-oic acid.  
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4.5 Conclusions and Future Directions 

 Preferential transport of compounds representative of ancestral bile salts by 

phylogenetically older species lends credence to our hypothesis that ASBT has evolved 

with bile acids for their specific uptake. As mentioned in an earlier section, this work is in 

progress, and we intend to continue characterizing the kinetic profiles of the bile acids and 

derivatives that showed sodium-dependent uptake in dmAsbt and mAsbt. However, 

multiple avenues of related research could also be pursued in tandem. Further 

characterization of Asbt orthologs would improve our understanding of their molecular 

structure and function, as well as assist in more rigorous comparison with human ASBT. 

This could include further kinetic uptake studies with additional bile acids and derivatives 

as well as other functional assays and expression studies. In addition, more investigation 

regarding the expression and function of Asbt orthologs in vivo would inform on the 

functional capacity of this transporter in these organisms, which would further elucidate its 

role at that point in the phylogenetic timeline.  
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Chapter 5 5. Disruption of Bile Acid Homeostasis in A Non-Human Primate Model of 

Radiation Injury 

5.1 Introduction 

Exposure to ionizing radiation causes the development of gastrointestinal acute 

radiation syndrome (GI-ARS). GI-ARS is characterized by nausea, vomiting, and/or 

diarrhea, which contribute to and can be exacerbated by electrolyte and fluid loss, 

nutritional deficits, weight loss, and injury of other organs (1, 2). The effects of GI-ARS 

are primarily due to immune system dysfunction, inflammation, and disruption of the 

intestinal barrier (3). Acute GI-ARS is a leading cause of morbidity and mortality following 

radiation exposure due to the threat of bacterial translocation across the disrupted 

gastrointestinal (GI) membrane and subsequent sepsis (1, 3). Long-term effects of GI-ARS 

include alterations in the structure and absorptive capacity of the gut membrane, which can 

further predispose the GI tract to maladies such as luminal narrowing, infection, and 

perforation (1). Treatment for GI-ARS is currently limited to supportive care, including the 

administration of anti-diarrheal agents and replacement fluids (2).  

Treatment of malignant patients with radio- and chemotherapy also causes 

significant GI dysfunction and clinical GI symptoms (4, 5). Despite advances in cancer 

therapies, these symptoms are the most common problem as a result of treatment in cancer 

patients and have the greatest effect on quality of life (4, 6).  

The malabsorption and/or dysregulation of bile acids (BAs), the regulatory and 

digestive end-products of cholesterol metabolism, are well-established contributors to GI 

dysfunction (7-10). Among the most prevalent of these issues in patients is bile acid 

diarrhea (BAD), a condition caused by the increased emptying of BAs into the colon and 
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feces (11). Increased luminal concentration of BAs in the small and large intestines causes 

diarrhea by a number of mechanisms, including increased water and electrolyte secretion, 

modified intestinal permeability, and stimulation of colonic propulsive contractions (11-

13). The composition of the BA pool is also important, as some BAs (i.e. the di-hydroxy 

BAs) are stronger instigators of diarrhea, whereas others are more potent activators of cell 

membrane and nuclear receptors (8, 10, 12, 13).  

Bile acid malabsorption (BAM) and subsequent BAD are recognized as important 

contributors to GI symptoms in cancer patients receiving chemotherapeutics (6). While 

most of these symptoms resolve once treatment is completed, a large portion of patients 

continue to have chronic GI upset (4). Previous studies have reported that administration 

of BA sequestrants such as cholestyramine can ameliorate GI symptoms in patients 

suffering from BAM and BAD; however, BAM is rarely diagnosed and thus usually left 

untreated in irradiated patients (6, 12, 13). In the population of patients that do receive BA 

sequestrant treatment, results are complicated by poor patient compliance due to the 

palatability of BA binders (12, 13). Alternative therapeutics for BAM and BAD are for the 

most part still in preclinical stages (13). Thus, dysregulation of bile acid homeostasis may 

be an important factor in the development and treatment of GI symptoms following 

irradiation. A more complete understanding of these mechanisms can help the development 

of medical countermeasures (MCM) to ameliorate acute symptoms and prevent the 

development of chronic GI issues.  

This study was designed to examine the natural history of acute GI-ARS 

mechanisms following radiation injury. A single-dose partial-body irradiation (PBI) model 

with 2.5% bone marrow sparing (BM2.5) was applied to non-human primates (NHP), 
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which were then observed without medical intervention and sacrificed at various time 

points in the acute period. This model was developed to mirror exposure to ionizing 

radiation and has been extensively described by ourselves and collaborators (14, 15). This 

model offers the advantages of increased resemblance to human physiology in comparison 

to, for example, rodent models, as well as the interrogation of GI-ARS in the context of 

multi-organ injury (MOI) that is more relevant to intentional or accidental radiation 

exposure (14, 15). Bile acids were examined as a proportion of the total bile acid pool and 

as individual concentrations within liver tissue, plasma, and bile in order to observe the 

effect of radiation injury on the bile acid pool’s composition and overall BA homeostasis. 

Additionally, several genes involved in the enterohepatic cycling of bile acids were 

examined using qRT-PCR to further investigate molecular mechanisms of GI-ARS as 

related to bile acid dysregulation.  

5.2 Materials and Methods 

5.2.1 Radiation Animal Model 

All animal procedures were conducted in accordance with the NIH guidelines for 

the care and use of laboratory animals and experiments were performed with prior approval 

from the University of Maryland Institutional Animal Care and Use Committee (IACUC) 

(table 5.1). Plasma was obtained from EDTA-anticoagulated peripheral blood of male 

rhesus macaques (Macaca mulatta); tissue was collected from the ileum and right central 

lobe of the liver and were snap frozen in liquid nitrogen. Plasma and tissues were stored at 

-80 ºC until assay. Samples were provided by the laboratory of Thomas J. MacVittie, 

University of Maryland School of Medicine, Department of Radiation Oncology 

(Baltimore, MD). Description of the animal models, including radiation exposure and 
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dosimetry, medical management (supportive care and health monitoring), as well as 

collection of tissue have been previously described (14). Briefly, NHP [5.5 – 11.3 kg body 

Table 5.1 Animal identifiers, euthanasia day and type, and groupings used during analysis. 
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weight] were exposed to 12 Gy partial body irradiation with 2.5% bone marrow sparing 

(PBI/BM 2.5) with 6 MV LINAC-derived photons at 0.80 Gy min -1. Bone marrow sparing 

was accomplished with tibiae outside the beam field. Timed euthanasia was planned at day 

4, 8, 11, 15, and 21 after radiation. Early euthanasia due to cause for some animals resulted 

in a final count of n=4 animals at day 4, n=7 animals at day 8, n=4 animals at day 9, n=1 

animal at day 10, n=4 animals at day 11, n=3 animals at day 12, n=1 animal at day 13, n=1 

animal at day 14, n=5 animals at day 15, n=2 animals at day 16, n=1 animals for days 17 

and 18, n= 2 animals at day 21, and n=1 animal at day 22 (table 5.1). Samples were arranged 

into 5 groups as follows: day 0 (baseline/naïve; n=7 for plasma, n=2 for tissue and bile); 

day 4 (n=4); days  8-10 (n=12); days 11-14 (n=9); and days 15-22 (n=12). Plasma (n=7) 

and tissue (n=2) from non-irradiated animals were used as baseline controls.  

5.2.2 Quantification of Bile Acids 

Quantification of bile acids in plasma, bile, and liver tissue was carried out as 

described previously in detail (16). In brief, 100µL of plasma was added to an ISOLUTE 

PLD+ phospholipid deletion column (Biotage, Uppsala, Sweden) containing ACN with 1% 

FA as crash solvent and CA-d4 and GCDCA-d4 as internal standards (IS). Columns were 

vortexed before collecting flow-through by positive pressure. Flow-through fractions were 

dried down and then resuspended for injection. Bile samples were processed similarly but 

diluted 1:9 and 1:1,000 with water pre-extraction; before resuspension, the bile samples 

that were diluted 1:1,000 were additionally diluted 1:100 during resuspension for a final 

dilution of 1:100,000 for the analysis of BAs at high abundance.  

Liver tissue dissected from the central right lobe of NHPs were sectioned and 

weighed, then approximately 50 mg were added to Fisherbrand prefilled bead mill tubes 
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(Pittsburgh, PA) with 50% methanol. Tissue sections were homogenized using a Precellys 

24 tissue homogenizer (Bertin Technologies, Paris, France), then centrifuged at 2,000 rpm 

for 10 minutes. Homogenates were aspirated, spiked with IS, mixed with ACN with  1% 

FA and vortexed, shaken at ambient room temperature (23±2 C°) for 1 hour, and finally 

centrifuged. Supernatants were applied to ISOLUTE PLD+ columns; flow-through was 

collected and dried under N2 gas flow, then resuspended proportionally to starting weight 

to make a 50 mg/mL solution for final injection. 

  A Waters ACQUITY BEH C18 UPLC column (150 x 2.1 mm, 1.7µm) was used 

with a Waters I-Class UPLC coupled to a Waters Xevo TQ-XS triple quadrupole mass 

spectrometer (Waters Corporation, Milford, MA) using ESI in negative ion mode. The 

chromatographic gradient was a linear gradient over 32 min with a mobile phase consisting 

of water with 0.01% FA and ACN with 0.01% FA with a flow rate of 0.35 mL/min. 

Detection was performed using scheduled MRM or SIM. Data were processed using 

Waters MassLynx and TargetLynx software (version 4.1 SCN 901).  

5.2.3 qRT-PCR 

Representative samples (those with the most drastic changes from naïve in the bile 

acid analysis) were used for each grouping of NHP tissue. These and primer sequences can 

be found in tables 5.2 and 5.3, respectively. Approximately 50mg of tissue from liver and 

ileum were sectioned and weighed before homogenization using a Precellys 24 tissue 

homogenizer in 50% methanol, as above. Total mRNA was isolated from liver and ileum 

sections using TRIzol reagent and reverse transcribed using High-Capacity cDNA Reverse 

Transcription Kit (Thermo Fisher Scientific, Waltham, MA) following manufacturer 

recommendations. Gene expression was normalized to Gapdh. Assays were performed in 
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96-well optical plates with SYBR Green PCR Master Mix using a StepOne Real-Time PCR 

System and software (version 2.3). Relative expression was calculated using the 2 ΔΔCt 

method (17).   

 

 

 Table 5.2 Experimental NHP groupings used for qRT-PCR 

Table 5.3 Primer sequences used in qRT-PCR 
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5.2.4 Statistics 

Welch’s and Dunnett’s tests were performed to determine statistical significance 

using GraphPad Prism software (version 8.2.1 [441]).  

5.3 Results 

In order to investigate perturbation of the enterohepatic circulation following 12 Gy 

PBI/BM 2.5, bile acids were quantified in multiple compartments (i.e. liver tissue, bile, and 

plasma) and compared as concentration and percent of total bile acids. Several genes were 

also assayed by qRT-PCR to further probe mechanisms involved in EHC dysregulation.  

5.3.1 Plasma 

Total BAs (TBA) in plasma decreased following 12 Gy PBI/BM 2.5, dropping to 

approximately 15% of naïve levels at days 8-10 (figure 5.1A, table 5.3). Amidated BAs 

increased as the proportion of TBA by over 6.5-fold (figure 5.1B). Specifically, 

conjugation to glycine increased by over 4-fold and taurine by approximately 2.4-fold. At 

the same time, the proportion of unconjugated BAs dropped to about 24% of baseline.  

Individual BAs were examined both as concentration and as percentage of TBA 

within plasma, which sometimes revealed opposing trends (table 5.4). For example, the 

concentration of LCA decreased within circulation by a maximum factor of approximately 

40; however, there was no statistically significant change of LCA as a percentage of TBA 

in plasma. Conversely, while the amount of DCA showed no appreciable difference in 

concentration following PBI, it demonstrated a significant increase as ratio of TBA in 

plasma, growing by over 7-fold. CA demonstrated a slight 1.1-fold increase in plasma 

concentration at days 8-10 but a concurrent increase of nearly 5-fold in the proportion of 
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TBA.  

Meanwhile, some BAs showed contrary trends between concentration and % of 

TBA. The concentration of glycine-conjugated CA (GCA) decreased by nearly 5-fold, yet 

its proportion of TBA increased by over 3-fold. This phenomenon was also observed in 

taurine-conjugated deoxycholic acid (TDCA), whose concentration decreased by about 

half while its fraction of TBA increased by nearly 3-fold at days 8-10.  

As a proportion of TBA, increases were seen in GCDCA, TCDCA, DCA, and 

TDCA, in addition to those mentioned above and to ACA, which demonstrated over 100-

fold increase at days 15-22 relative to naïve plasma. These accompanied decreases in TCA, 

CDCA, and TLCA. When measured as concentration in plasma, GCDCA was the only BA 

 Figure 5.1 Summary of total bile acids (A) and conjugation profiles (B) in each tissue compartment. 
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to increase, overtaken by decreases in CA and its conjugates, CDCA, TDCA, and LCA and 

its conjugates. 
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Table 5.4 Summary of total bile acids (TBI) and conjugation in each tissue compartment. 
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5.3.2 Bile 

Following PBI, the concentration of biliary TBA increased over 10-fold (figure 1A, 

table 5.6A). Converse to what was seen in plasma, there was no significant change in 

percentage of conjugated versus unconjugated BAs in biliary TBA from naïve (figure 5.1B,  

table 5.3). The concentration of most individual BAs included in this study increased 

significantly within bile following radiation; however, as in plasma, the largest differences 

were not always replicated in the changes in ratio of TBA. Interestingly, only two BAs 

showed significant changes in their ratios of TBA: GCDCA increased by 2.4 -fold, while 

TCA decreased by 1.7-fold (figure 5.2, table 5.6B).  

 

Figure 5.2 Summary of statistically significant changes in bile acid concentration (left) and proportion of 

total bile acids (right) demonstrated following PBI.  
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5.3.3 Liver Tissue 

TBA concentration within liver tissue did not significantly change during the course  

of this study (figure 5.1A, table 5.5A). The proportions of unconjugated BAs between the 

groups showed no appreciable differences, while glycine conjugation increased slightly 

(1.4-fold), and taurine conjugation decreased slightly (1.9-fold) (figure 5.1B, 5.2). As was 

the case in plasma, significant differences in individual BA concentration were not often 

in agreement with significant differences in the proportion of the TBA pool. In fact, no 

individual BA demonstrated a statistically significant change in liver tissue when measured 

as concentration normalized by tissue weight (figure 5.2). This effect is likely due to the 

high variability within each group. Examining the BAs by proportion of TBA revealed 

maximal increases in GCDCA (5-fold), GDCA (7-fold), GLCA (24-fold), and TLCA 

(nearly 4-fold) with a simultaneous decrease in the proportion of TCA (5.7-fold) (figure 

5.2, table 5.5B). The most pronounced differences within liver tissue following PBI 

occurred at the latest time point in this study (days 15-22); this is in contrast to what was 

seen in plasma and bile, which usually demonstrated maximal changes earlier (days 8 -10).  

5.3.4 Planar Bile Acids 

The planar bile acids ACA, IALCA, and 7α-hydroxy-3-oxo-chol-4-en-24-oic acid 

were quantified in this study in order to better interrogate the roles of these molecules in 

their reappearance during disease and injury. In plasma, IALCA and 7α-hydroxy-3-oxo-

chol-4-en-24-oic acid were below the LLOD, but ACA demonstrated an approximate 124-

fold increase in proportion of TBA between baseline and days 15-22 while showing no 

statistically significant change as concentration. In bile, all three species of planar BAs 

were quantifiable, but again only ACA changed, increasing by over 11 -fold in 
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concentration between baseline and days 8-10 but exhibiting no statistically significant 

change as percent of TBA. In liver tissue, ACA was below the LLOD, and IALCA and 7α-

hydroxy-3-oxo-chol-4-en-24-oic acid presented no change as either percent of TBA or 

concentration.  

5.3.5 mRNA 

Several target genes in liver and ileum were assayed using qRT-PCR. Only three 

of the genes assayed demonstrated statistically significant differences in relative 

expression: Cyp7a1 in liver and Fxr and Fgf19 in ileum (figure 5.3). Cyp7a1 was increased 

by approximately 5-fold at days 8-10 and at days 11-14, whereas other BA synthetic genes 

(Cyp27a1 and Cyp8b1) showed no change. Ileal Fxr was downregulated by about 50% at 

days 4-5; conversely, Fgf19 demonstrated an approximate 15-fold induction in ileum at 

days 8-10 (group 3) and then decreased nearly to basal levels by days 11-14 and 15-22. 

Other regulatory and signaling elements (hepatic Fxr, Shp, Tgr5, and ileal Ibabp) were 

examined but showed no statistically significant change. Likewise, no statistically 

significant differences were observed in any of the transporter genes assayed (Bsep, Ntcp, 

Oatp1b1, Asbt, Ostα, Mrp2, Mrp3, Mrp4, or Mdr2/3). 

 

Figure 5.3 Relative changes in mRNA determined by qRT-PCR. 
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Table 5.5 Summary of total bile acids (A) and conjugation profiles (B) in NHP plasma. 

A
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Table 5.5 continued 

B
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Table 5.6 Summary of total bile acids (A) and conjugation profiles (B) in NHP liver tissue. 

A
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B
 

Table 5.6 continued 
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Table 5.7 Summary of total bile acids (A) and conjugation profiles (B) in NHP bile.  

A
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B
 

 

Table 5.7 continued 
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5.4 Discussion 

In health, BAs are efficiently recycled via intestinal reabsorption through a number 

of active and passive mechanisms in a process termed enterohepatic circulation (EHC) (8, 

18). In this way, less than 5% of BAs are lost to the feces per day. When the intestinal 

mucosa is dysregulated due to radiation insult, however, absorption is similarly disrupted, 

resulting in the loss of luminal contents – including water, nutrients, and bile acids (2, 3, 

12). This effect was observed in the current study as a dramatic decrease in the 

concentration of TBA in plasma at days 8-10 and days 11-14 to nearly 10% of naïve levels 

(figure 1A). Simultaneously, biliary TBA was significantly increased over 10 -fold, 

demonstrating the hepatic effort to replenish the BA pool. Though statistical significance 

was not reached due to high individual variability, it also appears that average TBA within 

liver tissue was trending toward an increase at the same time points. This is also supported 

by the increased expression of Cyp7a1 mRNA (figure 5.3). Cytochrome P450 7A1 

(CYP7A1/Cyp7a1) is the rate-limiting step of the classic BA biosynthetic pathway (8, 9, 

18, 19). The increased expression of hepatic Cyp7a1 mRNA in this study supports the 

increased de novo production of BAs by the liver in order to replenish the BA pool lost to 

malabsorption and subsequent diarrhea. Plasma TBA appeared to be returning to baseline 

by days 15-22, which agrees with the partial recovery of intestinal mucosa that occurs at 

that same time point as demonstrated in previous studies (2, 20). However, our results 

disagree partially with previous studies of ionizing radiation in the rat, in which hepatic 

Cyp7a1 mRNA was unchanged, while hepatic Cyp27a1 and Cyp7b1 were decreased and 

Cyp8b1 expression was increased (21, 22). We observed no significant changes in 

expression of these genes, save Cyp7a1, following 12 Gy PBI/BM2.5. This disagreement 
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may be due to a number of differences between the two studies, including species used and 

dose and administration of radiation.  

Though Cyp7a1 mRNA expression was increased by about 5-fold at days 11-14, 

this was confounded by decreased expression of ileal Fxr (approximately 50% of naïve) 

and increased expression of ileal Fgf19 (>15-fold increase at days 8-10) (figure 5.3). Bile 

acids activate ileal FXR/Fxr while being shuttled from the intestinal lumen to the portal 

blood for delivery back to the liver (8, 19). Activation of ileal FXR causes the release of 

FGF19/Fgf19 from the enterocyte, which acts on the hepatic receptor FGFR4 in order to 

suppress expression of hepatic CYP7A1 (8, 19). Thus, decreased expression of ileal Fxr 

would be expected to lead to decreased expression of Fgf19. Likewise, the increased 

expression of the peptide hormone Fgf19 would be expected to cause a decrease in hepatic 

Cyp7a1, while an increase was observed instead. This effect can potentially be attributed 

to the times at which these changes occurred: the increased expression of ileal Fgf19 was 

not seen until days 8-10, while the increase in Cyp7a1 mRNA had already occurred at that 

same time point and then appeared to decrease. Moreover, the loss of functional enterocytes 

as demonstrated in jejunum by this and other groups is likely to occur throughout the length 

of the small intestine (23, 24). This complicates the qRT-PCR analysis, as cell types were 

not isolated or identified before mRNA extraction. Additionally, because only mRNA was 

examined, it is possible that additional changes at the protein expression and functional 

level could be taking place.   

The di-hydroxy BA, DCA, and its conjugates (i.e. GDCA and TDCA) were 

observed to increase as percent of TBA in plasma following PBI. Similarly, the taurine and 

glycine conjugates of CDCA (i.e. GCDCA and TCDCA) were also increased as 
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proportions of plasma TBA. The increased proportions of these di-hydroxy BAs may have 

contributed to or exacerbated diarrhea in this model, as these BAs are known to enhance 

colonic mucosal permeability as well as water and electrolyte secretion (12). In previous 

studies using this model, diarrhea reached maximal frequency at day 8 post-irradiation 

(15), which is the same time point with maximal increases as percent of TBA of TCDCA 

and GCDCA in plasma and as concentration of TCDCA and GCDCA in bile. This is 

supported by earlier studies. For example, a mouse model of pelvic irradiation 

demonstrated BAM and radiation-induced diarrhea (RID) concurrent with increased levels 

of DCA and CDCA in the colon and feces (25).  

Among the BAs whose production were increased following radiation injury was 

one of the planar BAs - allocholic acid (ACA). This species, which like the other planar 

BAs is normally undetectable or of low abundance in the healthy adult mammal, has 

recently been discovered to increase following certain cases of liver injury (26). ACA 

demonstrated a substantial increase (124-fold) following PBI when measured as a 

proportion of plasma TBA, which was interestingly not accompanied by a significant 

increase in its concentration. ACA also increased when measured as concentration in bile. 

Though we did observe increased incidence of this planar BA, the other planar BAs assayed 

in this study – IALCA and 7α-hydroxy-3-oxo-chol-4-en-24-oic acid – did not demonstrate 

significant difference between naïve and PBI groups; still, these BAs were detectable and 

quantifiable in most bile and liver tissue samples. Additionally, though ACA demonstrated 

a significant increase in its concentration within bile, the proportion of this species as a part 

of TBA did not. As far as the authors know, this is the first study to examine these planar 

BAs both as their concentration and as a percentage of the whole, so it would be interesting 



109 
 

to know if previous studies that reported increased production of these molecules also 

resulted in an increased proportion of TBA in that biomatrix (27-29). Furthermore, because 

most BAs assayed in this study increased in concentration within bile, it is possible that the 

increase in planar BAs is a reflection of all BAs increasing and not, as we first 

hypothesized, due to activation of a specific mechanism of liver injury, at least in this 

model. The increased ACA as a proportion of TBA in plasma could be due to a number of 

mechanisms due to radiation injury, including increased hepatic BA synthesis, skewing of 

the microbiome resulting in production of ACA as a secondary BA, and/or decreased 

proportions of the other BAs that make up the total bile acid pool.   

5.5 Conclusion 

Bile acids have long been recognized as having regulatory activities in addition to 

their digestive roles due to their activation of cell membrane and nuclear receptors (7, 8, 

10). Thus, changes in the composition of the hepatic and/or intestinal bile acid pools can 

lead to changes in downstream signaling. In this and similar studies of GI-ARS, it is 

possible that increased proportions of LCA and DCA and their conjugates are partially 

responsible for the increased colonic motility that causes radiation-induced diarrhea (RID) 

and BAM via M-BAR activation, which is thought to be an important instigator of 

intestinal motility (7, 30).  Additionally, because M-BAR activation by LCA and other 

hydrophobic BAs promotes anti-inflammatory processes (7), BA signaling may be 

important to the liver’s resistance to radiation damage (21). Similarly, VDR signaling via 

LCA promotes pathways related to xenobiotic and bile acid detoxification (7); ergo, this 

may be another mechanism for hepatic resistance to radiation damage from increased BA 

levels. Though some of these signaling pathways are thought to play small parts in health, 

it is likely that they become more important in injury states when the BA pool is modulated 
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and/or elevated. This may be especially true herein, since the less active TCA decreased as 

a proportion of TBA in all biomatrices examined and was replaced by the more potent cell 

membrane and nuclear receptor activators, CDCA, LCA and DCA and/or their conjugates. 

Even so, additional studies would be required to determine the quantitative effects of bile 

acid signaling in the response to and recovery from radiation damage.  
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6. Conclusions and Future Directions 

 The studies presented herein accomplished many of the original goals for which 

they were designed, as well as presented unexpected developments in the study of bile acid 

homeostasis. Of note, the work herein has resulted in the advancement of bile acid 

detection and quantification methods; improved characterization of cell culture and animal 

models; insights into the co-evolution of BA transport and BA synthesis; and establishment 

of BA dysregulation in acute radiation syndrome.  

We have demonstrated the optimization, validation, and applications of a sensitive 

and selective LC-MS/MS method that has allowed us to simultaneously quantify numerous 

bile acids in cell culture systems and several biomatrices. Thereby, we have also reported 

the most detailed profile of the bile acid pool to date in immortalized liver cells, human 

primary hepatocytes, and M. mulatta. These studies have revealed important disparities 

between bile acid metabolism in immortalized cell lines and healthy hepatocytes. These 

data demonstrate the strong correlation of bile acid metabolism in human primary 

hepatocytes with that in hepatocytes in the whole organism; however, future work could 

expand on this by examining more primary hepatocyte donors and including additional 

media formulations in order to examine more aspects of BA metabolism.  

A detailed baseline profile of the bile acid pool in M. mulatta – a popular laboratory 

non-human primate model – has also been established. Rodent models are often utilized 

when studying BA synthesis and metabolism; however, rodents’ use of murine-specific 

bile acids and their low homology to humans make correlation to human systems 

challenging and often inaccurate. Ergo, the characterization of a more homologous model, 

such as NHP, is an important step in their widespread use in this field. While we have made 
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significant advancements over the data that had been available, additional processes 

involved in BA metabolism and elimination in these species should also be studied to 

establish physiological parameters that may be altered in relevant pathologies. These 

include renal elimination, sulfonation, glucuronidation, and BA-mediated signaling.  

The quantitative assay developed herein also proved invaluable in the study of 

sodium-dependent bile acid uptake by ASBT and Asbt orthologs. These experiments have 

demonstrated that orthologs from earlier evolving vertebrate animals, such as sea lamprey 

and little skate, and invertebrates, such as the fruit fly, are poorly suited to transport modern 

bile salts. Meanwhile, human ASBT is specialized for highly efficient uptake of modern 

bile salts, but its efficiency deteriorates markedly in the transport of ancestral bile salts or 

bile alcohols. These findings lend credence to the hypothesis that ASBT/Asbt has evolved 

alongside bile acids for their specific uptake, but more studies are needed to fully 

characterize this adaptation. For example, further molecular characterization of Asbt 

orthologs using oxysterols and bile alcohols and other functional assays would help 

elucidate the exact substrate specificities of these transporters.  

Finally, the detailed baseline profile that was established in M. mulatta in an earlier 

part of this dissertation was used to compare the changes in BA homeostasis in a natural 

history study of gastrointestinal acute radiation injury. The NHP model of radiation injury 

represents an important tool for the development of medical countermeasures in case of 

radiation exposure due to its high homology to humans; however, there are few studies 

examining detailed changes in the bile acid pool in this model. These changes are especially 

relevant because GI-ARS is a leading cause of morbidity and mortality following radiation 

exposure, and BA dysregulation is thought to be a significant factor in GI upset due to their 
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detergent and signaling capabilities. Thus, a more complete understanding of these 

mechanisms can further the development of medical countermeasures to ameliorate acute 

symptoms and prevent the development of chronic GI issues. With this goal, we have 

demonstrated the detailed changes to the BA profile that occur in an NHP model of GI-

ARS in multiple enterohepatic tissues; additionally, we have probed for disturbances that 

occur at the transcriptional level. This work has revealed significant dysregulation to nearly 

all aspects of the BA profile following partial-body irradiation; however, surprisingly, few 

changes took place at the transcriptional level, indicating that these perturbations may be 

due to overall destruction of cells as opposed to metabolic changes taking place.  

These studies have advanced multiple facets of bile acid research and highlight the 

importance of choosing an appropriate model, experimental design, and analytical method. 
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