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Abstract

Bile acids are the amphipathic primary end-products of cholesterol metabolism that aid in
digestion as well as participate in signal transduction in several hepatic and enteric pathways.
Despite the reputation of bile acids as signaling molecules implicated in disease states such as
cancer and diabetes, there remain numerous bile acid species that are weakly characterized in
either physiological or pathological conditions. This review presents one such group: the flat or
planar bile acids, a set of bile acids found in humans during infancy and occurring again during
certain diseases. As their name implies, these molecules are structurally distinct from the typical
human bile acids, retaining the planar structure of their cholesterol predecessor instead of bending
or twisting at the A ring. This review defines these species of bile acids in detail and describes
their presence in infancy, gestation, and in disease. The large gaps in research regarding the flat
bile acids are highlighted and all available experimental knowledge collected as far as 60 years ago
is summarized. Further, the potential for these molecules as endogenous biomarkers of liver
disease and injury is discussed. Finally, the flat bile salts found in humans are compared to the
ancestral and evolutionary older bile salts, which similarly have a flat steroidal structure, as
mechanisms of flat bile acid biosynthesis are explored.
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1. Introduction and background

Bile acids (BAs) are synthesized from cholesterol primarily in the hepatocytes, then
transported to the gallbladder for storage [1, 2]. Ingestion of a meal causes the gallbladder or
biliary tract to empty BAs into the duodenum of the small intestine, where they perform a
critical role as digestive surfactants [1, 2]. 95% of those BAs excreted from the gallbladder
are then reabsorbed throughout the intestinal tract and delivered back to the liver in a process
known as enterohepatic circulation, whereas the remaining 5% are excreted into feces [1, 2].
Thus, most BAs in the body at any given time have been recycled and completed this circuit
more than once [1, 2]. Accordingly, BA synthesis is tightly controlled by feedback
mechanisms in health but may become dysregulated in pathological conditions [1, 2].

BAs have long been known for their ability to aid the solubilization and digestion of
lipophilic xenobiotics, fat-soluble vitamins, fatty acids, and monoglycerides and have also
been established to regulate their own synthesis via feedback mechanisms [1, 2].
Additionally, BAs feature many other physiological functions that are under active
investigation, including: the binding of heavy metal cations such as zinc, iron, and copper
excreted in the biliary tract; the binding of dietary proteins for easier cleavage by proteases;
antimicrobial and osmosensitive activities within the intestinal tract; and signaling
capabilities related to the activation of FXR (farnesoid X receptor), CAR (constitutive
androstane receptor), PXR (pregnane X receptor), VDR (vitamin D receptor), PPAR-a
(peroxisome proliferator-activated receptor, HNF-a (hepatocyte nuclear receptor factor 4),
M-BAR (membrane-type receptor for bile acids; TGR5), and LXR (liver X receptor) [1, 2].
Moreover, BAs have been implicated in several disease states, such as cholestasis; hepatic
and intestinal cancers; liver cirrhoses; and diabetes mellitus [1, 2]. Their multiple
physiological, pathological, and pharmacological functions have reinstated BAs as a
research focus within biology and pharmacology within the past few decades.
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While BAs have been studied for nearly a century, human BAs encompass nearly 50 species
synthesized by the human body alone, and modifications made by intestinal bacteria result in
almost 400 derivatives of the Cy,4 core structure [3]. Most of these species are still poorly
characterized [3]. One of the least studied subspecies are the “flat” BAs, a group of Cy4
cholanoic acids that retain the planar structure of their cholesterol predecessor instead of the
“bent” or “twisted” structure of the typical mammalian BAs [2, 4-11]. These so-called “flat”
or “planar” BAs comprise several subspecies and will be the focus of this review.

Planar BAs are mostly found as highly abundant BAs in the healthy human fetus, newborn,
and pregnant woman; however, they are normally very lowly abundant or undetectable in the
healthy adult [12-14]. What makes these molecules relevant, however, is not necessarily
their importance in early life, but instead their recurrence in adult patients suffering from
various types of liver injury or disease, such as cancer [4, 11]. As discussed below, these
typically fetal flat BAs become abundant at various stages of hepatocellular carcinoma,
following liver ablation, and in other malignancies and subsequently disappear upon
recovery. Thus, there has been renewed interest in studying these fetal flat bile acid species
in recent years since their original discovery by Ohta in 1939 [15]. Common interests
include using these molecules as biomarkers for liver proliferation and damage as well as
discovering their role in disease states.

2. Chemical Characterization of ‘Flat’ BAs

BAs are synthesized in the hepatocytes from cholesterol, a C,7 steroid containing an alcohol
group at C3, a double bond at C5, and an isooctane side chain (Fig. 1A) [1, 2]. During BA
biosynthesis, the planar steroid backbone of the cholesterol molecule becomes “bent” via
isomerization and subsequent saturation of the C5—-C6 double bond by two enzymes:
microsomal cholest-5-ene-3p,7a-diol-3p-dehydrogenase (3p-HSD; EC 1.1.1.181) and
cytosolic A%-3-oxosteroid-5p-reductase. (AKR1D1; EC 1.3.1.3), respectively [1]. These two
steps result in epimerization of the A/B ring system from the fransto the cis conformation,
effectively bending the steroidal backbone of the molecule [1, 4]. The so-called “flat” BAs
are thus molecules that retain the A/B trans structure of cholesterol, wherein the steroid
backbone exists within the same spatial plane, instead of the A/B cis structure of typical
human BAs (Fig. 1A, 1B). The A/B trans structure is relatively abnormal among the Cy4
BAs and is due to either the alpha arrangement of the C5 hydrogen atom — in contrast with
the standard beta arrangement — or an unsaturation affecting the C5 bond [4]. Both of these
configurations result in molecules that occupy the category of flat BAs and, as mentioned,
are found in healthy humans only during gestation and shortly after birth.

Historically, the C,4 BAs with a 5a configuration are termed “allo” BAs, which are found as
the major BAs in certain reptilian and marine species but not in mammals (Fig. 1D) [16]. An
analogous alfo- or 5a. — epimer corresponding to every “typical” 5p bile acid molecule has
been observed in nature and are usually found in less evolved species: for example, a version
of allo-cholic acid is a primary BA and pheromone in sea lamprey [17]. The other type of
flat BAs are those with a double bond between the C4 and C5 atoms, trivially called the A%-
unsaturated BAs (Fig. 1E-G), and are regularly formed in humans as temporary BA
intermediates during both hepatic biosynthesis and bacterial conjugation within the intestinal
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tract during enterohepatic circulation [2]. While these A*-unsaturated BAs encompass many
transient species and intermediates, three species are encountered most abundantly both
during early life and during disease: 7a.,12a-dihydroxy-3-oxochol-4-en-24-oic acid (CAS
13587-11-6; LM ID LMST04010241), 12a-hydroxy-3-oxochola-4,6-dien-24-oic acid (CAS
13535-96-1; LM ID LMST04010245), and 7a-hydroxy-3-oxochol-4-en-24-oic acid (CAS
14772-95-3; LM ID LMST04010239) (Fig. 1E-G) [12, 13, 18]. The BAs in this subset are
collectively termed the A%-unsaturated, 3-oxo-A%, oxo, or ketonic BAs and share a similarly
planar structure with the a//lo-BAs; hence, both qualify as flat BAs. Neither the a//o-BAs nor
the A%-unsaturated BAs are normally found in high abundance in healthy adult mammals;
however, they are among the most abundant of the human fetal BA species [12, 13, 18]. A
final type of planar BA will be mentioned for the sake of completeness but not focused on
within this review — the AS-unsaturated BAs, those with a double bond between the C5 and
C6 atoms [19]. These molecules, unlike the other types of planar BAs described, do not
resurface following liver injury and instead are found mostly at significant levels in patients
with HSD3B7 (3B-hydroxy-A>-C,7-steroid dehydrogenase) deficiency [19].

3. Nomenclature of Flat Bile Acids

For allo and A*-unsaturated BA isomers as well as the more commonly found BASs,
traditional and trivial nomenclature is more common than the technically correct
terminology. Concerning the former, the prefix “allo” is defined as the more stable molecule
of two geometric isomers and with regards to BAs describes the 5a analog of a typically 5p-
cholanyl Cy4 bile acid [16]. This 5a configuration is common in the bile acid pool of certain
reptilian and marine species and among the Cy7 bile alcohols, though the C,7 bile alcohols
are not historically referred to as “allo” [2, 16]. Thus, a/lo-cholic acid is technically termed
3a,7a,12a-trihydroxy-5a.-cholanic acid instead of -5p-cholanic acid, the latter being termed
cholic acid (Fig. 1B, 1D; Table 1); the other a//o BAs follow the same pattern, swapping a
5p for a 5a in the traditional nomenclature (i.e. a/lo-taurocholate, a/lo-chenodeoxycholate).

The A%-unsaturated BAs do not individually have convenient trivial names and are referred
to by the exhaustive names listed in the above section. Some authors, however, have referred
to these molecules in the past as derivatives of more common BAs: for example, 7a,12a-
dihydroxy-3-oxo-4-cholenoic acid has been referred to as CA-A%-3-one and 12a.-hydroxy-3-
oxo-chola-4,6-dien-24-oic acid as 3-ox0-A*6-DCA [14]. These molecules share a ketone
group at the C3 atom and a double bond connecting the C4 and C5 atoms, and each then has
the corresponding hydroxyl groups seen commonly in typical human BAs and described
within the name (table 1).

4. The Flat Bile Acids Are Typically Fetal BA Species

The A%-unsaturated ketonic bile acid species, especially those mentioned in the above
sections — 7a,12a-dihydroxy-3-oxo-4-cholen-24-oic, 12a-hydroxy-3-0xo-4,6-
cholandien-24-oic, and 7a-hydroxy-3-o0xo0-4-cholen-24-oic acids — are fetal BAs abundant in
the amniotic fluid of healthy pregnant women, as well as in the meconium, feces, and urine
of healthy newborns and infants [13, 18]. A//o-cholic and a/lo-chenodeoxycholic acid are
also normally detectable in lower amounts both before and after delivery in the urine of the
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mother and child [13]. The AS-unsaturated BAs are also found in the meconium of healthy
infants but more so in preterm than full-term infants [20]. As these molecules are
intermediates of the acidic pathway of BA synthesis, it is thought that the acidic pathway is
more prevalent before birth [20]. All of these planar bile acid species are thought to be
synthesized by the fetal liver and transferred to the mother or excreted into the amniotic fluid
and subsequently swallowed by the fetus, resulting in the presence of flat BAs in the
meconium and early feces [13]. This theory is supported by the progression of elimination of
flat BAs described herein: when the production of urine begins to increase in the fetus at 30
weeks of gestation, total maternal urinary BAs decrease as more fetal waste products are
excreted into the amniotic fluid instead of via the umbilical cord and placenta; moreover, the
levels of flat and fetal BA species such as A*-unsaturated and polyhydroxylated BAs are
increased in the amniotic fluid and begin to decrease in maternal urine late in gestation [13,
18]. Upon birth, healthy newborns’ urinary and fecal BAs are made up of mainly
polyhydroxylated and unsaturated ketonic BAs, but a//o-cholic and -chenodeoxycholic acids
are also abundant and are detectable up to three months of age [18]. Though this area has not
been as extensively studied in animal models of pregnancy, high levels of a//o-BAs are also
detected in the perinatal period of developing rats, indicating that these animals provide a
suitable model of human BA diversity [21]. Though it is normal for infants and very young
(less than 3 months old) children to have higher levels of flat BAs, the A*-unsaturated BAs
are found to be significantly increased in the urine of some children with severe liver
disease, making up approximately 62—78% of total BAs excreted into the urine of cholestatic
infants; for comparison, healthy infants excrete anywhere from 11 to 55% A*-unsaturated
BAs [12-14, 16]. It is still unknown if the fetal liver is responsible for the synthesis of flat
BAs, and, if so, how and why it produces them [12, 13, 18]. It may be a side effect of an
immature liver, which may be incapable of expressing functional and/or mature hepatic
enzymes. This and other theories of flat BA biosynthesis are discussed in the following
section.

5. Biosynthesis

Despite the discovery of flat BAs being nearly eighty years ago, their biosynthesis in any
organism remains undefined [22-24]. Several theories persist regarding the biosynthetic
pathways of a/lo BAs, but current literature lends most support to a shift in the enzymatic
expression and/or activity of 5p-reductase. The oxosteroid 5B-reductase enzyme, also called
aldo-keto reductase 1D1 (AKR1D1), reduces the C4-C5 double bond in cholesterol early in
the BA biosynthetic pathway, resulting in the formation of 58-cholanoic acids [1, 25, 26]. A
decrease in the activity or expression of this enzyme, then, would result in the build-up of
A*-unsaturated pathway intermediates. In such cases, as occurs in the congenital disease
CBAS?2 (congenital bile acid synthesis defect type 2), BA biosynthesis may defer to another
enzyme, 3-0x0-5a.-steroid-4-dehydrogenase (5a.-reductase, SRD5A), which can convert A*-
BAs into the corresponding 5a-cholanoic acids [2, 4, 8, 27]. Indeed, the study of a patient
deficient in active 5B-reductase due to a missense mutation lends some support to this
theory. This patient’s deficiency required supplementation with prescribed exogenous BAs;
however, she was found several years later to be healthy and thriving without replacement
BA therapy. Upon examination, clinicians discovered that over sixty percent of the patient’s
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circulating BAs were in the 5a configuration, perhaps indicating that these flat or planar
BAs are capable of filling the role of the missing typical 5p BAs [27]. Additional cases of
5p-reductase deficiency were discovered in twins with similar clinical presentations and BA
profiles [28]. These individuals had high levels of oxo and a//o BAs (approximately 75% and
30%, respectively) in serum and urine, whereas healthy infants had undetectable levels of
these BAs [28]. This study also points to oxo and a//o BA synthesis being liver-derived as
opposed to being created by intestinal microbes, as the gut microbiome is still highly
underdeveloped at this age [28]. As additional support, at least one type of 5a-reductase
enzyme (EC 1.3.1.22) is proven to be capable of converting A%-unsaturated BAs to a/lo-
cholic acid ex vivo [25], which may explain the predominance of a//fo-cholic acid to other
allo BAs during disease [5]. Animal studies have provided supporting data: both after partial
hepatectomy and during hepatocarcinogenesis in the rat, expression of 5p-reductase is
decreased, while 5a.-reductase expression remains stable, resulting in a significant
enhancement of the 5a.-reductase-to-5p-reductase ratio and simultaneous increased secretion
of alloBAs into bile [8, 9]. This shift in enzymatic activity may also explain the differential
proportions of flat BAs at different stages of hepatic cancer progression, as is discussed in
more detail in section 7.1 [4].

Other pathways for the formation of flat BAs, specifically the a//lo BAs, have been
demonstrated in animals and in /n7 vitro models and cannot yet be ruled out as possible
biosynthetic pathways in humans [10]. Rabbits and rats can reversibly convert the principal
human BAs - cholic, chenodeoxycholic, deoxycholic, and lithocholic acids — into their 5a
epimers, reactions that are mostly catalyzed by intestinal microorganisms [10, 29]. This
pathway also results in the formation of A%-BAs. The transformative effects of human
microflora on BAs are an active area of research. At least three bacterial species found in the
human gut are already known to be involved in secondary BA production — Clostridium
hylemonae, C. scindens, and C. hiranonis. These strains are also capable of forming 3-oxo-
A* BAs from primary BAs via flavoproteins encoded by the recently identified, conserved
baiCD genes [30]. The oxo BAs formed by these bacteria are then reduced to form DCA or
LCA through yet unknown reactions [30]. Interestingly, secondary a//o BAs can be induced
by the administration of primary a//o BAs in gut bacterial strains; however, the formation of
primary aflo BAs by these species has yet to be shown [30]. A//fo BAs may also be formed
from A%-BAs themselves: oxo groups can be reduced to form hydroxyl groups, and the
resonant 3-oxo-A*8 intermediate that is created during dihydroxylation may be reduced
further to the 5a conformation [2]. Thus, the biosynthesis and origin of the planar BAs is
still a matter of speculation.

Early research into a/fo BAs found that the administration of cholestanol, a cholesterol
metabolite, results in formation of a//lo BAs [10], specifically of a//o-cholic and —
deoxycholic acid, in the rat,gerbil, and rabbit [16, 31]. Cholestanol (Fig. 1C) is formed from
cholesterol in small but significant amounts in the human body, a reaction shown /n vitroto
be catalyzed by 5a-reductase [16]. /n vitrowork has also demonstrated that this pathway is
likely very analogous to that converting cholesterol to 58 BAs [10, 16]; however, as
intermediates of this pathway are nearly exclusively converted to 58 BAs in vivo, early
authors believed that the 5a.-reductase enzyme must be inhibited somehow in healthy
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subjects despite its high activity ex vivo[16]. Although sufficient data do not exist to either
support or refute this theory in humans, it is a possible mechanism of flat BA formation.

6. Physiological and Biochemical Properties of Flat BAs

6.1 Biochem

6.2 Allo-BAs

Limited experimental data exist regarding the physiological and pharmacological properties
of either the a/fo or A*-unsaturated BAs; moreover, the bulk of what has been studied has
been performed in /in vitro models. Still, these studies partially inform on the flat BAs.

ical Properties of Flat BAs

The allo BAs are nearly entirely the same as their isomers in terms of their biochemical
properties. The predicted logP values of a//o-cholic and — chenodeoxycholic acid match
perfectly those of cholic and chenodeoxycholic acids, respectively, meaning their
lipophilicity and therefore membrane permeability is comparable [32]. Similarly, the critical
micellar concentration (CMC) values of the a/fo BAs are approximately 2mM higher than
the normal BAs, indicating that the a//lo BAs have a slightly lower detergent capability [33].
Despite the similarities of the a//o BAs to their epimers, the A*-unsaturated BAs involve
more variance. The lipophilicity of these species, inferred from software-predicted logP
values, are distinct for each molecule: 7a,12a-dihydroxy-3-0xo-4-cholenoic acid is less
membrane permeable than cholic acid, with a predicted logP value of about 1 unit less. The
other A%-unsaturated BAs — 12a-hydroxy-3-oxo-chola-4,6-dien-24-oic acid and 7a.-
hydroxy-3-oxochol-4-en-24-oic acid — have similar permeability approximately between that
of cholic acid and chenodeoxycholic acid [32]. The acidity of all of the bile acids discussed
herein — as assessed by their calculated pK, values — is identical or nearly identical because
each molecule shares a common carboxylic acid moiety.

Most of the data regarding the 5a. BAs exists within a single study using a//o-cholic acid
(ACA) in comparison with its highly abundant epimer, cholic acid (CA) [6]. These
experiments have elucidated some aspects of ACA transport, metabolism, and signaling
capacity [6]. For instance, wild-type Chinese hamster ovary (CHO) cells displayed higher
uptake of taurine-conjugated a/fo-cholic acid, or tauro-a//o-cholic acid (TACA), than tauro-
cholic acid (TCA), possibly due to inherent steroid uptake mechanisms that may exist in
these steroidogenic cells coupled with the similar structure of a//o BAs with steroid
hormones [6]. Similarly, translocation into rat hepatocyte nuclei was higher for TACA than
TCA, which may again be related to the ability of steroidal structures to enter cell nuclei [6].
Thus, based on structural similarity, it is possible that ACA can utilize some of the transport
machinery used by steroidal hormones, such as the glucocorticoid receptor (GR) or
mineralocorticoid receptor (MR) to penetrate the nucleus; however, this is so far an
experimentally unsupported hypothesis. Transport studies of ACA and CA also elucidated
some distinctions. Though uptake by transfected rat transporters — Oatplal (organic anion
transporting polypeptide 1al) and Ntcp (sodium-taurocholate-cotransporting polypeptide)
into CHO cells was comparable for both BAs, transport of TACA was not diminished when
sodium was removed from the incubation medium but was still significantly higher than
wild-type control. As TACA has also shown significantly elevated transport by transfected
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rabbit Ntcp, it is more likely that the transfection of the rat ortholog is similarly able to
increase uptake of this BA through a mechanism independent of Ntcp [34]. TACA was also
found to inhibit ATP-mediated transport of TCA in rat Bsep (bile salt export protein)-
containing plasma membrane vesicles of Sf9 insect cells but was not itself transported by
any ATP-dependent mechanisms in this system, suggesting that it is not transported by the
rat Bsep protein [6]. TACA also induced a stronger choleretic effect, i.e. stimulated
increased bile flow, than its 5 epimer [6]. Furthermore, although TACA was not found to
affect the proliferation, differentiation, viability, or apoptosis of isolated rat hepatocytes [6],
a separate group discovered that ACA could significantly upregulate BSEP, SHP, and OSTp
expression in FXR- and RXR-cotransfected human hepatoma Alexander cells to an extent
similar to deoxycholic acid (DCA) and lithocholic acid (LCA), so it is possible that a//lo-BAs
retain some signaling capacity, at least in the case of FXR [35]. Thus, more physiological
data is needed to establish physiological and pharmacological properties of the a//fo BAs in
human systems as opposed to /7 vitro and animal models. HepG2 cells, a human
hepatoblastoma cell line, have been found to produce large amounts of the flat BA
intermediates — i.e. the A*-unsaturated BAs — as well as a//lo BAs to an extent similar to CA
and CDCA,; though, it is unknown whether this is due to the cancerous traits of the cells or
some abnormality that occurred during immortalization [36]. It would additionally be
interesting to examine flat BAs /i vitro using hepatic and fetal hepatic cells lines. The
studies referenced here did not include the other a/lo-BAs, i.e. allochenodeoxycholic acid,
allo-lithocholic acid, or a/lo-deoxycholic acid, so it is currently only known that these
differences exist for one set of BA epimers. The known physiological properties of ACA
based on current literature are illustrated in figure 2.

6.3 A%-unsaturated BAs

The A%-unsaturated BAs are even less well studied than the 5a species, perhaps because they
were long thought to be only intermediate steps in an elaborate biosynthetic pathway. The
Meier group used a model compound to represent BAs with a hydroxylated 3-oxo-A*
structure in the interest of studying the transport of BAs synthesized by patients with
oxosteroid 5p-reductase deficiency, that is, CBAS2 [37]. These patients accumulate an
excess of BAs with this flat, A*-unsaturated structure due to their inability to reduce
intermediates in the BA biosynthetic pathway. Taurine-conjugated 7a.-hydroxy-3-oxo-4-
cholenoic acid was synthesized as this experiment’s model bile acid and is a conjugated
version of one of the three A%-unsaturated BAs that recurs most often in disease (Fig. 1F).
Using plasma membrane vesicles isolated from rat liver, this A*-unsaturated BA was found
to competitively inhibit canalicular ATP-dependent transport of TCA without itself being
transported; in agreement with this early data, the A%-unsaturated BAs are now known to be
potent cholestatic agents via their inhibition of BSEP [8, 37]. Additionally, the model A?-
unsaturated BA used in this study exhibited competitive inhibition of sodium-dependent
uptake mechanisms in vesicles isolated from basolateral liver; however, like TACA, sodium-
dependent transport of 7a-hydroxy-3-oxo-4-cholyltaurine was comparable to that of
taurocholic acid [37]. Thus, this A%-unsaturated BA competitively inhibits the hepatic
sodium-dependent basolateral transporter(s), i.e. NTCP. At present, this represents the bulk
of physiological data regarding the A%-unsaturated BAs. As these BAs represent perhaps
more of a clinical concern than the a/fo BAs due to congenital defects in the 5 reductase
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enzyme, it is surprising that there is such a paucity of knowledge regarding their physio- and
pharmacological properties.

7. Recurrence in Disease

7.1 Cancer

The renewed study of the flat BAs is motivated by their reappearance in adults during certain
disease states, usually those which involve high hepatic proliferation. This phenomenon has
been shown to occur in humans, rats, and mice in several hepatic diseases and disease
models. One of the first reports of this was in patients with the most common type of liver
cancer, hepatocellular carcinoma (HCC) [4]. Both categories of flat BAs — the a//o BAs and
A*-unsaturated BAs — reappear at significantly elevated levels above control in the serum
and urine of these patients (table 2) [4]. Moreover, it would seem that the amount of flat BAs
are positively correlated with hepatocyte proliferation or tumor size, as the concentration of
A*-unsaturated BAs were found to be significantly lower in the urine of patients with small
tumors (<3 cm) than in mid-size tumors (3—6 cm), and patients with large tumors (>6 cm)
had an additional increase in A%-BAs compared with those of mid-size tumors [4]. This is
one of the few studies investigating irregular BAs as prognostic or diagnostic indicators.

The presence of the flat BAs in hepatic cancer is mirrored in animal experiments. During the
progression of chemically induced hepatocarcinogenesis in rats, flat BA species were
markedly elevated in bile; though, the concentrations of each peaked at different time points
of disease advancement, indicating a timeline progression of the specific flat BA species [5].
This study examined the BA content in liver and bile at three different time points and in
different hepatic compartments during hepatocarcinogenesis development: the foci stage (12
weeks following chemical induction), hepatoma stage (20 weeks), and carcinoma stage (32
weeks) in rat hepatocyte nuclei, homogenate, and in bile [5]. The a/lo-BAs, predominantly
allo-cholic acid, reached a peak concentration in bile at the hepatoma stage (20 weeks),
whereas A%-unsaturated BAs were elevated at the carcinoma stage (32 weeks) [3, 5]. The
authors noted that increased abundance of A%-unsaturated BAs approximately coincided with
the maximal loss of hepatocyte differentiation at the carcinoma stage, whereas the a//lo-BAs’
increased secretion began much earlier in hepatocarcinogenesis and was maintained
throughout disease progression [5]. The unsaturated BAs were absent from bile at the
hepatoma stage of hepatocarcinogenesis when af/o-cholic acid reached its maximum [5].
Conversely, the planar unsaturated BAs were not found in liver homogenate at the points
examined during hepatocarcinogenesis, but a//fo-cholic acid was found at the hepatoma stage
(20 weeks) as 0.3% of total BAs [5]. It has not been determined if humans also have
differential levels of each subtype of flat BA at different points of hepatic cancer progression
and if this could be used in HCC diagnosis and/or prognosis.

The flat BAs have been found in cases of colon cancer as well. A//o-BAs, both primary and
secondary (i.e. allo-lithocholic and a//o-deoxycholic), were found to be elevated in the feces
but not serum of colon cancer patients; however, a/lo-cholic acid and — chenodeoxycholic
acid levels were not significantly different from control [38]. Conversely, the secondary a/lo
BAs, allo-lithocholic and -deoxycholic acids, were significantly increased in the feces of the
colon cancer patients - up to 2.6-fold higher for a//lo-LCA and 40-fold higher for a//lo-DCA -
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the latter being especially high in males [38]. The higher ratio of secondary-to-primary allo
BAs in this particular disease is most likely due to a combination of longer retention of feces
in the large intestine and changes in colonic bacteria associated with colon cancer [38].
Though this study demonstrates the body’s capability of producing BAs in the 5a
configuration during colon cancer, it is possible that the secondary a//o BAs were modified
by microflora from host-synthesized primary a//lo BAs.

7.2 Liver ablation

Following partial hepatectomy, transplantation, or liver injury, hepatocytes rapidly
proliferate to regenerate the organ; moreover, BAs have recently been found to play
important roles in this process via their activation of FXR and TGR5 [39]. Thus, it follows
that the flat BAs found in the rapidly proliferating hepatocytes of HCC and other hepatic
cancers would also be found in the regenerating liver, and indeed, they are. In the urine of
patients who had undergone partial hepatectomy (PH), flat BAs — both the A%-unsaturated
and allo-BAs — were significantly increased at day 3 following surgery and continued to rise
for the next seven days (the remainder of the study), reaching an increase of up to 8-fold
control values (table 2) [11]. Though total urinary BA output was similar in all patients
examined, excretion of flat BAs was significantly higher for some patients that had
undergone major PH — meaning a larger portion of the liver was removed — versus those in
the minor PH group [11]. This data is corroborated by earlier animal studies, in which a
transient increase of A*-unsaturated and a//o-BAs of about 6 times control was found in the
bile of rats that had also undergone PH [8]. These studies did not establish whether a
differential proportion of flat BA subspecies occur at separate time points in liver recovery,
nor did they examine if and when the flat BAs disappeared after recovery. Additional
research in this area may also elucidate if reappearance of the flat BAs is correlated with the
proliferative state of the liver.

7.3 Additional occurrence of planar BAs in various studies

The flat bile acid species have been found in hepatic disorders other than primary hepatic or
colon cancer and mechanical ablation. A//o and A*-unsaturated BAs were found at low
concentrations in the serum samples of patients with liver metastasis and liver cirrhosis;
additionally, A*-unsaturated BAs were raised in patients with liver cirrhosis and chronic viral
hepatitis (table 2) [4]. This study and a few others demonstrate that, while the flat BAs seem
to resurface most consistently in cases of high hepatic proliferation such as cancer and organ
regeneration, other hepatic conditions can result in production of these molecules as well.
Because of the limited studies of uncommon BAs in human disease and liver injury, it is
difficult to discern the origin of the flat BAs in humans.

Due to the inverse relationship between cellular proliferation and differentiation, it is
possible that recurrence of flat BAs in disease states may be due to retro-differentiation of
the liver, during which hepatocytes become less specialized and lose much of the capabilities
of mature cells; thus, the hepatic environment may resemble that of the fetus and newborn
during periods of high proliferative activity [40]. Other typically fetal bile acid molecules,
such as BAs with unusual hydroxylation points —i.e. 18, 3p, and 6a hydroxylations — were
also found in the serum and urine of these patients, presenting additional evidence of a retro-
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differentiated hepatic state. However, flat BA species are noted to reappear at elevated levels
in other cases of liver injury, such as cirrhosis, cholestasis, and metastasis, conditions that do
not reflect high hepatic proliferation [4, 5, 11]. Thus, it is presently still uncertain what
causes the reappearance of flat BAs in adult humans during disease, demonstrating a need
for additional research in this field.

8. Evolutionary Considerations

BAs are produced by every class of vertebrate animals, with chemical variation within
exceeding that of any other type of small molecule [23, 24]. The generically termed “bile
salts” are made up of several subgroups of cholesterol end products across species: the Cy7
bile alcohols, C,4 bile acids, and C,4 bile acids, differing in the length of the carbon side
chain and oxidation state [23, 24]. The C,7 bile alcohols are considered the ancestral bile
salts, as they are found as the bile salts of the earliest evolving extant species (jawless and
lobe-finned fish such as the lamprey and hagfish), whereas the most recently evolved species
utilize Cy4 BAS [23, 24]. The C,7 bile alcohols are also in the 5a configuration, whereas the
more evolutionarily furthered vertebrate species (nearly all mammals and humans, for
example) have 5B Co4 BAs, demonstrating two evolutionary shifts: the C5 hydrogen atom
from an alphato a beta configuration and the decrease in side chain length from 8 to 5
carbon atoms [23, 24]. The latter represents the addition of several enzymatic steps taking
place within multiple cellular compartments, but little is known about the biosynthetic
pathways that produce either the 5a. Cy7 alcohols or 5a Cy4 acids.[23, 24] Moreover, there
are several extant species, mostly lizards in the Iguanidae phylogenetic family, that utilize
entirely 5a (allo) bile acids or bile alcohols [23, 24]. Thus, one hypothesis behind the
presence of flat BAs is that the immature hepatic state in humans during liver proliferation is
responsible for the formation of 5a BAs and is enzymatically and metabolically reflective of
a less evolved BA biosynthesis pathway.

9. Conclusions and Implications

Although bile acids have received much scientific attention, the bulk of the molecules within
this family are under-characterized. Of these are a subset of BAs that retain the flat or planar
structure of cholesterol and ancestral BAs found in lower-order species. Although these
typically fetal BAs are consistently elevated in several hepatic disease conditions, the origin
and function of these molecules are unknown, opening the research floor to a number of
opportunities. Current science has yet to elucidate how the planar BAs are biosynthesized
either in primitive reptilian and marine species or in man. Research concerning these
compounds could also continue to examine their physiological and pharmacological effects
in more relevant systems, such as in primary human cells and /7 vivo, as the planar BAs have
so far only been studied in /n vitrononhuman models. Additionally, only a few of the flat
BAs have been investigated, so additional study into the remaining planar BAs, both the
other oxo and allo species, should also be considered, as small changes in BA structure are
associated with drastically different physiological effects. Due to the well-characterized
signaling capabilities and toxicity associated with the primary human BAs, it is necessary to
understand how these endogenous molecules can affect the hepatobiliary system in the
disease states in which they are present, especially in those with poor prognoses, such as
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hepatocellular carcinoma. Several authors have expressed interest in using irregular or
uncommon BAs such as these as endogenous biomarkers of disease, which would allow
physicians to identify and begin treatment for conditions such as HCC earlier, but
considerable research is necessary to reach clinical significance. Quantitative methods of
characterizing BA profiles would be beneficial in determining if these BA species are
present in other disease states in addition to the limited number that has been studied in
order to further explore these molecules as possible biomarkers. Much further study is
required to establish whether these molecules are capable of bioactive signaling, markers of
injury, or relics of less specialized BA biosynthesis.
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Highlights
. Planar bile acids are structurally and functionally different from common 58
bile acids
. Planar bile acids are abundant in the fetus, newborn, and pregnant woman
. They are undetectable in healthy adults, but recur during hepatic injury,
cancer and ablation
. They could serve as biomarkers for liver disease, but require further

characterization in humans
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Figure 1.
A simplified schematic of cholesterol (A) metabolism highlighting major enzymatic

changes. Cholic acid (B) is used here to represent typical human BAs, which constitute most
of cholesterol metabolism. Cholestanol (C) is another metabolic product of cholesterol
found in small amounts in humans. All three of these are possible precursors to planar bile
acids, the most common of which are shown here: (D) allo-cholic acid; (E) 7a,12a-
dihydroxy-3-oxochol-4-en-24-oic acid; (F) 7a-hydroxy-3-oxochol-4-en-24-oic acid; (G)
12a.-hydroxy-3-oxochol-4,6-dien-24-oic acid. The reaction mechanisms shown here
summarize the most important enzymatic changes during the conversion of cholesterol to
cholestanol or to typical 5p bile acids as well as summarize the likely enzymatic reactions
taking place during conversion to the planar bile acids. As mentioned within the text,
structures E, F, and G are also transiently formed within normal bile acid biosynthesis.
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Bile canaliculus

Figure 2.
An illustration of the known physiological pathways of one allo-BA, (taurine-conjugated)-

allo-cholic acid, (T)ACA. The mechanisms shown below have been shown experimentally to
occur in non-human systems as detailed in the text. In pathway 1, tauro-allo-cholic acid,
(T)ACA. The mechanisms shown below have been shown experimentally to occur in non-
human systems as detailed in the text. In pathway 1, tauro-allo-cholic acid is transported into
hepatocytes by Ntcp and Oatp. In pathway 2, (T)ACA is transported efficiently into the
hepatocyte nucleus and is capable of activating FXR, though the mechanism through which
this happens is unknown. A question mark (?) indicates that the current mechanism of
membrane penetration is unknown, such as in pathway 4, in which (T)ACA is transported
into the bile canaliculus from hepatocytes through an unknown mechanism. In addition,
(T)ACA inhibits but is not transported by Bsep. In the center simplified cholesterol
metabolism schematic (3), the mechanism of planar BA formation is assumed to be via
SRD5A-mediated cholesterol metabolism, though this has not been definitively proven as of
yet.
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