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Abstract: The liver fulfills many vital functions for the body, among them bile formation and detoxification. Bile
salts are organic anions, are the major constituents of bile and are cytotoxic at high concentrations. Detoxification
exposes the liver to many harmful compounds. This function is therefore potentially damaging to the liver. Impaired
bile formation may lead to hepatic accumulation of bile salts and subsequently to liver disease. Diagnosis of liver
diseases involves the measurement of so-called liver function parameters. This overview aims to characterize
and summarize the role of organic anion transporters in bile formation at the protein level under normal physi-
ologic conditions and in liver function tests used for diagnosing liver diseases in pathophysiologic situations.
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Introduction

The liver has a strategic location within the circulatory system.
Blood from the intestine flowing back to the systemic circulation
reaches first the liver. Hence, the liver is — after the intestine — the
first organ exposed to intestinally absorbed nutrients and foreign
compounds. Due to this location, the liver is also a second barrier
behind the intestinal wall for preventing the entry of harmful sub-
stances into the body via the oral route.[l:2] This barrier function
may be impaired to variable extents in disease states,[*4! which in
turn will lead to variable liver exposure by gut-entering substanc-
es. Therefore, the liver is always at risk of insults by xenobiotics,
toxins or pathogens, which manage to cross the intestinal barrier.[]
Additional key functions of the liver such as metabolism and en-
ergy homeostasis, protein synthesis and secretion, detoxification
or bile formation also affect the entire body.5!

Bile Formation

Bile acids (BA) are divided into primary and secondary BAs.
The latter are formed by the gut microbiome in the intestine.lo]
The major constituents of bile are bile salts (BS), organic anions
such as conjugates of bilirubin and lipids.l”1 BSs and unconjugated
primary and secondary BAs produced by the gut flora are ab-
sorbed from the portal blood into hepatocytes. Within hepatocytes
the BAs, additionally also originating from de novo synthesis, are
rapidly conjugated to become BSs. These are, together with BSs
absorbed from the portal blood, secreted across the canalicular
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liver plasma membrane (cLPM) and drained via the gall bladder
into the small intestine. In the intestine, BSs are almost quanti-
tatively absorbed and shipped back into the liver via the portal
vein, where their journey starts again. This process is termed en-
terohepatic circulation.[8! The transport systems involved in hepa-
tocellular handling of BAs and BSs are cloned and functionally
well characterized.[191 These transporters include for the uptake
from the blood plasma the Na*-taurocholate-cotransporting poly-
peptide (NTCP) and the organic anion transporting polypeptides
(OATPs) OATP1B1, OATP1B3, and OATP2B1. Export of BSs
from hepatocytes into bile against a steep concentration gradi-
ent is mediated by the bile salt export pump (BSEP), an ATP-
binding cassette (ABC) transporter. Under pathologic conditions
with elevation of intracellular BS and BA levels in hepatocytes,
multidrug resistance-associated proteins (MRPs) MRP3, MRP4,
and the heterodimeric organic solute transporter OSTo/OSTp, all
expressed at the basolateral membrane, may act as salvage trans-
porters for BSs.l11.121

BS export into the canaliculus by BSEP constitutes the rate-
limiting step of trans-hepatocellular BS flux. Therefore, BSEP is
the key transporter driving the enterohepatic circulation of BSs
and for keeping intracellular BSs low. The substrate specificity
of BSEP is restricted with very few exceptions to BSs.[l In addi-
tion, MRP2 acts as a canalicular efflux system for glucuronidated
secondary BSs,[12] while sulfated secondary BSs are substrates of
ABCG2.1131 Similarly, the main substrates for NTCP are BSs, but
it can transport additional substrates, such as drugs.[!4] In addi-
tion to contributing to BA uptake into hepatocytes, OATPs have a
broad substrate specificity and are key transporters for hepatocel-
lular drug uptake.!3!

Interplay of Bile Salt Transporters with Membranes
The intracanalicular BS concentration is very high.[®! It can-
not be directly determined, but may exceed 50 mM in humans,[!7]
which is above the critical micellar concentration of BSs.[181 BSs
have detergent properties/!9l and may damage cells from the inside
and/or outside.l?1 BSs can solubilize in vitro isolated cLPMI21-22]
and in vivo affect the maximal BS secretory rate due to their deter-
gent properties.[23] The cLPM contains detergent-resistant micro-
domains (so-called rafts),[2l which are enriched in sphingomyelin
and cholesterol.[2] Tt was also demonstrated that incubating iso-
lated cLPM vesicles with BSs leads to the formation of micro-
domains.['81 These microdomains containing ABC-transporters
like BSEP!1324] protect the cLPM against the detergent action of
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intracanalicular BSs. The transport activity of ABC transporters
such as BSEP and MRP2 is modulated by the membrane choles-
terol content!26-281 and structural analysis of ABC-transporters re-
vealed tightly bound cholesterol and phospholipid molecules.[2°]
As increased BS secretion leads to increased biliary cholesterol
secretion,3% the cholesterol content of cLPM may be lowered in
situations of high BS output and consequently lower indirectly the
activity of canalicular ABC transporters as a protective mecha-
nism against excessive loss of lipids from the cLPM. In addition,
partitioning in and out of cholesterol-rich microdomains may also
be a passive regulatory mechanism of canalicular ABC transporter
capacity.

Impaired Liver Function

Liver diseases are an important clinical entity and are, for ex-
ample in Europe, the second leading cause for loss of years of
working life.3!l Liver diseases are inherited or acquired and many
impair bile formation, which in turn may lead to intracellular ac-
cumulation of BSs in hepatocytes, a process termed cholestasis.
Elevated intracellular BSs are cytotoxic to hepatocytes and other
cells.[20! Intracellular BSs may e.g. impair mitochondrial func-
tionB2 or lead to endoplasmic reticulum stress.[3334 Impaired
BSEP activity, if persistent, may lead to cholestatic liver dis-
ease,3>-301 since BSEP is the key transporter exporting BSs from
hepatocytes. In addition to inherited defective canalicular export-
er functions, inherited defects in the biosynthesis of BAsB7l or
disfunctions of the tight junctions!3#! sealing canalicular bile from
the space of Disse can lead to overt liver disease. Acquired forms
of cholestasis have many causes. Drugs inhibiting BSEPB3%:401 or
MDR341-431 may lead to prototypical forms of acquired chole-
static liver disease. It is important to realize that drug-induced
liver injury encompasses many different pathogenic mechanisms
in addition to transporter inhibition.[*4l In susceptible women,
pregnancy may lead to intrahepatic cholestasis of pregnancy,
another prototypical form of acquired liver disease, which may
involve transport systems.[] In contrast to the above-mentioned
examples, viral hepatitis, liver disease as a consequence of alcohol
abuse, obesity or life-style induced liver disease are by far more
prevalent.[31]

While currently the clinical focus is often on advanced forms
of liver disease, diagnosis and management of early forms of liver
disease are frequently not considered in practice.l3!l Hence, early
detection of impaired liver function is important. Elevated liver
values are detected in many cases incidentally in primary care and
are associated with an increase in mortality as well as comorbidi-
ties.[*l Hence, there is a need for specific as well as technically
unsophisticated liver function tests (LFTs) to improve this situa-
tion. Measurements of so-called liver parameters are an important
part of diagnosing liver disease. These parameters often only al-
low indirect conclusions on liver function. For example, serum
bilirubin levels give indirect information on the uptake, metabolic,
and excretory/secretory functions of the liver.[7l This needs to be
judged against hemolysis leading also to elevated bilirubin levels.

Clinical Monitoring of Liver Function

In principle, LFTs can be divided into passive LFTs, including
determination of liver enzymes as well as clinical grading systems,
and dynamic functional LFTs such as clearance measurements of
dyes, e.g. indocyanine green (ICG)*81 or other molecules cleared
by the liver or metabolic tests assessing the functional capacity of
the liver.[47491 Such tests are not only used for diagnostic purposes
but also in a prognostic manner for the management of patients
with (severe) liver disease.[*750 Dynamic LFTs determine clear-
ances and are now also developed for directly measuring with
imaging technologies the handling of substances by the liver,
e.g. magnetic resonance imaging (MRI) or single photon emis-
sion tomography (SPECT).I51521 The finding, for instance, that

scintigraphic in vivo determination of liver function by monitor-
ing the hepatobiliary transport of *"Tc-mebrofenin improves the
postoperative outcome of the risk assessment for patients needing
major liver resection!3354 highlights the clinical relevance of this
approach. It is well established that liver disease leads to altered
expression of hepatocellular transporters,l5! which in turn likely
influences the outcome of LFTs performed with imaging or by
clearance determination. Therefore, in vitro identification of hepa-
tocellular transporters involved in handling of liver imaging agents
is highly warranted. This is a research area being currently actively
pursued.i36571 SPECT and positron emission tomography (PET)
imaging compounds applied to humans and tested in vitro with
organic anion transporters in heterologous expression systems are
listed in Table 1.

MRI agents are highly membrane impermeable. Gd-EOB-
DTPA was found in vitro to be a substrate for NTCP, OATP1B1
and OATP1B3, but not for OATP2B1.138] Investigation of efflux
systems revealed MRP2 and MRP3 as Gd-EOB-DTPA transport-
ers.5%1 Gd-BOPTA is in vitro a substrate for OATP1B1.1601 A typi-
cal serum parameter in static LFTs is the determination of biliru-
bin measured in conjunction with transaminases. It is important
to keep in mind that hepatocellular uptake of bilirubin is mediated
by the two transport systems OATP1B1 and OATP1B3/6!1 and de-
fects in these transporters lead to hyperbilirubinemia.l®2! Hence,
strictly speaking, bilirubin could also be considered as a dynamic
liver function marker. In addition, variants or genetic defects in
these transporters will affect the outcome of MRI imaging with
contrast agents transported by these two OATPs as demonstrated
for OATP1B1, for example.[63]

Imaging techniques utilizing ultrasound, computed tomogra-
phy or MRI give in addition to functional assessment of the liver
also information on morphological aspects of the entire hepato-
biliary system!®! and help diagnose benign or malignant liver
lesions.[%5] Contrast agents may, depending on the time point of
imaging after application accumulate or be lost in lesions result-
ing in hyper- or hypointense signals relative to the surrounding
healthy tissue. In general, hepatic imaging can be divided into
three distinct phases: the arterial phase, the portal venous phase,
and the delayed venous phase.l®] As outlined above, contrast
agents do not freely penetrate cell membranes. Therefore they
need the expression of transporters mediating uptake into or ex-
port of imaging agents from lesions.[>1.67-711 The expression of
these transporters has a strong impact on imaging results of focal
liver diseases.[®972] In addition to MRI agents, the PET imaging
agent ['®F]fluoromethylcholine also shows a promising potential
for the identification and classification of focal liver lesions.[73!

The liver handles a large amount of bile salts each day by
extracting them from the portal blood plasma and secreting them
into the biliary tree. It is known for quite some time that BSs
are elevated in the plasma in patients with liver diseasel’ and it
was later demonstrated in vivo that in patients with liver disease
the clearance of glycocholate is reduced!’>! and that the in vivo
clearances of taurocholate and ICG correlate well.[481 However,
because of the endogenous BS pool present in humans, clearance
measurements require radioactively labelled BSs(73! and applica-
tion of such BSs may not be the first method of choice. As an
alternative with short-lived isotopes, BS transport in vivo is cur-
rently explored by PET, wherein hepatic transport of a BA de-
rivative can be monitored in healthy individuals and patients.[76.77]
Such techniques expose patients to internal radiation and require
complex methodologies. An alternate method is using fluores-
cently labelled or intrinsically fluorescent compounds. Given that
many BS transport systems are well characterized, fluorescently
labelled BAs or BSs seem attractive markers for liver function.
In support of this concept, a pilot study showed that the plasma
clearance of the fluorescent BS cholyl-L-lysyl-fluorescein is re-
duced in patients with liver cirrhosis in comparison to healthy
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Table 1. PET substrates tested on hepatocellular organic anion transporters. Data are from individual transporters expressed heterologously in
different cell lines; NT not transported. Inhibitor: Radioactively labelled taurocholate was used as substrate.
NTCP OATP1B1 OATP1B3 OATP2B1 BSEP MRP2 MRP3 MRP4 ABCG2 Ref.
[''Clerlotinib NT NT substrate [107]
30-["*F]fluorocholic  inhibitor  inhibitor inhibitor [108]
acid
3B-['*F] inhibitor  inhibitor inhibitor [108]
fluorochenodeoxy-
cholic acid
3B-["F] inhibitor  inhibitor inhibitor [108]
fluoroglycocholic
acid
2B-["*F]fluorocholic  inhibitor  inhibitor inhibitor [108]
acid
7B-["*F]fluorocholic  inhibitor  inhibitor inhibitor [108]
acid
["®F]pitavastatin substrate  substrate [109]
derivative
(["*F]PTV-F1)
["'C]tariquidar NT NT NT [110]
["'C]-SC-62807 substrate  substrate substrate  [111]
CA-lys-["*F]TFA substrate [112]
(cholate derivative)
LCA["F]TD substrate  substrate  substrate substrate [113]
(lithocholate
derivative)
[*™] Tc-mebrofenin NT substrate  substrate NT substrate ~ substrate [81,114—
116]
[*™] Tc-N-pyridoxyl- substrate  substrate  NT substrate [117]
5-methyl-tryptophan
[*mTc]-DTPA-CDCA substrate  substrate substrate [116]
(chenodeoxycholate
derivative)
[*mTc]-DTPA-CA substrate  substrate substrate [116]
(cholate derivative)
[#'T]6-B-iodomethyl- NT substrate  substrate NT NT NT NT NT substrate  [118]
19-norcholesterol
[99mTc] substrate substrate  NT [119]
mercaptoacetyltri-
glycine
['#IIMIBG (m-iodo- NT NT NT NT substrate [120]

benzyl-guanidine)

controls.[”8 It was later found that this BS derivative is neither a
substrate of NTCP nor of BSEP.[7%1 Hence, such novel BS deriva-
tives require after synthesis a careful in vitro characterization with
respect to transporter specificity prior to in vivo application in hu-
mans. Introduction of fluorophores into BSs and their assessment
in vitro as potential substrates of BS and BA transporters has been
reported several times and data are listed in Table 2.
Spectrophotometric determination of ICG clearance is rou-
tinely used to assess liver function® and can also be performed
transcutaneously, thus allowing continuous monitoring of plasma
levels of ICG and therefore also liver function.3%) The transport
systems mediating hepatocellular uptake of ICG are known.[8!
Additionally, the fluorophore fluorescein (and potentially others)
used for labelling BSs is a good substrate for many OATPs.[82-84]

This highlights the necessity for highly pure preparations of fluo-
rescently labelled BSs, if they are intended for monitoring liver
function in vivo or in cells expressing several organic anion trans-
porters.[85] Table 3 lists various dyes tested in vitro as substrates
for hepatocellular organic anion transporters.

Currently, exogenous markers for drug transporters are often
used by a microdosing approach.36-881 Surrogate endogenous
biomarkers for transport systems, such as for drugs, are a valid
alternative for transport studies with drugs. For example, copro-
porphyrin-I and coproporphyrin-III are substrates for OATP1B1
and OATP1B3.[89901 Hepatocellular efflux of coproporphyrin I is
mediated by MRP2.°l Endogenous transporter biomarkers are
currently actively searched for and characterized in humans in-
cluding clinical studies with drugs.[92-%I
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Table 2. Fluorescent BA derivatives tested on hepatocellular organic anion transporters. Data are from individual transporters expressed heterolo-

gously in different cell lines; NT not transported.

NTCP OATP1B1 OATP1B3 OATP2B1 BSEP MRP2 MRP3 ABCG2  Ref.
chenodeoxycholic acid 7-nitrobenz- substrate  substrate [121,122]
2-oxa-1,3-diazole (CDCA-NBD)
N-(24-[7-(4-N,N- substrate [123]
dimethylaminosulfonyl-
2,1,3-benzoxadiazole)]amino-
3a,7a,12a-trihydroxy-27-
nor-Sb-cholestan-26-oyl)-2’-
aminoethanesulfonate
(tauro-nor-THCA-24-DBD)
N-(24-[7-(4-N,N- substrate  substrate  substrate [124]
dimethylaminosulfonyl-2,1,3-
benzoxadiazole)]amino-3a,7a,120-
trihydroxy-27-nor-53-cholestan-26-
oyl)-2’-aminoethanesulfonate
(tauro-nor-THCA-24-DBD)
cholylglycylamidofluorescein substrate  substrate [125]
(CGamF)
cholylglycylamidofluorescein substrate substrate [126]
(CGamF)
chenodeoxycholylglycylamido- substrate substrate [126]
fluorescein (CDCGamF)
cholyl-L-lysyl-fluorescein (CLF) NT substrate  substrate NT NT substrate  substrate NT [79]
cholic acid-en-nitrobenzofurazan NT substrate NT substrate  NT NT [85]
cholic acid-en-dansyl substrate  NT substrate  substrate NT NT [85]
cholic acid-en-pacific blue NT substrate  substrate NT substrate NT [85]
chenodeoxycholic acid-en- NT substrate  substrate  substrate NT NT [85]
nitrobenzofurazan
chenodeoxycholic acid-en-dansyl NT NT substrate  substrate NT NT [85]
chenodeoxycholic acid-en-pacific Nt NT substrate  substrate substrate  substrate [85]
blue
Outlook Today, the biological significance of transporters is generally ac-

While the role of transporters in LFTs is now well established
and generally accepted, several issues remain. First, as many
transporters have overlapping substrate specificities, the in vivo
contribution of individual transporters to results is difficult to elu-
cidate at best. Second, driving forces have not been worked out
in detail for all transporters. For example, the driving force of
OATPs is not yet clearly worked out, but it most likely involves
organic anion exchangers, where bicarbonate in the liver may be a
likely counterion.l®7] Different physiologic and pathophysiologic
states may, however, modify driving forces for transporters and
therefore also affect the outcomes of LFTs based on transport.
Third, a considerable interindividual variability of transporter
protein expression levels exists in healthy individuals. Examples
of the span of protein expression levels for selected hepatocellular
transporters are given in Table 4. Fourth, transporters in humans
are often polymorphic and different variants may have different
transport properties as well as protein expression levels.[?8-101]
These properties have been demonstrated to have an impact on
drug disposition,l'92] adverse drug actions!!%3! or MRI imaging,
for example.[104]

In conclusion, biological membranes are a primordial compo-
nent of life, as they allow building of units of life and sealing them
tightly from the intracellular or extracellular environment.!105]
Exchange of substances across biological membranes therefore
necessitates transport proteins embedded in biological barriers.

cepted. In liver, hepatocellular transporters are now well estab-
lished to be relevant for understanding molecular mechanisms of
LFTs as well as liver imaging. In future, more work is needed for
defining the driving forces as well as their alterations in patho-
physiologic situations. This will certainly help increase the pre-
dictive power of LFTs as well as develop better pharmacokinetic
models for drug disposition. Finally, LFTs for in vivo monitoring
of biochemical reactions producing harmful metabolites may in
the future complement the arsenal of tests based on transport sys-
tems. 106
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Table 3. Dyes tested on hepatocellular organic anion transporters. Data are from individual transporters expressed heterologously in different cell

lines; NT not transported.
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