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URINARY BILE ACID INDICES AS DIAGNOSTIC AND PROGNOSTIC
BIOMARKERS FOR LIVER DISEASES

Jawaher Abdullah Alamoudi, Ph.D.
University of Nebraska Medical Center, 2020

Supervisor: Yazen Alnouti, Ph.D.

Hepatobiliary diseases result in the accumulation of toxic bile acids (BA) in the
liver, blood, and other tissues which may contribute to an unfavorable prognosis. We
compared the urinary BA profile between 300 patients with hepatobiliary diseases vs. 103
healthy controls. Also, we investigated the use of the urinary BA profile to develop survival
models to predict the prognosis of hepatobiliary diseases. The urinary BA profile, a set of
non-BA parameters, and the adverse events of liver transplant and/or death were
monitored in patients with cholestatic liver diseases for up to 7 years. The BA profile was
characterized by calculating BA indices, which quantify the composition, metabolism,
hydrophilicity, and toxicity of the BA profile. Total and individual BA concentrations were
higher in all patients. The percentage of secondary BA (DCA and LCA) was markedly
lower, while the percentage of primary BA (CDCA, CA, and HCA) was markedly higher in
patients compared to controls. In addition, the percentage of taurine-amidation was higher
in patients. The increase in non-12a-OH BA was more profound than 12a-OH BA (CA
and DCA) causing a decrease in the 12a-OH/non-12a-OH ratio in patients. This trend was
stronger in patients with more advanced liver diseases as reflected by the model for end-
stage liver disease (MELD) score and the presence of hepatic decompensation. The
percentage of sulfation was also higher in patients with more severe forms of liver
diseases. In general, BA indices had much lower inter- and intra-individual variability
compared to absolute concentrations of the individual and total BA. In addition, BA indices

demonstrated high area under the receiver operating characteristic (ROC) curves, and



changes of BA indices were associated with the risk of having a liver disease as
determined by the logistic regression analysis, which demonstrated their use as diagnostic
biomarkers for cholestatic liver diseases.

We have developed and validated the bile-acid score (BAS) model (a survival
model based on BA indices) to predict the prognosis of cholestatic liver diseases. The
BAS model was more accurate and results in higher true-positive and true-negative
prediction of death compared to both non-BAS and MELD models. Both 3- and 5-year
survival probabilities markedly decreased as a function of BAS. Moreover, patients with
high BAS had a 4-fold higher rate of death and lived for an average of 11 months shorter
than subjects with low BAS. The increased risk of death with high vs. low BAS was also
2-4-fold greater and the shortening of lifespan was 6-7-month lower compared to MELD
or non-BAS. One application for BAS could be to define the most seriously ill liver patients,

who may need earlier intervention such as liver transplantation.
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CHAPTER 1

INTRODUCTION



1.1. Bile acids (BA) structure, function, and toxicity

Bile acids (BA) are amphipathic steroid molecules synthesized in the liver from
approximately 500 mg of cholesterol each day [1]. Figure 1.1 shows the chemical
structure of the major BA including cholic acid (CA), muricholic acid (MCA),
chenodeoxycholic acid (CDCA), Hyocholic acid (HCA), deoxycholic acid (DCA),
ursodeoxycholic acid (UDCA), murideoxycholic acid (MDCA), hyodeoxycholic acid
(HDCA), lithocholic acid (LCA), their glycine (G) and taurine (T) amidates, and sulfate
conjugates. According to their chemical structure, BA can be categorized into tri-OH
(HCA, CA, and MCA), di-OH (UDCA, MDCA, CDCA, HDCA, and DCA), and mono-OH BA
(LCA).

BA have many physiological functions such as the fat absorption, cholesterol
elimination, and protection against bacterial overgrowth [2, 3]. In addition, BA have been
identified as signalizing molecules/hormones that exert their functions at the molecular
level, via binding to numerous receptors, primarily, the surface G-protein-coupled
membrane receptor (TGRS5), and the nuclear farsenoid-X-receptor (FXR) [4]. BA are
involved in the regulation of their own homeostasis, glucose and lipid metabolism, thyroid
hormone signaling, energy expenditure, and cellular immunity [3, 5, 6]. In addition, BA
such as UDCA and norursodeoxycholic acid (norUDCA), as well as BA analogs such as
6a-ethyl-CDCA (obeticholic acid, OCA) and 12-monoketocholic acid (12-MKC) are proven
to have therapeutic applications for the treatment of cholestatic liver diseases and the
metabolic syndrome [6-8].

In contrast to their physiological functions, BA are also cytotoxic and exhibit
pathological effects at high concentrations due to their direct detergent effects on
biological membranes, cancer promoting effects, and necrotic and apoptotic effects via
mitochondria and endoplasmic reticulum-mediated toxicities [6, 9]. When present at high

concentration BA bind to the lipid bilayer and solubilize plasma membrane components.



Elevated intracellular levels of BA can lead to loss of the mitochondrion integrity. This can
lead to the permeabilization of mitochondrial membranes, which provokes depolarization
of the organelle, mitochondrial swelling, and uncoupling of oxidative phosphorylation.
Ultimately this leads to mitochondrial collapse, release of cytochrome c, and activation of
apoptosis. Also, apoptosis can be initiated in the endoplasmic reticulum (ER).
Accumulation BA induce ER stress, which in turn can activate programmed cell death
pathways. BA toxicity is thought to be highly correlated with hydrophobicity. The efficiency
of BA to solubilize membrane lipids, such as fatty acids, cholesterol or phospholipids, is
enhanced with increasing BA hydrophobicity; more hydrophobic bile acids are more
cytotoxic [6].

Individual BA differ markedly in their physicochemical properties, physiological,
and pathological roles. Lipophilicity of BA is influenced by both the side chain structures
and BA nucleus [10]. There is inverse relationship between the lipophilicity and number of
hydroxyl (OH) groups present on steroid nucleus. Furthermore, amidation of BA side chain
with G or T decreases pKa, reduces lipophilicity and increases solubility. Mono-OH BA
(LCA) is more lipophilic than di-OH BA (DCA and CDCA), which in turn more lipophilic
than tri-OH BA (MCA and CA). Also, lipophilicity is determined by the position and
stereochemistry of (OH) groups, where the CA (tri-OH BA) is more lipophilic than UDCA
(di-OH BA). The di-OH BA lipophilicity is in the order of DCA, CDCA, followed by UDCA.
Amidation increases the acidity of unconjugated BA, where pKa is decreased from 5.5 for
the unamidated BA to 4.5 and 1.5 for those with G- and T-amidation, respectively [11].
This results in complete ionization of BA at physiological pH, which markedly decreased
lipophilicity and increases their solubility and therefore, reduces membrane permeability.
BA with two “faces” are planar molecules. The OH groups are only present at one face of
the molecule, making it hydrophilic. The other face does not have OH groups, thus

hydrophobic.



BA with OH groups presented on both faces (a and B orientation) of the cholesterol
ring are more hydrophilic than their counterparts with the same number of OH groups in
the a orientation. In -orientation, OH groups are located above the steroid nucleus and
are equatorial to the plane of the steroid nucleus, while in a-orientation OH groups are
located below the steroid nucleus and are axial to the plane of the steroid nucleus. MCA
contains a 6a-orientated OH group that is equatorially positioned to the steroid nucleus
plane, thus it escapes from this rule. The equatorial location of OH groups confers polarity
to the hydrophobic concave side of the steroid nucleus. Therefore MCA, containing both
6a and 73-orientated OH groups, and UDCA, with its 73-orientated OH group, are more
hydrophilic than other BA with the same number of OH groups axially positioned to the
steroid nucleus [5].

BA are amphipathic molecules and their anions in water self-associate to form
micelles. The critical micelle concentration (CMC) values of mono-OH BA (LCA:0.5 mM)
is more than Di-OH BA (DCA:3 mM, CDCA:4 mM, UDCA:7 mM) which in turn more than
tri-OH BA (CA: 11 mM). DCA and CDCA have critical micellar concentrations lower than
that of CA; thus, they are more cytotoxic at any given concentration. The hydrophobicity
index (HI) of BA is calculated based on the capacity factor and retention time on a C18
column. HI of BA ranged from +1.46 for (LCA) the hydrophobic BA to - 0.94 for (T-UDCA)
the hydrophilic BA. Membrane damage correlates with the hydrophobicity and detergent
effect of individual BA. The rank order of BA cytotoxicity, from highest to lowest is: LCA >
CDCA, DCA > CA > UDCA [12].

The structural differences in individual BA have the significant effect on the
specificity of activation of BA receptors. For example, secondary BA (LCA and DCA) are
more potent TGR5 activators compared to primary BA (CDCA and CA). In addition, the

affinity of T-amidated BA is higher than G-amidated and unamidated BA [13]. FXR



activation is limited to primary BA (CDCA) and to a lesser extent to secondary BA (DCA
and LCA) [14], while MCA act as FXR antagonist [15].

Individual BA also differ in their pathological effects, for example, the most
hydrophobic BA (LCA) causes cholestasis in rats, mice, and hamsters, whereas the more
hydrophilic BA (CA) causes hypercholeresis. In addition, LCA is 100 times more potent
mutagenic than CDCA and 50 times more potent than CA in causing red blood cell (RBC)
hemolysis. The G-amidates are more cytotoxic than T-amidates and induce more cell
membrane lysis than the corresponding T-amidates [16, 17]. Therefore, the amount and
the composition of the BA pool must be tightly regulated to maintain normal physiological

levels and to prevent the toxicity caused by the accumulation of the more toxic BA.

1.2. BA synthesis, metabolism, transport, and enterohepatic recirculation

BA synthesis occurs in liver cells via cytochrome P450-mediated oxidation of
cholesterol in a many-step process [18]. The major pathway for the synthesis of the BA is
initiated by hydroxylation of cholesterol at the 7a position by the action of CYP7Al enzyme
[1]. This pathway is called as the "classic" or "neutral" pathway of BA synthesis. Next step
of BA synthesis includes the 33-OH oxidation and the C5-C6 double bond isomerization
via the microsomal C27-33-hydroxysteroid dehydrogenase (C27-3B-HSD). The resulting
intermediate is either, passed on directly to the next step or, hydroxylated by the
microsomal CYP8BL1 at the 12a position. The 12a hydroxylated intermediates and those
which escaped 12a hydroxylation have the C4-C5 double bond and their C3 oxo
decreased to yield 3a-OH intermediates by the 3a-HSD and oxosteroid 5B reductase [19].
12a hydroxylation will eventually produce CA, whereas intermediates which were not
hydroxylated will eventually produce CDCA. CDCA and CA are the primary BA in humans.
The following step in BA synthesis is the hydroxylation and oxidation to a carboxylic acid

by the mitochondrial CYP27A1l enzyme at the C27 position followed by ligation to



coenzyme A by the bile acid coenzyme-A synthetase (BAS) [20]. The side chain of these
C27 intermediates are subsequently shortened to C24 BAs via [B-oxidation in the
peroxisomes. The last step in BA synthesis is the amidation of the BA-CoA with an amino
acid, usually glycine (G) or taurine (T), by the BA-CoA: amino acid N acyltransferase
(BAT).

There are alternative pathways for BA synthesis, that do not require the initiation
by CYP7A1 [21]. These pathways are initiated by the hydroxylation of the cholesterol side
chain at the C27, C25, or C24 positions by various enzymes such as, CYP46A1l and
CYP27AL. The resulting oxysterols are then hydroxylated at the 7a position by CYP39A1
and CYP7B1. Alternative BA pathways appear more important in conditions associated
with deficiency in CYP7AL1 activity. The alternative pathways produce predominantly
CDCA.

BA synthesized in the liver and secreted into bile, which flows through the bile
duct to the intestine. BA are absorbed from the intestine, got back to the liver, and re-
secreted into bile. This cycle is called the enterohepatic recirculation of BA [18]. BA are
excreted from the liver into bile via efflux transporters, which are the bile salt export pump
(BSEP), multidrug resistance—associated protein 2 (MRP2), and multidrug resistance
protein 3 (MDR3), located in the canalicular membrane of hepatocytes [22]. Secreted bile
is stored in gallbladder, which, under the influence of cholecystokinin secretion after meal
ingestion, contracts to empty its contents into the duodenum. Most amidated BA in the
small intestine, are actively absorbed in the ileum, while unconjugated BA are passively
absorbed throughout the intestinal tract [23, 24]. Partial deamidation takes place by the
bacteria in the small intestine, and the liberated unconjugated BA are passively absorbed
[23, 25]. Unabsorbed BA are passed along from the small to large intestine. BA undergo
bacterial transformation in the large intestine, including deamidation, de-hydroxylation,

epimerization, dehydrogenation, and desulfation to produce secondary BA [18, 26]. LCA



and DCA are secondary BA produced from the de-hydroxylation of CDCA and CA. BA
that are not absorbed from the large and small intestine are excreted in feces. Ninety-five
percent of BA excreted in bile are re-absorbed throughout the intestinal tract and less than
five percent are excreted in feces. Absorbed BA are carried in the portal vein and extracted
via the liver by active or passive diffusion. Most BA in hepatocytes are amidated, but other
metabolic pathways take place such as, sulfation, hydroxylation or glucuronide
conjugation. The newly synthesized and reabsorbed BA are then excreted in bile to

complete the enterohepatic cycle.

1.3. BA and hepatobiliary diseases

BA have deleterious effects on the liver including cholestasis and alterations in
liver structure and hepatocyte ultrastructure in several animal species [18, 27]. Cholestatic
liver diseases is a diverse group of hepatobiliary diseases associated with a reduction in
bile flow due to impairment of bile production or impairment of bile flow into bile duct [28].
The impediment in bile flow cause the accumulation of BA in the liver, which spills out into
the systemic circulation and extrahepatic tissues and eventually into urine. Numerous
clinical and preclinical studies have shown up to a 100-fold increase in BA concentrations
in the blood and urine during various liver diseases [18, 29-32].

There is ample evidence from animal and human studies to indicate that
accumulation of BA in the liver, systemic blood, and extrahepatic tissues can worsen the
liver condition that lead to their accumulation. The accumulation of toxic BA in cholestasis
induces hepatotoxicity, extrahepatic toxicity such as encephalopathy, which may
contribute to the unfavorable liver disease prognosis [33]. For example, BA concentrations
were shown to correlate with the progression of damage to the liver and bile duct in
cholestatic rats, rabbits, and in humans [34-37]. In addition, several animal studies

indicate that the accumulation of toxic BA is linked to the occurrence and severity of



complications after liver transplantation. Other studies shown that patients with low
concentrations of BA are less likely to develop hepatobiliary complications after
transplantation [36]. The imbalance of bile salt transporters is one of the main causes of
cholestasis. The intracellular accumulation of toxic bile components initiates a cascade of
different feedback loops mediated by BA receptor, which leads to the upregulation of
proteins involved in hepatic bile secretion, while hepatocellular uptake of bile acids and
bile acid synthesis is inhibited [38]. Therefore, the damage to hepatocytes and
cholangiocytes by accumulated BA in liver diseases may be better linked to more toxic
individual BA rather than total BA levels [28]. The evidence from animal and human studies
indicates that the accumulation of certain toxic BA lead to unfavorable prognosis of

hepatobiliary diseases.

1.4. BA as biomarkers of liver diseases

The etiology and pathogenesis of most cholestatic diseases are poorly understood
and a pharmacological cure for these diseases is not yet available. Most cholestatic
diseases progress toward end stage liver failure, which likely requires liver transplantation.
After liver transplantation, a large proportion of the overall complications occur after liver
transplant [39]. Chronic liver diseases are led to over 41,000 deaths in the United States
in 2017, making it the 11th leading cause of mortality [40].

The most commonly used biomarkers for the diagnosis of liver diseases include
aspartate transaminase (AST), alanine transaminase (ALT), alkaline phosphatase (ALP),
A-glutamyltransferase (GGT), albumin, and bilirubin [41, 42]. However, these serum
markers are not specific to the liver or bile duct injuries and may increase in non-
hepatobiliary diseases. Also, they require severe cell injury at advanced disease stages
before their levels increase in the blood [41, 42]. Multifactorial models with multiple

parameters based on these biomarkers are also frequently used and offer advantages



compared to the use of their individual biomarker components such as the Child-Turcotte-
Pugh (CTP) score. The CTP score, originally developed to predict portosystemic shunt
surgery outcomes in cirrhotic patients, formed the basis on which liver disease severity
was assessed. However, the usefulness of CTP was limited by a number of inherent
problems [43].

More recently, the mayo model for end-stage liver disease (MELD) was developed
to predict three-month mortality of patients with end-stage liver disease [44, 45]. MELD is
calculated based on serum bilirubin, creatinine, and international normalized ratio (INR),
which are related to both liver and renal functions. The MELD score is superior to other
prognostic models in patients with end-stage liver disease, such as CTP score. MELD is
also currently used in many countries to classify liver diseases’ patients awaiting
transplantation to identify patients with the highest priority for liver transplant (LT) [46].
Since its implementation, MELD led to a sharp decrease in the number of individuals
waiting for liver transplant and decreased mortality on the waiting list without affecting
post-transplant survival [46, 47]. Although mainly adopted for use in patients waiting for
liver transplant, the MELD score has additionally proved to be an effective predictor of
outcome in other circumstances, for example, patients with fulminant hepatic failure or
alcoholic hepatitis and patients with cirrhosis going for surgery [47]. However, despite its
widespread application, MELD has some limitations. MELD is based on three objective
laboratory variables, that are not necessarily liver specific. For example, serum bilirubin
can be elevated in cases of hemolysis or sepsis. Serum creatinine can also be elevated
from an underlying kidney disease that unrelated to hepatorenal syndrome and is a poor
surrogate of renal function in cirrhotic patients. In addition, patients may have an elevated
INR which can be secondary to warfarin use. Any of these conditions can increase the

MELD score and overestimate the liver disease severity [47, 48]. Furthermore, several
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studies have shown that patients with cholestatic liver diseases may still have high
mortality rates despite having low MELD scores [48, 49].

Further diagnosis and assessment of liver disease prognosis is empirical and rely
on invasive and risky endoscopic procedures and histological evaluation of liver biopsies
[50]. Therefore, there is a critical need to find noninvasive biomarkers of liver injury that
can be used to help diagnose, evaluate, and predict the prognosis and the therapeutic
outcomes of hepatobiliary diseases.

Because of their known hepatotoxicity and established accumulation in liver
diseases, BA were extensively investigated for decades as biomarkers for numerous
hepatobiliary diseases [32, 51-53] including intrahepatic cholestasis of pregnancy [54, 55],
biliary atresia [52, 56], primary biliary cirrhosis [57], primary sclerosing cholangitis [57],
alcoholic liver diseases [58, 59], nonalcoholic fatty liver disease [60], and viral hepatitis
[61, 62]. Currently, BA are clinically used as biomarkers for the diagnosis of intrahepatic

cholestasis of pregnancy and biliary atresia in infants [51, 53, 63].

1.5. BA indices

Despite these extensive efforts the potential use of BA as a marker for liver
diseases have never translated into the clinic due to major limitation, which prevented
them from being used as a reliable biomarker of hepatobiliary diseases in the clinic. First,
due to the marked differences in the physiological and pathological properties of the
various BA, detailed profiling of the more toxic and relevant individual BA rather than total
BA concentration may better correlate with the liver condition during hepatobiliary
diseases [29, 31, 64]. More importantly, the extreme inter-and intra-individual variability
of total and individual BA concentrations makes it very hard to determine the normal
baseline ranges in the absence of liver diseases. BA have marked inter- individual

variability due to many factors such as gender, alcohol consumption, and weight [52]. In
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addition, high intra-individual variability of serum and urinary BA levels was reported due
to numerous factors such as food ingestion, diurnal variation, and medication intake [30].
In an effort to address these limitations, we have developed the concept of “BA Indices”.
BA indices are ratios calculated from the absolute concentration of individual BA and their
metabolites. These ratios quantify in detail, the composition, metabolism, hydrophilicity,
formation of secondary BA, and toxicity of the BA profile [28, 65, 66].

Because BA indices are ratios, we proposed that BA indices should have lower
variability than the absolute BA concentrations used to calculate them. Indeed, we have
demonstrated that BA indices offered numerous advantages over absolute total and
individual BA concentrations including low inter- and intra-individual variability and were
resistant to covariate influences such as age, BMI, food consumption, gender, and
moderate alcohol consumption [28, 65]. For example, the relative standard deviation
(RSD) from 66-256% for total and individual absolute BA concentrations in serum, while it
was less than 100% and as low as 13% for BA indices in the same healthy controls’
population. After food ingestion, serum BA increase due to the release of cholecystokinin,
which stimulates gallbladder contraction resulting in increasing bile flow into the intestine
[65]. Therefore, feeding status should be controlled before serum BA can be utilized as a
reliable biomarker. We have reported that one hour after a standardized meal, the
absolute total and most of the individual BA concentrations more than doubled and
increased more than 10-fold in some individuals, while BA indices changed by only 10-
40% in the same individuals [65]. The same trend was also observed in urine, where BA
indices had much smaller variability with as low as 10% RSD and were resistant to feeding
status compared to absolute BA concentrations in the same population [65]. Therefore,
noninvasive urinary BA indices have a better potential in the clinic than the absolute serum
or urine BA concentrations as biomarkers for hepatobiliary diseases. In addition, data from

animal models have shown that urinary BA concentrations can replace serum liver
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enzymes as a diagnostic indicator of liver disease in humans [58, 61]. Furthermore, we

have showed that BA indices may outperform currently used liver enzymes as biomarkers

such as AST and ALT for the diagnosis of cholestatic hepatobiliary diseases in humans

[28].

1.6. Research hypothesis and objectives

We hypothesized that BA indices can serve as a biomarker for hepatobiliary

diseases diagnosis and prognosis.

To test this hypothesis, we proposed the following specific aims:

1.

Investigate the use of the BA profile in urine as a biomarker for the diagnosis of
liver diseases.

Develop survival models based on BA indices to predict the prognosis of
hepatobiliary diseases.

In chapter 2 of this thesis, we compared the urinary BA profile between
healthy controls and patients with hepatobiliary diseases. The BA profile was also
compared between patients with different severity of liver disease as determined
by model for end-stage liver disease (MELD). In addition, the BA profile was
compared between compensated and decompensated patients. The usefulness
of BA indices as biomarkers was determined using various statistical tests and
their utility was compared with the currently used liver enzyme tests in clinic for
diagnosing a liver disease.

In chapter 3, we have developed survival models based on BA indices and
non-BA parameters to predict the prognosis of hepatobiliary diseases. The
performance of the different models in predicting the occurrence of adverse events
of death only and death and/or liver transplant were compared between the

different models using various statistic outcomes.



Figure 1.1 The chemical structure of major BA and their glycine, taurine, and

sulfate conjugates.

Bile acid | R | R | R | R
Tri-OH BA
Cholic acid (CA) H OH H OH
a-Muricholic acid (a-MCA) B-OH OH H H
B-Muricholic acid (B-MCA) B-OH H OH H
w-Muricholic acid (w-MCA) a-OH H OH H
Hyocholic acid (HCA) a-OH OH H H
Di-OH BA
Chenodeoxycholic acid (CDCA) H OH H H
Deoxycholic acid (DCA) H H H OH
Ursodeoxycholic acid (UDCA) H H OH H
Mono-OH BA
Lithocholic acid (LCA) H H H H
Rs
Unamidated BA OH
Glycine-amidated BA (G-BA) NH>CH.COOH
Taurine-amidated BA (T-BA) NH,CH,CH,SO;sH
Rs

Unsulfated BA H
Sulfated BA SOsH
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2.1. Introduction

Bile acids (BA), the end products of cholesterol metabolism, are synthesized in
liver and excreted into bile, which flows via the bile duct to the small intestine. BA have
many physiological functions such as cholesterol absorption and elimination, fat
absorption, and maintenance of healthy microbiome [1, 2]. In addition, BA have been
identified as signalizing molecules/hormones that exert their functions at the molecular
level, via binding to numerous receptors, primarily, the surface G-protein-coupled
membrane receptor (TGR5), and the nuclear farsenoid-X-receptor (FXR) [3]. In that
capacity, BA are involved in the regulation of their own homeostasis, glucose and lipid
metabolism, energy expenditure, cellular immunity, and thyroid hormone signaling [2, 4,
5].

In contrast to their vital physiological functions, BA are also cytotoxic and exhibit
pathological effects at high concentrations due to their direct detergent effects on
biological membranes, cancer promoting effects, and necrotic and apoptotic effects via
mitochondria and endoplasmic reticulum-mediated toxicities [5, 6]. BA have deleterious
effects on the liver including cholestasis and alterations in liver structure and hepatocyte

ultrastructure in several animal species [7, 8].

Cholestatic liver diseases is a diverse group of hepatobiliary diseases associated
with a reducing in bile flow due to impairment in bile production or failure of bile flow
through the canaliculi into bile duct [9]. The impediment in bile flow cause the accumulation
of BA in the liver, which spills out into the systemic circulation and extrahepatic tissues
and eventually into urine. Numerous clinical and preclinical studies have shown up to a
100-fold increase in BA concentrations in the blood and urine during various liver diseases

8, 10-13].
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There is ample evidence from animal and human studies to indicate that
accumulation of BA in the liver, systemic blood, and extrahepatic tissues can worsen the
liver condition that lead to their accumulation. The accumulation of toxic BA in cholestasis
induces hepatotoxicity, extrahepatic toxicity such as encephalopathy, which may
contribute to the unfavorable liver disease prognosis [14]. For example, BA concentrations
were shown to correlate with the progression of damages to the liver and bile duct in
cholestatic rats, rabbits, and in humans [15-18]. In addition, several animal studies
indicate that the accumulation of toxic BA is linked to the occurrence and severity of
complications after liver transplantation. Other studies shown that patients with low
concentrations of BA are less likely to develop hepatobiliary complications after

transplantation [17].

The most commonly used biomarkers for the diagnosis of liver diseases include
alanine transaminase (ALT), aspartate transaminase (AST), alkaline phosphatase (ALP),
A-glutamyltransferase (GGT), serum creatinine, protime, international normalized ratio
(INR), albumin and bilirubin [19, 20]. However, these serum markers are not specific to
the liver or bile duct injuries and may increase in non-hepatobiliary diseases. Also, they
require severe cell injury at advanced disease stages before their levels increase in the
blood [19, 20]. Multifactorial models with multiple parameters based on these biomarkers
are also frequently used and offer advantages compared to the use of their individual
biomarker components such as the Child-Turcotte-Pugh (CTP) score, and model for end-
stage liver disease (MELD) score. Further diagnosis and assessment of liver disease
prognosis is empirical and rely on invasive and risky endoscopic procedures and

histological evaluation of liver biopsies [21].

Because of their known hepatotoxicity and established accumulation in liver

diseases, BA were extensively investigated for decades as biomarkers for numerous
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hepatobiliary diseases [13, 22-24] including intrahepatic cholestasis of pregnancy [25, 26],
biliary atresia [23, 27], primary biliary cirrhosis [28], primary sclerosing cholangitis [28],
alcoholic liver diseases [29, 30], nonalcoholic fatty liver disease [31], and viral hepatitis
[32, 33]. Currently, BA are clinically used as biomarkers for the diagnosis of intrahepatic

cholestasis of pregnancy and biliary atresia in infants [22, 24, 34].

Despite these extensive efforts the potential use of BA as a marker for liver
diseases have never translated into the clinic due to major limitation, which prevented
them from being used as a reliable biomarker of hepatobiliary diseases in the clinic. First,
due to the marked differences in the physiological and pathological properties of the
various BA, detailed profiling of the more toxic and relevant individual BA rather than total
BA concentration may better correlate with the liver condition during hepatobiliary
diseases [10, 12, 35]. More importantly, the extreme inter-and intra-individual variability
of total and individual BA concentrations makes it very hard to determine the normal
baseline ranges in the absence of liver diseases. BA have marked inter- individual
variability due to many factors such as gender, alcohol consumption, and weight [52]. In
addition, high intra-individual variability of serum and urinary BA levels was reported due

to numerous factors such as medication intake, food ingestion, and diurnal variation [30].

In an effort to address these limitations, we have developed the concept of “BA
Indices”. BA indices are ratios calculated from the absolute concentration of individual BA
and their metabolites (Table 2.1). These ratios quantify in detail, the composition,
metabolism, hydrophilicity, formation of secondary BA, and toxicity of the BA profile [9, 36,
37]. Because BA indices are ratios, we proposed that BA indices should have lower
variability than the absolute BA concentrations used to calculate them. Indeed, we have
demonstrated that BA indices offered numerous advantages over absolute total and

individual BA concentrations including low inter- and intra-individual variability and were
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resistant to covariate influences such as age, gender, BMI, food consumption, and
moderate alcohol consumption [9, 36]. For example, the relative standard deviation (RSD)
from 66-256% for total and individual absolute BA concentrations in serum, while it was
less than 100% and as low as 13% for BA indices in the same healthy controls’ population.
After food ingestion, serum BA rise due to the release of cholecystokinin, that stimulates
gallbladder contraction resulting in increasing bile flow into the intestine [36]. Therefore,
feeding status should be controlled before serum BA can be utilized as a reliable
biomarker. We have reported that one hour after a standardized meal, the absolute total
and most of the individual BA concentrations more than doubled and increased more than
10-fold in some individuals, while BA indices changed by only 10-40% in the same
individuals [36]. The same trend was also observed in urine, where BA indices had much
smaller variability with as low as 10% RSD and were resistant to feeding status compared
to absolute BA concentrations in the same population [36]. Therefore, noninvasive urinary
BA indices have a better potential in the clinic than the absolute serum or urine or serum
BA concentrations as biomarkers for hepatobiliary diseases. Furthermore, we have
showed that BA indices may outperform currently used liver enzymes as biomarkers such

as AST and ALT for the diagnosis of cholestatic hepatobiliary diseases in humans [9].

In this study, we have expanded on our previous pilot study, where we have
recruited 300 patients with liver diseases and 103 control subjects over a period of 7 years.
We have compared the urinary BA profile between healthy controls and patients with
hepatobiliary diseases. In addition, the BA profile was compared between patients with
different severity levels of liver disease as determined by mayo model for end-stage liver
disease (MELD) score and disease compensation status. The utility of BA indices as
biomarkers was determined using various statistical tests and was compared with the

currently used liver enzyme tests in clinic for diagnosing a liver disease.
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2.2. Materials and methods

2.2.1. Study participants

For controls, 103 healthy subjects without liver diseases (71 female and 32 male)
between the ages of 19 and 65 years were recruited by the Clinical Research Center at
the University of Nebraska Medical Center (UNMC) (Omaha, NE, USA). The study was
approved by the institutional review board (IRB) at UNMC and written informed consents
were provided for all participating subjects. Inclusion criteria included the absence of
diabetes, normal liver functions, as verified by serum liver enzymes levels of aspartate
aminotransferase (AST) <56 U/L, alanine aminotransferase (ALT) <50 U/L, and gamma-
glutamyl transferase (GGT) <78 U/L, and no- or moderate alcohol drinking. According to
the “2010 Dietary Guidelines for Americans” by the Department of Agriculture and the
Department of Health and Human Services
(http://www.cnpp.usda.gov/Publications/DietaryGuidelines/2010/PolicyDoc/PolicyDoc.pdf
), moderate drinking is defined as the consumption of alcoholic beverages up to 2 drinks/
day for men and up to 1 drink/ day for women. Standard drinks contain the same amount

of alcohol and are defined as 1.5 ounces of liquor, 5 ounces of wine, or 12 ounces of beer.

Urine samples were collected from controls at fasting conditions over multiple
visits. Urine samples were initially collected in the first visit at fasting conditions. Samples
were then collected also at fasting conditions, one (second visit), two (third visit), and four
(fourth visit) weeks after the first visit. Thirty milliliters of urine were collected from these

subjects in each visit.

For patients, new and existing patients of the UNMC hepatology clinic, who were
diagnosed with one or multi-hepatobiliary conditions due to chronic hepatitis C (n=71) ,
hepatitis B (n=15), alcoholic liver disease (n=116), primary biliary cholangitis (PBC)

(n=12), primary sclerosing cholangitis (PSC) (n=17), autoimmune hepatitis (n=26), alpha-



24

1-antitrypsin deficiency (n=6), nonalcoholic fatty liver disease/nonalcoholic steatohepatitis
(NASH) (n=56), carcinoma (n=25), cryptogenic cirrhosis (n=11), polycystic liver disease
(n=5), elevated liver function test (LFT) (n=21), and unknown etiology (n=5), were enrolled
in this study. A total of 300 patients (143 female and 157 male) between the ages of 19
and 83 years were recruited into the study after signing an informed consent. Thirty
milliliters of urine samples were collected from patients on their first visit and also their
follow-up visits to the hepatology clinic. All urine samples were stored in -80 °C until
analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS). To study the
association between the BA profile and the severity of the liver disease, patients were
divided into three groups based on their model for end-stage liver disease (MELD) score:
low- MELD (6—15 score), medium- MELD (16-25), and high MELD (26—40). As there were
only four subjects who had a high MELD score in the current study, this group was not
included while performing the statistical analysis. In addition, patients were also
categorized according to the compensation status (compensated patients and patients
with decompensated liver diseases) as diagnosed by the hepatologists. Decompensated
patients have severe complications including ascites, encephalopathy, bleeding varices,

or jaundice, while compensated patients did not have any of these complications.

2.2.2. Non-BA parameters

The performance of potential biomarkers from the urinary BA profile has also been
compared with the performance of existing markers of liver function including alanine
transaminase (ALT), aspartate transaminase (AST), serum creatinine, albumin, bilirubin,
international normalized ratio (INR), protime, AST/ ALT ratio, and AST/ platelet ratio index

(APRI).

For healthy controls, total bilirubin in serum was analyzed using QuantiChrom™

Bilirubin assay kit (BioAssay Systems, Hayward, California). ALT, AST, serum creatinine,
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and albumin were measured using the Beckman Coulter reagents (Beckman Coulter, Inc,
Brea, California). INR and protime were measured using STANeoplastine “Cl PLUS 10”
reagent kit (Diagnostica Stago Inc, Parsippany, New Jersey). For patients, the same
information was extracted from their health records after providing a written consent to

participate in the study.

2.2.3. Bile acid quantification by liquid chromatography—-tandem mass
spectrometry

BA concentrations were quantified by LC-MS/MS, as we described previously with
some modifications [37-39]. A Waters ACQUITY ultra performance liquid chromatography
(UPLC) system (Waters, Milford, MA, USA) coupled to an Applied Biosystem 4000 Q
TRAP® quadrupole linear ion trap hybrid mass spectrometer with an electrospray
ionization (ESI) source (Applied Biosystems, MDS Sciex, Foster City, CA, USA) was used
to perform the LC-MS/MS analysis. All chromatographic separations were performed with
an ACQUITY UPLC®BEH Cis column (2.1x 150 mm, 1.7 um) equipped with an ACQUITY
UPLC Cis guard column (Waters, Milford, MA, USA). The following MS source settings
were used: temperature, 500°C; ion spray voltage, —4000 V; collision gas pressure, high;
curtain gas, 20; gas-1, 35; gas-2 35 (arbitrary units); Q1/Q3 resolution, unit; and interface
heater, on. Mobile phase consisted of 7.5 mM ammonium bicarbonate, have been
adjusted to pH 9.0 by using ammonium hydroxide (mobile phase A) and 30% acetonitrile
in methanol (mobile phase B) at a total flow rate of 0.2 ml/min. The gradient profile was
held at 52.5% mobile phase B for 12.75 minutes, increased linearly to 68% in 0.25
minutes, held at 68% for 8.75 minutes, increased linearly to 90% in 0.25 minutes, held at
90% for one minute and finally brought back to 52.5% in 0.25 minutes and then followed

by 4.75 minutes re-equilibration (total run time of 28 minutes per sample).
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2.2.4. Measurement and Calculation of BA indices

We measured the following BA: Cholic acid (CA), chenodeoxycholic acid (CDCA),
deoxycholic acid (DCA), lithocholic acid (LCA), ursodeoxycholic acid (UDCA), tauro-cholic
acid (T-CA), tauro-chenodeoxycholic acid (T-CDCA), tauro-deoxycholic acid (T-DCA),
tauro-lithocholic acid (T-LCA), tauro-ursodeoxycholic acid (T-UDCA), glyco-cholic acid (G-
CA), glyco-chenodeoxycholic acid (G-CDCA), glyco-deoxycholic acid (G-DCA), glyco-
lithocholic acid (G-LCA), glyco-ursodeoxycholic acid (G-UDCA), B-muricholic acid (MCA),
tauro-p-muricholic acid (T-MCA), hyocholic acid (HCA), glyco-hyocholic acid (G-HCA),
tauro-hyocholic acid (T-HCA), hyodeoxycholic acid (HDCA), glyco-hyodeoxycholic acid
(G-HDCA), tauro-hyodeoxycholic acid (T-HDCA), murideoxycholic acid (MDCA),
isolithocholic acid (isoLCA), isodeoxycholic acid (isoDCA), 7-oxoLCA, 12-oxoLCA, 12-
0xX0CDCA, 3-dehydroCA, norDCA, LCA-sulfate (LCA-S), UDCA-sulfate (UDCA-S),
CDCA-sulfate (CDCA-S), DCA-sulfate (DCA-S), CA-sulfate (CA-S), glyco-lithocholic acid-
sulfate  (G-LCA-S), glyco-ursodeoxycholic  acid-sulfate  (G-UDCA-S), glyco-
chenodeoxycholic acid-sulfate (G-CDCA-S), glyco-deoxycholic acid-sulfate (G-DCA-S),
glyco-cholic acid-sulfate (G-CA-S), tauro-lithocholic acid-sulfate (T-LCA-S), tauro-
ursodeoxycholic acid-sulfate (T-UDCA-S), tauro-chenodeoxycholic acid-sulfate (T-CDCA-

S), tauro-deoxycholic acid-sulfate (T-DCA-S), and tauro-cholic acid-sulfate (T-CA-S).

In addition to the absolute concentration of individual and total BA, the BA profile
in urine was characterized using BA “indices”, as we have described previously [36, 38].
Table 2.1 lists the BA indices that were evaluated in the current study. BA indices describe
the composition, hydrophilicity, formation of 12a-OH BA by CYP8B1, metabolism, and
formation of secondary BA by intestinal bacteria. The composition indices were calculated
as the ratio of the concentration of individual BA in all of their forms (unamidated,

amidated, unsulfated and sulfated) to the total concentration of BA. Hydrophilicity indices
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include the percentages of the BA pool exist as mono-, di-, or tri-OH BA as well as the
hydrophobicity index (HI) of the BA pool. The percentages of mono-OH BA (LCA), di-OH
BA (UDCA, MDCA, HDCA, DCA and CDCA) and tri-OH BA (CA, MCA and HCA) were
calculated as the ratio of the concentration of the sum of the respective BA in all their
forms to the total concentration of BA. HI was calculated according to the Heuman index,
which based on the relative contributions of the individual BA to the total BA pool and their

His [40].

12a-OH BA are formed by CYP8B1 in the liver and include DCA, CA, Nor-DCA,
and 3-dehydroCA.Therefore, CYP8BL1 activity can be measured by the ratio of 12a-OH
BA to the remaining of all other BA (non-12a-OH BA). Another marker for CYP8BL1 is the
ratio of CA to CDCA because CA is formed by the 12a hydroxylation of CDCA. In the
same way, the ratio of 12a-OH (DCA, CA, Nor-DCA, and 3-dehydroCA in all of their forms)
to non-12a-OH (HDCA, CDCA, UDCA, LCA, MDCA, MCA, HCA, 12-oxo-CDCA , 6-oxo-

LCA, 7-0x0-LCA, 12-0x0-LCA, isoLCA, isoDCA in all of their forms) was calculated.

BA are primarily metabolized by sulfation, and glycine (G), and taurine (T)
amidation in the liver. The percentage of sulfation of individual BA was calculated as the
ratio of the concentration of sulfated BA, in both the unamidated and amidated forms, to
the total concentration of individual BA in all of their forms (unamidated, amidated,
unsulfated, and sulfated). The percentage of amidation of individual BA was calculated as
the ratio of the concentration of amidated BA, in both the unsulfated and sulfated forms,
to the total concentration of individual BA in all of their forms (unamidated, amidated,
unsulfated, and sulfated). In addition, percentages of amidation were divided into the

percentages of BA existing as taurine (T) or as glycine (G) amidates.
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Primary BA are synthesized in the liver and secreted into the intestine via bile,
where they are metabolized by intestinal bacteria into secondary BA. The ratio of primary
(CA, CDCA, MCA and HCA in all of their forms) to secondary BA (DCA, LCA, UDCA,
HDCA, MDCA, Nor-DCA, 12-oxo-CDCA, 3-dehydroCA, 6-o0xo-LCA, 7-oxo-LCA, 12-oxo-

LCA, isoLCA, and isoDCA in all of their forms) was calculated.

2.2.5. Preparation of standard solutions and calibration curves

For the preparation of standard solutions and calibration curves, blank matrices
were obtained by charcoal stripping as described previously [9, 36-39]. Briefly, Stock
solutions of individual unsulfated BA and the IS (?Hs-G-CDCA) were prepared in methanol
(MeOH) at a concentration of 10 mg/mL and stock solutions of individual sulfated BA were
prepared in deionized water at a concentration of 1 mg/mL. Human urine was incubated
with 100 mg/mL activated charcoal for two hours to remove endogenous BA from the
matrix. The mixture was then centrifuged at 13000 x g for 10 min, and the supernatant
was aspirated and filtered using a 0.22-um nylon filter. The filtrate from the stripped urine
matrix was used for preparing the calibration curve. Eleven-point calibration curve was
prepared by spiking 10 pL of the appropriate standard solutions and 10 pL of the IS stock
(?3Hs-G-CDCA) into 100 yL of the stripped urine matrices. The final concentration of IS
was 500 ng/ml and the dynamic range of the standard curves for the various unsulfated

and sulfated BA analytes was 1-1000 ng/ml.

2.2.6. Sample preparation

Urine samples were extracted using solid phase extraction as described previously
[9, 36-39]. Briefly, 100 pl of urine samples were spiked with 10 pl of internal standard (IS),
vortexed and loaded on to Supelclean™ LC-18 SPE cartridges pre-conditioned with 4 ml
MeOH, followed by 4 ml H,O. Loaded cartridges were then washed with 3 mL H,O and

eluted with 4 mL MeOH. The eluates were evaporated under vacuum at room temperature
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and reconstituted in a 100 pL of 50 % MeOH solution. Ten microliters of reconstituted

samples were injected for LC-MS/MS analysis.

2.2.7. Statistical analysis

Independent sample-t-test and Mann-Whitney test were used to study the
demographic differences between controls and patients because the sample size was >30
[41]. Independent sample-t-test was used for continuous variables and Mann-Whitney test
was used for categorical variables. The demographic variables were (age, BMI, gender,
and race). Subjects were divided into four age groups (19-29, 30-41, 42-53, 54-83 years),
and the variable age was studied as both a categorical and a continuous variable. Subjects
were also divided into three BMI groups (normal: BMI < 25, overweight: BMI 25-29.9, and
obese: BMI = 30) and the effect of BMI was studied as both a categorical and a continuous
variable. Also, subjects were divided into five race groups (White, Black, Asian, Hispanic,

Others), and the variable race was studied as a categorical variable.

Urine samples were collected from controls and patients on their first visit and
follow-up visits. Mixed effects models were used to compare patients vs. controls and the
demographic variables were included as covariates. Statistically significant covariates
were returned to the mixed effects models as interaction terms with the primary group, i.e.

patients vs. control.

BA indices were compared between controls, low- MELD (patients), and medium-
MELD (patients) groups using mixed effects models followed by pairwise comparisons
using Bonferroni’s adjustment if the p-value was <0.05. BA indices were compared
between compensated and decompensated patients using mixed effects models. Mixed
effects models were also used to determine the association between non-BA parameters

including (creatinine, ALT, AST, MELD score, APRI, AST/ALT, bilirubin, albumin, INR, and
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protime) and BA indices. Receiver operating characteristic curve (ROC) analyses were
used to determine cut-off values of BA as markers for the diagnosis of liver diseases with
optimum sensitivity and specificity. The areas under the ROC curve (AUC) values were
compared between urinary BA profiles and non-BA parameters. The mixed effects models
were used to compare BA indices with AUC>0.7 between controls and the patients with

specific disease subtypes including chronic hepatitis C, hepatitis B, Laennec/alcoholic

cirrhosis, primary biliary cholangitis, primary sclerosing cholangitis, autoimmune hepatitis,
alpha-1-antitrypsin  deficiency, nonalcoholic fatty liver disease/ nonalcoholic
steatohepatitis, carcinoma, cryptogenic cirrhosis, polycystic liver disease, elevated liver

function test, and unknown etiology.

Univariate logistic regression analysis was used to determine the association
between BA profiles and the likelihood of developing a liver disease. From the logistic
regression analysis, odds ratios (ORs) were calculated for a 10% and 20% change from

the mean value of BA indices in the healthy controls.

P-value of 0.05 was considered significant for all the statistical tests described
above. All statistical analysis was performed using the Statistical Product and Service

Solutions (SPSS) software, version 25 (IBM corporation, Armonk, NY, USA).



31

2.3 Results

2.3.1.1. Demographics

Table 2.2 shows a summary of the demographics of both patients and controls
participants. We enrolled 103 controls (32 males and 71 females) and 300 patients (157
males and 143 females), who were treated for cholestatic liver diseases in the University
of Nebraska Medical Center (UNMC), over the period from November of 2011 - December
of 2018. To compare the demographics between the two groups, age and BMI covariates
were compared as both continuous and categorical variables using t-test, and mann-
whitney test, respectively. While gender and race were compared as categorical variables
using mann-whitney test. Age, Gender, and BMI were significantly different between
control and patients (p-value < 0.05), while race was not different. Therefore, the
statistically significant demographic variables (age, BMI, and gender) were included as
covariates in the mixed effects models to compare BA indices between patients and

controls.

2.3.1.2. Differences in BA between patients vs. controls are not due to differences
in demographics

Table 2.3 shows the Association between demographics covariates and BA
indices in controls and patients. Because some of the covariates (age, BMI, and gender)
were significantly different between the two groups (Table 2.2), we reran the univariate
mixed effect analysis with these covariates (multivariate analysis). First, association
between these covariates and BA indices was identified, and then the covariates with
significant association with BA indices were incorporated in the multivariate mixed effect
analyses as interaction terms with the group (patients and controls). This way, we detect
any association between these covariates and BA indices, and if this relationship exists,

we verify if this relationship is similar between the two groups. The overall goal is to ensure
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that differences in the primary variables (BA indices) between the groups are not due to
differences in the demographic covariates. We did not find any difference in the
association between covariates and BA indices between the two groups except for the %

primary and % secondary BA with gender.

For example, gender was significantly different between patients vs. controls
(Table 2.2: 71 out of 103 vs. 143 out of 300) and was associated with some BA indices
such as % LCA (p = 0.047 in Table 2.3). However, this association between % LCA and
gender was not different in the patient vs. control groups (p =0.682 in Table 2.3).
Therefore, despite the differences in gender between the groups and the association
between this demographic covariate and some BA indices, the difference in these BA

indices between the groups is not due to this covariate.

2.3.2. BA profiles in controls vs. patients

Table 2.4 shows the absolute concentrations of major urinary BA in controls and
patients. Table 2.5 compares representative absolute BA concentrations and indices
between controls and patients. Appendix Table A shows the full list of BA concentrations
and indices. BA indices were compared between patients vs. controls using univariate
mixed effects models. Total BA was 5.9-fold higher in patients compared with controls.
All individual BA concentrations were higher in patients, except MDCA, but to different
extents. The highest increase was in UDCA (11.9-fold), while the lowest increase was for
DCA and HDCA (1.6-fold). The percentage of UDCA, CDCA, CA, MCA, and HCA were
higher (1.21-1.58-fold), while the percentage of LCA, DCA, HDCA, and MDCA were lower

(0.47-0.79 fold) in patients vs. controls.

Unamidated, G-amidated, and T-amidated BA which were 3.3, 5.9, and 9.4-fold were

higher in patients than controls. Therefore, the overall % amidation and %G-amidation



33

did not change or slightly decreased in patients, whereas % T-amidation increased from
8.0 % in controls to 10.8% in patients. Similarly, the concentrations of both sulfated and
unsulfated were ~ 6-fold higher in patient; so that the % sulfation of BA was unchanged or

slightly lower (0.94-fold) in patients.

The absolute concentrations of mono-, di-, and tri-OH BA were also higher in
patients compared with controls, but the % mono-OH decreased (0.8-fold), di-OH
remained unchanged, and % tri-OH increased (1.4-fold) due to increasing % CA (1.2-fold),

% MCA (1.6-fold), and % HCA (1.5-fold).

Total 12a-OH and non-12a-OH BA were 2.3-fold and 8.5-fold higher in patients,
so that the ratio of 12a-OH/ non-12a-OH was 0.5-fold lower, and the % 12a-OH decreased
(0.60-fold), while % non-12a-OH BA increased (1.2-fold) in patients. On the other hand,

there was no difference in the ratio of CA/CDCA between controls and patients.

Total primary (CDCA, CA, MCA and HCA in all of their forms) and secondary BA
(DCA, LCA, UDCA, HDCA, MDCA, Nor-DCA, 12-oxo-CDCA, 3-dehydroCA, 6-oxo-LCA,
7-0x0-LCA, 12-0x0-LCA, isoLCA, and isoDCA in all of their forms) were 8.1-fold and 4.6-
fold higher in patients, so that the ratio of primary/ secondary BA was 3.6-fold higher in
patients. Therefore, % primary BA was 1.4-fold higher, while % secondary BA was 0.80-

fold lower in patients vs. controls.

Hydrophobicity index (HI) of the urinary BA pool was -0.12 in patients vs. -0.01 in

controls.

2.3.3. BA profile in low vs. medium- MELD patients
Table 2.6 compares the representative urinary BA concentrations and indices
between low- and medium- MELD patients. Total BA concentrations was twice as high in

patients with medium- MELD and individual BA concentrations were (1.15 - to 3.9-fold)
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higher except for UDCA, HDCA, and MCA in medium vs. low- MELD patients. Percentage
CDCA, CA, and HCA were ~1.5-fold higher, while the percentage of all other individual

BA were lower in the medium compared with the low- MELD patients.

Unamidated BA concentration was 0.7-fold lower, while G-amidated and T-
amidated BA were 1.9 and 3.2-fold higher in the medium- MELD patients. Therefore, %
T-amidation was 1.5-fold higher, while there was no difference in the % amidation and %

G- amidation between medium and low- MELD patients.

Similarly, the concentrations of both sulfated and unsulfated were 1.3 and 2-fold
higher in medium vs. low- MELD. On the other hand, the % sulfation of BA was only

1.07-fold higher, but it was statistically significant.

The absolute concentrations of mono-, di-, and tri-OH BA were also (1.8-2-fold)
higher in medium- MELD patients, but the % mono-OH decreased (0.86-fold); while %

di- and % tri-OH remained unchanged.

Total 12a-OH and non-12a-OH BA were 2-fold higher in medium vs. low- MELD
patients, while that the ratio of 12a-OH/ non-12a-OH was 0.68-fold lower, but was not
statistically significant. On the other hand, % 12a-OH decreased (0.77-fold) and % non-
12a-OH BA remained unchanged, while the ratio of CA/CDCA was 0.8-fold lower in

medium- MELD patients.

Total primary BA were 3.4-fold higher, while total secondary BA were slightly (0.9-
fold) lower in medium- MELD patients, so that the ratio of primary/ secondary BA was 2.3-
fold higher in medium- MELD patients. Similarly, % primary BA was 1.4-fold higher, while

% secondary BA was 0.6-fold lower in medium- MELD patients.
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The hydrophobicity index (HI) of the urinary BA pool was -0.05 in medium vs. -0.15

in low- MELD patients.

2.3.4. BA profile in compensated vs. decompensated patients

Patients were categorized according to the presence or absence of hepatic
decompensation as diagnosed by the hepatologists. Hepatic decompensation defined as
the presence or history of encephalopathy, bleeding varices, ascites, or jaundice, while
compensated patients did not have any of these complications. Table 2.7 compares
representative urinary BA concentrations and indices between compensated and
decompensated patients. BA indices were compared between compensated vs.
decompensated patients using mixed effects models. Total BA was 1.3-fold higher in
decompensated compared with compensated patients. All individual BA concentrations
were higher in decompensated patients, except UDCA, DCA, MDCA, and MCA. The
highest increase was in HCA (3.2-fold), while the lowest increase was for LCA (1.14-fold),

which was statistically insignificant.

The percentage of CDCA, HDCA, CA, and HCA were higher (1.3 - 2.1-fold), while
the percentage of LCA, UDCA, DCA, and MDCA were lower (0.3 - 0.7-fold) in
decompensated vs compensated patients. On the other hand, there was no difference in

the percentage of MCA between decompensated and compensated patients.

Unamidated BA concentration was 0.9-fold lower, while G-amidated, and T-
amidated BA were 1.3 and 2.1-fold higher in decompensated patients. Therefore, % T-
amidation was 1.3-fold higher in decompensated patients, while there was no difference
in the % amidation and % G- amidation between decompensated and compensated

patients. Similarly, the concentrations of both sulfated and unsulfated were 1.3 and 1.2-
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fold higher, but the % sulfation of BA was unchanged or slightly higher (1.03-fold) in

decompensated patients.

The absolute concentrations of mono-, di-, and tri-OH BA were also higher in
decompensated patients, but the % mono-OH decreased (0.73-fold), % di-OH remained
unchanged, and % tri-OH slightly increased (1.13-fold) due to increasing % CA and %

HCA, and was not statistically significant.

Total 12a-OH and non-12a-OH BA were 1.14-fold and 1.34-fold higher in
decompensated patients, so that the ratio of 12a-OH/ non-12a-OH was 0.7-fold lower,
whereas % 12a-OH decreased (0.8-fold) and % non-12a-OH BA remained unchanged.

On the other hand, the ratio of CA/CDCA was 0.8-fold lower in decompensated patients.

There was a significant difference in total primary BA, which were two-fold higher,
while total secondary BA were 0.8-fold lower in decompensated than compensated
patients, so that the ratio of primary/ secondary BA was 2.6-fold higher in decompensated
patients. Therefore, % primary BA was 1.5-fold higher, while % secondary BA was 0.56-

fold lower in decompensated patients.

The hydrophobicity index (HI) of the urinary BA pool was -0.13 in decompensated

vs. -0.18 in compensated patients.

2.3.5. Receiver operating characteristic (ROC) curve analysis

Table 2.8 lists the area under the ROC curve (AUC) for BA concentrations and
indices. Appendix Table B shows the full list of BA concentrations and indices. Total BA,
CDCA, CA, % DCA, % HDCA, % MDCA, total G-Amidated, total unsulfated, total sulfated,
total di-OH, total tri-OH, total non-12a-OH, 12a-OH/ non12a-OH, % 12a-OH, % non-12a-
OH, total primary, primary/ secondary, % primary, and % secondary produced AUC > 0.7.

Figure 2.1 shows ROC curves of representative BA indices with AUC > 0.7. Potential cut-
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off values selected based on the optimum specificity and sensitivity for BA indices with

AUC > 0.7 are listed in Table 2.9.

2.3.6. Risk analysis: logistic regression analysis

Table 2.10 shows the results of logistic regression analyses for BA indices with
ROC (AUC) > 0.7. Logistic regression analysis detects if there is a risk of developing a
hepatobiliary disease associated with changes in BA indices. The risk of being diagnosed
with a hepatobiliary disease increased with changing levels of all BA indices (P<0.05)
except (% HDCA and % MDCA). In addition, the odds ratio (OR) from logistic regression
analysis quantifies the magnitude of the risk of developing liver diseases per unit (10%
and 20% of the normal value) changes in BA indices. For example, for every 20% increase
in the % non-12a-OH BA, the likelihood of having a liver disease increases 2.72-folds
(Odds ratio [OR]: 2.72; P<0.05). In contrast for every 20% increase in the % 12a-OH BA,
the likelihood of having a liver disease decreases 0.56-folds (Odds ratio [OR]: 0.56;

P<0.05).

2.3.7. BA profile in different liver disease subtypes

Table 2.11.A and Table 2.11.B compare BA indices with ROC-AUC > 0.7 between
controls vs. patients with specific liver disease subtype. Mixed effects models were used
to compare disease subtypes individually vs. controls. The goal was to identify BA indices

that can serve as diagnostic biomarkers for specific liver disease subtypes.

These specific liver disease subtypes include chronic hepatitis B, hepatitis C,
Laennec/alcoholic cirrhosis, primary biliary cholangitis, autoimmune hepatitis, alpha-1-

antitrypsin  deficiency, primary sclerosing cholangitis, nonalcoholic fatty liver

disease/nonalcoholic steatohepatitis (NASH), carcinoma, cryptogenic cirrhosis, polycystic



38

liver disease, elevated liver function test, and unknown etiologies as diagnosed by the
hepatologists.

We have found that most BA indices were significantly different between controls
vs. all individual liver disease subtypes. Total BA, total CDCA, total CA, total G-amidated,
total unsulfated, total sulfated, total di-OH, total tri-OH, Total non-12a-OH, % non-12a-OH
and total primary were higher (1.1- to 39.5-fold) in every liver disease group compared
with controls except in polycystic liver disease. % Primary and primary/ secondary were
higher (1.1- to 9.27-fold) in all liver disease group compared with controls except in primary
biliary cholangitis. % DCA, %HDCA, % 12a-OH, and 12a-OH/ non12a-OH were lower
(0.07- to 0.85-fold) in every liver disease group compared with controls. % MDCA and %
Secondary were lower in all liver disease group compared with controls except in elevated
LFT and primary biliary cholangitis, respectively.

2.3.8. Non-BA parameters

In addition to BA indices, we have also examined other biomarkers currently used
in the clinic to evaluate liver functions. These non-BA parameters include AST, ALT,
AST/ALT, bilirubin, albumin, INR, protime, creatinine, APRI, and MELD. Table 2.12
compares the non-BA parameters in controls and patients using mixed effects models. All
the non-BA parameters were higher in patients compared to controls except albumin and
protime, which were lower in patients. Within the patient population, all non-BA
parameters were higher in medium compared to low- MELD patients except albumin, and

ALT. The same results also applied to decompensated vs. compensated patients.

The area under the ROC curve (AUC) for non-BA parameters was >0.7 for all of
them except creatinine, protime, and AST/ALT ratio. Also, per logistic regression analysis,
the risk of being diagnosed with a liver disease increased to various extents with changing

levels of all non-BA parameters (P<0.05) except creatinine and AST/ ALT. For example,
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for every 20% increase in the albumin and protime, the likelihood of having a liver disease
decreases 0.28- and 0.85-folds, respectively. In contrast for every 20% increase in the
other non-BA parameters, the likelihood of having a liver disease increases 1.13- to 3-

folds (Table 2.13).

In addition, we have found that most non-BA parameters were significantly
different between controls vs. all individual liver disease subtypes (Table 2.14.A and
Table 2.14.B). Creatinine, INR, ALT, AST, bilirubin, AST/ALT, and MELD were higher in
most liver disease group compared with controls. In contrast, albumin and protime were

lower in most liver disease group compared with controls.

2.3.9. Association between non-BA parameters and BA indices
Table 2.15 shows the association between non-BA parameters and BA indices
using mixed effects models. We have found that all non-BA parameters were significantly

associated with most BA concentrations/indices, except creatinine (p>0.05).
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2.4. Discussion

There were marked differences in total and individual BA concentrations and
indices between patients vs. controls. Because there were significant differences in some
of the demographics (age, BMI, and gender) between patients and controls (Table 2.2),
we wanted to ensure that the differences in the BA profiles are not due to the differences
in the demographics. This was demonstrated via: (i) most of BA were not associated with
demographic covariates, (i) the ones that were associated had the same extent of

association in the patient and control groups Table 2.3.

Patients are usually categorized based on the severity of their disease using the
model for end stage liver disease (MELD) system. Patients with high MELD score are
usually considered to be at higher risk of developing severe hepatobiliary complications;
therefore, may be in a more urgent need for liver transplantation. MELD score was
originally developed to predict 3-month mortality of people with end-stage liver disease.
[42-46]. The MELD score ranges from 6 to 40 and can be categorized into low- MELD (6—
15 score), medium- MELD (16-25), and high MELD (26—40). As there were only four
subjects who had a high MELD score in the current study, this group was not included in
the statistical analysis. In addition, the compensation status is used to assess the severity
of hepatobiliary diseases as diagnosed by the hepatologists. Decompensated patients
have severe complications including encephalopathy, ascites, jaundice, or bleeding
varices, while compensated patients did not have any of these complications [47].
Accordingly, we have compared the BA profiles between entire patient vs. control

populations as well as among the patients with different levels of disease severity.

Absolute total and all individual BA (except MDCA) were higher in patients vs.
controls but to different extents, so that ratios (BA indices) increased, decreased, or

remained unchanged. The highest increase of individual BA was in UDCA (11.9-fold),
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while the lowest increase was for DCA and HDCA (1.6-fold) in patients vs. controls (Table
2.5). Among the patient disease-severity subtypes, total BA and most individual BA
concentrations were also higher in the medium vs. low- MELD (Table 2.6) as well as
decompensated vs. compensated (Table 2.7). Therefore, total and individual BA
concentrations were in the order of medium- MELD> low- MELD> controls and

decompensated > compensated > controls.

The percentages of the primary BA CDCA, CA, and HCA were higher, while the
percentage of the secondary BA DCA was lower in patients vs. controls. The percentages
of these primary BA also increased with the severity of the liver disease (medium-
MELD>low- MELD>controls) and (decompensated > compensated> controls), whereas %

DCA decreased with the severity of the disease. (Table 2.6 and Table 2.7).

The increase in primary BA (CA, CDCA, MCA and HCA in all of their forms) was
higher than that of the secondary BA (DCA, LCA, UDCA, HDCA, MDCA, Nor-DCA, 12-
0x0-CDCA, 3-dehydroCA, 6-oxo-LCA, 7-0x0-LCA, 12-0xo-LCA, isoLCA, and isoDCA in
all of their forms) so that the % primary BA was 1.4 fold higher, while % secondary BA
was 0.8 fold lower and the ratio of primary/ secondary BA was 3.6-fold higher in patients
(Table 2.5). The same trend was also observed in the patients with more severe form of
the disease, i.e. medium- MELD vs. low- MELD patients (Table 2.6) as well as

decompensated vs. compensated (Table 2.7).

Cholestatic diseases are associated with impaired bile flow to the intestine, which
is expected to translate into reduced transformation of primary BA into secondary BA by
intestinal bacteria. Therefore, while all BA concentrations were higher in patients due to
the impairment of bile flow, the proportion of secondary BA decreased with the severity of

the cholestatic disease, which may reflect the extent of bile flow impairment. In previous
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studies, the same results have been observed in patients with cholestatic liver diseases
with a marked increase in the proportions of primary BA and a decrease in the proportion

of secondary BA [9, 28, 48-50].

Total BA-amidates concentrations and % T-amidation increased in patients, which
may be due to the disruption of bile flow to intestine (Table 2.5). BA are almost completely
conjugated with glycine and taurine after their synthesis in the liver, but partial deamidation
of BA occur by intestinal bacteria before being absorbed into the systemic circulation [51-
53]. Therefore, less deamidation in the intestine may be associated with lower bile flow
during cholestatic diseases, which leads to higher amidated BA in the systemic circulation

and eventually urine.

The conjugation of BA with taurine and glycine decreases their pKa, increases
their ionization and solubility, enhances their urinary elimination, and decreases their
toxicity [38, 54-57]. However, T-amidated BA are generally less cytotoxic than G-
amidated BA [56, 58, 59]. The increase in the absolute concentration of T-amidated BA in
patients was more profound than that of the G-amidated and the unamidated BA.
Therefore, % T-amidation of BA increased, while % G-amidation decreased (Table 2.5).
The same trend was observed in the disease severity subtypes, 1.5-fold higher in medium-
vs. low-MELD patients, where % T-amidation was 1.3-fold higher in decompensated vs.
compensated patients. On the other hand, % G-amidation was unaltered (Table 2.6 and
Table 2.7). The preferential accumulation of T-amidated BA observed in this study can
be interpreted as an adaptive compensating response to protect the liver from BA toxicity
by increasing elimination of the more toxic G-amidated and unamidated BA compared to
the less toxic T-amidated BA [9, 36, 53]. In addition, T-amidated BA are better substrates
for the canalicular transporter, BSEP (Bile Salt Export Pump), than G-amidated BA, which

in turn are better substrates than unamidated BA [60-62]. Many cholestatic liver diseases
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are associated with BSEP mutations that lead to decrease their expression and/or function
[63-65]. Therefore, an impairment of the BA transport by BSEP into bile is expected to
accumulate T-amidated BA more than G-amidated and unamidated BA in the liver and

eventually the spell-over in the systemic blood.

Another possibility for the differences in the BA profiles between patients vs.
controls is the differences in the microbiome composition. The relationship between BA
profiles and microbiome composition is very complex. While the intestinal bacteria
contribute to the BA profile via BA metabolism in the intestine including dehydroxylation,
epimerization, desulfation, and deamidation, in turn BA themselves, also contribute to the
composition of microbiome via a balance of pro- vs. anti-bacterial effects [66, 67]. In a
previous study, levels of fecal BA and the microbiome community structure were
compared between patients with cirrhosis and healthy controls. As cirrhosis advanced it
was observed that bacterial dysbiosis was associated to low BA levels entering the
intestine.  Increasing  pro-inflammatory and  potentially  pathogenic  taxa,
Enterobacteriaceae as cirrhosis progresses was observed in cirrhotic patients with
reduced fecal BA levels [67, 68]. Therefore, the nature of the intestinal microbiome plays

an important role in the changes we observed in the BA profile in liver patients.

Both sulfated and unsulfated BA were higher in patients, but % sulfation was
slightly lower in patients vs. controls (Table 2.5). On the other hand, % sulfation was
slightly higher in medium- compared with low-MELD and in decompensated compared
with compensated patients (Table 2.6 and Table 2.7). The upregulation of sulfation of BA
in patients with liver diseases is thought of as a compensatory response to eliminate and
detoxify the accumulated toxic BA [8, 10-13, 30, 69]. However, it is also possible that
sulfation activity in these patients may eventually decrease due to exhaustion or defects

of these recovery mechanisms. Therefore, while liver insults can be remediated by
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upregulating BA sulfation under normal conditions and milder forms of liver diseases,
subjects who fail to upregulate this defensive mechanism or exhaust it under more severe
forms of the diseases are at higher risk of developing the disease and/or have worse
prognosis [36]. Another explanation for the preferential accumulation of BA-sulfates could
be related to the inhibition of their canalicular transport into bile by efflux transporters,
mainly MRP 2-4 (Multidrug resistance-associated proteins 2-4). These transporters
preferentially transport divalent amidated and conjugated (sulfated and glucuronidated)
BA from hepatocytes into bile [70-73]. Mrps activity is known to be compromised in various
cholestatic liver diseases due downregulation of their expression and/or membrane
localization [74-76]. For example, it was shown that Mrp2 failed to anchor to the canalicular
membrane in a diverse population of liver patients [77]. Therefore, impaired Mrps function
including Mrp2 could play a role in the changes of BA sulfates profile we observed in liver
patients. Consequently, when these transporters are compromised in liver diseases, they
may lead to the preferential retention of their substrates including BA-sulfates in the liver

and systemic circulation.

CYP8B1 catalyzes 12a-hydroxylation of the di-OH CDCA to the tri-OH CA. The
CA/CDCA ratio or the ratio of 12a-OH (sum of CA and DCA) to non-12a (sum of all other
BA: MDCA, HDCA, CDCA, HCA, UDCA, LCA and MCA) are used as probes to measure
CYP8BL1 activity [78-80]. The ratio of CA/ CDCA was not different between patients vs.
controls, but 12a-OH/ non-12a-OH ratio was 50% lower in patients compared with controls
(Table 2.5). Also, both ratios were lower in medium- vs. low-MELD as well as
decompensated vs. compensated patients (Table 2.6 and Table 2.7). This indicates that
CYP8BL1 activity is compromised in liver diseases in general and is further compromised
with disease severity. This would be expected as CYP8B1 exclusively takes place in

hepatocytes [81, 82]; therefore, compromised as the result of worsening liver condition.
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Another explanation can be related to the differences in canalicular transport of the
individual BA into bile via BSEP. CDCA has a much higher affinity to BSEP than CA and
other 12-a-OH BA [61, 83]. Therefore, when BSEP activity is compromised in the more
severe liver diseases, it is expected to lead to the preferential accumulation of its high-
affinity substrates including CDCA, which will decrease the CA/CDCA and 12a-OH/ non-

12a ratios.

HI was lower in patients vs. controls (Table 2.5), while it was higher in medium-
compared with low- MELD (Table 2.6) and in decompensated compared with
compensated patients (Table 2.7). The term HI was introduced to describe the
hydrophobic-hydrophilic balance of individual BA based on their retention time in C18
reversed-phase chromatography. A composite HI can be calculated to describe the
hydrophilicity of the entire Bile acids pool based on the HI of individual BA normalized to
their relative contribution to the overall BA pool. The higher the composite HI value, the
higher is the concentration of the more hydrophobic BA and the more toxic is the BA pool

[84-86].

ROC analysis helps compare the accuracy of biomarkers. The higher the AUC
under the ROC curve, the greater the overall accuracy of the marker in distinguishing
between groups. AUC values in the range of 0.9-1, 0.8-0.9, 0.7-0.8, 0.6-0.7 and 0.5-0.6
were considered excellent, good, fair, poor and fail respectively [87, 88]. Many BA
concentrations and BA indices demonstrated AUC > 0.7 suggesting their usefulness as
biomarkers for the diagnosis of liver diseases Table 2.8. Also, ROC curves are used to
determine cut-off values, which quantify the normal ranges of biomarkers. The selection
of optimum cut-off values is a trade-off between sensitivity and specificity, where higher

cut-off values are associated with higher specificity but lower sensitivity, and vice versa.
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Three potential cut-off values for every one of the BA indices with AUC > 0.7 could be

used, which achieve a good balance between specificity and sensitivity Table 2.9.

Logistic regression analysis help determine the rate of increased or decreased risk
of developing a liver disease per a defined change in BA indices. Positive regression
coefficients imply that the risk of having a liver disease increases with increasing the
values of BA indices, while negative coefficients imply the risk of having a liver disease
increases with a decrease in the values of BA indices. we found correlation between the
risk of developing a liver disease and many BA indices (P < 0.05). The univariate logistic
regression associated with a 20% change from the mean value for the absolute BA
concentrations ranged from 1.11 to 1.18, whereas it was as high as 2.72 for BA indices
(Table 2.10). This suggests that BA indices are more sensitive than absolute BA
concentrations in terms of predicting larger magnitudes of the risk of developing a liver

disease.

All the above analyses demonstrate that BA indices can serve as a global marker
to differentiate the pooled cholestic liver disease population from controls in this study. In
addition, we have separated the patients into individual disease groups and performed
similar analyses in these groups vs. controls, individually. Most BA indices with ROC-AUC
> 0.7 were significantly different between controls vs. most of the individual liver disease
subtypes (Table 2.11.A and Table 2.11.B). In particular, hepatitis C and cirrhosis were
the biggest subpopulations in our study, and all global diagnostic BA indices from the
pooled patients vs. control analyses (P <0.05 and ROC-AUC > 0.7) were also specific

diagnostic markers for these two particular liver diseases vs. controls (P <0.05).
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Similar to, we have compared the currently used non-BA parameters between
entire patient vs. control populations as well as the patients with different levels of disease

severity vs. controls.

All non-BA parameters (except albumin and protime) were higher in patients vs.
controls but to different extents. The highest increase of non-BA parameters was in
bilirubin (2.6-fold), while the lowest increase was for creatinine (1.14-fold) in patients vs.
controls. Among the patient disease-severity subtypes, all non-BA parameters (except
ALT and albumin) were also higher in the medium vs. low- MELD, as well as
decompensated vs. compensated patients. The area under the ROC curve for
differentiating the patients from controls was >0.7 for all of non-BA parameters except
creatinine, protime, and AST/ALT ratio (Table 2.12). The univariate logistic regression
showed 0.28 to 3-fold risk of developing liver diseases associated with a 20% change from
the mean value of the various non- BA parameters (Table 2.13). As far the individual liver
diseases, many non-BA parameters were also different in these individual diseases vs.
controls (Table 2.14.A and Table 2.14.B). The non-BA parameters with the highest
difference in individual disease subpopulations was bilirubin, with 3.4-fold and 2.35-fold
higher values than controls in cirrhotic and hepatitis C patients, respectively (Table
2.14.A). Overall, AST, ALT, and INR showed the biggest differences between patients
vs. controls, highest AUC from ROC analysis, and highest OR from logistic regression
analyses, while creatinine and AST/ALT ratio were not significant in most of these

comparisons (p- value > 0.05) and had a ROC-AUC < 0.7.

By comparing BA indices and non-BA parameters, we have found that all non-BA
parameters were significantly associated with most BA concentrations/indices, except
creatinine (p>0.05) (Table 2.15). In addition, we found that BA indices in general

outperformed non-BA parameters as biomarkers for liver diseases on many levels. The
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fold difference between patients vs. controls is much higher for BA vs. non-BA. For
example: non-BA parameters were 0.76- to 2.52-fold higher in patients than controls
(Table 2.12), whereas the BA indices were as high as 11.9 (Total UDCA) and 17.6 (HI) in
patients compared controls (Table 2.5). Similarly, the magnitude of change within the
MELD groups and compensation status is much higher in BA vs. non-BA. For example:
non-BA parameters were 0.78 - to 3.8-fold higher in medium- compared with low- MELD
groups (Table 2.12). In contrast, BA indices were as high as 4-fold (total CDCA) higher in
medium- compared with low- MELD groups (Table 2.6). When the same comparison is
performed on the compensation status, the magnitude of change of non-BA parameters
were 0.82 - 2.15 fold higher in decompensated than compensated patients (Table 2.12),
whereas BA indices were as high as 3.23-fold (total HCA) in decompensated vs.
compensated patients (Table 2.7).

Using ROC analysis 19 BA indices and 6 non-BA parameters had AUC> 0.7,
indicating they have high accuracy as biomarkers for cholestatic liver diseases. Also, both
changes of BA indices and non-BA parameters were associated with the risk of having a
liver disease as determined by the logistic regression analysis. For example, a 20%
increase from the mean values of % non-12a-OH was associated with 2.7-fold increase
in the risk of having a liver disease (Table 2.10), likewise the same change in INR was
also associated with a 3-fold increase in the same risk (Table 2.13).

Finally, the fold difference between most individual liver disease subtypes vs.
controls is much higher for BA vs. non-BA. For example: The highest increase of non-BA
parameters was in bilirubin, which was 3.4-fold higher in cirrhotic patients and 2.35-fold
higher in patients with hepatitis C than controls (Table 2.14.A), whereas the total CDCA
was as high as 11.92 in cirrhotic patients and 10.72 in patients with hepatitis C compared

with controls (Table 2.11.A).
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2.5. Conclusions

The results of this study demonstrated that total and all individual BA increased in
patients with 13 different cholestatic diseases. However, the high inter-individual variability
of BA absolute concentrations makes most of them statistically insignificant and prevent
their utilization as diagnostic markers. In contrast, BA indices had much lower inter- and
intra-individual variability, which allowed their use as diagnostic and prognostic markers

for liver diseases.

The increase in the total BA concentration in patients can be attributed to specific
changes in the BA pool composition. This increase primarily was a result from the primary
BA CDCA, CA, and HCA, while the % of the secondary BA LCA and DCA were lower.
Therefore, The % secondary BA was markedly lower while % primary BA was markedly
higher in patients, which lead to about 4-fold increase in the primary/ secondary BA ratio.
Consequently, the BA pool has drastically shifted in patients from being 37% primary to
~50% primary BA. The increase in T-amidated BA was more profound than that of G-
amidated BA, which lead to a marked increase in the % T-amidation in the BA profile of
patients. Furthermore, this trend of elevated primary and amidated BA was stronger in
medium-MELD and decompensated patients (more sever forms of liver diseases).
Because formation of secondary BA as well as deconjugation of amidated BA into their
parent BA take place in the intestine, the patterns above can be interpreted as a result of
lower bile flow during cholestatic diseases, which leads to higher primary and amidated
BA in the systemic circulation and eventually in urine. Also, the changes in the microbiome
in liver patients is expected to contribute to this pattern of BA changes. % Sulfation of total
BA was slightly decreased in patients. However, it was higher in patients with more severe
forms of liver diseases indicating the upregulation of sulfation in these patients as a

compensatory response to detoxify the elevated toxic BA. Finally, the increase in non12a-
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OH was more profound than that of 12a-OH BA causing to a decrease in the 12a-OH/
non12a-OH ratio, which is a sensitive marker for hepatic CYP8B1. This indicates that
CYP8BL1 activity is compromised in liver diseases in general and is further compromised

with disease severity.

Using mixed effects models, logistic regression, ROC, and pairwise comparisons
analyses we have shown that several BA indices outperformed the currently used non-BA
markers, currently used in the clinic, as diagnostic markers to differentiate our patient pool

as well as individual cholestatic diseases against healthy controls.
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2.6. Figures and Tables

Figure legends

Figure 2.1. Receiver operating characteristics (ROC) curves of BA concentrations
and indices with AUC > 0.7. The area under the ROC curve (AUC) for differentiating
patients from healthy controls. The scale of both the y-axis (sensitivity) and the x-axis (1-
specificity) is 0-1. BA indices are higher in patients vs. controls, and the positive actual
state was patients except the ones annotated with “*”, where BA indices were lower in
patients compared to controls. For these BA indices, “1 - AUC” instead of “AUC” was
calculated.
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Figure 2.1. Receiver operating characteristics (ROC) curves of BA concentrations
and indices with AUC > 0.7.
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Table 2.1. List of BA indices.

Composition

Hepatic
Metabolism

Hydrophilicity

CYP8B1 Activity

Intestinal
Contribution

Concentration of
individual BA

Total Sulfated

Total Mono-OH

Total 12a-OH

Total Primary

% of individual BA | Total G-amidated | Total Di-OH Total non-12a-OH Total Secondary
Total T-amidated | Total Tri-OH | 12a-OH/ non12a-OH | Primary/ Secondary
% Sulfation % Mono-OH CA/ CDCA % Primary
% Amidation % Di-OH % 12a-OH % Secondary
% G-amidation % Tri-OH % non-12a-OH
% T-amidation HI
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Table 2.2. Demographics.

Controls Patients
N 103 300
Gender *
Male, Female 32,71 157, 143
Age *
Mean + SEM 44.3+0.64 | 52.1+0.54
19-29 17 11
30-41 28 40
42-53 30 92
54-83 28 157
Body Mass Index (BMI) *
Mean + SEM 27.5+0.28 | 30.9+0.32
Normal BMI<25 30 69
Overweight BMI=25-29.9 45 104
Obese BMI= 30 28 127
Race
White 88 247
Black 7 14
Asian 7 13
Hispanic 1 8
Others 0 18

*Significant difference between controls and patients (p<0.05)

54
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Table 2.3. Association between demographics and BA concentrations and indices.

Mixed effect with covariates Interaction (group x covariates)
BA(uM) / Age BMI Age BMI BMI BMI
BA ind(ilt:el (%) Group ‘ Gender ‘ contir?uous ‘ continuous ‘ cate%ory ‘ category Gender continuous | Category
P-value
Total BA 0.000 0.207 0.700 0.067 0.772 0.026 NA NA 0.136
Total LCA 0.000 0.276 0.191 0.121 0.198 0.178 NA NA NA
Total UDCA 0.000 0.047 0.562 0.056 0.613 0.023 0.114 0.219 0.096
Total CDCA 0.000 0.965 0.262 0.113 0.425 0.048 NA NA 0.199
Total CA 0.005 0.193 0.113 0.791 0.201 0.098 NA NA NA
Total MCA 0.000 0.892 0.402 0.534 0.441 0.862 NA NA NA
Total HCA 0.003 0.226 0.123 0.831 0.209 0.318 NA NA NA
% LCA 0.000 0.047 0.392 0.544 0.733 0.448 0.682 NA NA
% CDCA 0.000 0.043 0.716 0.201 0.652 0.166 0.112 NA NA
% DCA 0.000 0.830 0.430 0.400 0.249 0.581 NA NA NA
% MCA 0.062 0.166 0.569 0.008 0.595 0.004 NA 0.325 0.312
Total Unamidated 0.000 0.429 0.130 0.090 0.222 0.058 NA NA NA
Total G-amidated 0.000 0.102 0.902 0.051 0.950 0.025 NA 0.263 0.136
Total T-amidated 0.002 0.349 0.128 0.532 0.249 0.045 NA NA 0.245
Total Unsulfated 0.000 0.581 0.581 0.936 0.659 0.353 NA NA NA
Total Sulfated 0.000 0.156 0.631 0.051 0.716 0.022 NA 0.263 0.139
Total Mono-OH 0.000 0.276 0.191 0.121 0.329 0.124 NA NA NA
Total Di-OH 0.000 0.123 0.721 0.046 0.459 0.060 NA 0.236 NA
Total Tri-OH 0.000 0.333 0.307 0.792 0.563 0.279 NA NA NA
% Mono-OH 0.000 0.047 0.392 0.544 0.733 0.448 0.777 NA NA
% Tri-OH 0.019 0.056 0.638 0.135 0.568 0.043 0.308 NA 0.529
Total 12a-OH 0.000 0.957 0.104 0.384 0.131 0.366 NA NA NA
Total non-12a-OH 0.000 0.152 0.893 0.055 0.959 0.019 NA NA 0.108
120-OH/ non12a-OH 0.000 0.072 0.549 0.984 0.934 0.598 NA NA NA
% 120-OH 0.000 0.183 0.649 0.868 0.450 0.951 NA NA NA
% non-12a-OH 0.000 0.183 0.649 0.868 0.450 0.951 NA NA NA
Total Primary 0.000 0.842 0.230 0.232 0.368 0.078 NA NA NA
Total Secondary 0.000 0.037 0.615 0.040 0.668 0.023 0.128 0.243 0.132
Primary/ Secondary 0.005 0.278 0.675 0.652 0.704 0.217 NA NA NA
% Primary 0.000 0.009 0.610 0.613 0.529 0.782 0.046 NA NA
% Secondary 0.000 0.009 0.610 0.613 0.529 0.782 0.046 NA NA
HI 0.000 0.674 0.863 0.990 0.738 0.477 NA NA NA

NA: Not applicable because of the lack of significance from the mixed effect analysis.



Table 2.4. Absolute concentrations of major BA in controls and patients.

Unamidated | G-BA | T-BA | Total
BA Mean (M) £ SEM
Controls
Unsulfated BA
LCA 0.000£0.00 0.000£0.00 0.000£0.00 0.001+0.00
UDCA 0.004+0.00 0.033+0.00 0.002+0.00 0.038+0.00
CDCA 0.003+0.00 0.008+0.00 0.002+0.00 0.013+0.00
DCA 0.022+0.00 0.011+0.00 0.002+0.00 0.035+0.00
HDCA 0.01+0.00 0.00£0.00 ND 0.007+0.00
MDCA 0.060+0.01 ND ND 0.058+0.01
CA 0.179+0.03 0.067+0.00 0.009+0.00 0.255+0.03
MCA 0.028+0.00 0.287+0.02 0.041+0.00 0.356+0.02
HCA 0.008+0.00 0.016+0.00 0.001+0.00 0.026+0.00
Other BA” 0.1604+0.01 — — 0.1604+0.01
Total unsulfated 0.464+0.04 0.422+0.02 0.057+0.00 0.943+0.05
Sulfated BA
LCA 0.01040.00 0.780+0.04 0.22040.01 1.010+0.05
UDCA 0.45040.02 1.040+0.05 0.03040.00 1.520+0.07
CDCA 0.070+0.01 2.380+0.13 0.060+0.00 2.510+0.13
DCA 0.010+0.00 2.900+0.14 0.220+0.02 3.130+0.16
CA 0.004+0.00 0.056+0.01 0.126+0.01 0.190+0.01
Total sulfated 0.535+0.03 7.170+0.28 0.65040.03 8.350+0.31
Overall total 1.000+0.05 7.59040.29 0.71040.03 9.300+0.33
Patients
Unsulfated BA
LCA 0.004+0.00 0.001+0.00 0.0001+0.00 0.005+0.00
UDCA 0.079+0.03 0.410+0.17 0.012+0.00 0.500+0.21
CDCA 0.020+0.00 0.090+0.01 0.100+0.02 0.210+0.03
DCA 0.040+0.00 0.040+0.00 0.010+0.00 0.090+0.01
HDCA 0.010+0.00 0.00+0.00 ND 0.010+0.00
MDCA 0.050+0.01 ND ND 0.050+0.01
CA 0.240+0.03 0.550+0.07 0.320+0.08 1.120+0.14
MCA 0.120+0.02 1.94040.29 0.730+0.09 2.790+0.34
HCA 0.010+0.00 0.170+0.02 0.090+0.02 0.270+0.04
Other BA” 0.860+0.13 — — 0.860+0.13
Total 0.460+0.04 0.42+0.02 0.06+0.00 5.910+0.57
Sulfated BA
LCA 0.030+0.01 2.230+0.20 0.650+0.06 2.910+0.24
UDCA 1.560%0.23 15.30+2.68 1.230%0.27 18.10+3.08
CDCA 0.190+0.03 18.70+1.79 1.910+0.38 20.80+2.07
DCA 0.040+0.01 4.280+0.54 0.520+0.07 4.840+0.58
CA 0.080+0.01 0.910+0.13 1.030+£0.21 2.010+0.31
Total 1.900%0.24 41.40+£4.12 5.340+0.74 48.70£4.77
Overall total 3.330+0.33 44.60+4.46 6.610+0.85 54.60+5.20

*Other BA: Nor-DCA, 12-0x0-CDCA, 3-dehydroCA, 6-0x0-LCA, 7-0x0o-LCA, 12-0x0-LCA, isoLCA, and isoDCA
ND: not detected
—: not quantified

SEM: standard error of mean
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Table 2.5. Representative BA concentrations and indices in controls vs. patients.

BA (uM) / BA indices (%) Controls Patients Patients vs. Controls
Mean SEM Mean SEM Ratio P-value

Total BA 9.30 0.33 54.6 5.20 5.87 0.000
Total LCA 1.01 0.05 2.92 0.24 2.88 0.000
Total UDCA 1.56 0.07 18.6 3.23 11.9 0.001
Total CDCA 2.52 0.13 21.0 2.09 8.35 0.000
Total DCA 3.16 0.16 4.92 0.58 1.56 0.072
Total HDCA 0.01 0.00 0.01 0.00 1.57 0.051
Total MDCA 0.06 0.01 0.05 0.01 0.90 0.992
Total CA 0.44 0.03 3.13 0.44 7.09 0.003
Total MCA 0.36 0.02 2.79 0.34 7.83 0.000
Total HCA 0.03 0.00 0.27 0.04 10.6 0.001
Other BA" 0.16 0.01 0.86 0.13 5.54 NA

% LCA 11.5% 0.38% 9.20% 0.39% 0.79 0.002
% UDCA 17.7% 0.49% 21.3% 0.88% 1.21 0.138
% CDCA 27.1% 0.65% 36.3% 0.94% 1.34 0.000
% DCA 31.1% 0.68% 14.6% 0.53% 0.47 0.000
% HDCA 0.07% 0.01% 0.04% 0.00% 0.54 0.052
% MDCA 0.64% 0.04% 0.36% 0.05% 0.56 0.135
% CA 5.25% 0.27% 6.27% 0.25% 1.19 0.064
% MCA 4.03% 0.16% 6.39% 0.34% 1.58 0.003
% HCA 0.30% 0.02% 0.45% 0.04% 1.52 0.018
Total Unamidated 1.00 0.05 3.33 0.33 3.34 0.000
Total G-amidated 7.59 0.29 44.6 4.46 5.88 0.000
Total T-amidated 0.71 0.03 6.61 0.85 9.37 0.001
% Amidation 87.7% 0.47% 86.9% 0.65% 0.99 0.053
% G-amidation 79.7% 0.49% 76.0% 0.71% 0.95 0.000
% T-amidation 7.98% 0.26% 10.8% 0.46% 1.35 0.005
Total Unsulfated 0.94 0.05 5.91 0.57 6.26 0.000
Total Sulfated 8.35 0.31 48.7 4.77 5.83 0.000
% Sulfation 88.5% 0.46% 82.9% 0.60% 0.94 0.000
Total Mono-OH 1.01 0.05 2.92 0.24 2.88 0.000
Total Di-OH 7.30 0.29 44.6 4.58 6.11 0.000
Total Tri-OH 0.82 0.04 6.19 0.65 7.52 0.000
% Mono-OH 11.5% 0.38% 9.16% 0.39% 0.79 0.002
% Di-OH 76.6% 0.50% 72.7% 0.65% 0.95 0.001
% Tri-OH 9.58% 0.33% 13.1% 0.43% 1.37 0.000
Total 12a-OH 3.62 0.17 8.35 0.83 2.30 0.001
Total non-120-OH 5.67 0.20 46.2 4.68 8.15 0.000
12a-OH/ non12a-OH 0.65 0.02 0.33 0.01 0.51 0.000
CA/ CDCA 0.24 0.01 0.24 0.02 1.00 0.625
% 120-OH 36.7% 0.62% 22.1% 0.54% 0.60 0.000
% non-12a-OH 63.3% 0.62% 77.9% 0.54% 1.23 0.000
Total Primary 3.34 0.15 27.2 2.59 8.15 0.000
Total Secondary 5.95 0.23 27.4 3.52 4.59 0.000
Primary/ Secondary 0.69 0.03 2.52 0.22 3.63 0.000
% Primary 36.7% 0.70% 49.4% 1.06% 1.35 0.000
% Secondary 63.3% 0.70% 50.6% 1.06% 0.80 0.000
HI -0.01 0.01 -0.12 0.01 17.6 0.000

*Other BA: Nor-DCA, 12-0x0-CDCA, 3-dehydroCA, 6-0x0-LCA, 7-0x0-LCA, 12-oxo-LCA, isoLCA, and isoDCA

NA: not applicable
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Table 2.6. Representative BA concentrations and indices in medium- vs. low- MELD

patients.
BA (uM) / BA indices (%) Low- MELD Medium- MELD Medium- vs. Low- MELD
Mean SEM Mean SEM Ratio P-value
Total BA 59.2 7.94 116 24.8 1.96 1.000
Total LCA 3.40 0.35 6.01 1.72 1.77 0.175
Total UDCA 24.4 5.34 18.6 6.30 0.76 0.172
Total CDCA 18.3 2.31 71.4 16.3 3.90 0.000
Total DCA 5.30 0.96 6.08 1.47 1.15 1.000
Total HDCA 0.01 0.00 0.01 0.00 0.61 1.000
Total MDCA 0.05 0.01 0.06 0.01 1.28 1.000
Total CA 2.80 0.48 10.6 4.45 3.79 0.000
Total MCA 3.58 0.57 2.15 0.46 0.60 0.210
Total HCA 0.25 0.04 0.86 0.36 3.48 0.002
% LCA 9.31% | 0.53% 7.97% 1.47% 0.86 1.000
% UDCA 23.1% | 1.29% 14.3% 2.52% 0.62 1.000
% CDCA 34.7% | 1.21% | 55.6% 3.17% 1.60 0.000
% DCA 13.8% | 0.65% 7.18% 1.33% 0.52 0.005
% HDCA 0.04% | 0.01% | 0.01% 0.00% 0.32 0.661
% MDCA 0.29% | 0.04% | 0.13% 0.03% 0.43 1.000
% CA 5.75% | 0.30% | 8.70% 1.25% 151 0.145
% MCA 7.15% | 0.48% | 3.70% 0.91% 0.52 0.000
% HCA 0.46% | 0.07% | 0.75% 0.15% 1.61 0.148
Total Unamidated 4.24 0.55 2.87 0.72 0.68 0.062
Total G-amidated 48.4 6.89 92.8 19.7 1.92 1.000
Total T-amidated 6.58 1.04 20.7 7.30 3.15 0.040
% Amidation 86.7% | 0.87% | 94.4% 1.28% 1.09 0.005
% G-amidation 75.5% | 0.96% 77.2% 2.73% 1.02 1.000
% T-amidation 11.2% | 0.64% 17.1% 2.15% 1.53 0.002
Total Unsulfated 6.99 0.93 9.04 2.42 1.29 1.000
Total Sulfated 52.3 7.21 107 23.2 2.05 1.000
% Sulfation 82.4% | 0.81% | 88.3% 1.34% 1.07 0.009
Total Mono-OH 3.40 0.35 6.01 1.72 1.77 0.175
Total Di-OH 48.1 7.01 96.2 20.9 2.00 1.000
Total Tri-OH 6.63 0.90 13.6 4.90 2.06 0.301
% Mono-OH 9.31% | 0.53% 7.97% 1.47% 0.86 1.000
% Di-OH 72.0% | 0.90% 77.2% 2.14% 1.07 0.058
% Tri-OH 13.4% | 0.59% 13.1% 1.40% 0.98 0.274
Total 12a-OH 8.55 1.23 16.8 4.86 1.96 0.053
Total non-120-OH 50.7 7.21 99.6 215 1.96 1.000
120-OH/ non12a-OH 0.30 0.01 0.20 0.02 0.68 0.135
CA/ CDCA 0.21 0.01 0.17 0.03 0.81 1.000
% 12a-OH 21.0% | 0.69% 16.1% 1.44% 0.77 0.008
% non-120-OH 79.0% | 0.69% | 83.9% 1.44% 1.06 0.008
Total Primary 25.0 3.08 85.1 19.5 3.41 0.000
Total Secondary 34.3 5.78 31.3 8.05 0.91 0.316
Primary/ Secondary 2.19 0.24 5.02 1.16 2.29 1.000
% Primary 48.1% | 1.40% 68.7% 3.10% 1.43 0.014
% Secondary 51.9% | 1.40% | 31.3% 3.10% 0.60 0.014
HI -0.15 0.01 -0.05 0.03 0.36 0.189




59

Table 2.7. Representative BA concentrations and indices in compensated vs.

decompensated patients.

BA (uM) / BA indices (%) Compensated Decompensated Decompensated vs.
Compensated
Mean SEM Mean SEM Ratio P-value
Total BA 66.6 10.8 86.9 14.9 1.31 0.160
Total LCA 3.73 0.54 4.26 0.70 1.14 0.547
Total UDCA 27.0 6.49 21.0 9.82 0.78 0.687
Total CDCA 204 3.42 45.0 6.28 2.20 0.001
Total DCA 6.85 1.76 4.93 0.73 0.72 0.394
Total HDCA 0.01 0.00 0.02 0.01 1.61 0.430
Total MDCA 0.06 0.01 0.05 0.01 0.86 0.619
Total CA 2.62 0.40 6.28 151 2.39 0.024
Total MCA 4.48 0.93 4.07 0.83 0.91 0.864
Total HCA 0.20 0.04 0.64 0.14 3.23 0.002
% LCA 9.00% 0.64% 6.61% 0.64% 0.73 0.020
% UDCA 24.9% 1.97% 12.0% 1.32% 0.48 0.007
% CDCA 33.2% 1.62% 54.74% 2.05% 1.65 0.000
% DCA 14.3% 0.98% 9.17% 1.00% 0.64 0.000
% HDCA 0.02% 0.01% 0.03% 0.01% 1.42 0.532
% MDCA 0.34% 0.14% 0.11% 0.01% 0.33 0.264
% CA 6.07% 0.54% 7.58% 0.48% 1.25 0.262
% MCA 7.26% 0.72% 7.21% 0.82% 0.99 0.542
% HCA 0.35% 0.05% 0.74% 0.08% 2.09 0.005
Total Unamidated 4.35 0.69 3.88 1.04 0.89 0.876
Total G-amidated 56.2 9.81 70.5 125 1.25 0.240
Total T-amidated 5.97 0.79 12.6 2.58 2.11 0.010
% Amidation 87.9% 1.15% 93.6% 0.75% 1.06 0.003
% G-amidation 76.5% 1.30% 78.8% 1.23% 1.03 0.161
% T-amidation 11.5% 0.93% 14.8% 1.02% 1.29 0.161
Total Unsulfated 7.84 1.19 9.53 1.85 1.22 0.310
Total Sulfated 58.7 9.97 77.4 13.4 1.32 0.156
% Sulfation 82.7% 1.12% 85.2% 0.99% 1.03 0.054
Total Mono-OH 3.73 0.54 4.26 0.70 1.14 0.547
Total Di-OH 54.4 9.55 70.9 13.1 1.31 0.174
Total Tri-OH 7.30 1.25 11.0 1.96 1.51 0.085
% Mono-OH 9.00% 0.64% 6.61% 0.64% 0.73 0.020
% Di-OH 72.7% 1.14% 76.0% 1.31% 1.05 0.016
% Tri-OH 13.7% 0.92% 15.5% 0.95% 1.13 0.674
Total 12a-OH 10.1 2.08 11.44 1.75 1.14 0.554
Total non-12a0-OH 56.5 9.36 75.51 14.0 1.34 0.137
12a-OH/ non12a-OH 0.33 0.02 0.24 0.02 0.71 0.002
CA/ CDCA 0.21 0.02 0.17 0.01 0.79 0.043
% 12a-OH 22.0% 1.07% 17.3% 0.99% 0.79 0.001
% non-12a-OH 78.0% 1.07% 82.7% 0.99% 1.06 0.001
Total Primary 27.7 4.46 56.0 7.59 2.02 0.001
Total Secondary 38.8 7.43 31.0 10.3 0.80 0.874
Primary/ Secondary 2.27 0.44 5.98 0.69 2.64 0.001
% Primary 46.9% 2.05% 70.3% 1.88% 1.50 0.000
% Secondary 53.1% 2.05% 29.7% 1.88% 0.56 0.000
HI -0.18 0.02 -0.13 0.02 0.75 0.266




Table 2.8. Area under the ROC curve (AUC) of BA concentrations and indices”.

BA (uM) / BA indices (%) AUC
Total BA 0.736
Total LCA 0.583
Total UDCA 0.662
Total CDCA 0.770
Total DCA 0.514
Total HDCA 0.659
Total MDCA 0.576
Total CA 0.747
Total MCA 0.691
Total HCA 0.623
% LCA 0.672
% UDCA 0.555
% CDCA 0.677
% DCA 0.812
% HDCA 0.742
% MDCA 0.811
% CA 0.554
% MCA 0.540
% HCA 0.579
Total Unamidated 0.592
Total G-amidated 0.736
Total T-amidated 0.690
% Amidation 0.679
% G-amidation 0.590
% T-amidation 0.507
Total Unsulfated 0.771
Total Sulfated 0.724
% Sulfation 0.581
Total Mono-OH 0.583
Total Di-OH 0.726
Total Tri-OH 0.767
% Mono-OH 0.672
% Di-OH 0.502
% Tri-OH 0.603
Total 12a-OH 0.599
Total non-12a-OH 0.769
12a-OH/ non12a-OH 0.794
CA/ CDCA 0.565
% 12a-OH 0.794
% non-12a-OH 0.794
Total Primary 0.776
Total Secondary 0.626
Primary/ Secondary 0.708
% Primary 0.708
% Secondary 0.708
HI 0.664

*AUC from ROC analysis of pooled patients vs. controls.



Table 2.9. ROC analysis of BA concentrations and indices with AUC > 0.7".

61

BA (uM) / BA indices (%) AUC (Cutoff Value; Sensitivity, Specificity)

Total BA 0.736 (9.34; 70, 61) (10.2; 67, 66) (10.9; 64, 70)
Total CDCA 0.770 (2.66; 72, 70) (2.74; 71, 71) (2.88; 70, 73)
Total CA 0.747 (0.43; 70, 69) (0.44; 69, 69) (0.45; 69, 70)
% DCA 0.812 (19.5; 81, 70) (22.1; 75, 75) (24.3; 70, 81)
% HDCA 0.742 (0.003; 75, 70) (0.01; 73, 75) (0.01; 70, 77)
% MDCA 0.811 (0.18; 80, 70) (0.21; 75, 73) (0.24; 70, 76)
Total G-amidated 0.736 (7.35; 70, 59) (8.20; 68, 65) (8.87; 65, 70)
Total Unsulfated 0.771 (0.96; 71, 70) (1.00; 71, 71) (1.04; 70, 73)
Total Sulfated 0.724 (7.71; 70, 56) (8.72; 68, 64) (9.63; 65, 70)
Total Di-OH 0.726 (6.90; 70, 59) (7.51; 67, 64) (8.39; 65, 70)
Total Tri-OH 0.767 (0.82; 72, 70) (0.85; 71, 72) (0.88; 70,74)
Total non-12a-OH 0.769 (6.38; 70, 69) (6.43; 69, 69) (6.57; 69, 70)
12a-OH/ non12a-OH 0.794 (0.37; 78, 70) (0.41; 76, 76) (0.45; 70, 78)
% 12a-OH 0.794 (27.1; 78, 70) (29.1; 76, 76) (30.9; 70, 78)
% non-12a-OH 0.794 (69.1; 78, 70) (70.9; 76, 76) (72.9; 70, 78)
Total Primary 0.776 (3.75; 72, 70) (4.03; 71, 73) (4.19; 70, 75)
Primary/ Secondary 0.708 (0.60; 70, 58) (0.66; 67, 64) (0.74; 64, 70)
% Primary 0.708 (37.4; 70, 58) (39.9; 67, 64) (42.6; 64, 70)
% Secondary 0.708 (57.4; 70, 64) (60.0; 64, 67) (62.6; 58, 70)

* AUC from ROC analysis of pooled patients vs. controls.



Table 2.10. Univariate logistic regression analysis of BA concentrations and
indices”.

BA (pM) / BA B-value (Regression p.value 1-unitExp(B)-?(c)j;)S ratio 0%
indices (%) Coefficient)
change change | change

Total BA 0.080 0.000 1.08 1.08 1.16
Total CDCA 0.226 0.000 1.25 1.06 1.12
Total CA 1.181 0.000 3.26 1.05 1.11
% DCA -0.080 0.000 0.92 0.78 0.61
% HDCA -1.898 0.069 0.15 0.99 0.97
% MDCA -0.174 0.162 0.84 0.99 0.98
Total G-amidated 0.084 0.000 1.09 1.07 1.14
Total Unsulfated 0.784 0.000 2.19 1.08 1.16
Total Sulfated 0.080 0.000 1.08 1.07 1.14
Total Di-OH 0.094 0.000 1.10 1.07 1.15
Total Tri-OH 0.731 0.000 2.08 1.06 1.13
Total non-12a-OH 0.146 0.000 1.16 1.09 1.18
12a-OH/ non12a-OH -2.349 0.000 0.10 0.86 0.74
% 120-OH -0.079 0.000 0.92 0.75 0.56
% non-12a-OH 0.079 0.000 1.08 1.65 2.72
Total Primary 0.190 0.000 1.21 1.07 1.14
Primary/ Secondary 0.834 0.000 2.30 1.06 1.12
% Primary 0.033 0.000 1.03 1.13 1.27
% Secondary -0.033 0.000 0.97 0.81 0.66

* BA with ROC-AUC > 0.7 were included in this table.
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Table 2.11.a. BA concentrations and indices in controls and patients with specific
liver disease subtype”.

Control Hepatitis C Henpatitis B Laennec Primary biliary 522:22.?1/ Autoimmune
BA (uM) / BA indices ontrols epatit patt Cirrhosis cholangitis cholangliti% Hepatitis
(%) N=103 N=71 N=15 N=105 N=12 N=17 N=26
Mean| SEM | Mean | SEM | Mean | SEM | Mean | SEM | Mean | SEM | Mean | SEM | Mean | SEM
Total BA 930 | 0.33 | 53.32 | 9.96 | 13.7* | 5.23 | 62.0* | 9.44 | 237* | 69.8 1242 | 27.4 | 71.9* | 15.2
Total CDCA 252 | 013 | 27.0* | 489 | 6.76* | 416 | 30.0* | 425 | 28.6* | 9.99 | 39.4* | 10.7 | 29.2* | 8.46
Total CA 0.44 | 0.03 3.052 0.54 1.16* | 0.70 | 4.00* | 1.02 | 5.07? 2.27 6.472 2.25 1.962 0.39
% DCA 31.1%| 0.68% |16.2%? | 1.27% |19.9%? [3.26%| 13.1%? [0.95% | 7.99%? | 2.22% [9.01%? | 1.86% |15.6%° | 1.43%
% HDCA 0.07%| 0.01% | 0.02%? | 0.00% | 0.06% [0.02%|0.02%? (0.01%| 0.03% | 0.02% | 0.01% | 0.00% | 0.02% | 0.00%
% MDCA 0.64%| 0.04% |0.19%? | 0.04% | 0.38% [0.08%|0.16%? |0.03%|0.15%?2 | 0.07% |0.18%?2 | 0.06% |0.22%? | 0.05%
Total G-amidated 759 | 0.29 44.82 9.11 11.6* | 452 | 50.8% | 8.26 | 2107 60.4 1062 24.0 61.82 13.5
Total Unsulfated 0.94 | 0.05 7.692 1.43 1.62% | 0.38 | 7.94* | 1.21 | 17.6? 8.66 6.212 1.13 6.06% 1.44
Total Sulfated 835 | 031 | 456 | 873 | 12.1* | 496 | 54.1* | 859 | 219* | 62.0 117* | 26.5 | 65.9* | 14.7
Total Di-OH 730 | 029 | 41.0* | 7.98 | 10.6* | 4.41 | 49.05* | 7.97 | 214* | 62.50 | 111* | 25.9 | 60.9* | 13.7
Total Tri-OH 0.82 | 0.04 | 861* | 1.63 | 1.82*2 | 0.80 | 8.59% | 1.54 | 12.48* | 6.02 | 9.28* | 2.44 | 4.83* | 0.76
Total non-12a-OH 5.67 | 020 | 41.8* | 7.46 | 10.3* | 452 | 50.8% | 7.85 | 224® | 66.9 113* | 26.5 | 62.3* | 14.2
120-OH/ non120-OH| 0.65 | 0.02 | 0.372 | 0.05 0.51 | 0.08 | 0.31* | 0.02 | 0.15* | 0.05 | 0.29* | 0.05 | 0.33* | 0.04
% 12a-OH 36.7%| 0.62% |22.8%? | 1.28% | 31.1% | 2.9% |21.3%?| 1.0% |[10.8%%| 2.69% |[18.8%%| 2.6% | 22%* | 1.69%
% non-12a-OH 63.3%| 0.62% | 77.2%? | 1.28% | 68.9% | 2.9% | 78.7%?| 1.0% [89.2%?% | 2.69% |81.2%* | 2.6% |78.0%| 1.69%
Total Primary 3.34 | 0.15 35.6% 6.23 8.58% | 493 | 38.6% | 5.47 | 41.12 15.6 48.62 12.6 34.12 8.91
Primary/ Secondary | 0.69 | 0.03 | 3.70* | 0.55 | 1.52% | 0.59 | 4.33% | 0.60 | 0.30 0.10 | 2.88* | 0.68 | 2.09* | 0.60
% Primary 36.7%]| 0.70% | 60.2%? | 1.99% | 47.0%? [3.93%|60.9%? | 1.7% |18.0%*| 2.97% |51.6%? | 5.09% |50.1%? | 2.77%
% Secondary 63.3%| 0.70% | 39.8%°? | 1.99% |53.0%? [3.93%|39.1%? | 1.7% |82.0%% | 2.97% |48.4%* | 5.09% |49.9%?| 2.77%

BA with ROC-AUC > 0.7 were included in this table.

2 Significant difference between each specific liver disease subtype vs. controls (P<0.05).




Table 2.11.b. BA concentrations
liver disease subtype”.
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and indices in controls and patients with specific

oo ron e || casnoma| Cpretet® [POCReT| covea Ly | G
(%) N=5 N=52 N=25 N=11 N=3 N=19 N=5
Mean | SEM | Mean | SEM | Mean | SEM | Mean | SEM | Mean | SEM | Mean | SEM | Mean | SEM
Total BA 25.4% | 6.79 | 29.8% | 4.31 | 90.92 26.7 56.0° | 16.3 | 3.34 0.80 1062 69.3 2032 53.2
Total CDCA 9.14% | 3.12 | 13.6* | 2.33 | 31.92 8.76 27.7* | 7.39 | 1.39 0.72 31.32 18.8 63.5% | 26.4
Total CA 2.44% | 0.85 | 1.65* | 0.23 | 3.542 1.11 2.70% | 0.59 | 0.07 0.05 5.552 | 3.09 15.42 | 8.12
% DCA 18.9% (4.23%|15.7%%|1.22%| 14.9%? | 1.43% | 7.93%?|2.68%| 20.6% | 4.23% |17.4%?| 3.07% |8.28%?%| 1.82%
% HDCA 0.03% [1.21%] 0.05% {0.01%| 0.06% | 0.02% | 0.04% |0.03%]| 0.00% | 0.00% | 0.05% | 0.04% | 0.01% | 0.01%
% MDCA 0.38% [0.16%| 0.49% (0.21%|0.16%? | 0.05% [0.07%?|0.01%]| 0.63% | 0.25% | 1.34% | 0.98% | 0.14% | 0.10%
Total G-amidated 16.3% | 4.58 | 26.0* | 4.01 | 78.12 245 | 49.22 | 149 | 2.89 0.85 86.82 | 58.2 1582 | 37.53
Total Unsulfated 3.82% | 1.21 | 4.64* | 0.65 | 13.0? 3.16 3.58% [ 0.58 | 0.20 0.09 13.08 | 9.22 11.42 | 2.89
Total Sulfated 21.6% | 6.11 | 25.2% | 4.04 | 77.92 24.2 52.4% | 16.0 | 3.14 0.77 92.92 60.2 1912 50.8
Total Di-OH 15.92 | 4.72 | 23.2% | 3.87 | 71.9* 23.0 50.3* | 16.0 | 2.83 0.72 91.0? 61.0 1752 46.1
Total Tri-OH 5.242 | 1.83 | 4.27* | 0.66 | 13.82 3.62 3.922 [ 0.65 | 0.16 0.07 10.8* | 6.50 21.8* | 8.81
Total non-12a-OH 19.4% | 5,59 | 23.8% | 3.74 | 75.7* 22.1 51.1* | 16.1 | 2.56 0.70 94.72 66.1 1762 45.6
12a-OH/ non120-OH| 0.40 | 0.07 | 0.34* | 0.02 | 0.28* 0.03 0.222 | 0.05 | 0.33 0.07 | 0.37* | 0.06 0.20% | 0.04
% 120-OH 27.1% [3.18%]23.5%?2 [1.14%| 20.6%? | 1.55% |[16.2%?(2.88%| 24.2% | 4.41% |24.8%°| 2.8% |15.8%?| 2.84%
% non-12a-OH 72.9% (3.18%|76.5%%|1.14%| 79.4%? | 155% |83.8%2|2.88%| 75.8% | 4.41% |75.2%%| 2.8% |84.2%%|2.84%
Total Primary 14.4% | 433 | 17.9* | 2.70 | 45.7* 12.1 31.6% | 7.89 | 1.56 0.65 42.12 23.9 85.28 | 34.7
Primary/ Secondary | 1.26 | 0.26 | 2.28% | 0.30 | 2.322 0.40 6.43% | 2.09 | 1.00 0.44 | 1.70* | 0.43 1.67% | 0.65
% Primary 50.3% [5.43%52.8%?2 [2.21%| 56.1%? | 3.25% |[68.2%?|5.80%| 45.4% | 11.0% |49.3%°?| 4.6% |40.3%?| 8.45%
% Secondary 49.7% [5.43%|47.2%? [2.21%| 43.9%? | 3.25% [31.8%?|5.80%| 54.6% | 11.0% |50.7%?| 4.6% |59.7%?| 8.45%

* BA with ROC-AUC > 0.7 were included in this table.

a Significant difference between each specific liver disease subtype vs. controls (P<0.05).



Table 2.12. Summary of non-BA parameters.
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Non-BA parameters Controls Patients ROC*
Pooled Low- MELD Medium- MELD | Compensated | Decompensated | AUC
Mean | SEM | Mean | SEM | Mean | SEM | Mean SEM | Mean | SEM | Mean | SEM

Creatinine (mg/dL) 0.87 [ 0.01 | 0.99 | 0.05 | 0.93 | 0.07 1.33° 0.16 1.05 | 0.15 1.05 0.06 | 0.539
Albumin (g/dL) 3.96 | 0.02 | 3.612 | 0.03 | 3.61 | 0.03 | 2.82° 0.10 3.69 | 0.04 | 3.03° 0.06 | 0.713
INR 099 | 0.01 | 1.18 | 0.02 | 1.11 | 0.01 1.63° 0.10 1.15 | 0.03 | 1.36° 0.03 | 0.758
Protime (sec) 13.4 | 010 | 10.2* | 0.33 | 13.6 | 0.13 | 19.4° 0.98 11.2 | 052 | 13.7° 0.64 | 0.591
AST (U/L) 228 | 0.34 | 5322 | 231 | 521 | 259 | 79.2° 10.4 52.6 | 3.97 61.7 4.85 | 0.876
ALT (U/L) 21.0 | 046 | 51.0° | 2.60 | 51.0 | 3.24 46.0 5.54 49.0 | 4.09 40.6 3.55 | 0.825
Bilirubin (mg/dL) 0.62 | 0.03 | 1.58° | 0.09 | 1.31 | 0.05 | 5.02° 0.68 142 | 0.12 | 3.04° 0.29 | 0.804
AST/ALT 1.15 | 0.01 1.22 | 0.02 | 1.21 | 0.03 | 1.79° 0.09 121 | 0.04| 161° 0.05 | 0.500
MELD 7.13 | 0.10 | 10.3* | 0.24 | 9.07 | 0.16 18.9 0.42 9.54 | 0.37 | 14.0° 0.46 | 0.747

APRI NA NA 0.93 | 0.06 | 1.05 | 0.07 | 2.44° 0.42 0.94 | 0.08 | 1.63° 0.18 NA

aSignificant difference between patients vs. controls (P<0.05).

b Significant difference between medium- vs. low-MELD groups (P<0.05).

¢ Significant difference between decompensated vs. compensated patients (P<0.05).

* AUC from ROC analysis of pooled patients vs. controls.

NA: not applied



Table 2.13. Univariate logistic regression analysis of non-BA parameters.
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B-value (Regression

Exp(B)-Odds ratio

Non-BA parameters Coefficient) P-value 1 unit 10% 20%
change change change

Creatinine (mg/dL) 0.852 0.085 2.34 1.08 1.16
Albumin (g/dL) -1.616 0.000 0.19 0.53 0.28
INR 5.573 0.000 263 1.74 3.02
Protime (sec) -0.063 0.002 0.94 0.92 0.85
AST (U/L) 0.141 0.000 1.15 1.38 1.90
ALT (U/L) 0.100 0.000 1.11 1.23 1.52
Bilirubin (mg/dL) 1.775 0.000 5.89 1.12 1.25
AST/ALT 0.542 0.064 1.72 1.06 1.13
MELD 0.470 0.000 1.59 1.39 1.95
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Table 2.14.a. Non- BA parameters in controls and patients with specific liver
disease subtype.

Primary

Controls Hepatitis C Hepatitis B éﬁ?ﬁggg Prci?;gngzlti;ry sclerosi_n_g AL:_:SS;T;?S”E
Non-BA parameters cholangitis
N=103 N=71 N=15 N=105 N=12 N=17 N=26
Mean| SEM | Mean | SEM | Mean | SEM | Mean | SEM | Mean | SEM | Mean | SEM | Mean | SEM
Creatinine (mg/dL) | 0.87 | 0.17 | 0.99 | 0.06 | 1.08 | 0.08 | 1.00° | 0.05 | 0.90 | 0.04 | 0.96 | 0.06 | 0.83 | 0.03
Albumin (g/dL) 3.96 | 0.30 | 3.48* | 0.06 | 3.84 | 0.14 | 3.372 | 0.05 | 3.612 | 0.09 | 3.51 | 0.10 | 3.422 | 0.08
INR 099 | 020 | 1.17% | 004 | 1.17 | 0.17 | 1.25 | 0.03 | 0.97 | 0.03 | 1.16* | 0.08 | 1.20* | 0.09
Protime (sec) 13.4 | 1.89 | 820° | 0.70 | 2.30% | 1.26 | 11.4% | 0.56 | 10.82 | 0.93 | 8.09% | 1.29 | 9.30°® | 1.07
AST (U/L) 228 | 6.23 | 68.4% | 7.19 | 29.9% | 359 | 55.6@ | 4.34 | 48.4® | 821 | 59.5° | 838 | 71.8% | 9.25
ALT (UIL) 21.0| 858 | 57.5% | 558 | 28.5% | 2.81 | 45.6® | 412 | 46.3° | 857 | 585% | 9.41 | 76.4* | 10.6
Bilirubin (mg/dL) 0.62 | 047 | 1.46® | 0.14 | 0.88 | 0.17 | 210 | 019 | 1.14 | 0.14 | 1.822 | 0.44 | 1.59* | 0.19
AST/ALT 115 | 026 | 124 | 005 | 1.07 |0.07 | 1.38* | 0.04 | 1.24 | 0.11 | 1.10 | 0.08 | 1.26 | 0.09
MELD 713 | 1.72 | 10.12 | 0.56 | 13.5% | 2.04 | 11.8% | 0.43 | 8.03 | 0.47 | 10.6* | 0.91 | 9.94® | 0.75
APRI NA | NA 145 | 020 | 024 | 006 | 1.24 | 012 | 065 | 015 | 0.79 | 0.17 | 0.85 | 0.12

2 Significant difference between each specific liver disease subtype vs. controls (P<0.05)
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Table 2.14.b. Non- BA parameters in controls and patients with specific liver
disease subtype.

Non-BA parameters N=5 N=52 N=25 N=11 N=3 N=19 N=5
Mean| SEM | Mean | SEM | Mean | SEM | Mean | SEM | Mean | SEM | Mean | SEM | Mean | SEM
Creatinine (mg/dL) | 1.01 | 0.04 | 095 | 0.04 | 093 | 0.05 | 2.47° | 1.47 | 0.99 | 0.14 | 0.88 | 0.07 | 0.81 | 0.04
Albumin (g/dL) 3.48%| 028 | 3.64% | 0.06 | 3502 | 0.09 | 3.18% | 0.11 | 4.07 | 0.18 | 3.70® | 0.14 | 3.522 | 0.12
INR 1.45°| 0.5 | 1.14* | 0.02 | 1.222 | 0.05 | 1.36% | 0.07 | 1.00 | 0.00 | 1.12 | 0.08 | 1.24* | 0.22
Protime (sec) 7.222| 299 | 1012 | 0.67 | 10.0® | 1.07 | 13.8 | 1.71 | 8.13% | 4.15 | 8.40® | 1.57 | 15.0° | 2.56
AST (U/L) 40.52| 7.90 | 49.8° | 414 | 61.0° | 7.23 | 58.3% | 6.88 | 21.3 | 524 | 64.4% | 13.1 | 71.0° | 8.08
ALT (U/L) 28.32| 4.07 | 55.22 | 6.67 | 51.8% | 7.20 | 37.0° | 3.90 | 18.3 | 2.40 | 72.0° | 12.7 | 87.9% | 19.5
Bilirubin (mg/dL) 1.382| 0.18 | 1.312 | 0.11 | 1.43* | 0.19 | 2.512 | 0.56 | 0.70 | 0.06 | 1.39* | 0.36 | 1.75* | 0.39
AST/ALT 141 | 014 | 112 | 0.05 | 1.27 |0.07 | 1.612 | 0.12 | 1.15 | 019 | 0.96* | 0.11 | 1.132 | 0.15
MELD 12.6°| 1.74 | 9.812 | 0.47 | 10.3* | 065 | 13.22 | 1.36 | 7.41 | 1.01 | 9.37% | 1.31 | 10.22 | 1.74
APRI 059 | 0.27 | 0.73 | 0.07 | 1.43 [ 030 | 1.13 | 0.22| 025 | 015 | 1.04 | 032 | 0.85 | 0.13

2 Significant difference between controls and each specific liver disease subtype (P<0.05)
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Table 2.15. Association between non-BA parameters and BA concentrations and
indices.

N\c/)g?pﬁg:riimigesrs AST ‘ ALT l 'j‘&?__Tr/ ‘ Bilirubin l Albumin ‘ INR ‘ Protime | Creatinine | APRI | MELD
P-value

Total BA 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.614 0.000 0.000
Total LCA 0.000 0.001 0.000 0.000 0.000 0.066 0.008 0.900 0.003 0.001
Total UDCA 0.000 0.000 0.088 0.352 0.000 0.312 0.120 0.754 0.258 0.328
Total CDCA 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.643 0.000 0.000
Total DCA 0.000 0.000 0.127 0.134 0.004 0.749 0.925 0.919 0.020 0.946
Total HDCA 0.003 0.008 0.313 0.225 0.257 0.645 0.241 0.599 0.545 0.367
Total MDCA 0.012 0.361 0.006 0.001 0.012 0.781 0.607 0.928 0.561 0.112
Total CA 0.000 0.032 0.000 0.000 0.000 0.000 0.003 0.649 0.007 0.000
Total MCA 0.000 0.000 0.008 0.117 0.000 0.081 0.168 0.517 0.003 0.054
Total HCA 0.000 0.243 0.000 0.000 0.000 0.000 0.000 0.716 0.001 0.000
% LCA 0.000 0.001 0.051 0.003 0.000 0.049 0.996 0.768 0.046 0.000
% UDCA 0.519 0.470 0.126 0.013 0.001 0.001 0.799 0.831 0.008 0.000
% CDCA 0.001 0.379 0.000 0.000 0.000 0.000 0.000 0.574 0.000 0.000
% DCA 0.001 0.141 0.000 0.000 0.000 0.000 0.003 0.001 0.042 0.000
% HDCA 0.044 | 0.203 0.155 0.126 0.230 0.144 0.877 0.696 0.239 0.052
% MDCA 0.562 0.700 0.395 0.180 0.103 0.013 0.001 0.788 0.258 0.000
% CA 0.004 | 0.057 0.558 0.000 0.000 0.031 0.813 0.656 0.125 0.000
% MCA 0.126 0.085 0.682 0.093 0.565 0.924 0.880 0.314 0.505 0.548
% HCA 0.095 0.850 0.007 0.000 0.000 0.002 0.027 0.600 0.012 0.000
Total Unamidated 0.000 0.011 0.004 0.037 0.000 0.069 0.084 0.743 0.046 0.009
Total G-amidated 0.000 0.000 0.000 0.000 0.000 0.002 0.003 0.650 0.000 0.000
Total T-amidated 0.000 0.030 0.000 0.000 0.000 0.000 0.000 0.658 0.000 0.000
% Amidation 0.000 0.009 0.006 0.002 0.000 0.005 0.002 0.157 0.002 0.006
% G-amidation 0.710 0.169 0.265 0.007 0.957 0.910 0.458 0.113 0.582 0.152
% T-amidation 0.000 0.244 0.000 0.000 0.000 0.000 0.002 0.373 0.000 0.000
Total Unsulfated 0.000 0.000 0.000 0.000 0.000 0.002 0.006 0.616 0.000 0.000
Total Sulfated 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.628 0.000 0.000
% Sulfation 0.660 0.842 0.596 0.766 0.255 0.989 0.016 0.276 0.420 0.121
Total Mono-OH 0.000 0.001 0.000 0.000 0.000 0.066 0.008 0.900 0.003 0.001
Total Di-OH 0.000 0.000 0.000 0.000 0.000 0.002 0.002 0.644 0.000 0.000
Total Tri-OH 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.533 0.000 0.000
% Mono-OH 0.000 0.001 0.051 0.003 0.000 0.049 0.996 0.768 0.046 0.000
% Di-OH 0.200 0.351 0.207 0.384 0.078 0.721 0.094 0.156 0.448 0.948
% Tri-OH 0.003 0.012 0.761 0.175 0.019 0.221 0.879 0.148 0.109 0.003
Total 12a-OH 0.000 0.000 0.000 0.000 0.000 0.047 0.135 0.778 0.002 0.000
Total non-12a-OH 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.605 0.000 0.000
120-0OH/ non12a-OH 0.194 | 0.271 0.002 0.017 0.000 0.003 0.001 0.102 0.237 0.000
CA/ CDCA 0.000 0.000 0.423 0.709 0.733 0.074 0.039 0.456 0.008 0.749
% 12a-OH 0.039 0.511 0.000 0.001 0.000 0.000 0.000 0.085 0.142 0.000
% non-12a-OH 0.039 0.511 0.000 0.001 0.000 0.000 0.000 0.085 0.142 0.000
Total Primary 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.592 0.000 0.000
Total Secondary 0.000 0.000 0.030 0.118 0.000 0.309 0.111 0.747 0.101 0.221
Primary/ Secondary 0.014 | 0.355 0.000 0.002 0.000 0.000 0.000 0.993 0.005 0.000
% Primary 0.000 0.063 0.000 0.000 0.000 0.000 0.001 0.218 0.000 0.000
%Secondary 0.000 0.063 0.000 0.000 0.000 0.000 0.001 0.218 0.000 0.000
HI 0.078 0.067 0.411 0.493 0.026 0.459 0.896 0.584 0.263 0.914




Appendix

Table A. Full list of BA concentrations and indices in controls vs. patients.

- Controls Patients Patients vs. Controls
BA (M) /BA indices (%) mean SEM Mean SEM Ratio p-value
LCA-S 0.01 0.00 0.03 0.01 4.48 0.00
G-LCA-S 0.78 0.04 2.23 0.20 2.84 0.00
T-LCA-S 0.22 0.01 0.65 0.06 2.96 0.00
UDCA-S 0.45 0.02 1.56 0.23 3.47 0.01
G-UDCA-S 1.04 0.05 15.3 2.68 14.7 0.00
T-UDCA-S 0.03 0.00 1.23 0.27 46.7 0.01
CDCA-S 0.07 0.01 0.19 0.03 2.83 0.00
G-CDCA-S 2.38 0.13 18.7 1.79 7.86 0.00
T-CDCA-S 0.06 0.00 1.91 0.38 34.5 0.00
DCA-S 0.01 0.00 0.04 0.01 6.95 0.04
G-DCA-S 2.90 0.14 4.28 0.54 1.48 0.02
T-DCA-S 0.22 0.02 0.52 0.07 2.35 0.01
CA-S 0.00 0.00 0.08 0.01 19.1 0.00
G-CA-S 0.06 0.01 0.91 0.13 16.1 0.00
T-CA-S 0.13 0.01 1.03 0.21 8.14 0.04
Sulfated BA 8.35 0.31 48.7 4.77 5.83 0.00
Sulfated + Unamidated BA 0.54 0.03 1.90 0.24 3.56 0.00
Sulfated G-BA 7.17 0.28 41.4 4.12 5.78 0.00
Sulfated T-BA 0.65 0.03 5.34 0.74 8.23 0.00
Sulfated U-, G-, T-LCA 1.01 0.05 2.91 0.24 2.88 0.00
Sulfated U-, G-, T-UDCA 1.52 0.07 18.1 3.08 11.9 0.00
Sulfated U-, G-, T-CDCA 251 0.13 20.8 2.07 8.31 0.00
Sulfated U-, G-, T-DCA 3.13 0.16 4.84 0.58 1.55 0.01
Sulfated U-, G-, T-CA 0.19 0.01 2.01 0.31 10.8 0.00
Sulfated 120-OH BA 3.31 0.16 6.85 0.74 2.07 0.00
Sulfated non-12a-OH BA 5.04 0.19 41.8 4.31 8.30 0.00
Sulfated primary BA 2.69 0.13 22.8 2.29 8.48 0.00
Sulfated secondary BA 5.66 0.23 25.8 3.36 4.56 0.00
LCA 0.00 0.00 0.00 0.00 32.9 0.00
G-LCA 0.00 0.00 0.00 0.00 3.28 0.93
T-LCA 0.00 0.00 0.00 0.00 0.49 0.66
UDCA 0.00 0.00 0.08 0.03 22.5 0.03
G-UDCA 0.03 0.00 0.41 0.17 125 0.06
T-UDCA 0.00 0.00 0.01 0.00 6.73 0.09
CDCA 0.00 0.00 0.02 0.00 4.65 0.01
G-CDCA 0.01 0.00 0.09 0.01 11.7 0.00
T-CDCA 0.00 0.00 0.10 0.02 62.4 0.01
DCA 0.02 0.00 0.04 0.00 1.71 0.01
G-DCA 0.01 0.00 0.04 0.00 3.81 0.00
T-DCA 0.00 0.00 0.01 0.00 3.70 0.01
HDCA 0.01 0.00 0.01 0.00 1.54 0.08
G-HDCA 0.00 0.00 0.00 0.00 7.29 0.09
MDCA 0.06 0.01 0.05 0.01 0.90 0.82
CA 0.18 0.03 0.24 0.03 1.36 0.09
G-CA 0.07 0.00 0.55 0.07 8.24 0.00
T-CA 0.01 0.00 0.32 0.08 35.5 0.10
MCA 0.03 0.00 0.12 0.02 4.27 0.00
G-MCA 0.29 0.02 1.94 0.29 6.74 0.00
T-MCA 0.04 0.00 0.73 0.09 18.0 0.00
HCA 0.01 0.00 0.01 0.00 0.72 0.46
G-HCA 0.02 0.00 0.17 0.02 10.8 0.00
T-HCA 0.00 0.00 0.09 0.02 70.0 0.07
Nor-DCA 0.00 0.00 0.01 0.00 1.21 0.25
12-0x0-CDCA 0.12 0.01 0.52 0.07 4.43 0.00
3-dehydroCA 0.01 0.00 0.29 0.11 19.7 0.01
6-0x0-LCA 0.00 0.00 0.01 0.00 19.1 0.00
7-0x0-LCA 0.00 0.00 0.02 0.00 6.41 0.00
12-0x0-LCA 0.01 0.00 0.01 0.00 0.67 0.33
isoLCA 0.00 0.00 0.01 0.00 176 0.00
isoDCA 0.00 0.00 0.00 0.00 1.49 0.69
Unsulfated BA 0.94 0.05 5.91 0.57 6.26 0.00
LBJRS””atEd * Unamidated 0.46 0.04 1.43 0.16 3.08 0.00
Unsulfated G-BA 0.42 0.02 3.20 0.44 7.59 0.00
Unsulfated T-BA 0.06 0.00 1.27 0.15 22.4 0.00
Unsulfated U-, G-, T-LCA 0.00 0.00 0.01 0.00 7.53 0.05
Unsulfated U-, G-, T-UDCA 0.04 0.00 0.50 0.21 13.2 0.05
Unsulfated U-, G-, T-CDCA 0.01 0.00 0.21 0.03 16.4 0.01




Unsulfated U-, G-, T-DCA 0.03 0.00 0.09 0.01 2.48 0.00
Unsulfated U-, G-, T-HDCA 0.01 0.00 0.01 0.00 1.57 0.08
Unsulfated U-, G-, T-MDCA 0.06 0.01 0.05 0.01 0.90 0.82
Unsulfated U-, G-, T-CA 0.25 0.03 1.12 0.14 4.39 0.01
Unsulfated U-, G-, T-MCA 0.36 0.02 2.79 0.34 7.83 0.00
Unsulfated U-, G-, T-HCA 0.03 0.00 0.27 0.04 10.6 0.00
Unsulfated 12a-OH BA 0.31 0.03 1.50 0.19 4.86 0.00
Unsulfated non-12a-OH BA 0.63 0.03 4.40 0.50 6.94 0.00
Unsulfated primary BA 0.65 0.04 4.39 0.43 6.76 0.00
Unsulfated secondary BA 0.29 0.02 1.52 0.25 5.17 0.00
Total BA 9.30 0.33 54.6 5.20 5.87 0.00
Total Unamidated BA 1.00 0.05 3.33 0.33 3.34 0.00
g%au primary unamidated 0.29 0.03 0.66 0.06 2.26 0.00
Total secondary

unamidated BA 0.71 0.03 2.68 0.30 3.78 0.00
Total primary amidated BA 3.05 0.15 26.6 2.57 8.71 0.00
g%au secondary amidated 5.24 0.21 24.7 3.29 470 0.00
Total G-BA 7.59 0.29 44.6 4.46 5.88 0.00
Total primary G-BA 2.82 0.14 22.4 2.09 7.94 0.00
Total secondary G-BA 4.77 0.20 22.3 3.07 4.66 0.00
Total T-BA 0.71 0.03 6.61 0.85 9.37 0.00
Total primary T-BA 0.23 0.01 4.19 0.68 17.9 0.00
Total secondary T-BA 0.47 0.02 2.42 0.32 5.13 0.00
Total U-, G-, T-LCA 1.01 0.05 2.92 0.24 2.88 0.00
Total U-, G-, T-UDCA 1.56 0.07 18.6 3.23 11.9 0.00
Total U-, G-, T-CDCA 2.52 0.13 21.0 2.09 8.35 0.00
Total U-, G-, T-DCA 3.16 0.16 4.92 0.58 1.56 0.07
Total U-, G-, T-HDCA 0.01 0.00 0.01 0.00 157 0.05
Total U-, G-, T-MDCA 0.06 0.01 0.05 0.01 0.90 0.99
Total U-, G-, T-CA 0.44 0.03 3.13 0.44 7.09 0.00
Total U-, G-, T-MCA 0.36 0.02 2.79 0.34 7.83 0.00
Total U-, G-, T-HCA 0.03 0.00 0.27 0.04 10.6 0.00
Total 12a-OH BA 3.62 0.17 8.35 0.83 2.30 0.00
Total non-12a0-OH BA 5.67 0.20 46.2 4.68 8.15 0.00
Total primary BA 3.34 0.15 27.2 2.59 8.15 0.00
Total secondary BA 5.95 0.23 27.3 3.52 4.59 0.00
Total Mono-hydroxyl BA 1.01 0.05 2.92 0.24 2.88 0.00
Total Di-hydroxyl BA 7.30 0.29 44.6 4.58 6.11 0.00
Total Tri-hydroxyl BA 0.82 0.04 6.19 0.65 7.52 0.00
%Sulfated BA 88.5% 0.46% 83.0% 0.60% 0.94 0.00
%Sulfation LCA 99.7% 0.05% 99.2% 0.16% 0.99 0.85
%Sulfation UDCA 97.0% 0.16% 97.4% 0.20% 1.00 0.35
%Sulfation CDCA 99.4% 0.04% 98.7% 0.12% 0.99 0.25
%Sulfation DCA 98.3% 0.09% 96.2% 0.35% 0.98 0.01
%Sulfation CA 53.0% 1.22% 52.6% 1.05% 0.99 0.97
Jesulfation on mono- 99.7% 0.05% 99.2% 0.16% 0.99 0.85

ydroxy

%Sulfation on dihydroxy 97.6% 0.09% 97.4% 0.16% 1.00 0.23
%Sulfation on tri-hydroxy 26.7% 0.77% 26.5% 0.81% 0.99 0.85
%Sulfation on primary BA 79.2% 0.66% 76.8% 0.68% 0.97 0.93
g‘f””a“o” on secondary 93.3% 0.41% 86.9% 0.76% 0.93 0.00
%Sulfation on 12a-OH BA 87.1% 0.85% 75.9% 0.95% 0.87 0.00
ZeSulfation on non-12a-OH 87.8% 0.43% 84.2% 0.60% 0.96 0.06
% Sulfation on unamidated 58.0% 1.02% 49.6% 1.08% 0.85 0.00
%Sulfation on amidated BA 93.6% 0.23% 88.9% 0.44% 0.95 0.00
%Sulfation on G-BA 93.7% 0.22% 90.2% 0.40% 0.96 0.00
%Sulfation on T-BA 91.5% 0.31% 80.9% 0.78% 0.89 0.00
%Unamidated BA 12.3% 0.47% 13.2% 0.65% 1.07 0.01
% G-Amidated BA 79.7% 0.49% 76.0% 0.71% 0.95 0.00
% T-Amidated BA 8.0% 0.26% 10.8% 0.46% 1.35 0.01
% Amidated BA 87.7% 0.47% 86.8% 0.65% 0.99 0.05
%Amidation LCA 98.7% 0.14% 98.1% 0.21% 0.99 0.39
%Amidation UDCA 68.5% 0.72% 78.0% 0.95% 1.14 0.00
%Amidation CDCA 95.8% 0.28% 97.8% 0.20% 1.02 0.00
%Amidation DCA 98.5% 0.12% 95.9% 0.44% 0.97 0.04
%Amidation CA 71.1% 1.18% 77.2% 1.07% 1.09 0.01
%Amidation MCA 88.9% 0.69% 90.8% 0.75% 1.02 0.94
%Amidation HCA 75.4% 1.12% 92.8% 0.81% 1.23 0.00
%Unamidation LCA 1.31% 0.14% 1.90% 0.21% 1.46 0.39
%G-Amidation LCA 75.6% 0.54% 74.7% 0.81% 0.99 0.84
%T-Amidation LCA 23.1% 0.55% 23.4% 0.80% 1.01 0.99
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%Unamidation UDCA 31.5% 0.72% 22.0% 0.95% 0.70 0.00
%G-Amidation UDCA 66.2% 0.72% 70.0% 117% 1.06 0.98
9%T-Amidation UDCA 2.25% 0.09% 8.08% 0.54% 3.60 0.00
%Unamidation CDCA 2.20% 0.28% 2.21% 0.20% 0.53 0.00
%G-Amidation CDCA 93.1% 0.32% 91.8% 0.43% 0.99 0.55
9%T-Amidation CDCA 2.72% 0.10% 6.01% 0.40% 2.21 0.02
%Unamidation DCA 153% 0.12% 2.08% 0.44% 2.66 0.04
%G-Amidation DCA 91.6% 0.28% 83.0% 0.81% 0.91 0.00
9%T-Amidation DCA 6.88% 0.26% 13.0% 0.72% 1.88 0.00
%Unamidation HDCA 98.7% 0.56% 94.0% 0.85% 0.95 0.04
%G-Amidation HDCA 1.00% 0.56% 5.04% 0.85% 2.62 0.03
%Unamidation CA 28.9% 1.18% 22.8% 1.07% 0.79 0.01
%G-Amidation CA 34.1% 0.88% 52.0% 0.93% 153 0.00
%T-Amidation CA 37.0% 1.18% 25.2% 0.94% 0.68 0.00
%Unamidation MCA 111% 0.69% 9.23% 0.75% 0.83 0.94
%G-Amidation MCA 78.3% 0.65% 69.7% 0.98% 0.89 0.00
9%T-Amidation MCA 10.6% 0.35% 21.1% 0.83% 1.08 0.00
%Unamidation HCA 24.6% 1.12% 7.20% 0.81% 0.29 0.00
%G-Amidation HCA 68.9% 1.10% 76.2% 1.06% 111 0.00
9%T-Amidation HCA 6.50% 0.27% 16.5% 0.87% 2.54 0.00
g’:”amida“o” on primary 9.53% 0.57% 6.41% 0.41% 0.67 0.00
%Unamidation on o o o o

e acandary BA 10.3% 0.29% 9.50% 0.46% 0.93 0.00
%Unamidation on 12a-OH 9.41% 0.70% 14.2% 0.76% 1.51 0.00
g’llj”amidaﬁon on non-12a- 15.0% 0.48% 12.9% 0.68% 0.86 0.00
%Amidation on o o o o

monatdrexy 98.7% 0.14% 98.1% 0.21% 0.99 0.39
%Amidation on dihydroxy 90.3% 0.30% 90.8% 0.52% 1.01 0.00
%Amidation on trihydroxy 77.9% 0.97% 83.9% 0.81% 1.08 0.00
%Amidation on primary BA 90.5% 0.57% 93.6% 0.41% 1.03 0.00
g’ﬁm'da“on on secondary 85.7% 0.52% 80.0% 0.92% 0.93 0.29
“%Amidation on 12a-OH 90.6% 0.70% 85.8% 0.76% 0.95 0.00
0, i i - -

é’l’jm'da“on on non-12a 87.9% 0.35% 92.1% 0.39% 1.05 0.00
%G-amidation on o o o o

monohydioxy 75.6% 0.54% 74.7% 0.81% 0.99 0.84
%T-amidation on o o o o

monohydrony 23.1% 0.55% 23.4% 0.80% 1.01 0.99
%G-amidation on 86.0% 0.35% 83.1% 0.68% 0.97 0.00
dihydroxy

%T-amidation on dihydroxy 4.32% 0.17% 7.78% 0.40% 1.80 0.12
%G-amidation on o o o o

ritydroy 54.1% 0.79% 61.2% 0.78% 113 0.00
%T-amidation on trihydroxy 23.8% 0.74% 22.8% 0.78% 0.96 0.58
‘;A’/f'amida“"” on primary 82.1% 0.63% 83.2% 0.53% 101 0.01
%G-amidation on o o o o

aseondars BA 77.6% 0.53% 68.6% 0.97% 0.88 0.05
%G-amidation on 120-OH 80.2% 0.71% 68.8% 0.88% 0.86 0.00
0, - i i - -

c/;ﬁ amidation on non-12a 78.2% 0.51% 77.4% 0.75% 0.99 0.00
g’;'amida“"” on primary 8.38% 0.34% 10.4% 0.46% 1.24 0.51
%T-amidation on o o o o

eecondary BA 8.18% 0.28% 11.4% 051% 1.39 017
%T-amidation on 12a-OH 10.4% 0.34% 17.0% 0.75% 1.64 0.00
0, - i i - -

é’; amidation on non-12a 6.81% 0.22% 9.77% 0.42% 143 0.19
%Total Mono-hydroxyl BA: o o o o

RN 11.5% 0.38% 9.16% 0.39% 0.79 0.00
YTotal Di-hydroxyl BA: 76.6% 0.50% 72.6% 0.65% 0.95 0.00
Total BA

Y6Total Tri-hydroxyl BA: 9.58% 0.33% 13.1% 0.43% 137 0.00
Total BA

%120-OH: Total BA 36.1% 0.62% 22.1% 054% 0.60 0.00
%non-120-OH: Total BA 63.3% 0.62% 77.9% 0.54% 1.03 0.00
% Primary BA: Total BA 36.7% 0.70% 49.4% 1.06% 1.35 0.00
%Secondary BA: Total BA 63.3% 0.70% 50.6% 1.06% 0.80 0.00
% Total U-, G-, T-LCA : o o o o

AR 11.5% 0.38% 9.16% 0.39% 0.79 0.00
%Total U-, G-, T-UDCA: 17.7% 0.49% 21.3% 0.88% 121 0.14
Total BA

%Total U-, G-, T-CDCA: 27.1% 0.65% 36.3% 0.94% 1.34 0.00

Total BA
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% Total U-, G-, T-DCA :

0, 0, 0, 0,
e 31.1% 0.68% 14.6% 0.53% 0.47 0.00
% Total U-, G-, T-HDCA : o o o o
e 0.07% 0.01% 0.04% 0.00% 0.54 0.05
> —— :
% Total U-, G-, T-MDCA : 0.64% 0.04% 0.36% 0.05% 0.56 0.14
Total BA
. —
é’ATOta' U-, G-, T-CA : Total 5.25% 0.27% 6.27% 0.25% 119 0.06
: —
% Total U-, G-, T-MCA : 4.03% 0.16% 6.39% 0.34% 1.58 0.00
Total BA
. —
% Total U-, G-, T-HCA : 0.30% 0.02% 0.45% 0.04% 152 0.02
Total BA
%LCA: Unamidated BA 0.91% 0.05% 1.41% 0.10% 155 0.03
%UDCA: Unamidated BA 50.1% 1.03% 38.1% 111% 0.76 0.00
9%CDCA: Unamidated BA 6.70% 0.26% 6.85% 0.43% 1.02 0.16
%DCA: Unamidated BA 3.30% 0.13% 4.08% 0.23% 1.3 0.02
%HDCA: Unamidated BA 0.71% 0.07% 0.52% 0.07% 0.73 0.49
%MDCA: Unamidated BA 6.97% 0.39% 2.47% 0.31% 0.64 0.02
%CA: Unamidated BA 13.6% 0.72% 13.0% 0.60% 0.96 0.28
%MCA: Unamidated BA 2.98% 0.16% 4.20% 031% 141 0.00
%HCA: Unamidated BA 0.93% 0.10% 0.40% 0.14% 0.44 0.02
%G,T-LCA: Amidated BA 13.0% 0.42% 10.9% 0.48% 0.84 0.00
%G,T-UDCA: Amidated BA 14.5% 0.53% 19.4% 0.88% 1.33 0.02
%G,T-CDCA: Amidated BA 29.8% 0.72% 20.5% 0.96% 1.36 0.00
%G, T-DCA: Amidated BA 34.1% 0.73% 16.5% 0.58% 0.47 0.00
%G,T-HDCA: Amidated BA 0.00% 0.00% 0.00% 0.00% 3.43 0.09
%G.T-CA: Amidated BA 3.48% 0.12% 5.46% 0.24% 157 0.00
%G,T-MCA: Amidated BA 221% 0.18% 6.91% 0.36% 1.64 0.00
%G, T-HCA: Amidated BA 0.23% 0.01% 0.44% 0.03% 101 0.03
%G-LCA: G-Amidated BA 11.1% 0.38% 9.98% 0.49% 0.90 0.00
%G-UDCA: G-Amidated BA 15.4% 0.54% 19.0% 0.89% 1.04 0.02
%G-CDCA: G-Amidated BA 31.8% 0.74% 23.6% 1.02% 137 0.00
%G-DCA: G-Amidated BA 35.6% 0.75% 16.7% 0.59% 0.47 0.00
%G-HDCA: G-Amidated BA 0.00% 0.00% 0.00% 0.00% 3.61 0.08
%G-CA: G-Amidated BA 1.83% 0.08% 2.23% 0.22% 231 0.00
%G-MCA: G-Amidated BA 2.10% 0.17% 6.06% 0.31% 1.48 0.01
%G-HCA: G-Amidated BA 0.23% 0.01% 0.39% 0.03% 1.6 0.09
%T-LCA: T-Amidated BA 32.2% 0.78% 19.9% 0.79% 0.62 0.00
%T-UDCA: T-Amidated BA 5.28% 0.26% 16.5% 0.94% 3.12 0.00
%T-CDCA: T-Amidated BA 10.0% 0.31% 18.8% 0.79% 1.88 0.00
9%T-DCA: T-Amidated BA 26.3% 0.67% 15.5% 0.61% 0.59 0.00
%T-CA: T-Amidated BA 20.5% 0.60% 15.5% 0.63% 0.76 0.04
%T-MCA: T-Amidated BA 5.48% 0.25% 13.2% 0.73% 2.40 0.00
%T-HCA: T-Amidated BA 0.24% 0.01% 0.62% 0.06% 2.5 0.02
;’_:,‘f””ate“ LCA : Sulfated 12.9% 0.42% 11.1% 0.46% 0.86 0.00
g’f””md UDCA : Sulfated 19.7% 0.58% 24.7% 0.93% 125 025
g’f””md CDCA : Sulfated 30.7% 0.73% 43.5% 1.04% 142 0.00
‘;Af“”ated DCA : Sulfated 34.2% 0.70% 17.1% 0.59% 0.50 0.00
: :
g’f“”ated CA - Sulfated 2.42% 0.09% 357% 0.16% 1.48 0.00
%Unsulfated LCA :
e 0.16% 0.02% 0.18% 0.02% 1.09 0.02
%Unsulfated UDCA : 4.53% 0.20% 5.12% 0.47% 113 0.63
unsulfated BA
- :
YUnsulfated CDCA : 1.60% 0.07% 3.12% 0.24% 1.95 0.01
unsulfated BA
- :
YUnsulfated DCA : 5.01% 0.18% 2.81% 0.17% 0.56 0.00
unsulfated BA
s :
“Unsulfated HDCA : 0.84% 0.07% 0.33% 0.04% 0.39 0.00
unsulfated BA
%Unsulfated MDCA : o o o o
e 7.15% 0.34% 2.63% 0.21% 0.37 0.00
%Unsulfated CA : o o o o
e 22.1% 0.77% 21.62% 0.77% 0.98 0.89
veUnsulfated MCA : 40.5% 0.90% 38.84% 1.18% 0.96 0.81
unsulfated BA
veUnsulfated HCA - 3.39% 0.19% 3.74% 0.28% 1.10 0.66
unsulfated BA
%Primary unamidated
ey 3.55% 0.27% 2.61% 0.19% 074 0.07
%Secondary unamidated 8.8% 0.32% 10.5% 0.58% 1.20 0.02

BA:Total BA
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%Primary amidated

0, 0, 0, 0,
anmary am 33.1% 0.68% 46.8% 1.06% 141 0.00
%Secondary amidated o o o o
psecondary 54.6% 0.71% 40.0% 0.96% 0.73 0.00
%Primary G-BA:Total BA 30.4% 0.67% 20.8% 0.90% 134 0.00
2 Y
g’:e””dary G-BA:Total 49.3% 0.66% 35.2% 0.93% 071 0.00
%Primary T-BA:Total BA 2.73% 0.10% 6.00% 0.35% 2.20 0.00
%SecondaryT-BA Total BA 5.25% 0.19% 4.81% 0.22% 0.92 0.00
%Unamidated -Unsulfated o o o o
onamidate 6.03% 0.38% 7.57% 0.48% 1.25 053
%Amidated -Unsulfated G-

0, 0, 0, 0,
amidated 4.86% 0.16% 7.04% 0.28% 145 0.00
%Amidated -Unsulfated T-

0, 0, 0, 0,
amidated 0.65% 0.03% 2.42% 0.17% 373 0.00
%Amidated -Unsulfated BA: 5.50% 0.19% 9.46% 0.38% 172 0.00
Total BA : : : : : :
E’Aunamidawd: Unsulfated 44.5% 1.01% 36.9% 1.20% 0.83 0.00
g’ﬁmidmd G: Unsulfated 48.7% 0.88% 47.8% 0.94% 0.98 057
?ﬁmidmd T: Unsulfated 6.74% 0.24% 15.3% 0.71% 2.26 0.00
% Amidated: Unsulfated BA 55.5% 1.01% 63.1% 120% 114 0.00
%Unamidated -Sulfated BA: 6.27% 0.20% 5.58% 0.31% 0.89 0.00
Total BA : : : : : :
%eAmidated -Sulfated G-BA 74.9% 0.54% 69.0% 0.76% 0.92 057
 Total BA : : : : : :
YAmidated -Sulfated T-BA : 7.33% 0.24% 8.39% 0.36% 115 033
Total BA : : : : : :
%Amidated -Sulfated BA: o o o o
A 82.2% 0.53% 77.4% 0.72% 0.94 0.29
% Unamidated: BA-Sulfates 7.20% 0.25% 7.33% 0.44% 101 0.00
% Amidated G: BA-Sulfates 84.4% 0.35% 82.5% 0.61% 0.98 0.00
%Amidated T: BA-sulfates 8.28% 0.27% 10.1% 0.43% 1.22 0.66
% Amidated: BA-Sulfates 92.7% 0.25% 92.7% 0.44% 1.00 0.00
%Unsulfated LCA: Total BA 0.01% 0.00% 0.03% 0.00% 1.90 0.09
g’:”su”ate‘j UDCA: Total 0.48% 0.04% 0.52% 0.05% 1.09 0.90
g’:”su”ate‘j CDCA: Total 0.15% 0.01% 0.42% 0.04% 2.76 0.00
%Unsulfated DCA: Total BA 0.43% 0.02% 0.38% 0.02% 0.87 0.02
;’_:,":”S””ate‘j HDCA: Total 0.07% 0.01% 0.04% 0.00% 0.54 0.00
;’_:,":”S””ate‘j MDCA: Total 0.64% 0.04% 0.36% 0.05% 0.56 0.14
%Unsulfated CA: Total BA 3.15% 0.26% 3.36% 0.20% 1.07 0.95
2 .
é’:”su”ated MCA: Total 4.03% 0.16% 6.39% 0.34% 158 0.00
%Unsulfated HCA: Total BA 0.30% 0.02% 0.45% 0.04% 1.52 0.12
%Unsulfated Mono- o o o o
hydronyl BA: Total BA 0.01% 0.00% 0.03% 0.00% 1.90 0.09
%Unsulfated Di-hydroxyl o o o o
wonsultated 1.78% 0.06% 1.72% 0.09% 0.97 0.10
%Unsulfated Tri-hydroxyl o o o o
wonsultaced 7.48% 0.31% 10.2% 0.39% 1.36 0.00
= —
% Unsulfated primary: 7.63% 0.32% 10.6% 0.40% 1.39 0.00
Total BA
% Unsulfated Secondary: 3.91% 0.24% 6.40% 0.43% 1.64 0.05
Total BA : : : : : :
;/"AU“s“'fated 120-OH: Total 3.85% 0.27% 4.94% 0.29% 128 0.04
% Unsulfated non 12a-OH: o o o o
o Unsult 7.69% 0.29% 12.1% 0.47% 157 0.00
%Sulfated LCA: Total BA 11.5% 0.38% 9.13% 039% 0.79 0.00
%Sulfated UDCA: Total BA 17.2% 0.48% 20.8% 0.86% 121 0.32
%Sulfated CDCA: Total BA 26.9% 0.64% 35.9% 0.93% 133 0.00
%Sulfated DCA: Total BA 30.7% 0.68% 14.2% 0.52% 0.46 0.00
%Sulfated CA: Total BA 2.11% 0.07% 2.91% 0.13% 138 0.00
%Sulfated Mono-hydroxyl o o o o
AR 11.5% 0.38% 9.13% 0.39% 0.79 0.00
%eSulfated Di-hydroxyl BA: 74.8% 0.53% 70.9% 0.67% 0.95 0.46
Total BA : : : : : :
YeSulfated Tri-hydroxyl BA: 2.11% 0.07% 2.91% 0.13% 1.38 0.00
Total BA : : : : : :
% Sulfated primary: Total 29.0% 0.64% 38.8% 0.98% 134 0.00

BA
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% Sulfated Secondary:

o Slfare 59.4% 0.75% 44.2% 1.02% 0.74 0.00
0y .

é"AS“"ated 120-OH: Total 32.8% 0.69% 17.1% 0.52% 0.52 0.00
% Sulfated non 12a-OH: 55.6% 0.62% 65.9% 0.71% 118 0.00
Total BA

% Unsulfated Nor-DCA 0.05% 0.00% 0.03% 0.00% 0.55 0.00
% Unsulfated 12-ox0-CDCA 1.71% 0.19% 3.53% 0.35% 2.07 0.33
% Unsulfated 3-dehydroCA 0.21% 0.02% 1.18% 0.16% 5.52 0.00
% Unsulfated 6-0x0-LCA 0.00% 0.00% 0.06% 0.01% 17.2 0.00
% Unsulfated 7-ox0-LCA 0.03% 0.00% 0.09% 0.02% 3.55 0.06
% Unsulfated 12-0x0-LCA 0.24% 0.09% 0.06% 0.01% 0.26 0.13
% Unsulfated isoLCA 0.00% 0.00% 0.11% 0.02% 189 0.02
% Unsulfated isoDCA 0.03% 0.00% 0.02% 0.00% 0.72 0.06
Primary BA/Secondary BA 0.69 0.03 2.52 0.22 3.63 0.00
Total amidated/total

rotal am a2 12.3 051 20.8 2.14 2.42 0.00
120-OH/non120-0H 0.65 0.02 033 0.0 051 0.00
CAICDCA 0.24 0.01 0.24 0.02 1.00 0.63
CA+DCA/CDCA+LCA 115 0.0 0.60 0.03 0.52 0.00
Total BA for HI 0.40 0.03 2.92 0.33 7.30 0.00
HI 20,01 0.01 0.12 0.01 17.6 0.00
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Table B. Area under the ROC curve (AUC) of the full list BA concentrations and

indices’.

BA (uM) / BA indices (%) AUC
LCA-S 0.526
G-LCA-S 0.572
T-LCA-S 0.564
UDCA-S 0.560
G-UDCA-S 0.702
T-UDCA-S 0.664
CDCA-S 0.511
G-CDCA-S 0.770
T-CDCA-S 0.716
DCA-S 0.678
G-DCA-S 0.524
T-DCA-S 0.537
CA-S 0.690
G-CA-S 0.809
T-CA-S 0.594
Sulfated BA 0.724
Sulfated + Unamidated BA 0.512
Sulfated G-BA 0.729
Sulfated T-BA 0.666
Sulfated U-, G-, T-LCA 0.583
Sulfated U-, G-, T-UDCA 0.662
Sulfated U-, G-, T-CDCA 0.770
Sulfated U-, G-, T-DCA 0.515
Sulfated U-, G-, T-CA 0.728
Sulfated 12a-OH BA 0.555
Sulfated non-12a-OH BA 0.765
Sulfated primary BA 0.771
Sulfated secondary BA 0.605
LCA 0.531
G-LCA 0.658
T-LCA 0.640
UDCA 0.519
G-UDCA 0.590
T-UDCA 0.619
CDCA 0.633
G-CDCA 0.690
T-CDCA 0.616
DCA 0.527
G-DCA 0.544
T-DCA 0.611




HDCA 0.657
G-HDCA 0.505
T-HDCA 0.501
MDCA 0.576
CA 0.540
G-CA 0.793
T-CA 0.674
MCA 0.513
G-MCA 0.663
T-MCA 0.711
HCA 0.769
G-HCA 0.646
T-HCA 0.504
Nor-DCA 0.672
12-0x0-CDCA 0.549
3-dehydroCA 0.596
6-0x0-LCA 0.605
7-0x0-LCA 0.581
12-0x0-LCA 0.499
iSOLCA 0.517
isoDCA 0.663
Unsulfated BA 0.771
Unsulfated + Unamidated BA 0.638
Unsulfated G-BA 0.760
Unsulfated T-BA 0.746
Unsulfated U-, G-, T-LCA 0.590
Unsulfated U-, G-, T-UDCA 0.603
Unsulfated U-, G-, T-CDCA 0.692
Unsulfated U-, G-, T-DCA 0.540
Unsulfated U-, G-, T-HDCA 0.659
Unsulfated U-, G-, T-MDCA 0.424
Unsulfated U-, G-, T-CA 0.736
Unsulfated U-, G-, T-MCA 0.691
Unsulfated U-, G-, T-HCA 0.623
Unsulfated 12a-OH BA 0.769
Unsulfated non-12a-OH BA 0.745
Unsulfated primary BA 0.759
Unsulfated secondary BA 0.670
Total BA 0.736
Total Unamidated BA 0.592
Total primary unamidated BA 0.593
Total secondary unamidated BA 0.574
Total primary amidated BA 0.780
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Total secondary amidated BA 0.613
Total G-BA 0.736
Total primary G-BA 0.782
Total secondary G-BA 0.605
Total T-BA 0.690
Total primary T-BA 0.713
Total secondary T-BA 0.614
Total U-, G-, T-LCA 0.583
Total U-, G-, T-UDCA 0.662
Total U-, G-, T-CDCA 0.770
Total U-, G-, T-DCA 0.514
Total U-, G-, T-HDCA 0.659
Total U-, G-, T-MDCA 0.576
Total U-, G-, T-CA 0.747
Total U-, G-, T-MCA 0.691
Total U-, G-, T-HCA 0.623
Total 12a-OH BA 0.599
Total non-12a-OH BA 0.769
Total primary BA 0.776
Total secondary BA 0.626
Total Mono-hydroxyl BA 0.583
Total Di-hydroxyl BA 0.726
Total Tri-hydroxyl BA 0.767
%Sulfated BA 0.581
%Sulfation LCA 0.610
%Sulfation UDCA 0.600
%Sulfation CDCA 0.552
%Sulfation DCA 0.479
%Sulfation CA 0.514
%Sulfation on mono-hydroxy 0.610
%Sulfation on dihydroxy 0.635
%Sulfation on tri-hydroxy 0.484
%Sulfation on primary BA 0.514
%Sulfation on secondary BA 0.461
%Sulfation on 12a-OH BA 0.696
%Sulfation on non-12a-OH BA 0.506
% Sulfation on unamidated BA 0.621
%Sulfation on amidated BA 0.621
%Sulfation on G-BA 0.573
%Sulfation on T-BA 0.694
%Unamidated BA 0.679
% G-Amidated BA 0.590
% T-Amidated BA 0.507
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% Amidated BA 0.679
%Amidation LCA 0.558
%Amidation UDCA 0.856
%Amidation CDCA 0.721
%Amidation DCA 0.529
%Amidation HDCA 0.497
%Amidation CA 0.636
%Amidation MCA 0.671
%Amidation HCA 0.831
%Unamidation LCA 0.442
%G-Amidation LCA 0.545
%T-Amidation LCA 0.448
%Unamidation UDCA 0.856
%G-Amidation UDCA 0.820
%T-Amidation UDCA 0.536
%Unamidation CDCA 0.279
%G-Amidation CDCA 0.568
%T-Amidation CDCA 0.522
%Unamidation DCA 0.471
%G-Amidation DCA 0.377
%T-Amidation DCA 0.581
%Unamidation HDCA 0.506
%G-Amidation HDCA 0.494
%T-Amidation HDCA 0.500
%Unamidation CA 0.636
%G-Amidation CA 0.730
%T-Amidation CA 0.619
%Unamidation MCA 0.671
%G-Amidation MCA 0.600
%T-Amidation MCA 0.643
%Unamidation HCA 0.831
%G-Amidation HCA 0.688
%T-Amidation HCA 0.533
%Unamidation on primary BA 0.688
%Unamidation on secondary BA 0.747
%Unamidation on 120-OH 0.575
%Unamidation on non-12a-OH 0.780
%Amidation _on monohydroxy 0.558
%Amidation on dihydroxy 0.777
%Amidation on trihydroxy 0.657
%Amidation on primary BA 0.688
%Amidation on secondary BA 0.590
%Amidation on 12a-OH 0.575
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%Amidation on non-12a-OH 0.826
%G-amidation on monohydroxy 0.545
%T-amidation on monohydroxy 0.448
%G-amidation on dihydroxy 0.679
%T-amidation on dihydroxy 0.511
%G-amidation on trihydroxy 0.614
%T-amidation on trihydroxy 0.477
%G-amidation on primary BA 0.571
%G-amidation on secondary BA 0.517
%G-amidation on 12a-OH 0.663
%G-amidation on non-12a-OH 0.694
%T-amidation on primary BA 0.499
%T-amidation on secondary BA 0.490
%T-amidation on 12a-OH 0.557
%T-amidation on non-12a-OH 0.497
%Total Mono-hydroxyl BA: Total BA 0.672
%Total Di-hydroxyl BA: Total BA 0.502
%Total Tri-hydroxyl BA: Total BA 0.603
%12a-OH: Total BA 0.794
%non-12a-OH: Total BA 0.794
% Primary BA: Total BA 0.708
%Secondary BA: Total BA 0.708
% Total U-, G-, T-LCA : Total BA 0.672
% Total U-, G-, T-UDCA : Total BA 0.555
% Total U-, G-, T-CDCA : Total BA 0.677
% Total U-, G-, T-DCA : Total BA 0.812
% Total U-, G-, T-HDCA : Total BA 0.742
% Total U-, G-, T-MDCA : Total BA 0.811
% Total U-, G-, T-CA : Total BA 0.554
% Total U-, G-, T-MCA : Total BA 0.540
% Total U-, G-, T-HCA : Total BA 0.579
%LCA: Unamidated BA 0.465
%UDCA: Unamidated BA 0.682
%CDCA: Unamidated BA 0.438
%DCA: Unamidated BA 0.442
%HDCA: Unamidated BA 0.689
%MDCA: Unamidated BA 0.661
%CA: Unamidated BA 0.527
%MCA: Unamidated BA 0.471
%HCA: Unamidated BA 0.818
%G, T-LCA: Amidated BA 0.683
%G, T-UDCA: Amidated BA 0.518
%G, T-CDCA: Amidated BA 0.677
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%G, T-DCA: Amidated BA 0.828
%G, T-HDCA: Amidated BA 0.496
%G, T-CA: Amidated BA 0.582
%G, T-MCA: Amidated BA 0.534
%G, T-HCA: Amidated BA 0.454
%G-LCA: G-Amidated BA 0.676
%G-UDCA: G-Amidated BA 0.520
%G-CDCA: G-Amidated BA 0.680
%G-DCA: G-Amidated BA 0.832
%G-HDCA: G-Amidated BA 0.495
%G-CA: G-Amidated BA 0.708
%G-MCA: G-Amidated BA 0.504
%G-HCA: G-Amidated BA 0.450
%T-LCA: T-Amidated BA 0.724
%T-UDCA: T-Amidated BA 0.500
%T-CDCA: T-Amidated BA 0.641
%T-DCA: T-Amidated BA 0.732
%T-HDCA: T-Amidated BA 0.501
%T-CA: T-Amidated BA 0.592
%T-MCA: T-Amidated BA 0.620
%T-HCA: T-Amidated BA 0.582
%Sulfated LCA : Sulfated BA 0.653
%Sulfated UDCA : Sulfated BA 0.471
%Sulfated CDCA : Sulfated BA 0.707
%Sulfated DCA : Sulfated BA 0.809
%Sulfated CA : Sulfated BA 0.573
%Unsulfated LCA : unsulfated BA 0.622
%Unsulfated UDCA : unsulfated BA 0.684
%Unsulfated CDCA : unsulfated BA 0.474
%Unsulfated DCA : unsulfated BA 0.741
%Unsulfated HDCA : unsulfated BA 0.753
%Unsulfated MDCA : unsulfated BA 0.817
%Unsulfated CA : unsulfated BA 0.479
%Unsulfated MCA : unsulfated BA 0.522
%Unsulfated HCA : unsulfated BA 0.632
%Primary unamidated BA:Total BA 0.640
%Secondary unamidated BA:Total BA 0.692
%Primary amidated BA:Total BA 0.717
%Secondary amidated BA:Total BA 0.695
%Primary G-BA:Total BA 0.711
%Secondary G-BA:Total BA 0.684
%Primary T-BA:Total BA 0.577
%SecondaryT-BA:Total BA 0.663
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%Unamidated -Unsulfated BA: Total BA 0.595
%Amidated -Unsulfated G-BA : Total BA 0.580
%Amidated -Unsulfated T-BA : Total BA 0.632
%Amidated -Unsulfated BA: Total BA 0.625
% Unamidated: Unsulfated BA 0.660
%Amidated G: Unsulfated BA 0.543
%Amidated T: Unsulfated BA 0.631
% Amidated: Unsulfated BA 0.660
%Unamidated -Sulfated BA: Total BA 0.765
%Amidated -Sulfated G-BA : Total BA 0.516
%Amidated -Sulfated T-BA : Total BA 0.576
%Amidated -Sulfated BA: Total BA 0.522
% Unamidated: BA-Sulfates 0.750
% Amidated G: BA-Sulfates 0.670
%Amidated T: BA-sulfates 0.565
% Amidated: BA-Sulfates 0.750
%Unsulfated LCA: Total BA 0.620
%Unsulfated UDCA: Total BA 0.630
%Unsulfated CDCA: Total BA 0.526
%Unsulfated DCA: Total BA 0.673
%Unsulfated HDCA: Total BA 0.742
%Unsulfated MDCA: Total BA 0.811
%Unsulfated CA: Total BA 0.537
%Unsulfated MCA: Total BA 0.540
%Unsulfated HCA: Total BA 0.421
%Unsulfated Mono-hydroxyl BA: Total BA 0.620
%Unsulfated Di-hydroxyl BA: Total BA 0.654
%Unsulfated Tri-hydroxyl BA: Total BA 0.574
% Unsulfated primary: Total BA 0.581
% Unsulfated Secondary: Total BA 0.431
% Unsulfated 12a-OH: Total BA 0.553
% Unsulfated non 12a-OH: Total BA 0.562
%Sulfated LCA: Total BA 0.671
%Sulfated UDCA: Total BA 0.447
%Sulfated CDCA: Total BA 0.676
%Sulfated DCA: Total BA 0.813
%Sulfated CA: Total BA 0.550
%Sulfated Mono-hydroxyl BA: Total BA 0.671
%Sulfated Di-hydroxyl BA: Total BA 0.506
%Sulfated Tri-hydroxyl BA: Total BA 0.550
% Sulfated primary: Total BA 0.680
% Sulfated Secondary: Total BA 0.717
% Sulfated 12a-OH: Total BA 0.799
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% Sulfated non 12a-OH: Total BA 0.711
% Unsulfated Nor-DCA 0.763
% Unsulfated 12-oxo-CDCA 0.409
% Unsulfated 3-dehydroCA 0.498
% Unsulfated 6-o0x0-LCA 0.600
% Unsulfated 7-ox0-LCA 0.542
% Unsulfated 12-0xo0-LCA 0.478
% Unsulfated isoLCA 0.517
% Unsulfated isoDCA 0.684
Primary BA/Secondary BA 0.708
Total amidated/total unamidated 0.678
12a-OH/non12a-OH 0.794
CA/CDCA 0.565
CA+DCA/CDCA+LCA 0.790
Total BA for HI 0.770
HI 0.664

* AUC from ROC analysis of pooled patients vs. controls.
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3.1. Introduction

Cholestatic liver diseases are hepatobiliary diseases associated with a lowering in
bile flow due to impairment in bile production or obstruction of bile flow into bile duct [1].
Chronic liver diseases led to over 41,000 deaths in the United States in 2017, making it
the 11th leading cause of mortality [2]. The etiology and pathogenesis of most cholestatic
diseases are poorly understood and a pharmacological cure for these diseases is not yet
available. Most cholestatic diseases progress toward end stage liver failure, which likely
requires liver transplantation. Even after liver transplantation, post-surgery complications

are common [3], which may require liver re-transplantation.

Biomarkers that are currently used in the clinic for the diagnosis and prognosis of
liver diseases are primarily serum liver enzymes such as AST and ALT as well as bilirubin.
However, these markers have numerous shortfalls including the lack of specificity to liver
or bile duct injuries, where their levels can be elevated in non-hepatobiliary diseases such
as hyperthyroidism, adrenal, heart, and muscle disorders. Also, they require severe cell
injury before their levels increase in the blood [4, 5]. Multifactorial models with multiple
parameters based on these biomarkers are also frequently used and offer advantages
compared to the use of their individual biomarker components such as the Child-Turcotte-
Pugh (CTP) score. The CTP score, originally developed to predict portosystemic shunt
surgery outcomes in cirrhotic patients, formed the basis on which liver disease severity
was assessed. However, the usefulness of CTP was limited by a number of inherent

problems [6].

More recently, the mayo model for end-stage liver disease (MELD) was developed
to predict three-month mortality of patients with end-stage liver disease [7, 8]. MELD is
calculated based on serum bilirubin, creatinine, and international normalized ratio (INR),

which are related to both liver and renal functions. The MELD score is better than other
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prognostic models in patients with end-stage liver disease, such as CTP score. MELD is
also currently used in many countries to classify liver diseases’ patients awaiting
transplantation to identify patients with the highest priority for liver transplant (LT) [9].
Since its implementation, MELD led to a decrease in the number of individuals waiting for
liver transplant and decreased mortality on the waiting list without affecting post-transplant
survival [9, 10]. Although mainly adopted for use in patients waiting for liver transplant, the
MELD score has additionally proved to be an effective predictor of outcome in other
circumstances, for example, patients with fulminant hepatic failure or alcoholic hepatitis
and patients with cirrhosis going for surgery [10]. However, despite its widespread
application, MELD has some limitations. MELD is based on three objective laboratory
variables, that are not necessarily liver specific. For example, patients may have an
elevated serum creatinine from an underlying kidney disease that unrelated to hepatorenal
syndrome. In addition, serum bilirubin can be elevated in cases of hemolysis or sepsis.
An elevated INR can also be secondary to warfarin use. Any of these cases can increase
the MELD score and overestimate the severity of liver disease [10, 11]. Furthermore,
several studies have shown that patients with cholestatic liver diseases may still have high

mortality rates despite having low MELD scores [11, 12].

In this report, we have investigated and for the 1% time, the use of BA to build a
survival model to predict the prognosis of hepatobiliary diseases. Despite their vital
physiological functions, BA are also cytotoxic and can cause hepatic and biliary toxicities.
The impediment in bile flow associated with cholestatic liver diseases cause accumulation
of BA in the liver and blood. Numerous clinical and preclinical studies have shown up to
a 100-fold increase in BA concentrations in urine with various hepatobiliary diseases [13-

17].
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There is ample evidence from animal and human studies to indicate that BA
accumulation in the liver, systemic blood, and extrahepatic tissues can worsen the liver
condition that lead to their accumulation, which may contribute to the unfavorable liver
disease prognosis. However, the potential use of BA as a marker for liver diseases have
never translated into the clinic due to major limitations including the major differences of
the physiologic and pathologic effects of the various individual BA as well as the extremely

high inter- and intra-individual variability of BA concentrations.

To that regard, we have developed the concept of “BA Indices”, which are ratios
calculated from the absolute concentration of individual BA and their metabolites. These
ratios quantify in detail, the composition, hydrophilicity, metabolism, formation of
secondary BAs, and toxicity of the BA profile [1, 18, 19]. We have shown that BA indices
offered numerous advantages over absolute total and individual BA concentrations
including low inter- and intra-individual variability and were resistant to covariate
influences such as age, gender, BMI, food consumption, and moderate alcohol
consumption. Furthermore, we have demonstrated that BA indices outperformed serum
liver enzymes such as AST and ALT as biomarkers for the diagnosis of cholestatic liver

diseases [1].

In this study, we have extended the application of BA indices to predict the
prognosis of liver diseases. This study aims to develop survival models based on BA
indices to predict the prognosis of hepatobiliary diseases. The performance of our BA
models were compared to non-BA and MELD models in predicting the occurrence of death

only and death and/or liver transplant using various statistical approaches.
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3.2. Materials and methods

3.2.1. Study participants

New and existing patients of the UNMC hepatology clinic, who were diagnosed
with one or multi-hepatobiliary conditions due to chronic hepatitis C (n=64) , hepatitis B
(n=15), alcoholic liver disease (n=105), primary biliary cholangitis (PBC) (n=12), primary
sclerosing cholangitis (PSC) (n=15), autoimmune hepatitis (n=26), alpha-1-antitrypsin
deficiency (n=5), nonalcoholic fatty liver disease/nonalcoholic steatohepatitis (NASH)
(n=52), carcinoma (n=25), cryptogenic cirrhosis (n=11), polycystic liver disease (n=5),
elevated liver function test (LFT) (n=19), and unknown etiology (n=5), were enrolled in this
study. Table 3.1. shows a summary of our patient population characteristics. A total of
257 patients (121 female and 136 male) between the ages of 19 and 83 years, who were
treated for cholestatic liver diseases in the University of Nebraska Medical Center (UNMC)
(Omaha, NE, USA), over the period from November of 2011 - December of 2018, were
recruited into the study. All participants were followed up for up to 7 years by collecting
urine samples for BA analysis and monitoring non-BA parameters and adverse events

including liver transplant, and death from their medical records.

The study was approved by the institutional review board (IRB) at UNMC and
written informed consents were provided for all participating subjects. Thirty milliliters of
urine samples were collected from patients on their first visit to the hepatology clinic. All
urine samples were stored in -80 °C until analyzed by liquid chromatography-tandem mass

spectrometry (LC-MS/MS).

3.2.2. Non-BA parameters
The performance of potential biomarkers from the urinary BA profile was also
compared with and existing markers of liver function including alanine transaminase

(ALT), aspartate transaminase (AST), serum creatinine, albumin, bilirubin, protime,
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international normalized ratio (INR), AST/ ALT ratio, , and AST/ platelet ratio index (APRI).

These markers were monitored using the patients’ medical records.

3.2.3. Bile acid quantification by liquid chromatography—tandem mass
spectrometry

BA concentrations were quantified by LC-MS/MS, as described previously with
some modifications [19-21]. Briefly, a Waters ACQUITY ultra performance liquid
chromatography (UPLC) system (Waters, Milford, MA, USA) coupled to an Applied
Biosystem 4000 Q TRAP® quadrupole linear ion trap hybrid MS with an electrospray
ionization (ESI) source (Applied Biosystems, MDS Sciex, Foster City, CA, USA) was used.
The following MS source settings were used: temperature, 500°C; ion spray voltage,
-4000 V; collision gas pressure, high; curtain gas, 20; gas-1, 35; gas-2 35 (arbitrary units);
Q1/Q3 resolution, unit; and interface heater, on. Mobile phase consisted of 7.5 mM
ammonium bicarbonate, has been adjusted to pH 9.0 by using ammonium hydroxide
(mobile phase A) and 30% acetonitrile in methanol (mobile phase B) at a total flow rate of
0.2 ml/min. The gradient profile was held at 52.5% mobile phase B for 12.75 minutes,
increased linearly to 68% in 0.25 minutes, held at 68% for 8.75 minutes, increased linearly
to 90% in 0.25 minutes, held at 90% for one minute and finally brought back to 52.5% in
0.25 minutes and then followed by 4.75 minutes re-equilibration (total run time of 28

minutes per sample).

3.2.4. Calculation of BA indices

BA profile in urine was characterized using BA “indices”, which describe the
composition, hydrophobicity, toxicity, and metabolism of total and individual BA [1, 18, 20].
Briefly, the composition of individual BA was calculated as the ratio of the concentration
of individual BA in all of their forms (sulfated, unsulfated, amidated, and unamidated) to

the total concentration of BA. The percentage of sulfation of individual BA was calculated
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as the ratio of the concentration of sulfated BA to the total concentration of individual BA
in all of their forms (amidated, unamidated, sulfated, and unsulfated). The percentage of
amidation of individual BA was calculated as the ratio of the concentration of amidated BA
to the total concentration of individual BA in all of their forms (unsulfated, sulfated,
unamidated and amidated). In addition, percentages of amidation were divided into the
percentages of BA existing as glycine-(G) vs. taurine-(T) amidates. The percentages of
mono-OH BA (LCA), di-OH BA (HDCA, UDCA, MDCA, DCA, and CDCA) and tri-OH BA
(HCA, MCA, and CA) were calculated as the ratio of the concentration of the sum of the
respective BA in all their forms to the total concentration of BA. The ratio of primary to
secondary BA was calculated as the ratio of the sum of the concentrations of the primary
BA: CA, MCA, HCA, and CDCA to the sum of the concentrations of the secondary BA:
UDCA, DCA, MDCA, HDCA, and LCA in all their forms. Similarly, the ratio of 12a-OH to
non-12a-OH was calculated as the ratio of the sum of the concentrations of CA and DCA
to the sum of the concentrations of HDCA, CDCA, LCA, MCA, UDCA, and HCA in all their
forms. The hydrophobicity index (HI) of the BA pool was calculated according to the
Heuman index, based on the relative contributions of the individual BA to the total BA pool

and their His [22].

3.2.5. Preparation of standard solutions and calibration curves

For the preparation of standard solutions and calibration curves, blank matrices
were obtained by charcoal stripping as described previously [1, 18-21]. Eleven-point
calibration curve was prepared by spiking 10 yL of the appropriate standard solutions and
10 pL of the IS stock (2Hs-G-CDCA) into 100 uL of the stripped urine matrix. The final
concentration of IS was 500 ng/ml and the dynamic range of the standard curves for the

various BA analytes was 1-1000 ng/ml.
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3.2.6. Sample preparation

Urine sample extraction was described previously [1, 18-21]. Briefly, 100 pl of
urine samples were spiked with 10 ul of internal standard (IS), vortexed and loaded on to
Supelclean™ LC-18 SPE cartridges, which were pre-conditioned with 4 ml MeOH, and
4 ml H,O. Samples were then eluted with 4 mL MeOH. Eluates were evaporated under
vacuum at room temperature and reconstituted in a 100 yL of 50 % MeOH solution. Ten

microliters of reconstituted samples were injected for LC-MS/MS analysis.

3.2.7. MELD Score

MELD was originally developed to predict three-month mortality of patients with
end-stage liver disease. MELD is currently used in many countries to classify liver
diseases’ patients awaiting transplantation to identify patients with the highest priority for
liver transplant (LT) [9]. MELD is also used as a predictor of outcomes in other situations,
such as patients with cirrhosis going for surgery, and patients with fulminant hepatic failure
or alcoholic hepatitis [10]. The MELD score for each patient was calculated according to

the original MELD model [7, 8, 23] :

m m
MELD score = 9.57 X log, creatinined—f + 3.78 X log, bilirubind—f+ 11.2 x log. INR

+ 6.43

The following constraints were made: all variables < 1 were bound to 1 to avoid negative
scores, the maximum value used for creatinine was 4 mg/dL, all MELD scores exceeding
40 were bound to 40. (6.43) was a constant for liver disease etiology. The MELD score

was rounded to the nearest integer and ranged from 6 to 40 [23].

In addition we used the modified MELD model, which takes into account the serum sodium

concentration (Na) [23]:
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MELD Na = MELD score — Na — [MELD score X 0.025 X (140 — Na)] + 140

Serum sodium concentration (Na) was bound between 125 and 140 mmol/L. Like the
MELD score, the MELD-Na score was rounded to the nearest integer. MELD-Na score
provides better calibration and discrimination of the risk of death among candidates for

liver transplantation [23].

3.2.8. Statistical analysis

All statistical analysis was performed using the Statistical Product and Service
Solutions (SPSS) software, version 25 (IBM corporation, Armonk, NY, USA) and R
software, version 3.6.3 (R Foundation for statistical Computing). A p-value of 0.05 was

considered significant for all the statistical tests described below.

3.2.8.1. Survival Model Development

Cox proportional hazards regression was used to develop survival models to
predict the prognosis of hepatobiliary diseases in terms of progressing specifically into the
end points/adverse events of death and/or liver transplant. Models were constructed to
predict (i) death only, and (ii) death or liver transplant. We did not develop models to
predict liver transplant (LT) only, because patients who died in this study were censored
at the time of death even though they could have been candidates for LT later. Therefore,

these patients might have needed LT, but they died before then.

For the “death only” models, the only endpoint/adverse event recorded was death
at 3and 5 years. We only had 7 and 17 deaths occurring within earlier time points including
1 and 2 years, respectively, which was not enough to develop survival models. Patients
who underwent liver transplant (LT) were censored with the date of transplantation.
Patients still alive at the end of each period (3 and 5 years) were considered as censored

at that time. The term “censored” indicates that the patient was alive at that date and that
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was the end of the follow-up [24]. Patients dropped off, not due to the occurrence of
adverse event, i.e. death, before the end of the follow-up period, were censored at the last

day they were seen in the clinic.

For the “death or liver transplant” models, we followed the same approach as the
“‘death only” models, with the exception that the endpoint was the occurrence of the
adverse events of either death or liver transplant (LT). Patients whom did not have either
of the adverse events at the end of each period (3 and 5 years) were censored at that
time. Patients dropped off, not due to the occurrence of adverse event, i.e. death or liver
transplant, before the end of the follow-up period, were censored at the last day they were

seen in the clinic.

Individual BA and non-BA variables were analyzed as possible predictors of
survival in a univariate Cox regression analysis. Values of these variables included in the
statistical analysis were obtained at the time of patients’ first visits. Significant variables
(P < 0.05), which were identified from the univariate analysis were included in the
multivariate analysis. To build the multivariate model a backward elimination regression

method was used to retain the most significant variables with retention criteria of P < 0.05.

3.2.8.2. Model performance, Goodness of fit and Validation

Goodness of fit was performed by testing proportional hazards (PH) assumption
for each covariate included in the final Cox model and for the global model as a whole
using a statistical test and a graphical diagnostic based on Schoenfeld residuals. The
Schoenfeld residuals are independent of time. Therefore, a plot that shows a non-random

pattern against time is evidence of violation of the PH assumption.

We used the bootstrapping for model validation. The bootstrapping is a resampling

technique used to estimate statistics on a population by sampling a dataset with
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replacement. Random samples were taken with replacement from our data set, one at a
time, to create a series of 1000 new data sets and statistics are calculated by comparing
these data sets [25]. The bootstrapping statistics include p-value, bias, standard error,
and 95% confidence interval of a bootstrap estimator [26]. The difference between the
estimate computed using the original sample and the mean of the bootstrap estimates is
a bootstrap estimate of bias. The standard error of an estimator is its standard deviation.

It tells us how far your sample estimate deviates from the actual parameter [27, 28].

Receiver operating characteristic curve (ROC) analyses were performed on the
scores from the various multivariate Cox models to determine their cut-off values in
differentiating patients with vs. without the adverse event. The cut-off values with optimum
specificity and sensitivity were selected and the areas under the ROC curve (AUC) values

were calculated.

3.2.8.3. Survival Prediction
The average survival probability (So (t)) for a patient with an average score were
calculated for different time points. To obtain the probability of survival for t years (S (t)),

first the score e.g. (BAS) is calculated, and finally S (t) is calculated using this equation:
Survival Probability for t years: S(t) = S, (t)¥P(BAS —BAS.)
Where, BAS, is the average score from all patients in this study.

Kaplan-Meier (KM) plots were used to display survival curves. We have divided
patients into two categories of high vs. low risk and compared their survival with the Log-
rank test and Breslow test [29]. We have tried two cut-offs to define high vs. low risk, the
median model score of the population as well as the cut-off values of the model score with

optimum specificity and sensitivity based on ROC analysis.
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3.2.8.4. Models comparison

We have used multivariate cox regression analyses to build various models for the
prediction of the adverse events of (i) death only and (ii) death and/or liver transplant (LT).
For both approaches, we developed models that can be divided into the following six
categories: (i) BA variables only, (ii) non-BA variables only, (iii) mixed BA and non-BA
variables, (iv) original Model for end-stage liver disease (MELD), (v) MELD variables with
coefficients from our data set, (vi) original MELD modified with BA and/or non-BA

variables.

The performance of the different models in predicting the occurrence of adverse
events of death and/or liver transplant within 3- and 5-year periods were compared
between the different models using the statistic outcomes from the Bootstrapping,

Schoenfeld residuals, areas under the ROC curve (AUC), and Kaplan-Meier analyses.
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3.3. Results

3.3.1. Patient population characteristics

Table 3.1 shows a summary of the characteristics of the patient population in our
study. The demographic variables were (age, BMI, gender, and race). Subjects were
divided into five race groups (White, Black, Asian, Hispanic, and others). During the 7-
year follow-up period of 257 patients with cholestatic liver diseases, 27 patients (10.5%)

died and 25 patients (9.7%) underwent liver transplantation.

We were interested in predicting the occurrence of adverse events of death and/or
liver transplant within 3- and 5-year periods. During a 3-year follow-up period, 21 patients
(8.2%) died and 19 patients (7.4%) underwent liver transplantation. While during a 5-year
follow-up period, 25 patients (9.7%) died and 21 patients (8.2%) underwent liver

transplantation.

3.3.2. Univariate Cox regression analysis

3.3.2.i. Death prediction

Table 3.2 shows the results of univariate Cox regression analyses for death
prediction by BA Indices. Cox regression detects the risk of death associated with changes
in BA indices. Positive regression coefficients imply that the risk of death increases with
increasing the values of BA indices, while negative coefficients imply the risk of death
increases with a decrease in the values of BA indices. We found correlation between the

risk of death and many BA indices (P < 0.05).

The hazard ratio (HR) from Cox regressions analysis quantifies the magnitude of
the risk of death per unit change in BA indices. Because BA concentrations and indices
have different scales and units, we performed the same calculation per 10% and 20% of

the mean value of each variable instead of per absolute unit. For example, for a 20%
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increase in the % CDCA, the risk of death increases 1.26-fold (HR: 1.26; P < 0.05).
Similarly, increasing levels of % CA, % HCA, % T-amidation, % Tri-OH, % non-12a-OH,
primary/ secondary, and % primary BA significantly increased the risk of death, whereas
decreasing levels of % LCA, % DCA, % G-amidation, % Mono-OH, 12a-OH/ non-12a-OH,

% 12a-OH, % secondary BA significantly increased the risk of death.

We performed the same univariate cox regression analysis for demographics and
non-BA parameters as well (Table 3.3). Notably, the risk of death was significantly higher
in males than females from this univariate analysis. Increasing levels of INR, protime,
bilirubin, AST/ALT, APRI, and MELD also significantly increased the risk of death,

whereas decreasing levels of albumin significantly increased the risk of death.

3.3.2.ii. Death and/or Liver Transplant (LT) prediction

Table 3.4 shows the results of univariate Cox regression analyses for death and/or
liver transplant prediction by BA Indices. For death prediction, the only endpoint/adverse
event recorded was death, whereas for the death and/or liver transplant prediction, the
endpoint/adverse event recorded was the occurrence of either death or liver transplant.
Similar to the risk of death only, we found correlation between the risk of death and/or liver
transplant and many BA indices (P < 0.05). For example, for a 20% increase in the %
CDCA, the risk of death and/or liver transplant increases 1.25-fold ([HR]: 1.25; P < 0.05).
Similarly, increasing levels of % CA, % HCA, total unamidated, % T-amidation, % non-
12a-OH, Primary/ Secondary, and % primary BA significantly increased the risk of death
and/or liver transplant, whereas decreasing levels of % LCA, % DCA, % mono-OH, 12a-
OH/ non-12a-0OH, % 12a-OH, and % secondary BA significantly increased the risk of death

and/or liver transplant.
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We performed the same analysis for demographic and non-BA parameters as well
(Table 3.5). The risk of death and/or liver transplant was also significantly higher in males
than females. Increasing levels of INR, protime, bilirubin, AST/ALT, MELD and APRI
significantly increased the risk of death and/or liver transplant, whereas decreasing levels

of albumin significantly increased the risk of death and/or liver transplant.

3.3.3. Multivariate Cox regression analysis

3.3.3.i. Death prediction

In multivariate analysis, a backward elimination regression was used to retain the
most significant BA variables. The only BA variables retained in the multivariate model
were %CDCA and %Tri-OH, which were independently predictive of survival (Table 3.6.a).
For example, a 20% increase in the % CDCA and % Tri-OH increases the risk of death by
1.34-fold (HR: 1.34; P < 0.05) and 1.14-fold (HR: 1.14; P < 0.05), respectively. The BA

score (BAS) for individual patients can be calculated from this equation:

BA score (BAS) for death = 0.039 X % CDCA + 0.052 X % Tri OH

For example, for a patient with %CDCA of 20%, and a % Tri-OH of 50%, the BA score

(BAS) would be 3.38.

We performed the same multivariate Cox regression analysis for demographics
and non-BA parameters as well. For demographic variables, gender was significant in
univariate analysis, but did not retain in multivariate analysis when included in the BA
model building. In contrast, gender retained in the multivariate analysis for the non-BA
model, but with minimal improvement of model goodness of fit and validation (the
Bootstrapping, Schoenfeld residuals, areas under the ROC curve (AUC), and Kaplan-

Meier analyses). Therefore, we did not include gender in the multivariate Cox models and
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AST/ALT ratio was the only significant predictive variable of death (Table 3.6.b). For
example, a 20% increase in the AST/ALT, increases the risk of death by 1.36-fold (HR:
1.36; P < 0.05). The non-BA score (non-BAS) for individual patients can be calculated

from this equation:

non BA score (non BAS) for death = 1.236 x AST/ALT

In addition, we used the same methodology to develop other models including: (i)
mixed BA and non-BA variables including demographics to test how the performance of a
global BA- and non-BA mixed model compares to the BA-only and non-BA-only models
(i) MELD variables with coefficients from our data set to create a model with the original
MELD variables, but with model coefficients derived from our data set (iii) original MELD
modified with BA and/or non-BA variables including demographics, to test if the
performance of the original MELD can be improved by adding significant BA and non-BA
parameters from the univariate analysis and vice versa (Appendix Table A). Overall,
none of these strategies produced any statistically significant models neither they did

improve the BA or non-BA-only model; therefore, were not further evaluated or validated.

3.3.3.ii. Death and/or Liver Transplant (LT) prediction

The only BA variables retained in the multivariate model were % primary and %
DCA, which were independently predictive of death and/or liver transplant (Table 3.7.a).
For example, a 20% increase in the % primary increases the risk of death and/or liver
transplant by 1.23-fold (HR: 1.226; P < 0.05), while 20% increase in the % DCA decreases
the risk of death and/or liver transplant by 0.86-fold (HR: 0.857; P < 0.05). The BA score

(BAS) for individual patients can be calculated from this equation:

BA score (BAS) for death and/or LT = 0.021 X % Primary — 0.049 X % DCA
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We performed the same multivariate Cox regression analysis for demographics
and non-BA parameters as well. For the same reason, gender did not retain in multivariate
analysis when included in the BA model. In contrast, gender retained in the multivariate
analysis for non-BA model, but with minimal improvement of model goodness of fit and
validation. Therefore, we did not include gender in the multivariate Cox models and
albumin was the only significant predictive variable of death and/or liver transplant (Table
3.7.b). For example, a 20% increase in the albumin, decreases the risk of death and/or
liver transplant by 0.39-fold (HR: 0.393; P < 0.05). The non-BA score (non-BAS) for

individual patients can be calculated from this equation:

non BA score (non BAS) for death and/or LT = —1.277 X Albumin (%

Similar to the death models, we have developed other non-BA and mixed BA and
non-BA models. None of these strategies produced any statistically significant models
neither they did improve the BA or non-BA-only model (Appendix Table B); therefore,

were not further evaluated or validated.

3.3.4. Model Performance, Goodness of fit and Validation
3.3.4.i. Death prediction

Goodness of fit was performed by testing PH (proportional hazard) assumption for
all the covariates of the final Cox model as well as for the global model as a whole, using
a statistical test and a graphical diagnostic based on Schoenfeld residuals. The
Schoenfeld residuals are independent of time. The plot gives an estimate of the time-
dependent coefficient beta (t). Therefore, a graphical diagnostic that shows a non-random
pattern against time is evidence of violation of the PH assumption. The PH assumption is
supported by a non-significant relationship between residuals and time and is refuted by

a significant relationship. The statistical test was not significant for both covariates in the
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BA model, which were % CDCA (p-value = 0.854) and %Tri-OH (p-value = 0.970) as well
as for the global model as a whole (p-value = 0.974). In addition, from the graphical
inspection, there was no pattern with time (Figure 3.1.a). Therefore, we can conclude that
the PH assumption was met indicating the model is valid. Similarly, the Schoenfeld
residual plots and p-value = 0.199 supported the validity of the non-BA model (Figure

3.1.b).

We also used the bootstrapping validation. We are currently working on building
internal and eventually external data sets for model validation. The bootstrapping is a
resampling technique used to estimate statistics on a population by sampling a dataset
with replacement. Random samples were taken with replacement from our data set, one
at a time, to create a series of 1000 new data sets and statistics are calculated by
comparing these data sets. Bootstrapping validation results for the BA and hon-BA models
indicate that our regression coefficients were in the range of the 95% confidence intervals,
p-values were statistically significant for each covariate (p-value < 0.05), bias values were
very small ( 0.001 to 0.026) and standard error values were also very small (0.009 to
0.342) (Table 3.8.a). We can conclude that the Bootstrapping validation results supported

the validity of the BA and non-BA models.

Figure 3.2 shows the receiver operating characteristics (ROC) curves of the
models for death prediction. For 5-year death prediction, the area under the ROC curves
(AUC) for BAS, non-BAS, and MELD were 0.740, 0.653, and 0.683, respectively. For 3-
year death prediction, the AUC for BAS, non-BAS, and MELD were 0.761, 0.664, and
0.715, respectively. Potential cut-off values selected based on the optimum sensitivity and
specificity for different models. The ROC-optimum scores for BA, non-BA, and MELD

models for death prediction were 2.71, 1.72, and 10, respectively (Table 3.9.a).
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3.3.4.ii. Death and/or Liver Transplant (LT) prediction

The statistical test based on Schoenfeld residuals was not significant for both
covariates in the BA model which were % DCA and % primary (p-values= 0.322, and
0.494, respectively), as well as for the global model as a whole (p-value = 597). In addition,
from the graphical inspection, there was no pattern with time (Figure 3.3.a). Therefore,
we can conclude that the PH assumption was met indicating the model is valid. Similarly,
the Schoenfeld residual plot and p-value = 0.193 supported the validity of the non-BA

model (Figure 3.3.b).

For death and/or LT prediction, bootstrapping validation results for the BA and non-
BA models indicate that our regression coefficients were in the range of the 95%
confidence intervals, p-values were statistically significant for each covariate (p-value <
0.05), bias values were very small ( - 0.014 to 0.001) and standard error values were also
very small (0.008 to 0.238) (Table 3.8.b). Therefore, we can conclude that the
bootstrapping validation results supported the validity of the BA and non-BA models for

death and/or liver transplant prediction.

Figure 3.4 shows the receiver operating characteristics (ROC) curves of the
models for death and/or LT prediction. For 5-year, the area under the ROC curves (AUC)
for BAS, non-BAS, and MELD were 0.748, 0.743, and 0.763, respectively. For 3-year, the
AUC for BAS, non-BAS, and MELD were 0.769, 0.758, and 0.789, respectively. The ROC-
optimum scores for BA, non-BA, and MELD models for death and/or LT prediction were

0.76, -4.41, and 10, respectively (Table 3.9.b).
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3.3.5. Survival Prediction

3.3.5.i. Death prediction

Table 3.10.a presents the estimated survival probability (So (t)) for a patient with
an average BA score (BASy) of 2.24 (the average BAS from all 257 patients in this study)
for different time points. To obtain the survival probability for t years (S (1)), first BAS is
calculated, Sy (t) is identified from Table 3.10.a, and finally S (t) is calculated using this

equation:
Survival Probability for (t) years: S(t) = S (t)*P(BAS —BAS.)

Where, BAS is the average BA score from all patients in this study; namely 2.24, while
BAS is the BA score for that particular patient. For the same example patient discussed

above, the probability of surviving for at least 3 years is:
Survival Probability for (3)years = 0.934°XP(3:38 -224) — ( 81= 9481

The relationship between estimated 5- and 3- year survival probability (S(t)) and
the BA score in patients with liver disease are shown in Figure 3.5.a. Survival probability
decreases as a function of BA score. For example, the 5-year survival probability for
patients with BA scores of 1.2 (25" percentile of the population), 2.1 (50" percentile of the
population i.e. median), and 3.1 (75" percentile of the population) are 97%, 93%, and
82%, respectively. Similarly, the 3-year survival probability for patients with the same BA

scores above, are 98%, 94%, and 85%, respectively.

Table 3.10.b presents the estimated survival probability (So (t)) for a patient with
an average non-BA score (non-BASp) of 1.58 for different time points. The survival

probability for (t) years is calculated using this equation:

Survival Probability for (t) years: S(t) = S (t)¢*P(non BAS —non BAS,)
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The relationship between estimated 5- and 3- year survival probability (S (t)) and
the non-BA score in patients with liver disease are shown in Figure 3.5.b. For example,
the 5-year survival probability for patients with non-BA scores of 1.1 (25" percentile of the
population), 1.4 (50" percentile of the population), and 1.9 (75" percentile of the
population) are 92%, 90%, and 83%, respectively. Similarly, the 3-year survival probability

for patients with the same non-BA scores above, are 95%, 91%, and 86%, respectively.

By the end of the study, up to 7 years monitoring of 257 patients with cholestatic
liver diseases, 27 patients (10.5%) have died. The Kaplan-Meier estimator was used to
estimate subjects’ survival free of adverse events over time. We have tried two cut-off
values of the BAS to define high vs. low risk of death: (i) the median of the BAS of the
population (2.19) (ii) and the cut-off value of the BAS with optimum specificity and
sensitivity based on ROC analysis (2.71) (Figure 3.6.a). The estimated mean survival
time was 71 months (5.9 years) for the high-risk group and 82 months (6.8 years) for the
lower risk group based on the median BAS of 2.19. While the estimated mean survival
time was 67 months (5.6 years) for the high-risk group and 80 months (6.7 years) for the
lower risk group based on the ROC-optimum BAS (2.71) (Table 3.11). The P values of
the log rank test and Breslow test were statistically significant (P-value < 0.05) for both

cut-offs, indicating the both cut-offs of BAS, can differentiate low vs. high risk of death.

Figure 3.6.b shows the Kaplan Meier survival for the high vs. low risk of death
groups based on the median (1.44) and the ROC-optimum (1.72) for the non-BAS. The
estimated mean survival time was 74 months (6.2 years) for the high-risk group and 79
months (6.6 years) for the lower risk group based on the median non-BAS of 1.44. The P
value from the log rank test and Breslow test were insignificant (p-value > 0.05), indicating
the median of non-BAS (1.44) cannot differentiate low vs. high risk of death. While the

estimated mean survival time was 71 months (5.9 years) for the high-risk group and 80
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months (6.6 years) for the lower risk group based on the ROC-optimum of the non-BAS
(1.72) (Table 3.11). The P values of the log rank test and Breslow test were < 0.05 for
ROC-optimum, indicating the ROC-optimum of non-BAS can differentiate low vs. high risk

of death.

Figure 3.6.c shows the Kaplan Meier survival for the high vs. low risk of death
groups based on the median (11) and the ROC-optimum (10) for the MELD model. The
estimated mean survival time was 74 months (6.2 years) for the high-risk group and 78
months (6.5 years) for the lower risk group based on the median MELD of 11. The P value
from the log rank test and Breslow test were insignificant (p-value > 0.05), indicating the
median of MELD (11) cannot differentiate low vs. high risk of death. While the estimated
mean survival time was 67 months (5.6 years) for the high-risk group and 79 months (6.6
years) for the lower risk group based on the ROC-optimum of the MELD (10) (Table 3.11).
The P value of the log rank test and Breslow test were statistically significant (p-value <
0.05) for ROC-optimum, indicating the ROC-optimum of MELD, can differentiate low vs.

high risk of death.

3.3.5.ii. Death and/or Liver Transplant (LT) prediction

Table 3.12.a presents the estimated liver transplant-free survival probability (So (t))
for a patient with an average BAS (BAS,) of 0.43 for different time points. To obtain the
liver transplant-free survival probability for t years (S (t)), first BAS is calculated, So () is

identified from Table 3.12.a, and finally S (t) is calculated using this equation:

Liver transplant free Survival Probability for (t) years: S(t) = S,(t)e*P(BAS ~BAS,)

The relationship between estimated 5- and 3- year liver transplant-free survival (S (t)) and
the BA score in patients with liver disease are shown in Figure 3.7.a. For example, the

5-year liver transplant-free survival probability for patients with BA scores of -0.23 (25"
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percentile of the population), 0.45 (50" percentile of the population), and 1.21 (75"
percentile of the population) are 93%, 86%, and 73%, respectively. Similarly, the 3-year
liver transplant-free survival probability for patients with the same BA scores above, are

94%, 87%, and 77%, respectively.

Table 3.12.b presents the estimated liver transplant-free survival probability (So
(t)) for a patient with an average non-BA score (non-BASy) of - 4.51 for different time
points. To obtain the liver transplant-free survival probability for t years (S (t)), first non-
BAS is calculated, So (t) is identified from Table 3.12.b, and finally S (t) is calculated using

this equation:
Liver transplant free Survival Probability for (t) years: S(t) = S,(t)¢*P(non BAS —non BAS,)

The relationship between estimated 5- and 3- year liver transplant-free survival probability
(S(1)) and the non-BA score in patients with liver disease are shown in Figure 3.7.b. For
example, the 5-year liver transplant-free survival for patients with non-BAS of -5.10 (25"
percentile of the population), -4.72 (50" percentile), and -4.08 (75" percentile) are 89%,
84%, and 70%, respectively. Similarly, the 3-year liver transplant-free survival probability

for patients with the same non-BA scores above, are 90%, 85%, and 77%, respectively.

Figure 3.8.a shows the Kaplan Meier liver transplant-free survival for the high vs.
low risk of death and/or liver transplant groups based on the median (0.45) and the ROC-
optimum (0.76) of the BAS. The estimated mean liver transplant-free survival time was 60
months (4.9 years) for the high-risk group and 79 months (6.6 years) for the lower risk
group based on the median BAS (0.45). While the estimated mean liver transplant-free
survival time was 56 months (4.6 years) for the high-risk group and 78 months (6.5 years)
for the lower risk group based on the ROC-optimum of BAS (0.76) (Table 3.13). The P

values of the log rank test and Breslow test were statistically significant (P-value < 0.05)
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for both cut-offs, indicating the both cut-offs of BAS, can differentiate low vs. high risk of

death and/or liver transplant.

Figure 3.8.b shows the Kaplan Meier liver transplant-free survival for the high and
low risk groups based on the median (- 4.72) and the ROC-optimum (- 4.41) of non-BAS.
The estimated mean liver transplant-free survival time was 62 months (5.2 years) for the
high-risk group and 79 months (6.6 years) for the lower risk group based on the median
non-BAS (- 4.72). While, the estimated mean liver transplant-free survival time was 60
months (5 years) for the high-risk group and 78 months (6.5 years) for the lower risk group
based on the ROC-optimum of non-BAS (- 4.41) (Table 3.13). The P values of the log
rank test and Breslow test were statistically significant (P-value < 0.05) for both cut-offs,
indicating the both cut-offs of non-BAS, can differentiate low vs. high risk of death and/or

liver transplant.

For MELD model, Figure 3.8.c shows the Kaplan Meier liver transplant-free
survival for the high vs. low risk groups based on the median (9) and the ROC-optimum
(10) of the MELD score. The estimated mean liver transplant-free survival time was 64
months (5.3 years) for the high-risk group and 78 months (6.5 years) for the lower risk
group based on the median MELD of 9. While the estimated mean liver transplant-free
survival time was 65 months (5.4 years) for the high-risk group and 75 months (6.3 years)
for the lower risk group based on the ROC-optimum of the MELD (10) (Table 3.13). The
P values of the log rank test and Breslow test were statistically significant (P-value < 0.05)
for both cut-offs, indicating the both cut-offs of MELD, can differentiate low vs. high risk of

death and/or liver transplant.
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3.4. Discussion

Biomarkers that are currently used in the clinic for the diagnosis and prognosis of
liver diseases are primarily serum liver enzymes such as AST and ALT as well as bilirubin.
However, these markers have numerous shortfalls including the lack of specificity to liver
or bile duct injuries, where their levels can be elevated in non-hepatobiliary diseases such
as hyperthyroidism, adrenal, heart, and muscle disorders. Also, they require severe cell
injury before their levels increase in the blood [4, 5]. Multifactorial models with multiple
parameters based on these biomarkers are also frequently used and offer advantages
compared to the use of their individual biomarker components such as the Child-Turcotte-
Pugh (CTP) score. CTP is calculated from these five variables: encephalopathy grade,
severity of ascites, bilirubin (mg/dL), albumin (g/dL), and INR. However, the portosystemic
encephalopathy and severity of ascites can be considered as subjective variables, which

highly depend on the physician judgement making these diagnosis [6] [30].

More recently, the MELD model was developed to predict three-month mortality of
patients with end-stage liver disease [7, 8]. MELD is also currently used in many countries
to classify liver diseases’ patients awaiting transplantation to identify patients with the
highest priority for LT [9]. However, despite its widespread application, MELD has some
limitations. MELD is based on three objective laboratory variables, that are not necessarily
liver specific. For example, patients may have an elevated serum creatinine from an
underlying kidney disease not related to hepatorenal syndrome. In addition, serum
bilirubin can be elevated in cases of hemolysis or sepsis. An elevated INR can also be
secondary to warfarin use. Any of these cases can increase the MELD score and
overestimate the severity of liver disease [10, 11]. Furthermore, several studies have
shown that patients with cholestatic liver diseases may still have high mortality rates

despite having low MELD scores [11, 12].
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BAs have been suggested to be used as biomarkers of cholestatic diseases for
decades [14, 18, 31, 32]. However, this was not translated into the clinic, primarily because
of the high inter- and intra-individual variability of serum and/or urine BA concentrations
due to numerous factors such as food ingestion, diurnal variation, medication intake,
gender, alcohol consumption, and obesity [1, 18, 33-36]. To this end, we have developed
the concept of BA indices (ratios of individual BA and metabolite concentrations), which
provide comprehensive quantification of the composition, hydrophobicity, toxicity, and
metabolism of total and individual BA [1, 18-20]. In contrast to the absolute concentrations
of BA, we have shown that BA indices calculated from urine or serum have markedly low
inter- and intra-individual variability and were more resistant to food intake, gender
differences, BMI and age effects [1, 18, 20]. This facilitate the use of BA indices as
biomarkers for the diagnosis of hepatobiliary diseases, and we have shown that they

outperformed many of the currently used markers [1, 18].

In this study, we have extended the application of BA indices to predict the
prognosis of liver diseases. We developed survival models based on BA indices to predict
the prognosis of hepatobiliary diseases in terms of progressing into the end points/adverse
events of death only and death and/or liver transplant over a 3- and 5-year periods of time.
Cox proportional hazards regression was used. Individual BA and non-BA variables
including demographics were analyzed as possible predictors of survival in a univariate
Cox regression analysis. To build the multivariate model a backward elimination method
was used to retain the most significant variables, which were identified from the univariate
analysis. In addition to the BA model, we have constructed: (i) non-BA, (ii) mixed BA and
non-BA variables to compare with the BA-only and non-BA-only models(ii) MELD
variables with coefficients from our data set to create a model with the original MELD

variables, but with model coefficients derived from our data set, (iv) original MELD
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modified with BA and/or non-BA variables, to test if the performance of the original MELD
can be improved by adding significant BA and non-BA parameters from the univariate

analysis.

The final multivariate survival models were then validated using the bootstrapping,
and goodness of fit was performed by testing the proportional hazards (PH) assumption.
Finally, the various models were compared using the above validation criteria and Kaplan-

Meier (KM) and receiver operating characteristic (ROC) analyses.

According to the univariate cox regression analysis, % CDCA, % CA, % HCA, %
T-amidation, % Tri-OH, % non-12a-OH, Primary/ Secondary, and % primary BA were
proportional to the risk of death, whereas % LCA, % DCA, % G-amidation, % Mono-OH,
12a-OH/ non-12a-OH, % 12a-OH, % secondary BA were inversely proportional to the risk
of death (Table 3.2). For demographics and non-BA parameters, the risk of death was
significantly higher in males than females and increasing levels of INR, protime, bilirubin,
AST/ALT, APRI, and MELD significantly increased the risk of death, whereas decreasing

levels of albumin significantly increased the risk of death (Table 3.3).

Using the multivariate cox regression analysis, we have constructed these final

models for death prediction:

(i) The BA score (BAS) model for death prediction:

BA score (BAS) for death = 0.039 X % CDCA + 0.052 x % Tri OH

(i) The non-BA score model (non-BAS) model for death prediction:

non BA score (non BAS) for death = 1.236 x AST/ALT

BAS in this population ranged from 0-4, while the non-BAS ranged from 0.44-4.98.
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Similar models were built for the prediction of death and/or liver transplant (LT):

BA score (BAS) for death and/or LT = 0.021 X % Primary — 0.049 X % DCA

non BA score (non BAS) for death and/or LT = —1.277 X Albumin (i

Cholestatic diseases are associated with impaired bile flow to the intestine, which
is expected to translate into reduced transformation of primary BA including CDCA and
CA into secondary BA by intestinal bacteria. Therefore, accumulation of primary BA in the
blood may indicate further impairment in bile flow and worsening of the liver diseases [1,
37-40]. This is in agreement with the BAS model, where increased % CDCA and % Tri-
OH BA (primarily consists of CA) were the most significant predictors of liver disease
prognosis into death. Another interpretation for the accumulation of CDCA could be related
to the fact that CDCA is the best substrate for Bile Salt Export Pump (BSEP), which is
responsible for the efflux transport of BA across the canalicular membrane from
hepatocytes into bile. Therefore, loss of BSEP function could be associated with the
progression of the liver disease [41, 42], which leads to CDCA accumulation in the liver
and eventually in the systemic blood. Similarly, the BAS model for death and/or LT
predicts that the increase in % primary BA, while the decrease in % DCA (secondary BA)

are the most significant predictors of liver disease prognosis into death and/or LT.

None of the other approaches including mixed BA and non-BA variables, MELD
variables with coefficients from our data set, or the original MELD modified with BA and/or
non-BA variables have resulted in any statistically significant models neither they did
improve the above BAS or non-BAS models. Therefore, these models were not further

evaluated or validated (Appendix Table A).

Goodness of fit was performed by testing PH (proportional hazard) assumption

using a statistical test and a graphical diagnostic based on Schoenfeld residuals. For
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death prediction, the PH assumption was met in both BA and non-BA models supporting
their validity (Figure 3.1). In addition, we used the bootstrapping method for model
validation. Bootstrapping validation results supported the validity of both the BA and non-
BA models for death prediction (Table 3.8.a). Also, the PH assumption was met (Figure
3.3) and the bootstrapping validation (Table 3.8.b) supported the validity for both the BA
and non-BA models for death and/or LT prediction. Further validation efforts are also
ongoing to build internal and eventually external data sets for more rigorous model

validation.

We used ROC analysis to compare the accuracy of our prognostic models. The
higher the AUC under the ROC curve, the greater the overall accuracy of the marker in
distinguishing between groups. For prognostic models, AUC of 0.9 or greater is rarely
seen, AUC between 0.8 and 0.9 indicates excellent diagnostic accuracy, and any AUC
over 0.7 may be considered clinically useful [43-45]. Also, ROC curves are used to
determine cut-off values which quantify the normal ranges of biomarkers. The selection of
optimum cut-off values is a tradeoff between sensitivity and specificity. Accordingly, scores
for the BA, non-BA, and MELD models for death prediction of 2.71, 1.72, and 10,
respectively, were identified as cut-off values with optimum sensitivity vs. specificity (Table
3.9.a). These ROC-optimum cut-off values were used in KM analysis as potential cut-off

scores, above which subjects are considered at higher risk of death as described later.

For 5-year death prediction, the AUC for BAS was 0.74 compared to 0.65 for non-
BAS and 0.68 for MELD models (Figure 3.2.a). Similarly, for 3-year death prediction, the
AUC for BAS was 0.76 compared to 0.66 for non-BAS and 0.71 for MELD models (Figure
3.2.b). In addition, BAS sensitivity in death prediction (74% vs. 67% and 62%) was 7%
and 12% higher than non-BAS and MELD, respectively. BAS specificity was also higher

than non-BAS and MELD (68% vs. 66% and 64%). Therefore, ROC analysis show that
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BAS is more accurate and results in higher true-positive and true-negative prediction of

death compared to both non-BAS and MELD.

Similar results were obtained from the death and/or LT prediction. The 5-year
ROC analysis resulted in AUC of 0.74 for both BAS and non-BAS compared to 0.76 for
MELD (Figure 3.4.a). The 3-year ROC analysis resulted in AUC of 0.76, 0.75, and 0.78
for BAS, non-BAS, and MELD, respectively (Figure 3.4.b). ROC sensitivity were 71, 78,
and 70%, while specificity were 72, 70, and 66% for BAS, non-BAS, and MELD,
respectively (Table 3.9). Therefore, ROC analysis shows all three models have similar
accuracy with similar rates of true-positive and negative rates. It has to be noted that liver
transplant allocation system is currently based upon the MELD score, where organs
allocation is assigned preferentially to patients with the highest MELD scores [7, 46, 47].
Therefore, unlike death prediction, any models to predict LT will be biased in favor of

MELD.

The Cox survival model can be used to predict the survival probability at any time
point. The survival probability for t years (S (t)) was calculated for every subject using

both BAS and non-BAS models, as:
Survival Probability for (t) years: S(t) = S,(t)¢XP(BAS —2.24)
Survival Probability for (t) years: S(t) = S, (t)xP(non BAS —1.58)

Where Sq (t) presents the estimated survival probability for a patient with an average BA

score of 2.24 or non-BA score of 1.58 for different time points (Table 3.10).

As shown in Figure 3.5, both 5- and 3-year survival probabilities decrease as a
function of both BA and non-BA scores. For example, the 3-year survival probability for

patients with BA scores of 1.2 (25" percentile of the population), 2.1 (50" percentile of the
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population i.e. median), and 3.1 (75" percentile of the population) are 98%, 94%, and
85%, respectively. While, the 3-year survival probability for patients with equivalent non-
BA scores (25", 50", and 75™ population percentiles) are 95%, 91%, and 86%,

respectively.

The Kaplan-Meier estimator was used to estimate subjects’ survival free of
adverse event over time. Two cut-off values of the scores to define high vs. low risk of
death were proposed: (i) the median of the scores of the population and (ii) the cut-off
value of the scores with optimum specificity and sensitivity based on ROC analysis as
discussed above. Both median and ROC-optimum cut-offs for BAS (2.19 and 2.71) were
able to differentiate low vs. high risk of death. While only the ROC-optimum cut-off for non-
BAS (1.72) and the ROC-optimum cut-off for MELD (10) were able to differentiate low vs.

high risk of death (Figure 3.6 and Table 3.11).

Twenty-three patients with high BAS (> the median BAS of 2.19) died vs. four
patients with low BAS (< the median BAS of 2.19) for the entire study. Therefore, 19 more
patients died with high compared to low BAS. In contrast, nine and five more subjects with
high non-BAS and high MELD have died compared to low non-BAS and low MELD,
respectively. Also, patients with low BAS lived for an average of 82 months, while patients
with high BAS lived for an average of 71 months since their diagnosis with the liver
diseases. Therefore, patients with low BAS lived 11 months longer than patients with high
BAS. On the other hand, patients with low non-BAS or low MELD (<median score), lived,
in average, for only five or four months longer, compared to the high non-BAS or high

MELD (high score), respectively (Table 3.11).

Consequently, the shortening of lifespan between patients with high vs. low BAS

was 6-7 months more compared to high non-BAS or high MELD (11 months longer
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lifespan with low BAS minus 5 or 4 months longer lifespan with low non-BAS or low MELD
= 6-7 months). Also, the number of deaths with high BAS is 2-4-fold (19 more patients
died with high BAS + 9 or 5 more patients died with high non-BAS or high-MELD = 2-4)
higher than that with high non-BAS or high MELD. Therefore, it can be concluded that in
this patient population, patients with high BAS are at a much higher risk of death compared

to patients with high MELD or high non-BAS.

Similarly, for the prediction of death and/or LT, the liver transplant-free survival

probability for t years (S (t)) was calculated for every subject as:

Liver transplant free Survival Probability for (t) years: S(t) = S, (t)**P(BAS ~0.43)
Liver transplant free Survival Probability for (t) years: S(t) = S, (t)¢*P(non BAS =(=4.51))

Where Sy (t) presents the estimated survival probability for a patient with an average BA

score of 0.43 or non-BA score of -4.51 for different time points (Table 3.12).

As shown in Figure 3.7, both 5- and 3-year liver transplant-free survival
probabilities decrease as a function of both BA and non-BA scores. According to the KM
analysis, both median and ROC-optimum cut-offs for BAS (0.45 and 0.76), non-BAS (-
4.72 and -4.41), and MELD scores (9 and 10) were able to differentiate low vs. high risk

of death and/or LT (Figure 3.8 and Table 3.13).

Forty-three patients with high (>median) BAS and non-BAS died and/or had LT vs.
9 patients with low (<median) BAS and non-BAS for the entire study. Therefore, 34 more
patients died and/or had LT with high compared to low BAS and non-BAS. In contrast, 31
more subjects with high MELD died and/or had LT compared to low MELD. Also, patients
with low BAS lived without the need for LT for an average of 79 months, after which they

either died or had LT, while patients with high BAS lived without the need for LT for an
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average of 60 months since their diagnosis with the liver diseases. Therefore, patients
with low BAS lived without need for LT 19 months longer than patients with high BAS. On
the other hand, patients with low non-BAS or low MELD (<median score), lived without
need for LT, in average, for only 17 or 14 months longer, compared to the high non-BAS

or high MELD (high score), respectively (Table 3.13).

Consequently, patients with high BAS lived without need for LT 2-5 months less
than patients with high non-BAS or high MELD. Therefore, it can be concluded that in this
patient population, patients with high BAS are at a slightly higher risk of death and/or LT

compared to patients with high MELD or high non-BAS.
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3.5. Conclusions

We have developed and validated a survival model (the bile-acids score (BAS)
model) based on BA indices to predict the prognosis of cholestatic liver diseases. Our
results demonstrate that the BAS model is more accurate and results in higher true-
positive and true-negative prediction of death compared to both non-BAS and MELD
models. Both 5- and 3-year survival probabilities markedly decreased as a function of
BAS. Moreover, patients with high BAS had a 4-fold higher rate of death and lived for an
average of 11 months shorter than subjects with low BAS. The increased risk of death
with high vs. low BAS was also 2-4-fold higher and the shortening of lifespan was 6-7-
month lower compared to MELD or non-BAS. Similarly, we have shown the use of BAS
to predict the survival of patients with and without LT. Therefore, BAS could be used to
define the most seriously ill patients, who need earlier intervention such as LT. This will

help provide guidance for timely care for liver patients.
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3.6. Figures and Tables

Figure Legends

Figure 3.1. Schoenfeld residual plots for death prediction by the BAS and non-BAS
models. The solid line is a smoothing spline fit to the plot, with the dashed lines
representing a = 2-standard-error band around the fit. The global Schoenfeld Test p-value:
(a) = 0.974 for BAS, and (b) = 0.199 for non-BAS.

Figure 3.2. Receiver operating characteristics (ROC) curves of BAS, non-BAS, and
MELD for death prediction. The area under the ROC curves (AUC) for BAS, non-BAS,
and MELD for (a) 5-year, (b) 3-year death prediction.

Figure 3.3. Schoenfeld residual plots for death and/or liver transplant prediction by
BAS and non-BAS models. The solid line is a smoothing spline fit to the plot, with the
dashed lines representing a £ 2-standard-error band around the fit. The global Schoenfeld
Test p-value:(a) = 0.597 for BAS, and (b) = 0.193 for non-BAS.

Figure 3.4. Receiver operating characteristics (ROC) curves of BAS, non-BAS, and
MELD for death and/or liver transplant prediction. The area under the ROC curves
(AUC) for BAS, non-BAS, and MELD for (a) 5-year, (b) 3-year death and/or liver transplant
prediction.

Figure 3.5. Estimated 5- and 3-year survival (S(t)) from the BAS and non-BAS
models. The relationship between estimated 5- and 3- year survival probability (S(t)) as
a function of (a) BAS, (b) non-BAS. Q1, Q2, and Q3 are 25", 50", and 75™ percentiles of
the population, respectively.

Figure 3.6. Kaplan-Meier survival plots for high vs. low BAS, non-BAS, and MELD
models. The median and ROC-optimum cutoff values of the (i) BAS, (ii) non-BAS, and (ii)
MELD were used to define high vs. low risk of death. “*” indicates P-values < 0.05 from
the Log rank and Breslow tests.

Figure 3.7. Estimated 5- and 3-year liver transplant-free survival (S(t)) from the BAS
and non-BAS models. The relationship between estimated 5- and 3- year liver transplant-
free survival probability (S(t)) as a function of (a) BAS, (b) non-BAS. Q1, Q2, and Q3 are
25t 50" and 75" percentiles of the population, respectively.

Figure 3.8. Kaplan-Meier liver transplant-free survival plots for high vs. low BAS,
non-BAS, and MELD models. The median and ROC-optimum cutoff values of the (i)
BAS, (ii) non-BAS, and (i) MELD were used to define high vs. low risk of death and/or
liver transplant. “*” indicates P-values < 0.05 from the Log rank and Breslow tests.
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Figure 3.1. Schoenfeld residual plots for death prediction by the BAS and non-BAS

models.

(a) BAS model
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Figure 3.2. Receiver operating characteristics (ROC) curves of BAS, non-BAS, and

MELD for death prediction.
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Figure 3.3. Schoenfeld residual plots for death and/or liver transplant prediction by

BAS and non-BAS models.
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Figure 3.4. Receiver operating characteristics (ROC) curves of BAS, non-BAS, and
MELD for death and/or liver transplant prediction.
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Figure 3.5. Estimated 5- and 3-year survival (S(t)) from the BAS and non-BAS
(a) BAS

models.
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Figure 3.6. Kaplan-Meier survival plots for high vs. low BAS, non-BAS, and MELD
models.
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Figure 3.7. Estimated 5- and 3-year liver transplant-free survival (S(t)) from the BAS

and non-BAS models.

(a) BAS

o = o o o o
= = =] ~ o =]

[eAIAINS 931)-Jue|dSuRI} JOAIT Jeak -€ %

[=] [ = o [=] (=]
=] @ © ~ © 3

[eAIAINS 931j-1ue|dsuel) J9AIT Jedk -G o

BAS

BAS

(b) non-BAS

Q =] a o L=

m ¢ @ ~ o [}

[eAIAINS 931j-1ue|dsuel) J9AIT Jedk - o

2 & & & © o

(=]
S o ® ~ © w

[eAIAINS 931)-1ue|dsueI} J9AIT Jeak -G o

-5
non-BAS

non-BAS



131

Figure 3.8. Kaplan-Meier liver transplant-free survival plots for high vs. low BAS, non-BAS,

and MELD models.
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Table 3.1. Patient population

characteristics.

Patients Death Liver Transplant (LT)
N 257 27 25
Gender
Male 136 21 17
Female 121 6 8
Age (years)
Mean + SEM | 522+071 | 5509:188 | 52.9+2.1
Body Mass Index (BMI)
Mean + SEM | 30.7:045 | 2065:1.19 | 29.11 +0.45
Race

White 217 26 24
Black 11 0 0
Asian 0 0
Hispanic 4 0 1
Others 18 1 0

Non-BA parameters (Mean + SEM)

Creatinine (mg/dL) 1.02 £0.09
Albumin (g/dL) 3.53+0.04
INR 1.19 +0.02
Protime (sec) 12.01 £ 0.42
AST (U/L) 59.9 +4.07
ALT (U/L) 54.9 +4.26
Bilirubin (mg/dL) 1.75+£0.15
AST/ALT 1.28 £ 0.04
MELD 10.6 £ 0.34
APRI 1.15+£0.11
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Table 3.2. Univariate Cox regression analyses for death prediction by BA Indices.

Hazard ratio (HR): Exp (B)

P B-value (Regression 1 unit 10% 20%
BA (uM)/ BA indices (%) Coe(fficige’nt) P-value change change change
Total BA -0.001 0.683 1.00 0.99 0.99
Total LCA -0.063 0.331 0.94 0.98 0.96
Total UDCA -0.005 0.477 1.00 0.99 0.98
Total CDCA 0.002 0.617 1.00 1.01 1.01
Total DCA -0.047 0.266 0.95 0.97 0.94
Total HDCA -13.76 0.424 0.00 0.98 0.97
Total MDCA -5.021 0.347 0.01 0.98 0.95
Total CA -0.005 0.783 1.00 1.00 1.00
Total MCA -0.006 0.793 0.99 1.00 1.00
Total HCA 0.061 0.631 1.06 1.00 1.00
% LCA -0.101 0.016 0.90 0.92 0.84
% UDCA -0.027 0.070 0.97 0.94 0.89
% CDCA 0.031 0.000 1.03 1.12 1.26
% DCA -0.092 0.001 0.91 0.87 0.76
% HDCA -11.28 0.170 0.00 0.97 0.93
% MDCA -0.325 0.599 0.72 0.99 0.98
% CA 0.067 0.003 1.07 1.04 1.09
% MCA 0.020 0.322 1.02 1.01 1.02
% HCA 0.454 0.015 1.57 1.02 1.04
Total Unamidated 0.007 0.804 1.01 1.00 1.00
Total G-amidated -0.001 0.667 1.00 0.99 0.99
Total T-amidated -0.002 0.799 1.00 1.00 1.00
% Amidation 0.012 0.577 1.01 111 1.24
% G-amidation -0.025 0.032 0.98 0.82 0.68
% T-amidation 0.039 0.001 1.04 1.04 1.09
Total Unsulfated -0.001 0.968 1.00 1.00 1.00
Total Sulfated -0.001 0.659 1.00 0.99 0.99
% Sulfation -0.023 0.081 0.98 0.82 0.68
Total Mono-OH -0.063 0.331 0.94 0.98 0.96
Total Di-OH -0.001 0.703 1.00 0.99 0.99
Total Tri-OH -0.004 0.766 1.00 1.00 0.99
% Mono-OH -0.101 0.016 0.90 0.92 0.84
% Di-OH -0.004 0.761 1.00 0.97 0.94
% Tri-OH 0.034 0.011 1.03 1.04 1.09
Total 12a-OH -0.012 0.465 0.99 0.99 0.98
Total non-120-OH -0.001 0.762 1.00 0.99 0.99
120-0OH/ non120-OH -2.837 0.020 0.06 0.91 0.83
CA/ CDCA -0.099 0.828 0.91 1.00 1.00
% 12a-OH -0.043 0.019 0.96 0.91 0.83
% non-12a-OH 0.043 0.019 1.04 1.40 1.95
Total Primary 0.001 0.769 1.00 1.00 1.01
Total Secondary -0.006 0.397 0.99 0.98 0.96
Primary/ Secondary 0.037 0.016 1.04 1.01 1.02
% Primary 0.041 0.000 1.04 1.23 1.51
% Secondary -0.041 0.000 0.96 0.82 0.67
HI -0.092 0.912 0.91 1.00 1.00




Table 3.3. Univariate Cox regression analyses for death prediction by non-BA

parameters and demographics.

Demographics and

Hazard ratio (HR): Exp (B)

B-value (Regression 1 unit 10% 20%
Non-BA parameters Coefficient) P-value change | change | change

Gender 1.251 0.007 3.49 - -
Age (year) 0.029 0.093 1.03 1.16 1.35
BMI -0.025 0.390 0.98 0.93 0.86
Race * 0.950 * * *
Creatinine (mg/dL) 0.030 0.737 1.03 1.00 1.01
Albumin (g/dL) -1.189 0.000 0.30 0.65 0.43
INR 0.781 0.013 2.19 1.10 1.20
Protime (sec) 0.073 0.002 1.08 1.09 1.19
AST (U/L) 0.002 0.443 1.00 1.01 1.02
ALT (U/L) -0.003 0.437 1.00 0.98 0.97
Bilirubin (mg/dL) 0.096 0.035 1.10 1.02 1.03
AST/ALT 1.236 0.000 3.44 1.16 1.36
MELD 0.104 0.000 1.11 1.11 1.24
APRI 0.267 0.000 131 1.03 1.06

*Race is a categorical variable, which has five race groups. There are five values for the regression
coefficient and HR, one for each race group, which are not shown, because race was not statistically

significant in univariate Cox regression analysis.
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Table 3.4. Univariate Cox regression analyses for death and/or liver transplant
prediction by BA Indices.

Hazard ratio (HR): Exp (B)
- B-value (Regression 1 unit 10% 20%
BA (UM)/ BA indices (%) Coefficient) P-value change change change

Total BA 0.001 0.202 1.00 1.01 1.01
Total LCA 0.008 0.694 1.01 1.00 1.00
Total UDCA 0.002 0.185 1.00 1.00 1.01
Total CDCA 0.003 0.112 1.00 1.01 1.01
Total DCA -0.007 0.569 0.99 1.00 0.99
Total HDCA -1.326 0.714 0.27 1.00 1.00
Total MDCA 0.370 0.802 1.45 1.00 1.00
Total CA 0.000 0.978 1.00 1.00 1.00
Total MCA 0.002 0.848 1.00 1.00 1.00
Total HCA 0.062 0.481 1.06 1.00 1.00
% LCA -0.085 0.003 0.92 0.92 0.86
% UDCA -0.017 0.064 0.98 0.96 0.93
% CDCA 0.031 0.000 1.03 1.12 1.25
% DCA -0.074 0.000 0.93 0.89 0.79
% HDCA -4.848 0.207 0.01 0.98 0.97
% MDCA -0.366 0.431 0.69 0.99 0.97
% CA 0.051 0.004 1.05 1.03 1.06
% MCA -0.012 0.524 0.99 0.99 0.98
% HCA 0.455 0.000 1.58 1.02 1.04
Total Unamidated 0.022 0.030 1.00 1.01 1.01
Total G-amidated 0.001 0.196 1.00 1.00 1.01
Total T-amidated 0.002 0.745 1.00 1.00 1.00
% Amidation 0.016 0.315 1.02 1.15 1.33
% G-amidation -0.015 0.093 0.99 0.89 0.79
% T-amidation 0.030 0.002 1.03 1.03 1.07
Total Unsulfated 0.007 0.283 1.01 1.00 1.01
Total Sulfated 0.001 0.205 1.00 1.00 1.01
% Sulfation -0.002 0.890 1.00 0.98 0.97
Total Mono-OH 0.008 0.694 1.01 1.00 1.00
Total Di-OH 0.001 0.145 1.00 1.00 1.01
Total Tri-OH 0.001 0.902 1.00 1.00 1.00
% Mono-OH -0.085 0.003 0.92 0.92 0.86
% Di-OH 0.015 0.168 1.02 1.12 1.25
% Tri-OH 0.015 0.190 1.02 1.02 1.04
Total 12a-OH -0.003 0.643 1.00 1.00 0.99
Total non-120-OH 0.001 0.104 1.00 1.00 1.01
120-OH/ non120-OH -2.412 0.004 0.09 0.92 0.85
CA/ CDCA -0.478 0.458 0.62 0.99 0.98
% 12a-OH -0.043 0.001 0.96 0.91 0.82
% non-120-OH 0.043 0.001 1.04 1.39 1.94
Total Primary 0.002 0.216 1.00 1.01 1.01
Total Secondary 0.001 0.307 1.00 1.00 1.01
Primary/ Secondary 0.035 0.001 1.04 1.01 1.02
% Primary 0.033 0.000 1.03 1.17 1.38
% Secondary -0.033 0.000 0.97 0.84 0.71
HI 0.408 0.508 1.50 1.00 0.99




Table 3.5. Univariate Cox regression analyses for death and/or liver transplant

prediction by non-BA parameters and demographics.

Demographics and

B-value (Regression

Hazard ratio (HR): Exp (B)

Non-BA parameters Coefficient) P-value 1 unit 10% 20%
change | change | change

Gender 0.982 0.002 2.67 - -

Age (year) 0.017 0.151 1.02 1.09 1.19
BMI -0.029 0.174 0.97 0.91 0.84
Race * 0.806 * * *

Creatinine (mg/dL) 0.031 0.650 1.03 1.00 1.01
Albumin (g/dL) -1.277 0.000 0.28 0.63 0.39
INR 0.838 0.000 2.31 1.10 1.21
Protime (sec) 0.071 0.000 1.07 1.08 1.17
AST (U/L) 0.001 0.416 1.00 1.01 1.01
ALT (U/L) -0.003 0.254 1.00 0.98 0.97
Bilirubin (mg/dL) 0.100 0.002 1.11 1.01 1.03
AST/ALT 1.098 0.000 3.00 1.14 1.30
MELD 0.113 0.000 1.12 1.11 1.24
APRI 0.208 0.000 1.23 1.02 1.04
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*Race is a categorical variable, which has five race groups. There are five values for the Regression
Coefficient and HR, one for each race group, which are not shown, because race was not statistically

significant in univariate Cox regression analysis.



Table 3.6. Multivariate Cox regression analysis for death prediction.

(a) The BA score model (BAS)
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Hazard ratio (HR): Exp (B)

BA indices B-value (F\_’e_gression Standard | p-value Tunit 10% 0%
(uM) Coefficient) Error change | change | change

% CDCA 0.039 0.010 0.000 1.040 1.159 1.344

% Tri-OH 0.052 0.016 0.001 1.053 1.069 1.142

*Using the regression coefficients from this table, the BA score (BAS) equation was:

BA score = 0.039 X % CDCA + 0.052 X % Tri OH

(b) The non-BA score model (non-BAS)

Non-BA

B-value (Regression

Hazard ratio (HR): Exp (B)

Standard - ;
parameters Coefficient) Error P-value | 1 unit 10% 20%
change | change change
AST/ALT 1.236 0.303 0.000 3.442 1.165 1.357

*Using the regression coefficients from this table, the non-BA score equation was:

non BA score = 1.236 X AST/ALT
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Table 3.7. Multivariate Cox regression analysis for death and/or liver transplant

prediction.

(a)The BA score model (BAS)

Hazard ratio (HR): Exp (B)

BA indices B-value (F\_’e_gressmn Standard | p-value Tunit 10% 0%
(UMm) Coefficient) Error
change | change change
% Primary 0.021 0.007 0.003 1.021 1.107 1.226
% DCA -0.049 0.020 0.013 0.952 0.926 0.857

*Using the regression coefficients from this table, the BA score equation was:

BA score = 0.021 X % Primary — 0.049 X % DCA

(b)The non-BA score model (non-BAS)

: Hazard ratio (HR): Exp (B)
Non-BA B-value (Regression | standard .
e P-value 1 unit 10% 20%
parameters Coefficient) Error change | change | change
Albumin (g/dL) -1.277 0.222 0.000 0.279 0.627 0.393

*Using the regression coefficients from this table, the non-BA score equation was:

non BA score = —1.277 X Albumin (i)
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Table 3.8. Bootstrapping validation.

(a) For death prediction by BAS and non-BAS models

. Regression : Standard 95% Confidence

Variables Coefficient Bias Error P-value Interval
Lower Upper

BAS
% CDCA 0.039 0.001 0.009 0.001 0.023 0.059
% Tri-OH 0.052 0.001 0.019 0.002 0.016 0.089
non-BAS

AST/ALT 1236 | 0026 | 0342 | 0001 | 0.606 1.992

(b) For death and/or liver transplant prediction by BAS and non-BAS models

. Regression . Standard 95% Confidence
Variables Coefficient Bias Error P-value Interval
Lower Upper
BAS
% Primary 0.021 0.001 0.008 0.006 0.008 0.039
% DCA - 0.049 - 0.001 0.025 0.041 -0.102 | -0.004
non-BAS
Albumin (g/dL) ‘ -1.277 -0.014 0.238 0.001 -1.772 | -0.824




Table 3.9. ROC analysis of BAS, non-BAS, and MELD models

(a) Death prediction

Models AUC (5-year) | AUC (3-year) | (Cutoff Value; Sensitivity, Specificity)
BAS 0.740 0.761 (2.71; 74, 68)
non-BAS 0.653 0.664 (1.72; 67, 66)
MELD 0.683 0.715 (10; 62, 64)

(b) Death and/or liver transplant prediction

Models AUC (5-year) | AUC (3-year) | (Cutoff Value; Sensitivity, Specificity)
BAS 0.748 0.769 (0.76; 71, 72)
non-BAS 0.743 0.758 (-4.41; 78, 70)
MELD 0.763 0.789 (10; 70, 66)




Table 3.10. Estimated survival probability (So(t)) for death prediction.

(a) The BA score model (BAS)
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t (months) 5 7 14 24 36 60 76

So (1) 0.993 0.985 0.971 0.948 0.934 0.916 0.901
(b) The non-BA score model (non-BAS)

t (months) 5 7 14 24 36 60 76

So (1) 0.989 0.978 0.958 0.924 0.902 0.876 0.855




Table 3.11. Kaplan-Meier analysis for survival.

Estimated mean | Standard 95% Confidence
Cutoff Total N | N of events (months) error Interval
BAS
Median cutoff of 2.19
Low risk <2.19 128 4 81.68 1.14 79.44-83.93
High risk > 2.19 129 23 70.72 2.5 65.81-75.62
ROC-optimum cutoff of 2.71
Low risk < 2.71 162 7 80.8 1.19 78.48-83.13
High risk > 2.71 95 20 67.33 3.07 61.30-73.35
non-BAS
Median cutoff of 1.44
Low risk < 1.44 118 9 78.68 1.70 75.34-82.02
High risk > 1.44 139 18 73.97 2.21 69.64-78.29
ROC-optimum cutoff of 1.72

Low risk < 1.72 145 9 79.70 1.39 76.98-82.42
High risk > 1.72 112 18 71.25 2.74 65.88-76.62

MELD

Median cutoff of 11
Low risk < 11 133 11 78.06 1.71 74.71-81.42
High risk > 11 124 16 73.91 2.35 69.29-78.52
ROC-optimum cutoff of 10

Low risk < 10 173 11 79.49 1.32 76.91-82.07
High risk > 10 84 16 67.16 3.50 60.30-74.02
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Table 3.12. Estimated liver transplant-free survival probability (So(t)) for death
and/or liver transplant prediction.

(@) The BA score model (BAS)
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t (months) 5 7 14 24 36 60 76

So (1) 0.973 0.959 0.929 0.889 0.873 0.844 0.800

(b) The non-BA score model (non-BAS)

t (months) 5 7 14 24 36 60 76

So (1) 0.972 0.954 0.918 0.870 0.851 0.817 0.776




Table 3.13. Kaplan-Meier analysis for liver transplant-free survival.

Estimated mean | Standard 95% Confidence
Cutoff Total N | N of events (months) error Interval
BAS
Median cutoff of 0.45
Low risk < 0.45 128 9 79.22 1.56 76.16-82.28
High risk > 0.45 129 43 59.75 2.93 54.01-65.49
ROC-optimum cutoff of 0.76
Low risk < 0.76 163 16 77.96 1.49 75.03-80.88
High risk > 0.76 94 36 55.72 3.64 48.04-62.31
non-BAS
Median cutoff of -4.72
Low risk < -4.72 120 9 78.79 1.69 75.49-82.09
High risk > -4.72 137 43 61.97 2.83 56.42-67.52
ROC-optimum cutoff of -4.41
Low risk < -4.41 138 11 78.42 1.63 75.23-81.62
High risk > -4.41 119 41 59.94 3.10 53.86-66.02
MELD
Median cutoff of 9
Low risk <9 105 11 77.67 1.84 74.05-81.28
High risk > 9 152 42 63.98 2.69 58.71-69.24
ROC-optimum cutoff of 10
Low risk < 10 121 16 75.39 2.03 71.41-79.36
High risk > 10 136 36 64.62 2.81 59.12-70.11
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Appendix

Table A. Developing other survival models for death prediction.

Other Models Cox (P-value) Bootstrapping (P-value)
Mixed BA and non-BA
%CDCA 0.006 0.004
% G-amidation 0.015 0.018
AST/ALT 0.031 0.072
MELD variables with coefficients from our data set
Creatinine 0.677 NA
INR 0.150 NA
Bilirubin 0.614 NA
Serum Na 0.058 NA
Original MELD modified with BA variables
%CDCA 0.008 NA
%Tri-OH 0.129 NA
MELD 0.271 NA
Original MELD modified with non-BA variables
AST/ALT 0.016 NA
MELD 0.253 NA
Original MELD modified with BA and non-BA variables
%CDCA 0.017 NA
% G-amidation 0.029 NA
AST/ALT 0.040 NA
MELD 0.963 NA

NA: Not applicable. Bootstrapping was not performed because P-values of model parameters

were not significant (P-value > 0.05)
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Table B. Developing other liver transplant-free survival models for death and/or
liver transplant prediction.

Other Models ‘ Cox (P-value) ‘ Bootstrapping (P-value)
Mixed BA and non-BA
% 120-OH 0.030 0.060
Albumin 0.011 0.026
Gender 0.020 0.037
MELD 0.004 0.010
MELD variables with coefficients from our data set
Creatinine 0.588 NA
INR 0.015 NA
Bilirubin 0.243 NA
Serum Na 0.088 NA
Original MELD modified with BA variables
%DCA 0.074 NA
%primary BA 0.358 NA
MELD 0.005 NA
Original MELD modified with non-BA variables
Albumin 0.002 0.003
MELD 0.018 0.068
Original MELD modified with BA and non-BA variables
% 12a-OH 0.030 0.060
Albumin 0.011 0.026
Gender 0.020 0.037
MELD 0.004 0.010

NA: Not applicable. Bootstrapping was not performed because P-values of model parameters

were not significant (P-value > 0.05).
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