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Abstract
Dissertation Title: Molecular Mechanisms of Intestinal Bile Acid Transport and
Immunomodulatory Potential of Bile Acids
Ebehiremen Nancy Ayewoh, Doctor of Philosophy, 2021
Dissertation Directed By: Dr. Peter W. Swaan, Professor and Department Chair of
Pharmaceutical Sciences
Bile acids are catabolic products of cholesterol that play an important role in the
digestion of dietary facts, lipid soluble vitamins, and drugs, as well as a role in immune
regulation and glucose homeostasis. They function as complex signaling molecules to
prevent intracellular accumulation of bile acids and modulate bile acid and cholesterol
homeostasis via activation of a nuclear receptor, Farnesoid X receptor (FXR), to repress
bile acid uptake transporters and enhance bile acid efflux transporters. The human
sodium dependent bile acid transporter (ASBT) is a highly regulated intestinal uptake
transporter that acts as the rate limiting step in bile acid transport in the enterohepatic
circulation. Targeted ASBT inhibition is currently being investigated for use in
cholestasis, hyperlipidemia, chronic idiopathic constipation, and type 2 diabetes. While
studies on post-translational modifications (PTMs) have revealed N-linked glycosylation
and phosphorylation as regulators of ASBT, ASBT regulation is still poorly understood.
The lipid-based PTM, S-acylation, is the reversible addition of an acyl chain, via a
labile thioester linkage, onto cysteine residues, thereby increasing the affinity of proteins
to cellular membranes. In this work, we show that human ASBT is S-acylated and that Sacylation is vital for ASBT function, cell surface expression, substrate transport kinetics,
and protein stability. Screening of cysteine mutants in and or near transmembrane

domains, some of which are exposed to the cytosol, confirmed Cys314 to be the
predominate S-acylated residue. Mutation of cytosolic tyrosine residues resulted in
decreased ASBT S-acylation suggestive of crosstalk between both PTMs and the
existence of multiple PTM-based proteoforms. Finally, we investigate functional
implications of the potential acyl transferases responsible for ASBT acylation. Overall,
we have provided valuable insight on human ASBT regulation and highlighted the
necessity for further investigation of the impact of PTM proteoform in drug development.
While understanding ASBT regulation is vital in addressing intestinal and
hepatobiliary disease states, the extent as to which its substrate, bile acids, play in other
molecular processes is important in fully understanding the broader relevance of
intestinal bile acid transport and bile acid signaling. Bile acids have emerged as complex
signaling molecules in glucose homeostasis and immune regulation where they can
activate specific receptors to increase insulin secretion and exert anti-inflammatory
responses from mucosal immune cells, respectively. Using immunological approaches,
we provide preliminary evidence and scientific perspective on the use of bile acids in
nanoformulation that aims to exploit the immunomodulatory potential of bile acids.
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Chapter 1: Bile Acid Signaling and Transport
1.1 Bile acid synthesis
Cholesterol is a structural component of the cell membrane where it plays a vital
role in membrane fluidity and stability. It also acts as a precursor to vitamin D, hormones,
and bile acids. While cholesterol plays an important role in cell function,
hypercholesterolemia can be the result of genetic diseases and predispositions. For
example, elevated levels of low-density lipoproteins (LDL), carriers of blood cholesterol,
lead to a buildup of fatty plaque deposits in the arteries, resulting in atherosclerosis and
coronary artery disease. Cholesterol gallstones can form during hypercholesteremia
when the liver secretes excess cholesterol in bile, a complex fluid mixture that aids in
digestion. Clinical manifestations of cholesterol gallstones include cholecystitis,
inflammation of the gallbladder, or ascending cholangitis, inflammation of the bile duct.
Cholesterol homeostasis is maintained in three ways: regulation of cholesterol
biosynthesis by hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase,
regulation of cholesterol uptake via low-density lipoprotein (LDL) receptors, regulation
of cholesterol catabolism through bile acid biosynthesis.
Bile acids are amphipathic detergent molecules that facilitate digestion and
transport of lipids, vitamins, and nutrients. These cholesterol-derived molecules emulsify
insoluble fat droplets after food intake by forming mixed micelles. In addition to their
role in digestion, they act as complex signaling molecules in energy, glucose (1), and
immune homeostasis (2, 3). Due to the structural nature of bile acids, they require
specialized transporters for uptake and efflux out of cellular compartments (i.e., liver,
intestine, kidneys). As these transporters effectively control bile flux, they are important
1

in clinical manifestations of dysregulated bile acid and cholesterol homeostasis such as
cholestasis, obstruction of bile flow from the liver, and colitis, inflammation of the inner
lining of the colon(4).
Bile acids are synthesized from cholesterol in the liver and stored in the
gallbladder. Bile acid synthesis involves the activity of cytochrome P450 (CYPs) and
other enzymes and occurs via two distinct pathways, namely the classical and alternative
pathway (Fig. 1.1). In the classical pathway (or neutral pathway), CYP7A1 catalyzes the
hydroxylation of cholesterol at the 7 positions to 7a-hydroxycholesterol. Activity of
other CYPs and enzymes in this pathway leads to the synthesis of primary bile acids:
cholic acid (CA) and chenodeoxycholic acid (CDCA). The classical pathway is generally
accepted as the major pathway for bile acid synthesis. CYP27A1 initiates the alternative
pathway (or acidic pathway) via conversion of cholesterol to cholesterol 27hydroxycholesterol. The alternative pathway leads to the sole generation of CDCA. Bile
acids synthesized in the liver are called primary bile acids.
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Figure 1.1 Bile acid synthesis.
Primary bile acids, cholic acid (CA) and chenodeoxycholic acid (CDCA), are synthesized from cholesterol
in the liver through the classical (or neutral) or alternative (or acidic) pathway in a cascade predominately
mediated by cytochrome p450 (CYPs) enzymes. Key enzymes involved in both pathways are indicated. 7αhydroxylase (CYP7A1) initiates the classical pathway through hydroxylation of cholesterol to 7αhydroxycholesterol while sterol 27-hydroxylase (CYP27A1) initiates the alternative pathway by converting
cholesterol to 27-hydroxycholesterol. Activity of 12α-hydroxylase (CYP8B1) produces cholic acid (CA) in
the classical pathway while chenodeoxycholic acid (CDCA) is produced in the absence of CYP8B1
activity. In the alternative pathway, oxysterol 7α-hydroxylase (CYP7B1) regulates synthesis of CDCA, the
sole primary bile acid produced in that pathway. Prior to biliary secretion, bile acids are conjugated to
taurine or glycine (T/G). Bile acids are emptied into the intestine where they are undergo deconjugation and
biotransformation by microbiota. In the intestine, CA is converted to deoxycholic acid (DCA) and CDCA is
converted to lithocholic acid (LCA) and ursodeoxycholic acid (UDCA). Bile acid synthesized in the
intestine are termed secondary bile acids. Bile acids are efficiently recycled from the intestine to the liver in
the enterohepatic circulation (EHC) which conserves approximately 95% of bile acids for continued use in
digestion.
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Upon food intake, bile acids are secreted from the gallbladder into the bile. Bile is
a greenish-yellow fluid that consists lipophilic endogenous substances (e.g. bile salts,
cholesterol, vitamins, bilirubin) as well as lipophilic exogenous xenobiotic (5). Bile flows
through the bile duct to the first region of the small intestine, the duodenum. Prior to
secretion, bile acids are conjugated with taurine or glycine; these molecules are termed
bile salts.
Conjugation of bile acids with these amino acids effectively reduces their pKa,
thereby increasing the solubility of bile salts at the acid pH of the duodenum. However,
this reduced pKa renders bile salts impermeable to cell membranes. Thus, transport and
recirculation of bile salts between cellular hepatobiliary and intestinal compartments (i.e.,
enterocyte, hepatocyte), referred to as enterohepatic circulation of bile salts (EHC),
requires specialized transporters termed bile acid transporters. A schematic representation
of the EHC and bile acid transporters is shown in Figure 1.2.

Figure 1.2 The enterohepatic circulation (EHC) of bile acids.
Bile acids are synthesized in the liver from cholesterol and stored in the gallbladder. Bile acids are
conjugated to taurine or glycine (T/G) and are secreted into the canicular membrane primarily by bile salt
export pump (BSEP). Trace amounts of bile acids are sulfated or glucuronidated (S/U) and secreted into the
canicular membrane by the multidrug resistance-associated protein-2 (MRP2), while bile acids that are
hydroxylated (H) are secreted by P-glycoprotein (MDR1). Bile acids (BA) are emptied into the small
intestine via the bile duct where they can be taken up by enterocytes. Majority of bile acids are efficiently
absorbed in the small intestine by the apical sodium-dependent bile acid transporter (ASBT) but
unconjugated may be taken up via ASBT in colonocytes. In the distal ileum, bile acids are shuttled from the
apical membrane to the basolateral membrane by the ileal bile acid binding protein (IBABP) and effluxed
by the basolateral heteromic transporter (OSTa/OSTβ), the multidrug resistance-associated protein-2 and 3
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(MRP2, MRP3). In colonocyte, bile acids are reclaimed by ASBT and effluxed by MRP2 and MRP3. Bile
acids from enterocyte and colonocytes then enter the portal circulation where they are subsequently
transported into the hepatocyte via the Na+-taurocholate co-transporting polypeptide (NTCP). The organic
anion transport family 1B1 and 1B3(not shown) (OATP1B1, OATP1B3) are also involved in reuptake of
bile acids (mostly unconjugated) into hepatocytes. In the bile duct, a small fraction of bile acids are
absorbed by ASBT or passively absorbed into cholangiocytes during cholehepatic shunt. Bile acids are
effluxed out of cholangiocytes by OSTa/OSTβ and by MRP3 where they enter the periductular capillary
plexus for re-entry into the liver. Bile acids can be effluxed out of the hepatocyte under cholestatic
conditions by the multidrug resistance-associated protein-4 (MRP4), OSTa/OSTβ, and MRP3. A portion of
bile acids may escape first pass metabolism, enter systemic circulation. Bile acids in systemic circulation
(or “free bile acids”) undergo glomerular filtration, are taken up by ASBT in proximal tubule cells, effluxed
by OSTa/OSTβ and MRP3 into systemic circulation, thus minimizing urine loss. Free bile acids return to
the liver where they are subjected to BA efflux into the canicular membrane and follow the enterohepatic
circulation.

5

Figure 1.2 (Continued) The enterohepatic circulation (EHC) of bile acids.

In the small intestine, bile acids facilitate transport, digestion, and absorption of
lipids. Bile salts emulsify large lipid droplets and form mixed micelles with lipid
substances such as triglycerides, fat-soluble vitamins, monoglycerides, phospholipids,
bilirubin, and cholesterol (excess) (6). Mixed micelles transport these molecules to the
aqueous environment of the intestinal lumen and can act as an excretory route to the urine
or feces (5).
Bile acids exist in two forms termed primary bile acids and secondary bile acids.
While primary bile acids are synthesized in the liver from cholesterol, secondary bile
acids are synthesized in the gut via biotransformation of primary bile acids by gut
6

microbiota (Fig. 1.1). The coordination of ileal bile acid activated nuclear receptors and
bile acid transporters and the gut microbiota play an important role in regulating the
levels and composition of the bile acid pool.
Efficient reuptake of bile acids in the ileum via EHC preserves 95% of secreted
bile acids. In this process, primary and secondary bile acids are recirculated from the
ileum to the hepatocytes via the portal vein. Due to the efficiency of the EHC, majority of
the bile acids secreted across the canalicular membrane into bile are derived from the
recirculating pool with less than 10% from new hepatic synthesis. Overall, this integrated
transport system (i) minimizes fecal and urinary bile acid loss (ii) largely restricts these
potentially cytotoxic detergents to the intestinal and hepatobiliary compartments (iii)
allows for a low rate in new de novo hepatic synthesis while maintaining bile acid and
cholesterol homeostasis and (iv) results in a continued flux of bile salts to aid in
digestion.
1.2 Bile acid transport in the enterohepatic circulation
The enterohepatic circulation of bile acids is a multicompartmental system that
facilities the secretion of bile acids into the biliary tract, transport into the small intestine,
recirculation back to the liver via the portal vein, and resecretion into the biliary tract. Bile
acids are secreted in the bile by the canalicular bile salt export pump (BSEP; ABCB11) and
flow into the duodenum via the common bile duct. Bile acids modified by an additional
hydroxylation are secreted by P-glycoprotein (MDR1; ABCB1A). Sulfate or glucuronide
conjugated bile acids are secreted by the multidrug resistance-associated protein-2 (MRP2;
ABCC2). Bile acid reabsorption occurs through passive (i.e., unconjugated and some
glycine conjugated bile acids) and active transport. Bile acids are efficiently absorbed in
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the distal ileum by the apical sodium dependent bile acid transporter (ASBT; SLC10A2)
via active transport (7). Reabsorbed bile acids are transported from the apical to the
basolateral membrane of the enterocyte by the ileal bile acid binding protein (ILBP or
IBABP; FABP6). Bile acids are then effluxed by the basolateral heteromeric organic solute
transporter (OSTa-OSTβ; SLC51A/SLC51B) into portal circulation. Bile acids are cleared
from portal circulation via the sodium taurocholate co-transporting polypeptide (NTCP;
SLC10A1) back into the hepatocyte. Unconjugated bile acids can also be taken into the
hepatocyte by organic anion transport protein family members (OATP1B1; SLCO1B1,
OATP1B3; SLCO1B3). Studies have shown that bile acids regulate hepatic and intestinal
transporters via activation of the nuclear transporter, farnesoid x receptor (FXR). Bile acid
activation of FXR (8-11) induces expression of short heterodimeric partner (SHP) which
results in inhibition of bile acid uptake via inhibition of ASBT (12) and NTCP and an
increase in their efflux via induction of BSEP, MRP2, IBABP (13-15) , OSTα/β expression.
This feedback mechanism may possibly be a physiological response to prevent the
accumulation of bile acids in hepatocytes and enterocytes. Beyond their role in digestion,
bile acids have emerged as complex signaling molecules with glucose-lowering potential,
where they activate Takeda G-protein receptor 5 (TGR5; GPBAR1), a G-protein- coupled
bile acid receptor, to trigger release of glucagon-like peptides (GLP) into the portal vein to
regulate glucose homeostasis. Secretion of glucagon-like peptide 1 (GLP-1) results in
inhibition of glucagon release, stimulates insulin release, thus decreasing blood sugar
levels. Bile acids and bile acid-activated receptors (e.g., TGR5, FXR) have also recently
emerged as having anti-inflammatory and immunomodulatory potential (2, 3).
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1.2.1 Hepatobiliary Bile Acid Transporters
1.2.1.1 BSEP/ABCB11: Bile Salt Export Pump
The bile salt export pump (BSEP), originally named sister of P-glycoprotein (16)
(SPGP) based on its similarity to P-glycoprotein (MDR1), the primary active transporter
predominately responsible for the secretion of bile acids across the apical canicular
membrane. Progressive familial intrahepatic cholestasis type 2 (PFIC2) is a genetic
disorder, typically occurring during the first months of life, which results in progressive
liver disease. PFIC is caused by impaired bile secretion due to defects in BSEP (17).
Other clinical manifestations of BSEP disruption are benign recurrent intrahepatic
cholestasis type 2 (BRIC2) and intrahepatic cholestasis of pregnancy. PFIC mutations
result in defects in canicular membrane trafficking of BSEP and transport activity leading
to hepatic injury. Ursodeoxycholic acid (18) and silibinin (19), the active component of
silymarin ( a standardized extract of milk thistle seed) , can reverse defects in insertion of
BSEP in the canalicular membrane during cholestasis. Rat Bsep (Bsep) is Nglycosylated at its first extracellular loop and at least two N-glycans are essential for its
function, trafficking, and stability (20). Membrane trafficking can also be regulated
through basal activity of p38 MAP kinase (21). Mutation of the luminal glycosylation
motif of Bsep resulted in greater ubiquitination compared with wild-type (WT) rats, via
the endoplasmic reticulum-associated protein degradation (ERAD) pathway (22).
Inhibition of BSEP is a critical factor that should be considered in drug
development due to its role in liver injury (23). Studies on therapeutics such as bosentan
(23, 24), used in pulmonary arterial hypertension treatment and thiazolidinediones (25) ,
used for type 2 diabetes treatment, resulted in drug-induced liver injury mediated by
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BSEP inhibition. Drug-induced liver injury due to BSEP inhibition may be overlooked in
preclinical animal models but are discovered to be associated with liver once
administered to patients at the latter stages of drug development (phase II/III) or postmarketing (23, 26).
Like other hepatic and intestinal uptake/efflux transporters, BSEP is indirectly
positively regulated via bile acid activated FXR (9). While bile acids act as substrates that
can induce positive regulation of BSEP via nuclear receptors, they can activate its
ATPase activity, particularly taurochenodeoxycholate (27). BSEP/Bsep expression is also
positively regulated by other transcriptional factors such as liver receptor homolog1(LRH-1/Lrh)(28) and nuclear erythroid 2-related factor 2 (NRF2) (29, 30) . Vitamin D
receptor and its ligand, 1,25-dihydroxyvitamin D3, inhibit bile acid-FXR transactivation
of BSEP, IBABP, and SHP promoter activity (31).
1.2.1.2 NTCP/SLC10A1: Sodium Taurocholate Co-transporting Polypeptide
The Na+-taurocholate co-transporting polypeptide (NTCP/SLC10A1) is a
secondary active symporter highly expressed on the basolateral membrane of hepatocytes
and is the predominant transporter responsible for hepatic uptake of bile acids. Human
NTCP (NTCP), a 349 amino acid glycoprotein, binds to two sodium ions and one bile
salt where it facilitates active reuptake into hepatocytes via a sodium electrochemical
gradient. NTCP shares high amino acid sequence identity and similarity to ASBT and
other members of the SLC10 family. NTCP and ASBT share a signature motif,
ALGMMPL, in their transmembrane domain (32). Inhibition of NTCP and ASBT has
been shown to dampen cholestatic injury (33).
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Ntcp is also present in rat pancreatic acini where it contributes to luminal sodium
dependent bile influx into acinar cells while organic anion transporting polypeptide
(Oatp) contributes to basolateral sodium-independent bile flux into acinar cells. Bile acid
uptake by both transporters into rat pancreatic acinar cells (PAC) can cause acinar cell
damage observed in acute pancreatitis by impairing Ca2+ dependent signaling. Bile acidinduced intracellular calcium stores depletion in acinar cells result in an influx in Ca2+,
activating inflammatory pathways that cause cell death(34). Efflux proteins MDR1 (35)
and MRP3(36) are also expressed in the pancreas and can serve as a mechanism to
counter bile acid-induced acinar damage. NTCP/Ntcp is also expressed in human
pancreatic stellate cells (PSC) and mouse PSC (not mouse pancreatic acinar cells) where
it contributes to sodium dependent bile acid induced stellate necrosis (37).
While active transport via NTCP function is strictly dependent on sodium, it has a broad
substrate specificity. Other endogenous substrates of NTCP include steroidal hormones,
sulfo-conjugated bile acids, and thyroid hormones (32). Exogenous substrates of NTCP
such as drugs ( i.e. statins (38), micafungin (39), and hepatitis B/D virus (40).
In recent years, NTCP was discovered to be a specific receptor for the
myristoylated pre-S1 domain of hepatitis B and D viruses (HBV;HDV)and is thus
implicated in liver disease associated with human hepatitis B and D infection(41).
Myrcludex B (other names: Bulevirtide, Hepcludex®) is a synthetic peptide and a specific
pharmacological inhibitor of NTCP that mimics the pre-S1 domain of HBV L-protein
(42). Myrcludex B binds to NTCP, facilitates the inhibition of hepatitis B and D virus
entry (43, 44) into the hepatocyte and the inhibition of hepatic bile acid uptake, thereby
preventing infection and increasing plasma bile acid levels (45-47). Currently, Myrcludex
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B, developed by MYR Pharmaceuticals, is approved for treatment of HBV and HDV in
the European Union but is still undergoing phase 3 development in the United States,
Germany, Georgia, Sweden, Italy, and Russia (48). Herbal medicinal ingredients such as
ginkgolic acid, erythrosine B, silibinin, and emodin were shown to inhibit sodium
taurocholate uptake in a stable expressing NTCP cell line and may also be considered in
the development of HBV therapeutics(49). While the development of NTCP inhibitor is
advantageous for HBV therapeutics, as well as cholestasis (33, 46), the disruption of the
physiological function of NTCP still remains an issue (i.e., increased plasma bile acid
level) and thus the therapeutic window of those inhibitors will need to be closely
monitored.
Regulation of NTCP bile acid uptake and expression has been extensively studied
and have shown to be affected by post-translational modifications, interaction with lipid
rafts, and protein-protein interactions. Comparable to the intestinal bile acid uptake
transporter, ASBT, NTCP is negatively regulated by bile acid activated FXR. Therefore,
bile acids act as a substrate and an inhibitor for both uptake transporters. Glucocorticoid
receptor (GR) is a transactivator of both NTCP and ASBT (50).
NTCP forms homodimers and heterodimerizes with SLC10A4 and SLC10A6.
Heterodimerization with SLC10A4 decreased NTCP bile acid uptake (51).
NTCP is glycosylated at asparagine 5 and 11. Glycosylation at least one glycan is
necessary for bile acid uptake. NTCP lacking both glycans is degraded in the lysosome
and not in the proteasome (52). However, there are conflicting studies as to the
importance of glycosylation in viral infection and plasma membrane expression (52, 53).
Interestingly, an in vivo study using human liver donors that were below or above 1-year
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of age showed that 1-year was required for complete glycosylation in human hepatocytes
(54). In contrast, glycosylation of Ntcp in rats was completed in 4 weeks after birth (55).
NTCP activity is also dependent on its localization in specific cholesterol and
sphingolipid-rich membrane domains, otherwise known as membrane lipid rafts (56, 57).
Stomatin (58), an ubiquitously expressed protein associated with lipid rafts, interacts with
NTCP. Stomatin does not influence plasma membrane expression of NTCP and the
targeting of NTCP in lipid rafts. However, overexpression and knockdown studies
confirmed that stomatin regulates NTCP uptake, but this mechanism remains unclear
(57).
1.2.2: Intestinal Bile Acid Transporters
1.2.2.1 ASBT/SLC10A2: Apical Sodium Dependent Bile Acid Transporter
The apical sodium-dependent bile acid transporter, a 348 amino acid glycoprotein,
is an active symporter that is highly expressed at the distal ileum on the apical membrane
of intestinal absorptive cells or enterocytes. ASBT facilities the intestinal active uptake of
bile acids using energy from the sodium electrochemical gradient as its driving force
(cotransport of two sodium ions: one bile salt). Other sites of ASBT expression include
proximal tubule cells and cholangiocytes. ASBT functions in proximal tubule cells to
minimize bile acid urine loss. Downregulation of renal tubular ASBT was noted in
obstructive cholestasis that contributed to increased bile acid renal clearance (59). In
cholangiocytes, ASBT has been thought to play a role in cholehepatic shunt: a proposed
pathway where bile acids return to hepatocyte for resecretion in the bile. Studies suggest
that bile acids enter the cholangiocyte during bile duct obstruction as a physiological
adaptation to chronic cholestasis; thus, preventing liver injury due to bile acid
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accumulation by maintaining bile acid flux (60). Cholangiocyte ASBT may adapt to bile
duct obstruction by upregulating its transport capacity which enables bile acids to activate
cholangiocyte-specific to activate intracellular signaling pathways (i.e,protein kinase C,
intracellular Ca2+, cyclic AMP, and phosphoinositide 3-kinase) to alter cholangiocyte
cellular functions (i.e, secretion, proliferation, gene expression, survival) (61, 62).
Unlike NTCP, ASBT has strict substrate specificity that include taurine-, glycineconjugated and unconjugated bile acids. ASBT is regulated by various factors such as
bile acids(11), transcription factors, sterols, hormones, vitamins, nutrients(63), and posttranslational modifications (64-67). hASBT has one N-glycosylated site at asparagine 10
(64, 68). Other forms of post-translational modification are ubiquitination (69),
phosphorylation (67, 70), and acylation (66). Similar to NTCP, ASBT has been found to
be associated with lipid rafts and thus suggested to be modulated by cholesterol levels of
the plasma membrane. Lipid rafts disruption via cholesterol depletion led to a decrease in
ASBT function, maximal velocity, and its association with lipid rafts (71).
Like other bile acid transporters, studies have shown that ASBT is regulated via
bile acid-induced FXR. Treatment with CDCA resulted in a decrease in hASBT mRNA
level and promoter activity via a bile acid-FXR complex activation of small heterodimer
partner (SHP), a nuclear receptor lacking a DNA binding domain. Overexpression of a
dominant negative FXR reversed bile acid-induced repression of hASBT. This repression
was shown to be linked to activation of SHP and inhibition of retinoic acid
receptor/retinoid X receptor (RAR/RXR). Thus, ASBT was shown to be activated by
retinoic acid. The same mechanism is found in mouse Asbt but is mediated by liver
receptor homologue 1 (LRH-1) not RAR/RXR. While vitamin A is routinely given to
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cholestatic patients to treat fat-soluble vitamin malabsorption, the risk/benefit ratio of this
treatment is debatable since it may lead to liver progression in primary biliary cirrhosis
and cholestatic patients (11).
Several ASBT inhibitors have been studied to exploit the physiological function
of ASBT in regulating bile acid levels. ASBT inhibitors (e.g., SC-435, S-8921, S-0960)
can essentially block the reuptake of bile acids in EHC, thus driving a compensatory
hepatic synthesis of bile acids and lowering of cholesterol levels in disease states (i.e.
hypercholesterolemia, coronary artery disease) (32, 72, 73). Studies also indicate that
treatment with ASBT inhibitors increase GLP secretion (i.e. elobixibat) (74),
demonstrating its potential utility in type 2 diabetes treatment (i.e., GSK2330672) (75).
Although ASBT specifically transports endogenous compounds, it can act as a
direct drug transporter using a pro-drug targeting approach involving the linkage of a
drug with an ASBT substrate (e.g., taurocholate) (76). While ASBT inhibition may be
beneficial, the risk of colorectal cancer needs to be considered in drug development as
polymorphism of SLC10A2 has been associated with a high risk in colorectal
adenomatous polyps studies (77). This suggests that while mutations in ASBT result in
primary bile acid malabsorption (78), it may also lead to loss of potentially cytotoxic
secondary bile acids into the colon (79). Bile acids, particularly secondary bile acids,
function as signaling molecules and thus exposure to the colonic epithelium may
stimulate colonic cancer cell survival and proliferation.
Alternatively, bile acid sequestrants (e.g., cholestyramine, colesevelam) have
been approved and are primarily used in treatment of hypercholesterolemia, type 2
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diabetes, and bile acid malabsorption (80-82). Bile acid signaling via FXR agonist and
modulators have also been exploited as a therapeutic target for hypercholesterolemia(83).
1.2.2.2 OSTa-OSTβ/SLC51A/SLC51B: The Basolateral Heteromeric Organic Solute
Transporter
The basolateral heteromeric organic solute transporter is an antiporter highly
expressed on the basolateral membrane of ileal enterocyte. As an efflux transporter on the
basolateral membrane, OSTa-OSTβ is also expressed in other ASBT-expressing tissues
(renal proximal tubule cells, cholangiocytes) to facilitate bile flux. OSTa-OSTβ
transports bile acids, steroids (e.g, estrone 3-sulfate, dehydroepiandrosterone sulfate
(DHEAS), regnenolone sulfate (PREGS)) and some xenobiotics (e.g, digoxin, docetaxel)
via facilitated diffusion(84). Heterodimerization of both Ostα and Ostβ is required for
plasma membrane expression, stability, and its sodium independent bile acid uptake. Coexpression of both subunits facilitate the maturation of Osta glycoform(85). Bile acidinduced FXR positively regulate OSTa-OSTβ via the same BA-FXR-SHP pathway that
targets ASBT. Clinical evidence of this positive feedback mechanism can be found in
studies that observe increases in OSTa-OSTβ in various cholestatic conditions such as
primary biliary cirrhosis, obstructive cholestasis(86), nonalcoholic steatohepatitis(87).
1.3 Bile acid as complex signaling molecules in metabolic processes
1.3.1 Regulators of mucosal immunity
Primary and secondary bile acids function as species specific signaling molecules
that act on G-protein coupled receptors and nuclear receptors known as bile acid
activated receptors (BAR) to regulate the host immune system. In humans, cholic acid
(CA) and chenodeoxycholic acid (CDCA) act as agonist for the nuclear receptor, FXR,
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while deoxycholic acid (DCA) and lithocholic acid (LCA) are agonists for TGR5. Other
bile acid activated receptors include vitamin D receptor (VDR) and pregnane X receptor
(PXR) that are activated by DCA and LCA. VDR and FXR are expressed in hepatocytes.
Both TGR5 and FXR are expressed in the small intestine by intestinal epithelial cells
with TGR5 also being expressed in enteroendocrine cells, adipose tissue and the
gallbladder. Additionally, TGR5, FXR, VDR are highly expressed in immune cells such
as dendritic cells (DC), macrophages, monocytes(3)..
Bile acid activated receptors and secondary bile acids derived from gut microbiota
have been implicated in not only the host innate but also the adaptive immune response.
The host innate immune system acts as the body’s first line of defense and is comprised
of physical (e.g., tight junctions, epithelial and mucous membranes), chemical (e.g.,
phagocytic enzymes, lysozymes), and cellular barriers. Bile acid, particularly UDCA and
LCA, have been shown to protect epithelial barrier function (88, 89).While the cellular
players of the innate immune system include macrophages, dendritic cells, and
monocytes, the host adaptive immune system is comprised of white blood cells or
lymphocytes, T cell and B cells, that direct via antibody responses or cell mediated
immune responses, respectively. Bile acids activate the BARs on these innate immune
cells to reduce secretion of pro-inflammatory cytokines(90). In our adaptive immunity, a
specific subset of T cells, CD4+ Th17 T cells, regulated by the transcriptional factor
retinoic acid receptor-related orphan receptor variant 2 (ROR𝛾t) has been implicated as
the leukocyte involved in exacerbating intestinal inflammation by secreting proinflammatory cytokines (i.e., interleukin 17 or IL-17) during inflammatory bowel disease
(IBD). Certain epimers of secondary bile acids, such as isodeoxycholic acids and
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alloisolithocholic acid, have been shown to modulate differentiation of these Th17 T cells
(91-93).
Inflammatory bowel disease (IBD) is an idiopathic disorder caused by chronic
and excessive inflammation of the gastrointestinal tract, leading to rectal bleeding and
weight loss. IBD responses include intestinal inflammation, increased intestinal
permeability, increased leukocyte homing/trafficking to intestine, and increase proinflammatory cytokines. Current IBD approaches involve targeting lymphoid cell
survival, lymphoid cell homing, targeting epithelial cell, and targeting cytokines.
Corticosteroids are also used to induce remission in Ulcerative Colitis (UC) patients.
Glucocorticoids have been shown to inactivate NF-kB and prevent the production of
inflammatory cytokines such as IL-1 and IL-6. The imbalance between CD4+ Th17 T
cells and CD4+ T regulatory cells, regulated by the transcription factor foxhead box
protein P3 (FOXP3) and known to suppress the immune response (autoimmunity) and
maintain self-tolerance/homeostasis, contributes to inflammation in IBD.
Loss of Vdr or Nr1h4 (or FXR) genes in mice resulted in a reduction in the
number of colonic T regulatory cells but not Gpbar1-/- mice. The reduction in colonic T
regulatory cells due to loss of both Vdr and Nr1h4 was similar that of loss of only Vdr,
indicating that VDR is the prominent receptor involved in modulated Treg
differentiation(92). Microbial dysbiosis or altered microbial diversity has also been
implicated as a driving force for IBD. Since gut microbiota direct biotransformation of
bile acids in the intestine and contribute to diversity in the bile acid pool (i.e.,
hydrophobicity, differential bile acid receptor agonism), regulation of our gut
microbiome work in concert with our bile acid pool to maintain a state of tolerance in
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enterohepatic tissues(3, 94). Thus, a combination of dysregulation of bile acids, bile acid
activated receptors, and dysbiosis contribute to intestinal inflammation.
1.4 Specific Aims and Hypotheses
The research for this dissertation aims to evaluate the role of post-translational
modifications in regulation of human ASBT and investigate immunomodulatory potential
of secondary bile acids. To achieve this goal, this work has been divided into three
specific aims:
1. Define the effect of acylation on the structure-function relationship of hASBT
2. Characterize crosstalk between acylation and phosphorylation
3. Explore the immunomodulatory therapeutic potential of secondary bile acids in
nanoformulation
These three specific aims tested the following hypotheses:
1. ASBT is a clinically relevant transporter that is regulated by a post-translational
lipid modification, S-acylation, and S-acylation is a viable target for ASBT
inhibition.
2. Bile acids, specific substrates of ASBT, play a role in immune responses and can
be used as tools in complex drug formulation.
1.5 Scope and Organization
Chapter 1 provides a comprehensive review of bile acid synthesis and bile acid
transporters. Chapter 2 of this dissertation represents work published and peer-reviewed
in Biochimica et Biophysica Acta (BBA)-Biomembranes on the acylation status of the
human apical sodium dependent bile acid transporter (ASBT). Since acylation is a lipid
modification that increases the hydrophobicity of a protein and its affinity for cellular
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membranes, we suspected that ASBT, a membrane spanning protein, might be Sacylated. Using biochemical methods, we showed that human ASBT is acylated and that
this modification is essential for its function and expression. Through our studies on the
crosstalk between phosphorylation and acylation, we reinforced the need for future
studies on PTM proteoforms. In Chapter 3, we show preliminary data in our efforts to
determine the acyl transferase responsible for hASBT acylation. We co-express human
ASBT with expression plasmids for palmitoyl acyl transferases to assess their effect on
ASBT function and mRNA expression. To fully understand the broader implications of
ASBT proteoforms in the context of ASBT function, we must understand the complete
role of bile acid in other intestinal molecular processes. Chapter 4 highlights data that
contributes to a collaborative pilot study to assess the immunomodulatory potential of
bile acids in nanoformulation. Chapter 5 summarizes the key conclusions from research
in this dissertation and offers perspective on future extension of this work. Lastly,
Chapter 6 details literature references used in this dissertation.
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Chapter 2: S-acylation status of bile acid transporter hASBT regulates its function,
metabolic stability, membrane expression, and phosphorylation state1
2.1 Introduction
Bile acids (BAs) are synthesized from cholesterol in the liver and stored in the
gallbladder. After food intake, they are released into the intestine to aid in lipid digestion
and reclaimed in the terminal ileum by the human apical sodium dependent bile acid
transporter hASBT (SLC10A2) (5). Following transport into the enterocyte, the ileal bile
acid binding protein, IBABP (FABP6), is thought to sequester bile acids and shuttle them
to the basolateral membrane of the enterocyte to the organic solute transporters, OSTa/β
(SLC51A/B), which effluxes bile acids via the portal vein for re-entry to the liver (95-98).
This sequential process of bile acid storage, release, and re-uptake is otherwise known as
enterohepatic circulation (EHC) (99).
While BAs are essential, homeostasis of BAs and cholesterol must be maintained
to avoid cytotoxicity (100) and BA dysregulation has been associated with disease states
such as cholestasis and hypercholesterolemia. Beyond their role in digestion, BAs are
complex signaling molecules with glucose-lowering potential through activation of
Takeda G protein receptor 5 (TGR5) (101, 102) and release of glucagon-like peptides
(103, 104). Coincidentally, the BA sequestrant cholestyramine used in the treatment of
hypercholesterolemia, has also found application in the treatment of type 2 diabetes and
BA malabsorption syndrome (105-107). Bile acid signaling via FXR- agonists and

1

Ayewoh, E. N., Czuba, L. C., Nguyen, T. T., & Swaan, P. W. (2021). S-acylation status of bile acid
transporter hASBT regulates its function, metabolic stability, membrane expression, and phosphorylation
state. Biochimica et Biophysica Acta (BBA)-Biomembranes, 1863(2), 183510.
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modulators have also been exploited as a therapeutic target for hypercholesterolemia
(108).
Our laboratory and others have shown that degradation of hASBT (109)and rAsbt
(110) are regulated by the proteasome pathway. Ser335 and Thr339 phosphorylation were
found to be involved in IL-1β-triggered ubiquitination and disposal of rAsbt. While only
Ser335 is conserved in hASBT, unique serine hASBT phosphorylation sites have not
been identified. However, our laboratory has shown that hASBT is tyrosine
phosphorylated by Src family kinases (SFKs) and multiple sites (Y148, Y216, Y308,
Y311 and Y337) may be critical for this process. Interestingly, tyrosine
dephosphorylation was found to reduce surface expression of hASBT and trigger
proteasomal degradation(111).
While phosphorylation and glycosylation have been well-characterized, the role
of lipidation is an emerging field in membrane biology as this PTM directly interacts with
cellular membranes, thereby increasing the hydrophobicity of membrane proteins and
their affinity for cellular membranes (111, 112). S-acylation, commonly referred to as
palmitoylation, is a highly conserved process that involves the addition of fatty acids on
cysteine residues. Protein palmitoylation results in the attachment of a 16 carbon lipid
chain on one or more cysteine residue(s), forming a thioester linkage(113). While
palmitate (16:0) is the predominant fatty acid involved in this process, stearate (18:0) and
oleate (18:1) have also been detected. Unlike other forms of lipidation, acylation is
reversible suggesting its role in the dynamic regulation, stability, structure, and
maturation of proteins (113-115).
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Tight regulation of EHC-associated proteins, such as hASBT is vital in
maintaining bile acid homeostasis. Since lipidation increases membrane protein affinity
for cellular membranes, we hypothesize that S-acylation may play an important in
hASBT regulation. Following preliminary data from our lab, a recent report showed Sacylation of ASBT in human cells (116). Here, we use biochemical methods to assess the
S-acylation status of hASBT and further establish its contribution to hASBT functional
expression, transport kinetics, metabolic stability, and structural dynamics via crosstalk
coordination of palmitoylation and phosphorylation.
2.2 Materials and methods
2.2.1 Materials
[3H]-Taurocholic acid (TCA) was purchased from Perkin Elmer (Waltham, MA).
Taurocholic acid, MG132, 2-bromopalmitate, and bovine serum albumin were from
Sigma (St. Louis, MO). No weigh EZ Link Sulfo-NHS-SS-biotin and High Capacity
Streptavidin were purchased from Pierce Biotechnology (Rockford, IL). Cell culture
media and supplies were from Invitrogen (Rockville, MD). All other chemicals and
reagents were of the highest purity available commercially. Anti-ASBT from rabbit was
from Proteintech (Rosemont, IL). Mouse anti-actin and anti-calnexin were from Sigma
(St. Louis, MO). Secondary antibodies were purchased from Licor (Lincoln, NE).
2.2.2 Cell Culture and Transfection
COS-1 cells were used due to their very low level of endogenous bile acid
transporter expression, that might otherwise obscure ASBT-specific kinetic events.
Compared to more physiologically relevant cell lines constitutively expressing hASBT,
such as the intestinal cell line Caco-2, COS-1 is relatively easier to transfect and less time
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consuming to culture since cell differentiation is not required. COS-1 cells (ATCC CRL1650) were cultured in Dulbecco’s modification of Eagle’s medium (DMEM) with 10%
FBS, penicillin (100 IU/ml) and streptomycin (100 µl /ml) (Life Technologies, Inc.,
Rockville, MD). Cells were seeded in 24-well plates for uptake and kinetic studies
(0.07´106 cells/well), 6-well plates for surface biotinylation studies (0.14´106 cells/well),
and 100mm dishes for acyl biotin exchange studies (2.2´106 cells/dish).Transient DNA
transfection in COS-1 cells were carried out using pCMV5-hASBT ( denoted as WT,
accession: NM_000452.1), Opti-MEM reduced serum medium (Life Technologies, Inc.)
and Turbofect (Thermo Scientific) transfection reagent according to the manufacturers’
directions. Briefly, COS-1 cells were seeded in 24-well plate (or 6 well plates). After 24
h, cells were transfected with WT or mutant hASBT using Turbofect transfection reagent
(1 µg plasmid DNA: 4 µl turbofect) and Opti-MEM reduced serum medium. Primers
were designed using QuikChange primer design tool (Agilent) and mutations were
introduced using QuikChange II Site-Directed Mutagenesis kit (Agilent). ∆Cys (pCMV5hASBT with all cysteines mutated), ∆Tyrcyt (pCMV5-hASBT with cytosolic facing
tyrosine residues mutated, i.e. Y148F + Y216F + Y308F + Y311F + Y337F ), all tyrosine
single and double mutants (Y308F, Y311F, Y308F/Y311F), and some cysteine mutants
were used from previous studies (111, 117, 118). DNA sequences were analyzed
following plasmid DNA purification (Qiagen) by University of Maryland Baltimore
Genomics Core Facility using the following sequencing primers: P1 (5’-TAA CTC AAC
CAG CAG CAG AG-3’), P2 (3’-GGT ATA GAT AAG GAG GCA CAG C-5’), P3 (5’AAA ATG TGG GTC GAC TCT GGG-3’). 48 h post-transfection, cells were used for
the assays described below.
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2.2.3 Uptake assay and transporter kinetic measurements
COS-1 cells, transiently expressing WT or mutant hASBT were used for uptake
studies using a previously established protocol(117). Briefly, cells were washed twice
with Dulbecco's Phosphate-Buffered Saline (containing calcium and magnesium) and
then incubated at 37 °C for 12 min (TCA uptake is linear up to 15 min) in Modified
Hanks’ balanced salt solution (MHBSS), pH 7.4, containing 5 µM cold TCA spiked with
1 µCi/ml [3H]-TCA(119). Uptake was quenched using ice-cold DPBS containing 0.2%
BSA and 0.5mM TCA. Cells were lysed in 350 µl of 1N NaOH and neutralized with 50µl
12N HCl. Radioactivity associated with cells was measured by liquid scintillation
counting using Tri-Carb 2910TR (Perkin Elmer). Protein concentration was quantified
using the Bradford assay and uptake rates were determined as nmoles/mg total
protein/min.
Substrate kinetics for hASBT was analyzed by measuring the uptake with
increasing concentrations of TCA (2.5 – 200 µM). The Michaelis-Menten-like constant
(Kt) and maximal transport velocity (Jmax) were determined using GraphPad 8.4 (San
Diego, CA), by fitting the Michaelis-Menten equation describing a single saturable
transport system to the data: v = Jmax·S/(Kt + S) where v is the uptake rate, S is the
substrate concentration, Kt is the Michaelis-Menten-like constant, and Jmax is the maximal
transport velocity.
2.2.4 Western blot and cell surface biotinylation
Cells were washed twice with ice-cold PBS and then solubilized in NP-40 lysis
buffer (50mM Tris-HCl pH 8.0, 150mM NaCl, 1% NP-40) containing 1× complete
protease inhibitor mixture (Roche Applied Science). Protein concentrations were
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measured with the Bradford method or BCA assay depending on the detergent
concentration. 20-35 µg of protein lysate was loaded and resolved with 10% SDS-PAGE.
Proteins were transferred PVDF membrane via dry transfer using the iBlot2 system
(Thermo Scientific). Membranes were blocked using Intercept TBS (tris-buffered saline)
Blocking buffer (Licor, NE) for 1hr at RT, incubated with primary antibodies (1:1000;
rabbit anti-hASBT, rabbit anti-cadherin and mouse anti-calnexin) overnight at 4°C or 1hr
at RT, followed by incubation with secondary antibodies (donkey anti rabbit IR 800,
donkey anti mouse IR680) for 1hr at RT. The Odyssey CLX imaging system (Licor, NE)
and its companion software, Image Studio, was used for visualizing and quantifying
protein bands.
For surface biotinylation, COS-1 cells transiently transfected with WT and mutant
hASBT (see ‘Cell Culture and Transfection’) were washed with ice cold DPBS twice and
then labeled with 1mg/ml EZ Link Sulfo NHS-SS-biotin reagent (Thermofisher
Scientific, Waltham, NE) for 45min at 4 °C. The reaction was quenched by washing
twice with 1M Tris pH 7.4 followed by incubation with 1M Tris for 20min at 4 °C. Cells
were then washed twice with 1X TBS and lysed with NP-40 lysis buffer, proteins were
normalized to equal concentrations, and samples were incubated with High Capacity
Streptavidin Agarose beads (Thermofisher Scientific, Waltham, NE) for 1hr at RT. Prior
to incubation with the resin, 30µl of cell lysate was taken as “input”. Beads were washed
with wash buffer (50mM Tris, 500mM NaCl, 0.1%SDS) four times to ensure removal of
non-biotinylated protein. To elute the biotinylated protein, the resin was incubated with
2X sample buffer containing 50mM DTT for 25 min and then heated at 75 °C for 5min.
Finally, proteins were used for immunoblotting for the analysis of hASBT protein
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expression using anti-ASBT. ASBT displays two glycoforms (~37 & 41kDa)(112),
whereas ∆Cys hASBT shows three bands with the third band suggested to be an extra
glycosylated band (~45kDa) (118). Membranes were probed with calnexin (intracellular
marker, ~90kDa) and cadherin (cell surface marker, ~120kDa) to demonstrate the
specificity of the assay.
2.2.5 Acyl biotin exchange (ABE)
A low-background acyl biotin exchange assay was adapted from Zhou and coworkers (120) to reduce co-isolation of non-S-acylated proteins. To inhibit acylation, 2bromopalmitate was prepared in methanol at a concentration not exceeding 0.5% in cell
culture medium, which is well below its in vitro toxicity. Pierce Detergent Compatible
Bradford Assay kit was used as a standard to normalize protein concentration. Cells in
100mm dishes were lysed with NP-40 lysis buffer (50mM Tris-HCl, 150mM NaCl, 1%
NP-40 pH 7.4) at 4 °C for 1hr. Lysates were cleared by centrifugation at 10,000´g for
6min and transferred to clean Eppendorf tubes. Proteins were precipitated by
chloroform/methanol/water (C/M) precipitation (1:4:3) and washed with excess methanol
to ensure that all hydrophobic proteins are precipitated. Protein pellets were solubilized in
2SB buffer (50mM Tris-HCl, 2%SDS, 5mM EDTA, pH 7.4). To reduce disulfide bonds,
0.5M Bond Breaker™ TCEP (Thermo Scientific) was added to a final concentration of
50mM and incubated at RT for 30min. Excess TCEP was removed by C/M precipitation
followed by methanol washes. Protein pellets were resolubilized in 2SB buffer and
unmodified -SH groups were alkylated by incubation with a final concentration of 50mM
N-ethylmaleimide (NEM) for 1hr at RT. Excess NEM was removed by C/M
precipitation and resolubilized in 2SB. To block residual cysteines that may not have
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been alkylated with NEM, 50mM 2,2-dithiopyridine (DTDP) was added to a final
concentration of 25mM and incubated at RT for 30minutes(120). Excess DTDP was
removed by two subsequent C/M precipitations and washed with methanol twice. Protein
pellets were resolubilized in 2SB and samples were divided into two equal portions. To
cleave thiol groups and biotinylate proteins with newly free modified -SH groups, one
portion of the samples was treated with a final concentration of 0.75M NH2OH, 3µM N[6-(Biotinamido)hexyl]-3’-(2’-pyridyldithio)-propionamide (Biotin-HPDP), 0.2% Triton
X-100 (pH 7.4). The other portion was treated with a final concentration of 50mM Tris,
3µM Biotin-HPDP, 0.2% Triton X-100 (pH 7.4) to act as a control for NH2OH treatment
and non-specific biotinylation. Both portions were incubated at RT for 1hr, excess
reactants were removed by two C/M precipitation, and protein pellets were resolubilized
in 2SB. Samples were diluted to 0.1% SDS and incubated with 60µl pre-equilibrated high
capacity streptavidin agarose beads (50% slurry) for 1hr at RT. Prior to incubation of
agarose beads, 30µl of each diluted sample was taken as “input”. Agarose beads were
pre-equilibrated with equilibration buffer (50mM Tris-HCl,150mM NaCl, 5mM EDTA,
0.1%SDS pH 7.4). After 1hr incubation, beads were washed four times with 50mM TrisHCl,500mM NaCl, 5mM EDTA, 0.1%SDS pH 7.4. Beads were incubated with 40µl of
50mM TCEP in 2X sample buffer for 20 minutes at RT to elute proteins and 30µl of the
elutant was loaded on a 10% SDS gel. “Input” samples were diluted with 4X sample
buffer (+50mM TCEP), loaded on a 10% gel, and subjected to western blotting. Loading
of “input” samples demonstrate loading of NH2OH and Tris treated samples used during
streptavidin pulldown.
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2.2.6 Data analysis
In GraphPad Prism 8.4 (GraphPad Software, San Diego, CA), statistical analysis
was performed using one-way analysis of variance (ANOVA) with either a Tukey’s posthoc test or Dunnett’s post-hoc test, as appropriate. P< 0.05 was considered statistically
significant. For uptake and kinetic assays, experiments were repeated at least two times
and measurements were made in triplicate. Data are presented as means ± SD.
Densitometric values were taken from both ASBT bands, normalized to loading control
(calnexin for ABE, cadherin for surface biotinylation), and analyzed using a one-way
ANOVA. Calnexin was used as a loading control for ABE since it is a known S-acylated
protein(121). Cadherin was used as a control for surface biotinylation experiment since it
is present in both biotin labeled and total protein samples. Experiments were repeated at
least two times. For ABE assay, elutant Tris-treated samples were less than 5% of
NH2OH treated samples. The fraction of whole cell lysate palmitoylated was calculated
by dividing the %WT of elutant over the %WT of input and that final value was
represented as the percent whole cell lysate S-acylated.
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2.3 Results
2.3.1 Palmitoylation is impaired in Cysteine-free hASBT
Recently, using an acyl-resin assisted capture assay (acyl-RAC), Ticho and
colleagues provided evidence that hASBT was palmitoylated (116). In this study, we use
an acyl-biotin exchange assay(122) (Fig. 2.1A) in COS-1 to rule our cell line differences
and further confirm the palmitoylation status of hASBT. COS-1 cells were treated with 2bromopalmitate (2BP), a widely used inhibitor of palmitoylation, in a dose-dependent
manner to highlight changes in palmitoylation status of hASBT. Since S-acylation occurs
on cysteine residues, a mutant form of hASBT where all cysteines were mutated to either
threonine or alanine (denoted at ΔCys) was used as a negative control (118). The
palmitoylated hASBT (palm-hASBT) signal was almost entirely reduced in ΔCys
samples with or without treatment with 2BP while the palm-hASBT signal was reduced
by over 70% after WT treatment with 2-bromopalmitate (Fig.2.1B). Interestingly, the
reduction in total protein expression in ΔCys and 2BP treated samples (Fig. 2.1C) were
not as pronounced compared to the reduction of S-acylated protein expression in ΔCys
and 2BP treated samples (Fig. 2.1B).
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Figure 2.1 2-bromopalmitate inhibits palmitoylation of hASBT in Cos-1.
Cos-1 were transfected with pCMV5-hASBT. 24hr after transfection, cells were treated with 100µM 2bromopalmitate (2BP) for 24hrs. (A) Schematic of acyl biotin exchange assay (see ‘Materials and
Methods’) (B) Palmitoylated proteins were isolated in the acyl biotin exchange assay via a selective
pulldown using High Capacity Streptavidin beads. Prior to pulldown onto the resin, (C) 30 µl was taken as
“input. (D) Densitometric analysis of %whole cell lysate S-acylated using combined pixel volume from
n=3. A one-way ANOVA and Dunnett’s post-hoc test were performed where p<0.05 was considered
statistically significant. Results are mean±SD. *P<0.05, **P<0.01, ***P<0.001, ****P< 0.0001.
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2.3.2 Palmitoylation affects hASBT function, maximal transporter flux, and impacts cell
surface expression
To test the effect of palmitoylation on ASBT function, COS-1 cells were
transfected with hASBT and treated with 2BP at various times and doses (Fig 2.2A-B).
Treatment with 2BP resulted in the time- and dose-dependent decrease in hASBT
function (Fig 2.2A-B). ASBT function was significantly reduced after 12h. While 2bromopalmitate treatment did not alter hASBT affinity for taurocholate (Kt), it resulted in
a significant decrease in maximal transporter flux (Jmax) (Fig 2.2C). These data suggest
that 2-bromopalmitate treatment might be involved in the reduction of functional hASBT
on the plasma membrane.

Figure 2.2 2-bromopalmitate inhibits hASBT function and decreases Jmax in Cos-1
Relative rate of [3H]-taurocholate of COS-1, transiently expressing hASBT, treated with 2BP at varying
(A) doses (16h treatment) (B) times. Uptake rates were determined as nmol/mg protein/min. For (A) and
(B), a one-way ANOVA and Tukey’s post-hoc test was performed to evaluate inhibitory effects among
different time and doses. Data is represented as % control (no treatment) (A) and % time control (B) where
function was assayed in control wells (data not shown) simultaneously with treatment wells. (C) Substrate
transport kinetics at increasing TCA concentrations (2.5-200µM) with hASBT transfected cells under
control vs. 50µM 2BP (15hrs). Jmax for hASBT= 0.32±0.03 and 0.13±0.01 nmol/mg total protein/min and
Kt= 20.8±5.9 and 32.9±7.6 µM in the absence and presence of 2BP, respectively. Kt and Jmax were
determined by fitting the Michaelis-Menten equation using GraphPad 8.4.). Data is representative of >3
replicates done in technical triplicate. Results are mean±SD. *P<0.05, **P<0.01, ***P<0.001, ****P<
0.0001.
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Figure 2.2 (Continued) 2-bromopalmitate inhibits hASBT function and decreases Jmax in Cos-1

To test this, we employed a surface biotinylation assay using EZ link Sulfo-NHSSS-Biotin (Fig. 2.3), wherein 2BP decreased hASBT surface expression (Fig. 2.3A&C)
and total protein expression (Fig 2.3B).
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Figure 2.3 Palmitoylation plays a role in hASBT surface expression.
Cos-1 cells were transfected with pCMV5-hASBT. 24h post-transfection, cells with WT hASBT were
treated with 2BP at various concentrations for 24h. Cells were then subjected to surface biotinylation to
evaluate changes in expression of surface hASBT. Cell surface labeled proteins were (A) eluted from High
Capacity Streptavidin beads. Prior to incubation onto the resin, (B)30µl was taken as input. C)
Densitometric analysis of ASBT surface expression was represented as %WT using combined pixel volume
data from n=3. A one-way ANOVA and Dunnett’s post-hoc test was performed, comparing treatments to
WT, where p<0.05 was considered statistically significant.

These results suggest that inhibition of palmitoylation reduces ASBT surface expression
and bile acid transport.
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2.3.3 Palmitoylated hASBT is cleared via the proteasome
hASBT has been shown previously to undergo degradation via the proteasome
pathway as observed by a marked increase in protein expression upon treatment with
MG132, a proteasome inhibitor (109). Here, we found that co-treatment of MG132 with
2-bromopalmitate resulted in greater expression of S-acylated hASBT and total hASBT
(Fig 2.4). This suggests that s-acylated ASBT is cleared via the proteasome and
palmitoylation plays an important role in hASBT stability.

Figure 2.4 MG132 (10µM, 24h) treatment increases expression of total and palmitoylated hASBT in the
presence and absence of 2BP.
COS-1 cells were transfected with pCMV5-hASBT. 24hrs post-transfection, cells were treated with
MG132 (10µM) with or without 2BP (100µM) for 24h then subjected to ABE assay where (A) S-acylated
proteins were eluted from High Capacity Streptavidin beads. Prior to pulldown onto the resin, (B) 30 µl
was taken as “input. (C-D) Densitometric analysis of S-acylated hASBT expression and total hASBT
expression were represented at %WT using pixel volume data from (A) and (B), respectively (n=3). A oneway ANOVA and Dunnett’s post-hoc test, comparing treatments to WT, was performed where p<0.05 was
considered statistically significant.
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Figure 2.4 (Continued) MG132 (10µM, 24h) treatment increases expression of total and palmitoylated
hASBT in the presence and absence of 2BP

2.3.4 Cys314 is the predominant S-acylated residue in hASBT
S-acylation generally targets cysteine residues of peripheral membrane and
transmembrane proteins. It has been detected at the cytosolic N- or C- terminus and
proximal to (or within) transmembrane domains. In fact, S-acylation proximal to the
transmembrane domain has been suggested to play a role in regulating transmembrane
orientation, protein oligomerization, and targeting to specific ER sub-domains(115, 121).
Recent studies have suggested a putative residue, C314, as being S-acylated (116). Thus,
we extended this study by evaluating cysteine to alanine mutants not within the N- and Ctermini (Fig 2.5). C314A significantly reduced hASBT acylation. Since no other cysteine
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residues were found to be S-acylated, this suggests that C314, located in the C-terminal
domain, is the major S-acylated residue (Fig 2.5).

Figure 2.5 A screen of other cysteines mutated to alanine proximal or in transmembrane domains did not
show evidence of reduced palmitoylation of hASBT.
Cos-1 cells were transfected with pCMV5-hASBT and pCMV5-hASBT cysteine mutant. 48 hrs posttransfection, cells were subjected to the acyl biotin exchange assay where (A)S-acylated proteins were
eluted from High Capacity Streptavidin beads. Prior to pulldown, (B) 30 µl was taken as “input. (C)
Densitometric analysis of %whole cell lysate S-acylated using pixel volume data from (A) and (B) (n=3). A
one-way ANOVA and Dunnett’s post-hoc test, comparing mutant hASBT to WT, was performed where
p<0.05 was considered statistically significant.
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2.3.5 Palmitoylation of hASBT is reduced in the absence of cytosolic facing tyrosine
residues
Studies have shown that palmitoylation may coordinate with other PTMs such as
phosphorylation and glycosylation in protein regulation (123-127). For example,
reciprocal palmitoylation and phosphorylation has been shown to control dopamine
transporter kinetics(127). Our lab has shown previously that hASBT is phosphorylated by
Src family kinases (111). To explore potential crosstalk between phosphorylation and
palmitoylation, wildtype hASBT, tyrosine hASBT mutants near C314, and a tyrosine-free
mutant were overexpressed in COS-1 cells was assessed via ABE to detect changes in
acylation (Fig. 2.6). Acylation was increased in Y311F compared to WT while total
ASBT expression is decreased compared to WT. Mutation to Y308F led to WT-levels in
palmitoylation while a mutation of both Y308 and Y311 (Y308F/Y311F) to
phenylalanine resulted in a decrease in acylation. Additionally, mutation of all cytosolic
facing tyrosine mutants (DTyrcyt) resulted in a significant decrease in acylation. These
results suggest that tyrosine phosphorylation of hASBT may increase S-acylation of
hASBT protein.
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Figure 2.6 hASBT acylation is decreased in the absence of cytosolic facing tyrosine residues.
Cos-1 cells were transfected with wildtype pCMV5-hASBT, single and double tyrosine mutants near C314
(Y308F, Y311F, Y308F/Y311F), and a mutant lacking cytosolic facing tyrosine residues (ΔTyrcyt). 48hr
post-transfection, cells were subjected to the acyl biotin exchange chemistry where (A) S-acylated proteins
were eluted from High-Capacity Streptavidin beads. (B) Prior to pulldown, B) 30 µl was taken as “input.
(C) Densitometric analysis of %whole cell lysate S-acylated using pixel volume data from (A) and (B)
(n=3). A one-way ANOVA and Dunnett’s post-hoc test, comparing mutant hASBT to WT, was performed
where p<0.05 was considered statistically significant.

39

2.4 Discussion
In this study, we corroborate that hASBT is palmitoylated in vitro via a selective
acyl biotin exchange (ABE) assay, comparable to a recent study using an acyl resinassisted capture approach (116). To explore the dynamics and functional impact of
hASBT palmitoylation in complete detail, we fully characterized the time and dose effect
of 2-bromopalmitate, a widely used palmitoylation inhibitor, ascertained the kinetic
effects of inhibiting palmitoylation events, established the metabolic fate of S-acylated
hASBT, and provided a systematic and comprehensive screen of cysteine residues in
locations critical to the S-acylation machinery. Finally, we demonstrate crosstalk between
phosphorylation and acylation events in hASBT that impact the degree of the individual
post-translational modifications and their effect on protein expression and function.
Using a dual pronged approach involving treatment with 2-bromopalmitate and
assessing its effect on a mutant form of hASBT containing no cysteines (ΔCys) as an
internal negative control for hASBT palmitoylation (Fig. 2.1) we provide strong evidence
for specific S-acylation of hASBT. The absence of an S-acylation signal in ∆Cys hASBT
suggests that, without free or reactive sulfhydryl groups, hASBT cannot be acylated.
Treatment with 2-bromopalmitate significantly reduced S-acylation of hASBT which can
be attributed to a reduction in palmitoyl acyl transferase activity (128, 129); however, this
treatment was not able to completely abrogate the signal, which is in line with
observations by others (130). Surprisingly, a decrease in total hASBT was observed in
∆Cys samples treated with 2BP (Fig 2.1C). This could be caused by non-specific effects
of 2BP in other forms of lipid and non-lipid metabolism that indirectly impact hASBT
protein synthesis or stability (128, 129). It is important to note that palmitoylation occurs
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at the membrane (i.e., ER, Golgi, plasma membrane) and functional hASBT is primarily
expressed at the cell surface membrane. It cannot be ruled out, however, that hASBT may
also be S-acylated intracellularly at subcellular locations where 2BP would not be able
perform its action. The extent of 2BP action may not only be time and dose dependent,
but it might also be impacted by the processing patterns of ASBT proteoforms relative to
2BP accessibility to the protein. To study this hypothesis, future studies are required to
evaluate intracellular localization of S-acylated hASBT.
Through our studies, we confirmed that S-acylation is important for hASBT
function and surface expression. In addition, we conclude that S-acylation has significant
importance in hASBT transport kinetics, a phenomenon we previously observed with
another PTM, phosphorylation. To confirm the functional consequences of inhibiting
hASBT palmitoylation(116) and guide later experiments, we performed cellular uptake
studies where (Fig. 2.2A,B) we found that 2BP reduced hASBT function in a time- and
dose-dependent manner. Uptake studies were previously conducted with ∆Cys where it
was found to be non-functional. Absent function, additional kinetic experiments with
∆Cys samples treated with 2BP were not performed. Kinetic studies (Fig. 2.2C). showed
that 2BP treatment did not affect substrate affinity but reduced maximal transporter flux.
The latter was further investigated in cell surface expression studies where a reduction in
membrane expression was observed following 2BP treatment (Fig 2.3).
To understand the metabolic fate and degradation pathway of S-acylated hASBT,
acyl biotin exchange studies were conducted in COS-1 using the proteasome inhibitor,
MG132. Treatment with MG132 resulted in an accumulation of hASBT and increased
accumulation in the presence of 2BP, the extent of which was higher in 2BP treatment vs
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WT (Fig 2.4). This indicates that inhibiting palmitoylation may result in rapid
degradation of hASBT. Overall, palmitoylation prevents rapid proteasomal degradation,
thereby increasing stability of hASBT. The acylation-mediated stability is thus important
in cell surface expression, function, and substrate transporter kinetics. It is possible that
S-acylation may affect protein folding where depalmitoylated ASBT may be detected as a
degraded protein by the ubiquitin-proteasomal system (109) . Another possibility would
be that palmitoylation may affect the interaction of ASBT and chaperone proteins thus
perturbing their ability to correct the misfolded protein.
Through alanine and threonine site mutagenesis on all hASBT cysteine residues,
our lab has characterized the role of cysteines in hASBT function, where we reported
C51A/T, C69A/T, C74A/T, C132A, and C144A to be loss-of-function mutations with
C144A and C74A/T showing little to no surface expression (117). C314 was initially
suggested as the putative S-acylated residue by Ticho and colleagues; however, the
mutation C314S was not completely deacylated, suggesting that additional residues may
serve as S-acylation sites. Possible S-acylation locations in transmembrane proteins
include the N- or C-termini, intracellular loops, juxta-transmembrane domains, and –
infrequently– within the transmembrane domain (113).
To further explore putative S-acylated residues in addition to C314, we screened
cysteine to alanine mutants (C51,69,74,132, 314) outside the N- and C-termini of hASBT
(Fig. 2.5). C144A was not screened due to its lack of surface expression and additional
studies are required to determine the impact of C144 on hASBT acylation. Surprisingly,
none of the screened mutants, except C314A, resulted in a decrease in acylation and some
even resulted in a subtle increase in acylation (C51,69). Similar to studies conducted with
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C314S, C314A mutation was not able to completely abolish acylation. We offer two
hypotheses: firstly, acylation occurs in a manner where acylation of one residue is
conditional and dependent upon acylation of another residue. Accordingly, C314 may be
the predominate S-acylated residue but minor S-acylated residues might exist that impact
acylation after modification of C314 with an acyl chain. This phenomenon has been
observed in other PTMs. For example, PKC phosphorylation of Ser700 in the stress axis
regulated exon (STREX) splice variant of large-conductance potassium (BK) channels
was dependent on phosphorylation of Ser1156 (131); secondly, hASBT exists as multiple
proteoforms; a variation or species of the protein that possesses specific combinations of
PTMs and splice variants(132, 133). Interestingly, mutation of C314 to alanine,
threonine, or serine is not detrimental to hASBT function resulting in reports of
60%,70%(117), and 50% activity(116), respectively. This is not in agreement with
reports of reduced hASBT function after 2BP treatment (Fig. 2.2A) from our lab and
others (116). In the same studies, total and plasma membrane expression of these C314
mutants was not altered, which contrasts with the reduced plasma membrane expression
observed after 2BP treatment (Fig. 2.3A&B). While the data overall strongly suggests
acylation of hASBT, we cannot rule out that 2-bromopalmitate might also be interacting
with other proteins that could affect the function and surface expression of hASBT.
Future studies featuring methods with greater sensitivity such as mass spectrometrybased detection of acylation and protein-protein interactions are required to fully
elucidate the dynamics of acylation.
Crosstalk between palmitoylation and other PTMs such as phosphorylation has
been observed in the regulation of variety of proteins (123, 126, 127, 134). For example,
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palmitoylation was found to regulate protein kinase C (PKC) phosphorylation activity of
STREX-BK channels via membrane association of the C terminus. STREX-BK channel
were sensitive to PKC inhibitory activity after treatment with 2BP or mutation of critical
cysteines(125, 131). This suggest the PKC phosphorylation site of STREX-BK channel
are accessible following depalmitoylation-mediated membrane disassociation; a
phenomenon observed in other ligand-gated ion channels (135). Crosstalk between
palmitoylation and phosphorylation was also found to enhance protein-protein interaction
via palmitoylation-mediated PKC phosphorylation that in turn promoted insertion of
GluR1 in the plasma membrane(124).
To investigate crosstalk of palmitoylation and tyrosine phosphorylation of
hASBT, we began by probing the effect of tyrosine mutants near C314 and a mutant
lacking cytosolic facing tyrosine residues (∆Tyrcyt) on hASBT acylation. The tyrosine
residues “proximal” to C314 that were probed were residues less than ten amino acids
before or after C314 in hASBT primary structure. While mutation of the single tyrosine
residues proximal to C314 did not impact palmitoylation (Y308F, Y311F), a double
tyrosine mutant (Y308F/Y311F) and ∆Tyrcyt resulted in a decrease in S-acylation (Fig.
2.6), suggesting tyrosine phosphorylation may be required for palmitoylation. Ongoing
studies are aimed to probe the impact of combined C314 and local tyrosine residue
mutations on hASBT acylation; in particular, Y337, a residue that we previously
demonstrated to have a potential repressive role in hASBT function(111).
In conclusion, this study provides direct evidence for the importance of Sacylation in functional hASBT and highlights its kinetic contribution. Notably, this study
provides insight on the mechanism of hASBT S-acylation by assessing its degradation
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pathway, potential crosstalk with phosphorylation, and systematically evaluating the
amino acid modification site. We definitively show that ASBT is S-acylated using a
palmitic acid analog inhibitor, 2-bromopalmitate, and a cysteine-free hASBT construct as
a control. S-acylation stabilizes hASBT to aid in its membrane expression, function, and
maximal transporter flux. We determined that hASBT does not have a single amino acid
modification site and suggested the possibility of stepwise acylation mechanism. This
study emphasizes the importance of lipidation events in the context of hASBT and
provides a lens into the emerging field of intestinal membrane protein lipidation while
underlining the need for studying alternate proteoforms in PTM dynamics.
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2.6 Graphical Abstract

Figure 2.7 Schematic of potential human ASBT proteoforms.
Human apical sodium dependent bile acid transporter (hASBT) is a transmembrane protein vital for the
intestinal uptake of bile salts in the enterohepatic circulation. hASBT was found to have reduced function,
maximal velocity (Jmax), surface expression but increased proteasomal degradation after treatment with 2bromopalmitate, an inhibitor of S-acylation. S-acylation is a form of lipidation that involves the addition of
an acyl chain by acyl transferases onto cysteine residues of membrane-associated proteins. S-acylation is a
reversible process where proteins can be deacylated by acylthioesterases. Human ASBT is also regulated
by tyrosine phosphorylation, a reversible post-translational modification that involves the addition of a
phosphate group by kinases and dephosphorylation by phosphatases. Since these processes are highly
dynamic, we hypothesize that hASBT exists as multiple proteoforms where a subset of the protein may
exist in an acylated, phosphorylated, or in an acylation+ phosphorylated form.
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Chapter 3: Palmitoyl Acyl Transferase of Human ASBT
3.1 Introduction
Post-translational modifications (PTMs) play a central role in the diversification
and regulation of cellular proteins and are thus critical in the function, expression, and
structure of the proteins they modify (132). S-acylation or S-palmitoylation (C16:0) is a
dynamic and reversible lipid modification that occurs via liable thioester linkage at
cysteine residue (s) in integral and peripheral membrane proteins (113). The reversible
nature of palmitoylation allows for increased functional/ regulatory control and enables
peripheral membrane protein, such as the well characterized acylated Ras protein, to
traffic from the membranes of intracellular organelles to the cytoplasm (136). While
earlier studies have suggested spontaneous or nonenzymatic S-acylation (137), advances
in the field have since shown that enzymatic S-acylation is facilitated by palmitoyl acyl
transferases (PATs or DHHCs), a family of membrane associated enzymes that share a
common aspartate-histidine-histidine-cysteine (DHHC) motif. To date, there are 23
identified human PATs and their tissue and cell level localization was recently
determined biochemically through cloning and expression in HEK293T (138).
Interestingly, these enzymes were predominately localized in the ER and/or Golgi
with DHHC5,20, and 21 distinctly present on the plasma membrane. Tissue specific
expression studies via quantitative real time PCR showed that most DHHCs were highly
ubiquitous with some such as DHHC 2,11, 15,19, and 20 highly exhibiting tissue specific
distribution patterns, suggesting that multiple DHHCs are present in a single cell with
each acting on multiple proteins or on the same protein.

47

Clinically, mutations, single nucleotide polymorphisms, and expression levels of
certain DHHCs have been reported to be associated with brain disorders ( e.g. X-linked
intellectual disability, Schizophrenia, Huntington’s disease) or various cancers (113).
The present study focuses on the apical sodium dependent bile acid transporter (ASBT), a
transmembrane protein that is highly expressed in the intestine and proximal tubule cells,
and whose function is critical for efficient recycling of bile acids in the enterohepatic
circulation. Recently, human ASBT was reported by our lab and others to be S-acylated
and inhibition by the palmitate analog, 2-bromopalmitate, resulted in decreased function,
surface expression, and transport kinetics (65, 66).
The objective of this study is to determine the acyl transferase involved in ASBT
acylation to understand its mechanism. Given the functional consequences of inhibiting
ASBT S-acylation, identifying the specific PAT will highlight a potential upstream target
for modulating ASBT, and thus bile acid homeostasis in hypercholesteremia and
cholestasis. In this chapter, we provide preliminary data which highlight the effect of coexpressing ASBT and select DHHC plasmids on ASBT function and mRNA expression.
3.2 Materials and Methods
3.2.1 Materials
[3H]-Taurocholic acid (TCA) was purchased from Perkin Elmer (Waltham, MA).
Taurocholic acid, 2-bromopalmitate, and bovine serum albumin were from Sigma (St.
Louis, MO). Cell culture media and supplies were from Invitrogen (Rockville, MD). All
other chemicals and reagents were of the highest purity available commercially.
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3.2.2 Cell Culture and Transfection
COS-1 cells (ATCC CRL-1650) were cultured in Dulbecco’s modification of
Eagle’s medium (DMEM) with 10% FBS, penicillin (100 IU/ml) and streptomycin (100
µl /ml) (Life Technologies, Inc., Rockville, MD). Cells were seeded in 24-well plates for
taurocholate uptake and quantitative real time PCR studies (0.07´106 cells/well) and
100mm dishes for acylation studies (2.2´106 cells/dish). Mouse DHHC 1-24 plasmids
were a generous gift from Dr. M. Fukata (National Institute of Physiological Sciences in
Okazaki, Japan) (139). Transient DNA co-transfection in COS-1 cells were carried out
using pCMV5-hASBT (denoted as WT, accession: NM_000452.1) and pEF-BOS-HADHHCX (X denoting the DHHC protein family number), Opti-MEM reduced serum
medium (Life Technologies, Inc.) and Turbofect (Thermofisher Scientific) transfection
reagent according to the manufacturers’ directions.
3.2.3 Taurocholate Uptake Assay
COS-1 cells, transiently expressing WT or WT + DHHCX, were plated in 24 well
plates and used for uptake studies using a previously established protocol briefly
described in Chapter 2.2.3 (66). Radioactivity associated with cells was measured by
liquid scintillation counting. Protein concentration was quantified using the bradford
assay and uptake rates were determined as nmoles/mg total protein/min and expressed as
%control (WT).
3.2.4 Acyl Peg Exchange Assay
The acyl peg exchange assay is a mass-tag based detection assay for acylation
(140). HEK293T stably expressing Strep-tag ASBT (S-tag ASBT HEK293T) was
generated via lentivirus transduction using Origene lentivirus-based protocols. Selective
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pressure was maintained using 1ug/ml puromycin in culture media. S-tag ASBT
HEK293T were seeded in 100mm and transfected with or without DHHCX plasmid.
Cells were lysed with NP-40 lysis buffer for 1hr at 4°C. Proteins were precipitated by
chloroform/methanol/water (C/M) precipitation (1:4:3) and washed with excess methanol
to ensure that all hydrophobic proteins are precipitated. Protein was solubilized in 2SB
buffer (50mM Tris-HCl, 2%SDS, 5mM EDTA, pH 7.4), treated with 50mM Bond
Breaker™ TCEP (Thermo Scientific), and free cysteines were blocked with 50mM Nethylmaleimide (NEM) as described in the acyl biotin exchange protocol in Chapter
2.2.5.
After removal of excess NEM and TCEP via C/M precipitation and solubilization
in 2SB, samples were divided into two equal portions. To cleave thiol groups, one portion
of the samples was treated with 0.75M NH2OH, 0.2% Triton X-100 (pH 7.4) for 1hr. The
other portion was treated with a final concentration of 50mM Tris, 0.2% Triton X-100
(pH 7.4) as a control for NH2OH treatment for 1hr. Protein pellets were treated
with1.33mM of mPEG-Mal 5kDa in 50mM Tris buffer +0.2% Triton X-100 to react with
the newly free modified -SH groups. A 5kDa mass shift is observed in the western blot
lane of the acylated protein.
3.2.5 Quantitative Real Time PCR (qRT-PCR)
Cos-1 cells, transiently expressing WT or WT + DHHCX, were plated in 24 well
plates and used for qRT-PCR studies to detect changes in ASBT mRNA expression.
Total RNA was isolated using Qiagen RNeasy mini kit and cDNA was synthesized with
High-Capacity cDNA Reverse Transcription Kit (Thermofisher Scientific).
PowerTrack™ Syber Green Mastermix (Thermofisher Scientific) was used for real-time
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PCR workflow on the StepOnePlus™ system (Thermofisher Scientific). Data was
analyzed using the 2–∆∆CT method to calculate relative fold gene expression among
samples. GAPDH was used as the housekeeping gene to normalize CT values. Data from
samples with ASBT transfection alone was used as the reference control and mRNA
expression of target genes in Table 3.1 were evaluated. Primers to amplify target genes
were purchased from integrated DNA Technologies (IDT DNA).
Primer Name

Primer Sequence

ASBT FWD

5’-GGAGCATCGTAATTCCCTATGA-3’

ASBT REV

5’-TATGATCTTTGCTTTTTGGGGC-3’

GAPDH FWD

5’-GTATCGTGGAAGGACTCATGA C-3’

GAPDH REV

5-ACCACCTTCTTGATGTCATCAT-3’

Table 3.1 Primers used in qRT-PCR for human target genes.

3.2.6 Data Analysis
Statistical analysis was performed using GraphPad Prism 9 (GraphPad Software,
San Diego, CA) via one-way analysis of variance (ANOVA) with a Dunnett’s post-hoc
test. P< 0.05 was considered statistically significant. Results are mean±SD. *P<0.05,
**P<0.01, ***P<0.001, ****P< 0.0001.
3.3 Results
3.3.1 Changes in Functional expression of hASBT upon Co-expression with select DHHC
DHHC plasmids used in this study were selected based on previously described
tissue expression patterns in the kidney, small intestines, and colon(138). To test the
effect of overexpressing DHHCs on ASBT function, we employed a [3H]-taurocholate
uptake assay as previously described (66). When DHHC plasmids were individually co-
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expressed with human ASBT, there was no statistically significant increase in ASBT
function (Figure 3.1).

Figure 3.1 Functional assessment following co-expression of select palmitoyl acyl transferases with human
ASBT in Cos-1.
Cos-1 cells were transfected with pCMV5-ASBT and pEF-BOS-HA-DHHCX (X denoted the gene number
in the protein family) and subjected to taurocholate uptake assay to detect changes in ASBT function. Data
is representative of n=3 replicates done in technical triplicate. Results are mean±SD. *P<0.05, **P<0.01,
***P<0.001, ****P< 0.0001.

Interestingly, there was a significant decrease in function after co-expression with
DHHC 3,6,7,9,10,12,14-17. The same trend was observed when uptake was performed in
S-tag ASBT HEK293T (Figure 3.2).
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Figure 3.2 Functional assessment following expression of select palmitoyl acyl transferases in S-tag ASBT
HEK293T.
S-tag ASBT HEK293T, a stable cell line, was transfected with pEF-BOS-HA-DHHCX (X denoted the
gene number in the protein family) and subjected to taurocholate uptake assay to detect changes in ASBT
function. Data is representative of n=3 replicates done in technical triplicate. Results are mean±SD.
*P<0.05, **P<0.01, ***P<0.001, ****P< 0.0001.

3.3.2 Changes in mRNA expression of hASBT upon Co-expression with select DHHC
To detect the effect of co-expressing individual DHHCs on ASBT at the mRNA
level, we performed quantitative real time PCR (Figure 3.3). Co-expressed DHHC 7, 9,
and 18 resulted in a significant increase in ASBT mRNA expression.

53

Figure 3.3 Co-expression of hASBT with select DHHC on ASBT mRNA expression in COS-1.
Cos-1 cells were transfected with pCMV5-ASBT and pEF-BOS-HA-DHHCX (X denoted the gene number
in the protein family) and subjected to realtime PCR to detect changes in ASBT mRNA expression Data is
representative of n=3 replicates done in technical triplicate. Results are mean±SD. *P<0.05, **P<0.01,
***P<0.001, ****P< 0.0001.

3.3.3 Acyl Peg Exchange Assay is a mass tag-based acylation method useful in acylation
studies with stable cell lines containing a strep tag
To mitigate any issues associated with co-transfection of two plasmids such as
resource competition that may result in misinterpretation of data in acylation assays, a
stable cell line expressing ASBT can be used. Therefore, we developed a HEK293T cell
line stably expressing strep-tagged human ASBT. Since the cell line contains a strep tag,
acyl biotin exchange, a method used to detect acylation in Chapter 2, cannot be
employed. Acyl peg exchange represents an alternative way of detecting acylated
proteins that utilizes thiol-specific chemistry to exchange S-acylated sites with a mass tag
such as a 5kDa methoxypolyethylene glycol malemide (mPEG) mass tag. A protein mass
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shift is thus observed in a western blot that corresponds with each S-acylated site. In
Figure 3.3, we show validation of this method by treating S-tag hASBT HEK293T in the
presence and absence of 2-bromopalmitate, an acylation inhibitor. Calnexin (CANX), a
transmembrane protein with two acylation sites, is a commonly used validated control in
this method. Mass shift(s) were observed in WT lanes for both calnexin and ASBT but
not in 2BP treated lanes, indicating that 2-bromopalmitate inhibited/reduced acylation of
these proteins as expected.

Figure 3.3 Acyl Peg Exchange (APE) assy detects changes in acylation of hASBT in the presence and
absence of 2-bromopalmitate (2BP) in HEK293T stably expressing Strep-tagged human ASBT.
**= ASBT mass shift/acylation, *= calnexin mass shift/(CANX) acylation

3.4 Discussion
The apical sodium dependent bile acid transporter (ASBT) is a highly regulated
transmembrane protein involved in the enterohepatic circulation where it facilitates
uptake of bile acids at the distal ileum. Due to its role as the rate-limiting step in
recycling of bile acids, ASBT inhibition has been identified as a therapeutic target for
various disorders such as early stages of cholestatic liver injury, hyperlipidemia, and
chronic idiopathic constipation (32). The purpose of this study was to provide functional
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data in an ongoing effort to identify the acyl transferase responsible for hASBT Sacylation. Our previous studies on ASBT acylation showed that inhibiting palmitoylation
with 2-bromopalmitate resulted in decreased acylation signal via our acyl biotin exchange
assay, taurocholate uptake, surface expression, and transporter kinetics (66). We thus
hypothesized that the acyl transferase(s) (PAT or DHHC) involved in ASBT acylation
would cause an increase in ASBT function, surface expression, and maximal transporter
flux (Jmax).
Understanding the specific PAT involved in ASBT acylation will not only give
researchers insight on its mechanism but will allow for flexibility in identifying targets
for ASBT inhibition. Using a well-established taurocholate assay, we co-expressed
human ASBT and select DHHCs to assess its effect on ASBT function. We did not detect
any significant increases in ASBT function after co-expression. DHHC1 increased ASBT
function but was not significant. Instead, we detected decreases in ASBT function
following co-expression of other DHHC proteins: 3,6,7,9,10,12,14-17. Interestingly, we
were able to detect increases in ASBT mRNA expression when co-expressed with DHHC
7,9, and 18. Since acylation is a post-translational modification and PAT(s) would most
likely interact with ASBT after translation, mRNA expression data may not be a relevant
indicator of PAT regulatory impact. Overall, this data is promising as it shows that we.
can co-express both plasmids while retaining ASBT function for DHHC 1,3,8-9.
A major limitation of our experimental design is that we currently cannot account
for the expression levels of the different DHHC. When both ASBT and DHHC plasmids
are co-expressed and subjected to western blotting, some DHHCs are expressed to a
higher or lower extent than others. Therefore, we may only compare each individual
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DHHC co-expressed with ASBT vs. ASBT alone but cannot directly and accurately make
comparisons between each DHHC on its impact on ASBT function and surface
expression (data not shown) after co-expression.
We considered the use of a stable ASBT cell line to address issues with the coexpression such as resource competition that may occur during transfection of multiple
plasmids. Since ASBT was expressed with a strep tag, we validated an acylation assay
that did not require the use of a biotin label termed the acyl-peg exchange assay (Figure
3.3). Conducting an acylation assay reinforced our frame of thinking that the issue was
not with controlling ASBT expression in the co-expression system but maintaining
constant levels of expression across DHHC protein family members. Further studies and
assay optimization are required to address these issues.
While our functional assay can inform us on the impact on ASBT function, we
cannot probe the effect on acyl transferase function and fully understand the implication
of ASBT/PAT interactions without performing acylation assays. Thus, we propose a
tiered approach that involves screening select DHHC enzymes for hASBT palmitoylation
via co-expression studies. In follow-on experiments, genes of enzymes that increased
human ASBT acylation when co-expressed would then be silenced via RNAi.
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Chapter 4: Immunomodulatory therapeutic potential of secondary bile acids in
nanomedicine
4.1 Introduction
Bile acids act as functional detergents that mediate bile flow and form mixed
micelles to aid in the solubilization of cholesterol, dietary lipids, and lipid soluble
vitamins (A, D, E, and K). Primary bile acids, cholic acid (CA) and chenodeoxycholic
acid (CDCA), are synthesized from cholesterol in the liver and stored in the gallbladder.
After food intake, bile acids are secreted into biliary tract and are then transported into
the intestine by the apical sodium dependent bile acid transporter (ASBT). Prior to
secretion and transport to the intestine, bile acids are conjugated to taurine or glycine
which increases their hydrophilicity and solubilization at acidic pH. In the intestine, they
undergo modification by intestinal microbiota (e.g. Lactobacillus, Clostridium,
Bacteroidetes) where they are first deconjugated by bile salt hydrolases then undergo
further modification (i.e., dehydrogenation, dihydroxylation, epimerization), and are
referred to as secondary bile acids (7). Thus, the bile acid pool composition,
hydrophobicity, and size are a function of intestinal microbial homeostasis. Bile acids are
then effluxed into the portal vein and re-enter the liver by specialized transporters,
completing a cycle of the highly efficient enterohepatic circulation. A comprehension
review of bile acid synthesis and the enterohepatic circulation can be viewed in Chapter
1.
Studies have shown that ASBT expression is impaired during ileal inflammation.
This impaired bile acid absorption results in increased fecal output due to accumulation
in the colon, likely resulting in diarrhea experienced by patients with inflammatory bowel
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disease (IBD) (141, 142). Inflammatory bowel disease (IBD) represents a family of
inflammatory disorders (i.e., Crohn’s Disease, Ulcerative Colitis) with an unknown
etiology that is often associated with immunological factors, environmental factors, and
intestinal microbial dysbiosis(94). Immunological hallmarks of IBD include intestinal
inflammation, increased intestinal permeability, elevated chemokine levels leading to
increased leukocyte trafficking to intestine, and infiltration of Th17 CD4+T cells in the
inflamed intestinal mucosa (143).
Recently, bile acids have emerged as immune modulators that regulate T cell
differentiation in the adaptive immune response and activate receptors such as Farnesoid
X receptor (FXR) and G protein-coupled bile acid receptor (TGR5) on innate immune
cells to exert anti-inflammatory responses and maintain host intestinal barrier function (2,
88, 89). While intestinal FXR activation in intestinal epithelial cells regulate bile acid
absorption and synthesis, its activation on intestinal immune cells reduces expression of
pro-inflammatory cytokines, regulate toll-like receptors (144), and repress assembly of
NLRP3 inflammasome. Notably, primary bile acids, CA and CDCA act as strong
agonists for FXR while secondary bile acids, lithocholic acid (LCA), deoxycholic acid
(DCA), ursodeoxycholic acid (UDCA) act as strong TGR5 agonists. Thus, intestinal
dysbiosis or alteration in the gut microbiome, particularity BSH expressing bacteria,
during IBD affect secondary bile acid composition and reduce TGR5 activation. Though
bile acid activation of TGR5 has been well studied in enteroendocrine cells to regulate
glucose homeostasis through secretion of glucagon-like peptide (-1), activation of TGR5
on immune cells has been demonstrated to reduce pro-inflammatory cytokine secretion
(90).
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The objective of this study is to generate data in an ongoing pilot study aiming to
investigate the immunomodulatory potential of bile acids. To do this, we use
immunochemical techniques to investigate the effect of soluble bile acids and bile acid
loaded nanoparticles on macrophage pro-inflammatory cytokine secretion and T cell
differentiation. Nanoformulation offers advantages in potential drug delivery strategies in
that they allow to better targeting to the site of action and use of therapeutic compounds
at lower concentrations. Finally, formulation of nanoparticles can often be readily
optimized to reach therapeutic goals.
4.2 Materials and Methods
4.2.1 Materials
C57BL/6 mice were purchased from Jackson Laboratories. All mice were housed
in the University of Maryland, Baltimore Animal Facility and maintained according to
protocols approved by the University of Maryland, Baltimore Institutional Animal Care
and Use Committee.
4.2.2 In vitro Macrophage culture
RAW264.7 cells (ATCC ® TIB-71) were cultured in DMEM supplemented with
Penicillin/Streptomycin (10,000U/mL), and 10% fetal bovine serum.
Lipopolysaccharides from Escherichia Coli O111:B4 was purchased from Sigma and
used to stimulate pro-inflammatory cytokine secretion from macrophages. Primary
macrophages were isolated from the bone marrow from C57BL/6 mice. Bone marrow
derived macrophages (BMDM) were maintained in RPMI containing L-glutamine
supplemented with Penicillin/Streptomycin (10,000U/mL), and 10% fetal bovine serum.
10% L929 conditioned media was added to media on day 3,6,8 post-isolation to allow for
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differentiation of bone marrow macrophage progenitors cells to mature macrophages.
L929 conditioned media contains macrophage colony stimulating factor (M-CSF), which
is secreted by L929 cells. BMDM were harvested for experiments in 24 well plates on
day 9.
4.2.3 In vitro CD4+ T cell culture
Naïve CD4+ T cells were isolated from spleens of C56BL/6 mice using Naïve
CD4+T cell isolation kit (Miltenyi Biotech). Isolated cells were cultured under T
regulatory cell (Treg) polarizing conditions using anti-CD3 (2µg/ml, Biolegend), antiCD28 (3µg/ml, Biolegend), mouse IL-2 (10ng/ml, Peprotech), and TGF-β (2ng/ml, Cell
Signaling Tech). Bile acids were added at day 0 using a 10mM stock dissolved in DMSO.
Cells were harvested on day 3 followed by processing for flow cytometry with anti-CD4,
anti-CD25, and anti-Foxp3.
4.2.4 Flow cytometry
Cells were collected and washed with PBS 2x and stained with a Live/Dead
Fixable Near-Infared cell viability stain (Molecular Probes) for 30min. Cells were then
washed PBS followed by a wash with MACs buffer (2mM EDTA, 10% Fetal Bovine
Serum in PBS without calcium and magnesium). Prior to staining with surface antibody
markers, cells were subjected to Fc receptor blocking using anti-CD16/32 for 10 minutes.
Surface antigen antibodies were then added to the cells in MACs buffer and incubated for
1hr at 4°C (Table 4.1) . Cells were fixed with paraformaldehyde fixation buffer. Prior to
Foxp3 staining, cells were fixed and permeabilized with Foxp3 Transcription Factor
Staining Buffer Set (eBioscience) followed by blocking with rat serum at room
temperature for 15 minutes.
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Flow cytometry data was acquired on the Cytex Aurora flow cytometer and analyzed on
FCS Express. CD4+CD25+Foxp3+ population was gated on in FCS Express and
represented Treg cells. Briefly, Live CD4+ cells were gated on and CD4+CD25+Foxp3+
cells were gated from that population.
Applicable
Cell Type
Macrophages

Antibody or Stain

Fluorochrome

Catalog number

Mouse anti-F4/80
Mouse anti-CD80
Mouse anti-CD86
Mouse anti-IA/IE
(MHC II)

PE
BV711
BV421
APC

Biolegend 123110
Biolegend 104743
Biolegend 105031
Biolegend 107614

T regulatory
Cells

Mouse anti-CD4
FITC
Mouse anti-CD25
PE
Mouse anti-Foxp3
APC
Mouse anti CD16/32 -

Biolegend 100510
Biolegend 102008
Invitogen 17577382
Biolegend 101302

Live Dead Fixable
Near-Infared Stain

Thermofisher Scientific
L10119

Macrophages
and T
regulatory
cells

-

Table 4.1 Antibodies and Stains used in Flow Cytometry

4.2.5 Nanoparticles Preparation and Characterization
Bile acid loaded poly-lactic acid nanoparticles (PLA(BA)) of various %w/w (bile
acid/PLA) were prepared using the emulsion solvent evaporation method. Briefly, polylactic Acid (PLA) was dissolved in dichloromethane (DCM) to a final concentration of
50mg/ml (100mg PLA in 2mL DCM). Stock solution of bile acids were prepared in
DMSO (dimethyl sulfoxide). Bile acid solution was added to the 50mg/ml PLA solution
in a 20ml scintillation vial at varying %w/w (indicated in Table 4.2).
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PLA
(Bile
Acid)
%w/w

Bile Acid
Stock
(mg/ml
DMSO)

PLA
50mg/ml
(In
DCM)

Batch
size

1% PEMA
added
(emulsification
coating)

10mg/ml

Bile acid
stock
solution
added to
PLA
100µl

2ml

100mg

10ml

0.5%
PEMA
added
(outer
coating)
40ml

1%
2%

10mg/ml

200µl

2ml

100mg

10ml

40ml

3%

10mg/ml

300µl

2ml

100mg

10ml

40ml

10%

100mg/ml

100µl

2ml

100mg

10ml

40ml

30%

100mg/ml

300µl

2ml

100mg

10ml

40ml

Table 4.2 Nanoparticle Preparation

10ml of 1% poly (ethylene-alt-maleic-acid (PEMA, a negatively charged
surfactant) solution was added to the PLA/bile acid solution. The scintillation vial was
sonicated on ice using a 1/8th inch needle tip at 40% max amplitude for 30 seconds. The
emulsion was immediately emptied into a beaker containing 40ml of 0.5% PEMA (outer
coating solution) and stirred at 220rpm at room temperature overnight. Nanoparticles
were recovered using a 40µm cell strainer. Particles were washed with cold 0.1Msodium
bicarbonate 3x and cold ddH2O 1x. Cryoprotectant containing 4% w/v sucrose and 3%
w/v mannitol was added prior to lyophilization. Zeta potential and size of the
nanoparticles (Table 4.3) was assessed using Malvern Zetasizer Nano for dynamic light
scattering (DLS).
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PLA (Bile Acid)
%w/w
1%

Size (d.nm)

Zeta Potential

308.63

-53.1

2%

255.97

-53.1

3%

263.23

-55.2

10%

251.5

-53.5

30%

254.6

-44.8

Table 4.3 Nanoparticle Characteristics

4.2.6 Data Analysis
Statistical analysis was performed using GraphPad Prism 9 (GraphPad Software,
San Diego, CA) via one-way analysis of variance (ANOVA) with a Dunnett’s post-hoc
test. P< 0.05 was considered statistically significant. Results are mean±SD. *P<0.05,
**P<0.01, ***P<0.001, ****P< 0.0001.
4.3 Results
4.3.1 Bile acids reduce mTNFα secretion in immortalized macrophages
To investigate the role of bile acid loaded particles on innate immunity, we began
by screening soluble bile acids on their effect on mouse tumor necrosis factor (Tnfα) proinflammatory cytokine production of murine macrophages. Bile acids in our initial
screening panel included lithocholic acid (LCA), deoxycholic acid (DCA),
ursodeoxycholic (UDCA), taurodeoxycholic acid (TDCA), chenodeoxycholic acid
(CDCA). Two separate treatment paradigms were tested where immortalized
macrophages (RAW 264.7) were 1) harvested in the presence of LPS for 24hrs prior to
24hr treatment with bile acids (termed “LPS harvest”) or 2) allowed to grow for 24hrs in
the absence of LPS and then co-treated with LPS for 24hrs (termed “LPS cotreat”). Since
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stimulation with LPS is required for pro-inflammatory cytokine secretion, data without
LPS was not shown. Compared to LPS treatment group, there was significant decrease in
mTnf⍺ secretion of LPS harvested macrophages following treatment with LCA, DCA,
CDCA, TDCA, and UDCA (Fig. 4.1). However, we only found a significant decrease in
mTnf⍺ secretion after co-treatment with LPS and UDCA. There were no significant
decreases with cotreatment of DCA and TDCA.
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Figure 4.1 Bile acids reduce mTnfα secretion in LPS-induced murine macrophages
RAW 264.7 were plated at 40 x 104 cells/ml (0.5ml/well) in a 24-well plate. After respective treatment,
supernatants were collected and subjected to ELISA analysis for mTnfα secretion. A) RAW 264.7 were
harvested in the presence or absence of 100ng/ml LPS. After 24hrs, medium was aspirated and cells were
treated with 100μM bile acid or vehicle (0.5%ethanol) for 24hrs. B) 24hr after harvest, RAW 264.7 were
treated with 100ng/ml LPS +/- 100μM bile acid. A control plate was treated with vehicle (0.5%ethanol) +/100μM bile acid. Data in the absence of LPS is not shown. One-way anova and Dunnett’s post-hoc test was
performed to compare LPS treated RAW264.7 control group (minus bile acids) with LPS treated
RAW264.7 + bile acids.
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4.3.2 Bile acid encapsulated nanoparticles reduce pro-inflammatory cytokine secretion of
LPS macrophages
Since UDCA reduced mTnf⍺ secretion in both treatment paradigms in Figure 4.1,
we generated poly-lactic acid (PLA) particles with encapsulated UDCA (PLA(UDCA))
using the solvent evaporation method (Table 4.2-4.3). We varied the initial %w/w of
PLA/UDCA by varying the initial mg of bile acid (initial [bile acid] loaded) used in the
emulsion to see if there was a concentration dependent response when detecting changes
in mTnf⍺ secretion. RAW264.7 cells were harvested in the presence and absence of LPS
for 24hrs and then treated with PLA-UDCA for 3h or 24h. After treatment, supernatants
were collected and subjected to ELISA to detect mIL-6 secretion (Fig. 4.2).

Figure 4.2 Ursodeoxycholic acid encapsulated PLA-PEMA nanoparticles reduce mTNFα secretion in LPSinduced murine macrophages after 3 and 24hrs.
RAW 264.7 (control) were plated at 40 x 104 cells/ml (0.5ml/well) in a 24-well plate harvested in the
presence or absence of 100ng/ml LPS. After 24hrs, medium was aspirated, and cells were treated with
300ug/ml of ursodeoxycholic acid (UDCA) encapsulated PLA-PEMA nanoparticles at varying %w/w (%
UDCA/PLA) or vehicle (1%PBS) for A) 3h or B)24h. After treatment, supernatants were collected and
subjected to ELISA analysis for mTnfα secretion. Data in the absence of LPS is not shown. One-way anova
and Dunnett’s post-hoc test was performed to compare LPS treated RAW264.7 control group (minus bile
acids) with LPS treated RAW264.7 + bile acids.
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Figure 4.2 (Continued) Ursodeoxycholic acid encapsulated PLA-PEMA nanoparticles reduce mTNFα
secretion in LPS-induced murine macrophages after 3 and 24hrs.
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All UDCA nanoparticle formulations were able to reduce mTNF⍺ secretion in
LPS-induced macrophages after 24h (Fig 4.2). After 3h, only 1%w/w PLA(UDCA)
significantly reduced mTNF⍺ secretion whereas 10% w/w PLA(UDCA) significantly
increased mTNF⍺ secretion.
4.3.3 Pre-treatment with soluble and encapsulated ursodeoxycholic acid offered naïve
macrophages resistance to LPS-induced mIL-6 and mTnf⍺ pro-inflammatory cytokine
secretion.
To assess the effect of soluble and encapsulated UDCA on other proinflammatory cytokines secretion that might occur later in infection, we tested the effect
of bile acid treatment on changes in interleukin-6 (IL-6) secretion. We also altered our
treatment paradigm to assess whether pre-treatment with soluble (Fig 4.3) and
encapsulated bile acids (Fig 4.4) would offer “pro-inflammatory cytokine activation
resistance” to immortalized and primary macrophages. To do this, we pre-treated soluble
and encapsulated UDCA for 3h then treated with LPS for 24hr. Excess particles were
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washed off prior to LPS treatment. Soluble UDCA was co-treated with LPS following
pre-treatment.

Figure 4.3 Pre-treatment with UDCA reduced mIL-6 secretion of bone marrow derived macrophages
(BMDM) following co-treatment with LPS.
Bone marrow derived macrophages (BMDM) were plated at 40 x 104 cells/ml (0.5ml/well) in a 24-well
plate After 24hrs, cells were pre-treated with UDCA at varying concentration or vehicle control
(0.1%DMSO) followed by co-treatment with 100ng/ml LPS for 24h. Supernatants were collected and
subjected to ELISA analysis for mIL-6 secretion. Data in the absence of LPS is not shown. One-way anova
and Dunnett’s post-hoc test was performed to compare LPS treated BMDM control group (minus bile
acids) with LPS treated BMDM + bile acids.

Pretreatment of UDCA at concentration 1µM-100µM was able to reduce mIL-6
secretion of BMDM (Fig 4.3). Encapsulated UDCA particles significantly reduced both
BMDM mIL-6 and mTnfα secretion. There was no clear dose response from the
nanoparticles except for in mTnfα secretion using 1-3% w/w respectively after 3h of pretreatment (Fig 4.4A) which might indicate the presence of varied encapsulation
efficiency. Among the data set in Figure 4.4, a significant increase was observed in all
particles that were pretreated for 24h treatment to detect mTnfα secretion.
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Figure 4.4 Pretreatment with ursodeoxycholic acid encapsulated PLA-PEMA nanoparticles reduce mTNFα
and mIL-6 secretion in LPS-induced murine macrophages.
RAW 264.7 were plated at 40 x 104 cells/ml (0.5ml/well) in a 24-well plate After 24hrs, cells were pretreated with 300ug/ml of ursodeoxycholic acid (UDCA) encapsulated PLA-PEMA nanoparticles at varying
%w/w (% UDCA/PLA) or vehicle (1%PBS) for (A-C) 3h or (B-D) 24h. Excess particles were washed with
medium and 100ng/ml LPS was added for 24h. Supernatants were collected and subjected to ELISA
analysis for mTnfα (A-B) or IL-6 (C-D) secretion. Data in the absence of LPS is not shown.
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4.3.4 Proof of T-regulatory cell Skewing and the Effect of UDCA on T Regulatory Cell
Differentiation
Much of the literature on bile acid and bile acid activated receptors has centered around
their role in inflammation and innate immunity (3, 90, 145). However, recent studies in
the literature have shown promising results of the role of bile acids in adaptive immunity.
IsoalloLCA and 3-oxo-LCA are derivatives of the LCA, a secondary bile acid and strong
TGR5 agonist, were identified as regulators of T cell differentiation that control
differentiation of regulatory T cells (Treg cells) or T cells which express IL-17a (TH17
cells) (91-93). We sought to investigate the effect of our lead bile acid loaded particles on
differentiation of anti-inflammatory regulatory T cells (Tregs). As proof of concept, we
stimulate naïve CD4+ T cells ex vivo to induce Treg cell differentiation cells in the
presence of absence of 25µM secondary bile acids (Fig. 4.5).

Figure 4.5 Flow Cytometry Density Plot depicting CD4+CD25+Foxp3+ T regulatory cells in the presence
or absence of secondary bile acids.
Flow cytometry analysis of Foxp3 expression of mouse splenic naïve T cells cultured for 4 days under T
regulatory cell polarizing conditions with spiked 0.5%DMSO (vehicle), 25µM of ursodeoxycholic acid
(UDCA), isodeoxycholic acid (isoDCA), and dehydrolithocholic acid (3-oxo-LCA)
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Figure 4.5 (Continued) Flow Cytometry Density Plot depicting CD4+CD25+Foxp3+ T regulatory cells in
the presence or absence of secondary bile acids.

Treatment with greater than or equal to 0.5%DMSO reduced T regulatory cell
phenotype (Fig. 4.5- 4.6). Compared to the vehicle control, UDCA, isoDCA, and 3-oxoLCA did not have a significant effect on T regulatory cell phenotype (Fig. 4.5).
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Figure 4.6 Flow cytometry density plot depicting the effect of %DMSO on Foxp3 expression
Flow cytometry analysis of Foxp3 expression of mouse splenic naïve T cells cultured for 4 days under T
regulatory cell polarizing conditions with varying concentrations of spiked DMSO (vehicle), n=1.

4.4 Discussion
Bile acids are detergent molecules that play a role in digestion of lipid soluble
compounds. In addition to their physiological role, bile acids have emerged as signaling
molecules in the mucosal innate and adaptative immune responses where they exert antiinflammatory properties, maintain integrity of the intestinal membrane, and regulate T
cell differentiation. Taken together, we provide feasibility data for a future pilot study
that aims to exploit physiological variation in the GI and immunomodulatory
characteristic of bile acids in a biodegradable nanoparticulate system. While oral drug
delivery has its advantages, there are currently still limitations to colon specific oral
delivery due to gastrointestinal (GI) barriers. We show that both primary (CDCA)and
secondary bile acids (LCA, DCA, TDCA, UDCA) reduce proinflammatory cytokine
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secretion in immortalized macrophages. UDCA was able to reduce mTnfα secretion after
co-treatment with LPS and after treatment with LPS activated macrophages (Fig 4.1).
Using UDCA as our lead bile acid, we formulated nanoparticles using a
biodegradable polymer, poly-lactic acid, and solvent evaporation method (PLA(UDCA)).
PLA(UDCA) particles were able to reduce mTnfα secretion after treatment of LPS
activated macrophages for 3h and 24h yet there was no dose dependent response in
particles that varied by %w/w (UDCA/PLA) (Fig 4.2). Lower doses of PLA (UDCA) and
of soluble UDCA (Fig 4.3) appeared to decrease pro-inflammatory cytokine secretion
compared to higher doses.
The lack of a dose response might indicate variability in encapsulation efficiency
where the initial mg bile acid is less than the final mg bile acid loaded or there may be a
threshold to the maximum concentration of bile acids that can be efficiently encapsulated.
To calculate encapsulation efficiency, a bile acid detection assay can be adapted based on
a LC/MS method validated in our lab (146). In this assay, sodium hydroxide (NaOH) is
first added to hydrolyze poly-lactic acid particles from its polymeric form to the
monomer, lactic acid. The sample is then diluted in 50% acetonitrile, the pH is adjusted,
and excess sodium is removed using solid phase extraction. Evidence of polymer
degradation can be detected using matrix-assisted laser desorption/ionization time-offlight mass spectrometry studies where the spectrum of solubilized polymer (in
tetrahydrofuran) shows peaks representing individual subunits of PLA with a peak
difference of approximately 72Da but is not present in the degraded PLA (Supplementary
Fig 4.7-4.8). In the LC/MS method, deuterated bile acids are used as an internal standard
in calibration standards and samples. An optimized LC/MS method is applied to bile acid
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standards of known concentration and degraded particle samples with bile acids of
unknown concentration (146).
We then sought to evaluate the effect encapsulated UDCA had on conferring
macrophage activation resistance and found that pretreatment of encapsulated bile acids
reduced IL-6 and mTnfα secretion (Figure 4.4). Compared to the control, the decrease of
pro-inflammatory cytokines was consistent with 24h pretreatment, particularly when
detecting mTnfα secretion. Tnfα is one of the first proinflammatory secreted by
macrophages in the acute immune response (147). Regarding the data, one might suggest
that encapsulated bile acid might act very early on during an immune response. Further in
vivo and in vitro studies are required to make a definitive conclusion.
In addition to its role in the innate immune response, bile acids have been shown
to modulate the T cell differentiation in the adaptative immune response. T cell
differentiation requires three signals: 1) presentation of antigen by major
histocompatibility complex (MHC II) on antigen presenting cell (APC, e.g., dendritic
cells) to the T cell receptor on naïve CD4+ T cells 2) binding of co-stimulatory signal
(CD80/CD86) on antigen presenting cells to costimulatory receptor (CD28) on naïve
CD4+ T cells. 3) secretion of polarizing cytokine by antigen presenting cell resulting in
different CD4+ T cells (T helper cell or Th cell) subsets. T cell activation can lead to
differentiation of T helper cells to Th1, Th2, Th17, and T regulatory cells (Treg). Th17
cells are key players in the pathogenesis of inflammatory bowel diseases as they invade
the inflamed mucosa and secrete the pro-inflammatory cytokine, interleukin 17 (IL-17)
cytokine, exacerbating inflammation (148). On the other hand, T regulatory cells play a
major role in immunosuppression and maintenance of immune tolerance that can prevent
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autoimmunity and regulate inflammatory through inhibitory mechanisms (e.g., cytokine
secretion, cytolysis, metabolic disruption). Thus, understanding modulation of T
regulatory cell is important in identifying targets for treatment strategies in disorders with
excessive inflammation (i.e., inflammatory bowel disease) and autoimmune disorders.
Studies have shown that certain secondary bile acid metabolites inhibit
transcriptional activity of Retinoic-acid-receptor-related orphan nuclear receptor gamma
(RORγt),transcriptional regulator of Th17 cells (3-oxo-LCA) and promote differentiation
of T regulatory cells (isoalloLCA) (93). To show proof of concept, we used a single naïve
CD4+T cell culture to assess the role of secondary bile acids, (UDCA, isoDCA, 3-oxoLCA) in differentiation of Tregs (Figure 4.5). We stimulated naïve T cells ex vivo using
CD3, IL-2, CD28, and TGF-beta in the presence or absence of UDCA, culture cells for
four days and processed cells for flow cytometry analysis to detect changes in expression
of T regulatory cells (CD4+CD25+Foxp3+). Compared to control cells, none of the bile
acids tested were able to increase %Foxp3 expressing CD4+ T cells during initial studies.
T cell subset modulation has been explored in the presence of dendritic cells (coculture) and in the presence of polarizing cytokines/absence of dendritic cells (single
culture) and both studies indicate an effect on T regulatory cell differentiation (91, 93).
Our result for UDCA is comparable to a similar study that utilized a co-culture with
dendritic and T cells cultured in the presence media containing TGF-beta, IL-2, CD3, and
bile acids (91). The same co-culture study found that isoDCA increased Foxp3
expression by acting on dendritic cells. On the other hand, a study that utilized a single T
cell culture under TH17 or T regulatory cell polarizing conditions and DMSO as a
vehicle ( concentration not indicated), similar to Fig. 4.5, found that 20 µM 3-oxo-LCA
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inhibited TH17 T cell differentiation and isoalloLCA enhances T regulatory cell
differentiation (93).
In contrast, our studies showed that, compared to 0.5% DMSO, there appeared to
be no significant difference in T regulatory cell differentiation of UDCA, isoDCA, 3-oxoLCA, and alloisoLCA (data not shown). In our case, this suggests that bile acids do not
directly act on T cells to modulate their differentiation. Surprisingly, there was a decrease
in T regulatory cells when comparing the control group to the 0.5% DMSO group
suggesting that DMSO might have affected differentiation into CD4+CD25+Foxp3+.
There was no effect of DMSO on T regulatory phenotype indicated in other studies.
Taken together, data in the literature and our preliminary data (n=1) strikes the following
questions: 1) Could the difference between the results from our single T cell culture study
and that of Hang et al be attributed to our experiment design? 2) Are bile acids solely
modulating Treg differentiation via the activation of receptors on dendritic cells or by
acting on the T cells alone after polarizing cytokine secretion?
Further studies are required to troubleshoot our experimental design and assess
the effect of the vehicle and other soluble secondary bile acids on T cell differentiation in
a single T cell culture and dendritic/T cell co-culture. Once completed, encapsulated lead
bile acids will be subjected to those studies to evaluate whether delivery of PLA (bile
acid) nanoparticles upregulate or downregulate transcription factors associated with
differentiation of Treg and/or TH17 cells. Lastly, we aim to extend these studies to
investigate the role of soluble and encapsulated bile acids on antigen specific immune
responses such as those seen in autoimmune disorders.
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4.5 Supplemental Figures
Figure 4.7 MALDI-TOF Spectra of degraded poly-lactic acid vs. solubilized polylactic acid
Poly-lactic acid was degraded using 1N sodium hydroxide (NaOH) or solubilized using tetrahydrofuran
(THF). A supersaturated solution of the matrix α-Cyano-4-hydroxycinnamic acid (CHCA) was dissolved in
THF and the analyte/matrix was combined in 1:1 (v/v) ratio and the mass spectra were obtained on the
Bruker UltrafleXtreme (UTX) mass spectrometer. A) full spectrum B) zoomed in spectrum. Solubilized
spectrum displayed peaks representing repeating subunits of PLA (MW= 72n) with a 72Da peak difference.
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Figure 4.7(Continued) MALDI-TOF Spectra of degraded poly-lactic acid vs. solubilized polylactic acid
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Figure 4.8 Zoomed in MALDI-TOF Spectra of degraded poly-lactic acid vs. solubilized polylactic acid.
Lactic acid (MW=90.08, first arrow of top spectrum) and its sodium adduct (MW= 90.08 +22.99=113.07,
second arrow of top spectrum) was detected only in degraded poly-lactic acid (PLA NaOH).
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4.6 Author Information
4.6.1 Data Contributions
Flow cytometric data was generated by Ebehiremen Ayewoh and Rutu Valapil.
All contributors have given approval to the final version used in this dissertation.
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Chapter 5: Conclusions and Future Direction
Bile acids are multifunctional detergent molecules that facilitate the transport of
lipophilic molecules and are recognized as signaling molecules in cholesterol, energy,
and immune homeostasis. To highlight recent contributions to transporter literature, we
submitted an invited book chapter on Bile Acid Transporters for the 3rd edition of the
book “Drug Transporters” (You, G. and Morris M, Eds) which is expected to be
published in Wiley and Son in 2022 and included in Chapter 1. In Chapters 2-4 of this
dissertation, we identify a post-translational modification that regulates an intestinal bile
acid transporter, the human apical sodium dependent bile acid transporter (ASBT),
involved in the recirculation of bile acids and explore immunomodulatory capabilities of
bile acids in nanoformulation.
The human apical sodium dependent bile acid transporter (hASBT) is a key
intestinal transmembrane protein involved in efficient reuptake of bile acids in the
enterohepatic circulation and serves as a target for hypercholesteremia, type 2 diabetes,
cholestasis, and prodrug strategies. S-acylation is the reversible addition of an acyl chain,
via a labile thioester linkage, onto cysteine residues, thereby increasing the affinity of
proteins to cellular membranes. It has been implicated in various stages of protein
maturation and regulation such as protein trafficking, stability, degradation, coordination
with other PTMs, and interaction with intracellular protein partners. Disruption of Sacylation has been observed in human brain disorders, gastrointestinal, and prostate
cancers. While S-acylation has been widely studied in G-coupled protein receptors
(GPCRs) and the dopamine transporter (DAT; SLC6A3), its function and impact on other
molecular processes (i.e., PTMs, protein-protein interactions) has yet to be elucidated in
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ASBT. To address this knowledge gap, we published a first author paper on acylation of
human ASBT in Biochima et Biophysica Acta (Chapter 2). In this work, we concluded
that S-acylation status of bile acid transporter hASBT regulates its function, metabolic
stability, membrane expression, and phosphorylation state. We identified a putative
acylated residue, suggested that crosstalk occurs between ASBT phosphorylation and
acylation, and emphasized the need for research on the impact of PTM proteoforms in
health and preclinical drug development. Theoretically, variations of a single protein can
affect how patients respond to therapeutics targeting expression of that specific protein.
Since both acylation and tyrosine phosphorylation appear to. be critical for hASBT
function, this suggests that a variant or proteoform of ASBT that may only acylated or
phosphorylated could still be potentially functional. In contrast, if a variant of our protein
contains a PTM that negatively regulates hASBT is found in a patient with primary
biliary cirrhosis, targeted ASBT inhibitors might be an effective approach in reducing
liver damage.
Enzymatic S-acylation is facilitated by palmitoyl acyl transferases (PATs), a
group of membrane associated enzymes that share a common DHHC motif. We provide
functional and mRNA data on the effect of co-expressing ASBT and DHHCs at sites of
endogenous ASBT expression. Although functional assays might provide insight on the
effects of acylation, they cannot be used to draw definitive conclusions or substitute
assays that can confirm changes in acylation. Therefore, acylation assays, through acyl
biotin exchange (ABE) or other methods such as acyl peg exchange (APE) are required to
determine the specific acyl transferase responsible for ASBT acylation. A typical
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workflow uses these assays in a tiered approach, involving overexpression followed by
confirmation via gene silencing studies to screen potential acyl transferases.
Overall, understanding the post-translational regulation of ASBT can provide
unique targets and approaches for drug developers and other researchers looking to
inhibit ASBT or bile acid uptake in hepatobiliary and intestinal disorders. Along with our
publication, other proteins have been discovered to be S-acylated in recent years and this
modification has proved to be critical in their function and relevant disease states,
suggesting S-acylation, acyltransferases, and enzymes involved in lipid biosynthesis are
viable targets for a wide range of therapeutics such as anti-viral interventions (149, 150),
antitumor immunity/checkpoint blockage therapy(151), and treatment for brain
disorders(152). For example, SARS-CoV-2 spike protein, a 20 amino acid protein,
contains 10 palmitoylation sites and it has been reported that DHHC20 mediated Sacylation promotes viral fusion with target cells (149, 150).
To gain perspective on the dynamic roles of bile acids beyond digestion, Chapter
4 focused on an emerging role of bile acids in the mucosal immune system. We
collaborated with Dr. Ryan Pearson’s lab to launch a pilot study aimed to uncover the
immunomodulatory mechanism of secondary bile acids using nanoformulation as a
potential site-specific delivery mechanism. Secondary bile acids are bile acids that are
bio-transformed by intestinal microbiota during an enterohepatic circulation cycle.
Literature evidence has shown that bile acids activate Farnesoid X Receptor (FXR) and
G-Protein Coupled Bile Acid Receptor (TGR5), expressed on immune cells, to induce
anti-inflammatory phenotype and protect intestinal epithelial barrier function. Bile acids,
specifically isodeoxycholic acid and isoallolithocholic acid, have also recently been
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shown to balance differentiation of CD4 T cells to T regulatory cells, as opposed to TH17
cells that have been implicated in inflammatory bowel disease(91, 93).
We show that soluble bile acids and ursodeoxycholic acid (UDCA) encapsulated
in a biodegradable nanoparticle system reduces pro-inflammatory cytokine secretion in
the innate immune response. This study can be extended through the evaluation of other
secondary bile acid derivatives in innate immunity and adaptive immunity (i.e., changes
in T cell differentiation) followed by their evaluation in a biodegradable nanoparticle
system. By the end of the pilot study, we aim to have investigated the efficacy of bile
acids in nanoformulation versus soluble bile acids, design formulation for intestinal sitespecific delivery, and investigate the role of bile acid in antigen non-specific and specific
immune responses. We expect that these nanoparticles will reduce macrophage proinflammatory cytokine secretion and modulate the adaptive immune response.
Conclusions drawn in this research will contribute to bile acid-based immunology
research and impact decisions made in preclinical drug development on new drug
modalities to target intestinal inflammation.
In conclusion, ASBT is an intestinal transporter involved in bile acid and
cholesterol homeostasis and is regulated by the lipid modification, S-acylation. Bile acids
are specific substrates for ASBT that are not only involved in digestion but act as
complex signaling molecules that modulate our mucosal immune response. Thus,
targeting PTM modulation and bile acids should be recognized as viable clinical targets
for metabolic and related immune disease states.
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