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Summary

Together with carriers in the liver and small intestine, kidney transporters function to conserve and 

compartmentalise bile acids in the enteronephrohepatic circulation. In patients with liver disease, 

systemic bile acid levels are elevated, undergo increased renal glomerular filtration, and contribute 

to the pathogenesis of cholemic nephropathy and acute kidney injury. In this review, we describe 

mechanisms for renal bile acid transport and highlight very recent discoveries that challenge 

current paradigms on the pathogenesis of cholemic nephropathy and renal tubule cast formation. 

We also discuss the therapeutic potential of inhibiting the kidney apical sodium-dependent bile 

acid transporter to redirect bile acids into urine for elimination, reduce hepatobiliary accumulation 

and systemic levels of bile acids, and treat cholemic nephropathy. In conclusion, a deeper 

understanding of the enteronephrohepatic bile acid axis is providing insights into novel strategies 

to protect both the liver and kidney in patients with liver disease.
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Introduction

The enterohepatic circulation of bile acids and its interruption in cholestasis has been 

the subject of considerable study.1–3 Comparatively less is known about kidney-liver 

(nephrohepatic) cycling of bile acids and its relationship to the progression of liver 

injury or damage to extrahepatic tissues such as the kidney in cholestasis. Under normal 

physiological conditions, systemic bile acid concentrations are low, which limits renal bile 

acid exposure. However, in cholestatic liver diseases, nephrohepatic cycling of bile acids 

becomes critical as bile acid concentrations rise in the systemic circulation and consequently 

the glomerular filtrate. This leads to two significant consequences. First, exposure to 

elevated concentrations of bile acids in the primary urine can lead to injury or death of 

bile acid-transporting epithelial cells in the proximal tubule. Second, persistent tubular bile 

acid reabsorption impedes renal clearance of bile acids and subverts effective shunting of 

Ghallab et al. Page 2

J Hepatol. Author manuscript; available in PMC 2026 March 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cytotoxic bile acids from an already compromised cholestatic liver into urine for elimination. 

Intriguingly, both complications have the potential to be addressed by approaches that target 

the kidney apical sodium-dependent bile acid transporter (ASBT/SLC10A2; also called ileal 

bile acid transporter, IBAT), such as systemic ASBT inhibitors, which would block the renal 

reabsorption of bile acids and enhance their urinary excretion. For a thorough discussion of 

the underlying mechanisms, we first introduce the key transporters that mediate bile acid 

cycling and discuss the enterohepatic and nephrohepatic arms of bile acid circulation.

Enteronephrohepatic bile acid cycling and renal bile acid transport

The major transporters that function to maintain bile acid cycling have been identified4,5 

and are summarised in Fig. 1. The major bile acid transporters in humans are shown, with 

rodent models expressing a similar complement of transporters.6 In the liver, absorbed bile 

acids delivered from the portal vein are taken up across the hepatocyte sinusoidal membrane 

by the Na+-taurocholate cotransporting polypeptide (NTCP/SLC10A1) and members of 

the organic anion transporting polypeptide (OATP) family (OATP1B1/SLCO1B1 and 

OATP1B3/SLCO1B3 in humans) and exported across the canalicular membrane by the 

bile salt export pump (BSEP/ABCB11) into bile. Epithelial cells lining the biliary tract 

(cholangiocytes) and gallbladder epithelial cells express the ASBT and heteromeric organic 

solute transporter, OSTα/β (SLC51A/SLC51B), which may function to facilitate the 

absorption and cholehepatic or cholecystohepatic shunting of a small fraction of the taurine- 

and glycine-conjugated (amidated) bile acids in bile.7–9 Bile acids ultimately pass from the 

liver into the small intestine and are taken up across the apical brush border membrane of 

ileal enterocytes by the ASBT and are exported across the basolateral membrane into the 

portal circulation by OSTα/β.10–13 Under normal physiological conditions, a portion of the 

bile acids entering the small intestine escape absorption and their loss in the faeces is the 

major route for bile acid elimination.14 In addition to the liver and intestine, the kidneys 

also actively reabsorb bile acids.15 Indeed, our understanding of the kidney’s role in bile 

acid excretion is steeped in Hepatology, arising in part from seminal research conducted in 

the Liver Unit established by Dame Sheila Sherlock at the Royal Free Hospital in London. 

There, Stephen Barnes, John Gollan, and colleagues working with Barbara Heap Billing 

studied renal tubule bile acid reabsorption, metabolism, and secretion in rat models and in 

patients with cholestasis.16–18

First pass hepatic extraction of bile acids from the portal circulation in healthy humans is 

efficient but varies depending on bile acid structure and conjugation, ranging from ~90% 

for cholic acid, to ~70–80% for chenodeoxycholic acid and deoxycholic acid, to ~50% 

for ursodeoxycholic acid.19,20 Bile acids that escape first pass hepatic clearance spill over 

into the systemic circulation where they travel in protein-bound or free forms. Binding to 

plasma proteins (primarily albumin) varies for different bile acid species (ranging from 

~45 to 98%)21 with the unbound bile acid fraction being free to undergo glomerular 

filtration.21 In healthy humans, it is estimated that the kidney filters approximately 100 

μmoles of bile acids each day, but only 1 to 2 μmoles of bile acids are lost in urine 

since renal tubular reabsorption is highly efficient.22 As such, under normal physiological 

conditions, renal excretion in urine plays only a very minor role in daily bile acid loss, while 

faecal elimination represents the major route.23 However, in patients with cholestatic liver 
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disease, hepatic bile acid clearance and canalicular secretion are reduced, and plasma bile 

acid levels are significantly elevated.21,24 The increase in plasma bile acid levels includes 

conjugated bile acids and bile acid metabolites, such as polyhydroxylated, sulfated and 

glucuronidated species,25 which are synthesised by hepatocytes and exported across the 

sinusoidal membrane as a critical part of the liver’s adaptive response in cholestasis.26 

Hepatocyte expression of enzymes involved in bile acid detoxification pathways (i.e. 

hepatic phase I hydroxylation, and phase II sulfation and glucuronidation) is induced 

to render bile acids less cytotoxic, more hydrophilic, and more amenable to excretion. 

This adaptation in cholestatic liver disease includes increasing expression of CYP3A4, 

SULT2A1 and UGT (UDP-glucuronosyltransferase) isoforms and is mediated by the master 

regulators farnesoid X receptor (FXR), pregnane X receptor and constitutive androstane 

receptor,26,27 with induction of UGT1A1, 1A3, 1A4 and 2B4 being mediated by peroxisome 

proliferator-activated receptor (PPAR).28 Like the liver,29 the kidney also possesses bile acid 

glucuronidation capacity30 and may directly metabolise bile acids to promote their urinary 

excretion.

The 24-hour urinary excretion of non-sulfated/non-glucuronidated conjugated bile acids 

(i.e. bile acids that are amidated to taurine or glycine) remains significantly lower than 

the quantity estimated to undergo glomerular filtration.31 In contrast, urinary clearance of 

bile acid metabolites (sulfated and glucuronidated bile acids) in patients with cholestasis 

can be 100-fold higher than for the unmodified bile acid species,31,32 with the increase 

in urinary bile acid excretion overwhelming in the sulfated vs. non-sulfated bile acid 

fraction33 (Fig. 2). This increased urinary excretion cannot be explained by reduced protein 

binding by sulfated and glucuronidated bile acids (and a resultant higher free circulating 

fraction).34,35 Subsequent studies suggested that the urinary excretion of conjugated bile 

acids may be lower than that of their phase I and phase II metabolites because of 

their active reabsorption from the renal proximal tubules.15,36 The renal proximal tubule 

epithelium expresses ASBT37,38 and OSTα/β,8 providing a circuit for uptake and transport 

of conjugated bile acids from the kidney tubule lumen back into the systemic circulation 

for reuptake by the liver. In contrast to amidated (taurine- and glycine-conjugated) bile 

acids, sulfated and glucuronidated bile acids are not efficiently transported by the ASBT.38–

40 Mechanistically, the observed renal bile acid flux and selective loss of sulfated and 

glucuronidated bile acids17,18 partly reflects this preferential ASBT-mediated reabsorption 

of amidated vs. sulfated or glucuronidated bile acids from the lumen of renal proximal 

tubules.8,37,38,41 Notably, ASBT expression is restricted to the proximal tubular epithelial 

cells (TECs) and absent from other cells in the nephron42–45 (Fig. 2). In addition to 

tubular bile acid absorption, there is also evidence for direct tubular secretion of sulfated 

bile acids from blood into the lumen of the renal tubules.18 Although the details of 

the mechanism(s) and their quantitative significance have not been fully elucidated, renal 

sulfated bile acid secretion potentially involves uptake from the blood by the major anion 

carrier OAT3/SLC22A8 on TECs,46–49 and export across the TEC apical membrane by 

ABC transporters such as MRP2 (ABCC2) and MRP4 (ABCC4) for elimination in the 

urine.16,18,50 In addition to glucuronidation, there is also evidence that the kidney expresses 

bile acid sulfotransferase activity, raising the prospect that in addition to the liver, renal 
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synthesis of bile acid sulfates in TECs may have a role in bile acid urinary excretion.51 A 

model of our current understanding of renal bile acid transport is provided in Fig. 2.

Renal bile acid elimination in patients with cholestatic liver disease

In addition to increases in phase I and phase II enzymes, hepatocyte expression of 

sinusoidal membrane transporters, including MRP3 (ABCC3),52 MRP4,53 and OSTα/β,54,55 

is induced in response to a block in normal hepatocyte canalicular secretion, obstruction 

or damage to the biliary system, and cholestasis. This promotes efflux of bile acids and 

bile acid metabolites into the space of Disse, thereby reducing hepatocellular bile acid 

accretion and increasing levels of conjugated bile acids and bile acid metabolites in the 

systemic circulation54,56,57 (Fig. 3). For many years, the accepted dogma has been that 

kidney ASBT expression or function is significantly reduced as an adaptive response to 

cholestatic conditions.58 However, that dogma has been challenged by closer scrutiny of 

the evidence, as well as recent findings from animal models and patients with liver disease 

and cholemic nephropathy (CN). As mentioned above, the preferential urinary loss of bile 

acid metabolites vs. conjugated bile acids in patients with cholestasis does not reflect 

their relative abundance in plasma31,59,60 and is consistent with ongoing ASBT-mediated 

tubular reabsorption of non-sulfated bile acids. In the kidneys of bile duct-ligated rats and 

mice, ASBT expression was found to be significantly decreased in some50,58,61 but not all 

studies,62,63 whereas renal OAT3 expression is induced.64,65 Moreover, a recent longitudinal 

study in mice that underwent bile duct ligation (BDL) found only minor reductions in 

kidney ASBT expression and in vivo activity (as assessed by intravital microscopy),66 

and pharmacological inhibition of kidney ASBT in cholestatic rodent models significantly 

increases urinary excretion of non-sulfated bile acids.66,67 Of translational importance, 

immunohistochemical analysis of kidney biopsies from humans revealed that kidney ASBT 

protein expression is preserved in patients with CN at both early and advanced stages.66 

Overall, the findings support the concept that ASBT expression is partially reduced in 

cholestasis, with possible interspecies differences. However, substantial ASBT function 

appears to be preserved, allowing persistent renal tubular reabsorption of bile acids and 

limiting the urinary elimination of non-sulfated conjugated bile acids. A model of our 

current understanding of the hepatorenal bile acid flux under cholestatic conditions is 

provided in Fig. 3.

Liver disease, acute kidney injury and cholemic nephropathy

Individuals with acute liver failure, alcohol-related hepatitis, as well as decompensated 

cirrhosis, in particular those with acute-on-chronic liver failure, are at high risk of 

developing acute kidney injury (AKI),68–70 and renal failure in patients with advanced 

chronic liver disease is associated with poor outcomes and high hospitalisation costs71 (Fig. 

4). Although portal hypertension-related and splanchnic systemic haemodynamic alterations 

are thought to play a major role in the development of renal dysfunction associated with 

liver disease,72 non-haemodynamic mechanisms of injury, such as CN, have also been 

implicated in its pathogenesis.73 The umbrella term CN describes compromised renal 

function together with histological features, such as renal tubule epithelial cell injury and 

intratubular cast formation,74 and is thought to be a cause of AKI in cholestasis.74–77 Indeed, 
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the presence of intrarenal “bile casts” may be a more common pathological finding in 

patients with liver disease than is generally appreciated.74,78 Clinically, AKI in patients 

with liver disease is currently defined and detected by indicators of kidney dysfunction 

(i.e. primarily increased serum creatinine), although there is increasing recognition that 

damage detected by biomarkers may precede the development of dysfunction. Prerenal AKI 

is exclusively functional and not accompanied by relevant damage (i.e. tubular injury), and 

it does not overlap with CN. Thus, damage markers such as urinary neutrophil gelatinase-

associated lipocalin (NGAL) are usually low and this condition is highly reversible upon 

volume resuscitation. Hepatorenal syndrome-AKI (HRS-AKI) is primarily a consequence of 

vasodilatation and may respond to treatment with vasoconstrictors plus albumin. However, 

biomarkers may indicate limited tubular injury in a subset of HRS-AKI. Importantly, a 

considerable rate of non-response is observed, accompanied by extremely high short-term 

mortality. High bilirubin, as a surrogate of cholestasis, and high NGAL, as a biomarker of 

tubular damage, are major risk factors for non-response. These findings suggest that CN 

could play a role in HRS-AKI. Finally, acute tubular necrosis (ATN) is the most severe 

form of kidney damage and is characterised by elevated levels of kidney injury molecule-1 

(KIM-1) and NGAL, resembling observations in rodents shortly after BDL.66 As suggested 

by published series of deeply jaundiced patients with kidney dysfunction or histological 

proof of CN, patients with ATN may be the main population in which CN is encountered 

in the clinic. While obstructive jaundice/mechanical cholestasis (i.e. the human equivalent 

of BDL) can usually be relieved by endoscopic or surgical interventions, this is not the 

case for patients with severe alcohol-related hepatitis and/or acute-on-chronic liver failure 

or ductopenic liver diseases who may present with HRS-AKI/ATN and in whom kidney 

dysfunction remains a key driver of mortality.

The frequency of CN is currently underestimated. After review of the literature to seek 

insights into the incidence/prevalence of CN, the following important limitations of the 

available evidence were identified: (i) the diagnosis of CN may require a considerable 

level of suspicion, since microscopic examination of urine sediment for bile casts is not 

systematically performed in clinical practice at many centres, and diagnosis of CN may 

be restricted to patients showing evidence of renal dysfunction, thereby missing patients 

with kidney damage without overt dysfunction. Without attempts to raise awareness of CN, 

urine analysis may be even less commonly performed in the future. For instance, while 

patients with ascites and (renal) dysfunction (i.e. AKI) have a predisposition to CN, the 

ADQI (Acute Disease Quality Initiative) and ICA (International Club of Ascites) joint 

multidisciplinary consensus meeting recently proposed a positive definition of hepatorenal 

syndrome,70 thereby potentially decreasing utilisation of urine analysis to rule out alternative 

causes such as CN. (ii) There is no generally accepted definition of CN in humans. It 

is unclear whether (renal) dysfunction is a sine qua non for diagnosing CN, or whether 

renal dysfunction should rather serve as a delineator between a subclinical (kidney damage 

without dysfunction) and a clinically evident form, which would be more in line with 

the current understanding of AKI in general. Although there are numerous reports on 

renal dysfunction due to CN in the literature,79 large series are much rarer than for other 

aetiologies of (renal) dysfunction in patients with liver/biliary disease. However, evidence 

of tubular damage (i.e. high KIM-1) is nearly ubiquitous in patients with advanced liver 
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disease and a serum bilirubin level ≥6 mg/dl, even in the absence of (renal) dysfunction.66 

This suggests that CN is underdiagnosed/underreported but also indicates that its incidence/

prevalence critically depends on the definition applied (i.e. whether it includes subclinical 

CN). (iii) Although the systematic assessment of biomarkers of tubular damage and 

microscopic examination of urine sediment for bile casts would be desirable to gain insights 

into the incidence/prevalence of CN, some authors demand a kidney biopsy to establish 

the diagnosis of CN.2 However, kidney biopsies do not seem to be justified and may be 

contraindicated in several clinical contexts in which CN may occur, due to a high procedural 

bleeding risk. However, when biopsies are performed postmortem, histological evidence 

of CN is found in the majority of individuals who had acute-on-chronic liver failure and 

stage 3 AKI,80 further strengthening the previous point that any estimate of the incidence/

prevalence of CN is likely profoundly impacted by underdiagnosis/underreporting. Thus, 

firm conclusions on the overall incidence/prevalence of CN cannot be drawn from the 

current evidence, and this applies even more to comparisons thereof in the specific clinical 

contexts in which CN may occur.

Although the recognition of CN as a clinical entity is experiencing a resurgence, the 

concept of a causal relationship between liver-derived metabolites “cholephiles” and CN 

or AKI has been controversial.81,82 In addition to bile acids, plasma bilirubin concentrations 

are elevated in patients with cholestasis and cirrhosis,78 and bile pigment staining is a 

classical feature of renal casts in CN.73 Moreover, the relative contribution of bile acids, 

bilirubin or other liver-derived cholephiles vs. other mechanisms in the pathogenesis of 

kidney injury is difficult to decipher and may show profound interindividual variability.73,83 

In particular, gut-derived pathogen-associated molecular patterns and damage-associated 

molecular patterns are important drivers of systemic inflammation in liver disease, which 

may lead to kidney injury both via direct (e.g. via TEC damage84) and indirect (e.g. arterial 

vasodilation in patients with ascites) mechanisms.85 However, recent findings (as described 

below) support a prominent role for bile acids in the pathogenesis of CN and suggest 

that ASBT inhibition could play a role in preventing/treating kidney dysfunction in these 

conditions for which there is a high unmet medical need.

Evolving concepts on the pathogenesis of cholemic nephropathy and acute 

kidney injury

To study the pathological mechanisms of CN, mice subjected to BDL have been used 

as a model system, because the kidney is particularly susceptible to the high systemic 

bile acid concentrations caused by ligation of the common bile duct and develops several 

features seen in patients with CN.74,86 An earlier landmark study demonstrated renal tubular 

epithelial injury as early as 3 days after BDL86 and suggested that renal-excreted bile acids 

play an important pathophysiological role.76,86 Those studies gave rise to a model where 

elevated levels of bile acids acting at the distal collecting ducts damage the epithelial cell 

barrier and increase leakage of urine into the surrounding kidney parenchyma. This event 

is followed by cast formation, collecting duct obstruction and ultimately progressive tubular 

dilatation, tubulointerstitial nephritis and fibrosis.74,86 Importantly, the model suggested that 
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diverting more bile acids from blood into the lumen of renal distal tubules and collecting 

ducts would be expected to promote CN and kidney injury.

Recently, the temporal and spatial order of events for BDL-induced CN in mice was re-

examined using new higher resolution techniques, including functional intravital 2-photon 

microscopy imaging, which provided important new mechanistic insights. Using these 

approaches, the study yielded evidence supporting the following temporal sequence of 

events in CN development66 (Fig. 5). (1) Systemic bile acid levels increase due to cholestatic 

liver disease, leading to elevated bile acid concentrations in the glomerular filtrate and lumen 

of the renal tubules; (2) bile acids accumulate in proximal TECs due to persistent ASBT 

activity, leading to (3) oxidative stress, cell death, and release of cell debris from a subset 

of proximal TECs. (4) The released cell debris floats downstream in the tubule lumen, 

becomes concentrated as water is absorbed in the distal collecting tubules, and forms casts 

(obstructions) that cause tubule dilatation upstream of the obstruction. (5) Concurrently, 

surviving proximal TECs continue transporting bile acids from the tubule lumen into the 

interstitium. (6) This increases bile acid concentrations in the interstitial space and may 

act to compromise peritubular capillary endothelial cell barrier function and increase the 

leakiness of those vessels. (7) Progressive kidney fibrosis is triggered by the cell death 

events of proximal TECs, increased tubule pressure, and leakage of blood and primary urine 

into the interstitium. (8) A late event in the progression of CN is the formation of glomerular 

cysts. These glomeruli maintain their blood supply by afferent and efferent arterioles but 

are connected to obstructed and leaky tubules, thereby releasing primary urine into the 

interstitium.

Intravital microscopy enabled direct visualisation of the release of cell debris into the 

tubule lumen and helped to resolve the conundrum of how early cell death events in bile 

acid-transporting proximal TECs could lead to formation of tubular casts, which are found 

primarily in distal nephron segments.74 These early events are followed by histological 

evidence of endothelial cell damage and functional changes in peritubular renal capillaries, 

as demonstrated by strong leakage of Evans blue dye from capillaries into the interstitium 

at 3 weeks after BDL.66 In advanced stages after BDL, glomerular cysts – evident as 

dilatation of Bowman’s space66 – may represent a response to tubular constriction due to 

progressive fibrosis or complete tubule obstruction by casts, occurring while glomerular 

filtration remains active. The spatial and temporal order for the proposed sequence of events 

for BDL-induced CN were also supported by observed changes in the kidney injury markers 

KIM-1 (a proximal tubular epithelial cell death marker), NGAL (a proximal and distal 

tubular epithelial cell death marker) and cystatin C (a biomarker of glomerular filtration 

rate).66

The findings described above suggested that enrichment of bile acids in proximal TECs 

is an early initiating event that precedes later features of CN. Strong evidence supporting 

this hypothesis comes from preclinical experiments with a systemically bioavailable ASBT 

inhibitor AS0369.66 In mice after BDL, AS0369 significantly increased urinary excretion 

of bile acids. Administration of AS0369 almost completely blocked bile acid enrichment, 

oxidative stress and cell death events in proximal TECs and strongly ameliorated all 

hallmarks (dilated tubules, glomerular cysts, tubular casts, capillary damage, and fibrosis) 
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of CN (Fig. 6). This ASBT inhibitor-associated protection was also evident after BDL 

in Cyp2c70 knockout mice, a mouse model with a humanised and hydrophobic bile acid 

composition.66 Of particular importance, blocking ASBT in the proximal TECs dissociated 

the effects of increasing urinary elimination of conjugated bile acids from the development 

of CN and suggested that cells in the distal nephron, which lack bile acid transporters, are 

relatively resistant to conjugated bile acid-induced injury.

Pressing questions regarding the pathological mechanisms of CN

1. A major question that remains to be answered is whether bile acids or other 

cholestatic liver-derived molecules act as the primary causative factor of CN. 

In a 6-week study in BDL mice, total bile acid concentrations in blood were 

reduced by a factor of approximately 10 with two daily oral doses of 60 mg/kg 

AS0369.66 However, bilirubin concentrations were simultaneously reduced by 

a factor of approximately two, and it remains to be determined if systemic 

inflammatory cytokines and other cholephiles were also reduced by the systemic 

ASBT inhibitor. Therefore, further studies that increase only bile acids or only 

bilirubin and consider the possible role of additional cholephiles are required to 

finally clarify the long-standing question of causality.

Regarding the relationship between bilirubin levels and CN or AKI, Dubin-Johnson 

syndrome and Rotor syndrome are rare inherited defects in bilirubin transport that present 

with a conjugated (direct) hyperbilirubinemia or mixed unconjugated (indirect)/conjugated 

hyperbilirubinemia, respectively. Despite significantly elevated circulating bilirubin levels, 

subjects with Dubin-Johnson syndrome or Rotor syndrome are generally asymptomatic, and 

CN or renal injury has not been associated with either disorder.87,88 Regarding elevated bile 

acid levels and CN, cases of hypercholanemia (elevated serum bile acids) due to NTCP 

mutations have been described in individuals without any known kidney phenotype.89 In the 

original index case, the NTCP-deficient patient exhibited extreme hypercholanemia and total 

bile acid levels as high as 1,500 μM. Clinically, this patient exhibited mild hypotonia, growth 

retardation and delayed motor milestones, but nephropathy was not reported.89 Later reports 

of more individuals with NTCP deficiency did not mention any kidney phenotype.90–92 

Another relevant observation to be considered when discussing the pathological mechanisms 

of CN is that nephrotoxic effects have not been reported in patients receiving the NTCP 

inhibitor bulevirtide. Mean serum Cmax of total bile acids was 178 μM after the first 

bulevirtide dose and 209 μM at steady state when 10 mg of bulevirtide was administered 

subcutaneously for six consecutive days together with tenofovir.93 A general limitation of 

these studies of individuals with hyperbilirubinemia or hypercholanemia is that systematic 

screening for kidney damage, including measurements of early injury biomarkers, e.g. 

KIM-1, is lacking. As such, future studies that include measurements of biomarkers will 

be required to determine whether increased bile acids alone (acting as a proximal tubule 

nephrotoxin) are sufficient to cause kidney tubule injury and CN, or whether additional 

factors, such as other cholephiles (e.g. bilirubin), damage-associated molecular patterns, or 

inflammatory cytokines released from inflamed liver tissue are also required.

Ghallab et al. Page 9

J Hepatol. Author manuscript; available in PMC 2026 March 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2. Another question is what mechanisms are responsible for the renal endothelial 

cell damage. A possible mechanism is that the previously described enhanced 

export of bile acids by MRP3 and OSTα/β on the basolateral side of proximal 

TECs increases extracellular bile acid concentrations near endothelial cells lining 

the peritubular capillaries. This hypothesis is supported by the observation that 

both MRP3 and OSTα/β are upregulated in the kidneys after BDL.66 Although 

this mechanism may appear plausible, it has not yet been formally proven, which 

could be achieved, for example by inhibition or knockout of the basolateral 

export carriers MRP3 and OSTα/β.

3. An open question is whether the mechanisms observed in mice are relevant to 

humans. Analysis of kidney biopsies from patients without CN demonstrated 

that ASBT is expressed on the luminal side of proximal TECs, as observed 

in mice.66 Moreover, ASBT expression is preserved in patients with early as 

well as later stage CN, suggesting that the proximal TECs lack the ability to 

protect themselves from bile acid overload by downregulation of the responsible 

uptake carrier. This contrasts with hepatocytes, where downregulation of NTCP 

represents a well-documented adaptive mechanism to cholestasis.94–96 Moreover, 

serum analysis of patients with acute and chronic cholestatic liver disease 

showed that total bile acid concentration was an explanatory variable in a 

multiple linear regression model with the proximal TEC injury marker KIM-1 

as the dependent variable, although confirmatory studies with higher numbers of 

patients are still required.66

Different transport efficacy of ASBT on biliary and gallbladder epithelial 

cells and renal tubular epithelial cells

Uncertainties remain concerning ASBT’s role in cholangiocytes and the function of 

cholehepatic or cholecystohepatic bile acid shunting in health and disease.7,9 Expression 

of ASBT and OSTα/β on the cholangiocyte apical and basolateral membranes, respectively, 

provides a conduit to transport conjugated bile acids from the bile duct lumen into the 

interstitial space from where they enter the peribiliary plexus of bile ducts and pass into 

portal vein radicles in the portal tract.97,98 However, the quantitative contribution of ASBT 

to this cholehepatic shunt remains to be elucidated, as indicated by the question marks in 

Figs 1 and 3. Under pathological conditions, namely cystic duct ligation in mouse models 

of cystic fibrosis (Cftr−/−), shunting from the gallbladder to portal vein blood has also been 

reported.9,99 This was studied by injecting a fluorescent bile acid into the gallbladder and 

analysing its appearance within bile canaliculi within 20 min. However, it should be noted 

that total bile acid concentrations in the gallbladder bile in healthy mice are ~100–130 

mM66 compared to only ~70 μM in the portal vein and <2 μM in the systemic circulation.95 

Therefore, under normal conditions, cholangiocytes and gallbladder epithelial cells form an 

efficient barrier with little evidence of ASBT-mediated transport of significant quantities 

of bile acids from the biliary tract or gallbladder into the blood. This framework is very 

different from that in hepatocytes, where NTCP facilitates the efficient uptake of bile acids 

from sinusoidal blood, enabling their subsequent secretion across the bile canaliculi. It is 
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also different from that in ileal enterocytes or renal proximal tubule cells, where ASBT 

functions in the quantitative reclamation of bile acids. Nevertheless, evidence in favour 

of an ASBT-mediated cholehepatic shunt comes from experiments with a systemic ASBT 

inhibitor after BDL.66 After BDL, under conditions where the ligation was performed 

downstream of the gallbladder without cholecystectomy to allow for analysis of gallbladder 

bile, total bile acids in the gallbladder increased from ~3 mM in untreated mice to ~22 

mM after 6 weeks of administration of a systemic ASBT inhibitor66 (in the chronic phase 

after BDL, concentrations of bile acids in gallbladder bile are much lower than in healthy 

mice). In urine, total bile acids increased from <0.1 mM in untreated bile duct ligated 

mice to >5 mM after ASBT inhibitor treatment. Considering that bile excretion is blocked 

due to ligation, while urine continues to flow, this scenario demonstrates that ASBT on 

cholangiocytes or gallbladder epithelial cells shunts only a very small fraction of luminal 

bile acids, while ASBT on renal proximal TECs seems to efficiently transport bile acids. 

Possible explanations for ASBT’s low transport efficiency/capacity in bile duct/gallbladder 

epithelial cells vs. renal proximal TECs may be that i) bile acids are packed into micelles in 

bile (but not in urine) and are thus less accessible and/or ii) post-translational modifications 

reduce ASBT transport activity.97,98,100,101 However, direct experimental proof of these 

hypotheses is not yet available.

ASBT as a potential therapeutic target for liver disease-associated acute 

kidney injury

Inhibition of ileal bile acid reabsorption by intestine-restricted ASBT inhibitors represents 

a well-established therapeutic principle that has been reviewed previously.102–105 Intestine-

restricted ASBT inhibitors interrupt enterohepatic cycling of bile acids, thereby increasing 

faecal excretion and reducing systemic pools. Approved intestine-restricted ASBT inhibitors 

include maralixibat and odevixibat, which have been shown to ameliorate cholestatic 

pruritus in Alagille syndrome and PFIC (progressive familial intrahepatic cholestasis).103,106 

In contrast to intestine-restricted compounds, systemic ASBT inhibitors that are absorbed 

into the systemic circulation have not yet been approved, but a successful phase I study 

has recently been completed with A3907, also known as ritivixibat67 (ISRCTN17748514). 

Based on our current understanding of the pathological mechanisms of CN, systemic 

ASBT inhibitors may be effective, because they act via two independent mechanisms. The 

primary effect is target cell protection by inhibition of ASBT-driven bile acid enrichment 

in proximal TECs, a key early event in CN (Fig. 6). It should be considered that ASBT 

is the only transporter that mediates this effect in proximal TECs, which represents a 

favourable situation for a pharmacologic intervention. A secondary favourable effect of 

systemic ASBT inhibition in CN is the reduction of the systemic bile acid load. In 

mice with cholestasis, systemic ASBT inhibition causes a strong increase in urinary bile 

acid excretion.66 Moreover, it can be expected that – similar to intestine-restricted ASBT 

inhibitors – orally administered systemic ASBT inhibitors will block ileal reabsorption of 

bile acids.107

CN occurs as a severe complication in patients with end-stage liver disease, acute liver 

failure or alcohol-related hepatitis. It presents as AKI that is caused by haemodynamic and 
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inflammatory mechanisms.70,108–110 The efficacy of the vasoconstrictor terlipressin (plus 

albumin) for the treatment of HRS-AKI has been demonstrated in numerous studies.111–

115 However, only 64–76% of patients show a response (complete or partial), while a 

complete response is seen in only 46–56%.109 The relatively high fraction of terlipressin 

non-responders suggests that besides haemodynamic factors, infection or inflammation, the 

above-described bile acid-mediated CN is an independent disease-driving factor or part of 

the clinical spectrum of HRS-AKI.73,85,116,117 Histological features of CN – besides tubular 

cell injury – are Hall’s stain-positive bilirubin casts.74 Kidney autopsy studies of patients 

with acute-on-chronic liver failure and AKI, as well as those with decompensated cirrhosis, 

showed histologically proven CN with Hall’s stain-positive bilirubin casts in 25–75% of all 

samples, demonstrating that the frequency of a bile acid-mediated contribution to HRS-AKI 

may currently be underestimated.118 Terlipressin non-responders with HRS-AKI and high 

serum bile acid levels represent a potential target population for future clinical studies 

evaluating the potential of systemic ASBT inhibitors to ameliorate CN.

Therapeutic significance outside the kidney box

Reducing the hepatic bile acid burden in patients with cholestasis is one of the postulated 

mechanisms of action for FXR agonists,119 PPAR agonists,120–122 the gut-restricted ASBT/

IBAT inhibitors,123–125 and NTCP inhibitors in clinical development.126 Systemic ASBT 

inhibitors represent an approach to specifically prevent or ameliorate CN. Moreover, 

systemic ASBT inhibition reduces the total bile acid burden by increasing urinary bile 

acid excretion, thereby reducing the exposure of tissues whose functions are compromised 

by increased levels of bile acids17,18 (Fig. 7). It is not our intention to give a complete 

account of all secondary diseases of cholestasis, but we would like to discuss the potential 

indications of systemic ASBT inhibitors for some examples. Thus far, CN appears as a 

unique scenario, since the target cells of this disease, proximal TECs, actively enrich bile 

acids via ASBT and the resulting cell death events and all consequences can be prevented 

by ASBT inhibitors, thus representing an ideal situation for target protection (category 1, 

Fig. 7). The high efficacy of systemic ASBT inhibitors in CN in preclinical mouse models is 

because the enrichment of bile acids in proximal TECs can be blocked almost completely.66

A different scenario can be expected for bile acid-mediated complications, where the bile 

acids are believed to act via cell surface receptors or enter the target cells through passive 

diffusion (category 2, Fig. 7). An example is the anorexigenic effect of bile acids that 

reach the hypothalamus127,128 and activate TGR5 (Takeda G protein coupled receptor), 

leading to reduced food intake128 and activation of the sympathetic nervous system.129 

In an early landmark study, bile acids administered to mice were shown to increase 

energy expenditure in brown adipose tissue, probably via type 2 iodothyronine deiodinase 

and TGR5.130 Conjugated bile acids regulate steroidogenic factor 1 in adrenocortical 

cells131 and increase steroidogenesis in cholemic mice,132 while patients with cholestasis 

show hypercortisolism.133 Other cholestatic complications where bile acids probably reach 

their target cells by diffusion are cardiomyopathy,134–138 sarcopenia,139 and cognitive 

dysfunction.140 Systemic ASBT inhibition may also be useful for the treatment of these 

complications, by decreasing bile acid concentrations in the blood and consequently in the 

target tissues. However, the threshold bile acid concentration in blood needed to avoid 
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complications in the individual tissues listed as category 2 remains to be investigated 

(Fig. 7). It should be considered that twice daily administration of the systemic ASBT 

inhibitor AS0369 to mice (60 mg/kg b.w.; gavage) reduced total bile acids from ~2,000 

μM to ~200 μM over a 6-week period, which represents an effect of remarkable size.66 

Nevertheless, the resulting total bile acid concentration of ~200 μM is still clearly above 

normal concentrations that range below 3 μM in mice. Higher or more frequent doses 

of AS0369 are unlikely to further reduce blood bile acids. Similarly, a further systemic 

ASBT inhibitor, A3907, was effective at reducing serum bile acids in mice after BDL at 

doses up to 30 mg/kg (50), but serum bile acid levels were still far above normal. In fact, 

even ASBT knockout mice had elevated serum bile acids after BDL, though they were 

significantly lower than in wild-type mice after BDL.141 This limitation may be due to low 

bile acid concentrations in the intestine and induction of hepatic bile acid synthesis, with 

newly synthesised bile acids being secreted via the upregulated hepatocellular basolateral 

export transporters MRP3, MRP4, and OSTα/β into the sinusoidal blood96 (Fig. 3). In this 

case, an option in the future may be to combine systemic ASBT blockers with inhibitors 

of bile acid synthesis, for example synthetic FXR agonists, although possible adverse 

effects due to increased choleresis in cases with obstructions of the biliary tract should 

be carefully studied.142–144 It should be considered that reducing systemic bile acid levels 

represents only one of the therapeutic mechanisms of FXR agonists. For example, FXR 

has also been demonstrated to protect kidney and liver tissue via its anti-inflammatory and 

antifibrotic effects.145,146 Moreover, PPAR agonists may help to further reduce bile acids.147 

A promising possibility for future studies may be the combination of norucholic acid (NCA; 

formerly referred to as norUDCA) with ASBT inhibitors, since the effects of NCA may be 

ASBT independent,148 enabling targeting of both liver and kidney injury in cholestasis.76 

It will be important to determine the threshold concentrations of bile acids at which 

complications in the aforementioned tissues can be avoided, as will determining whether 

these thresholds can be reached with ASBT inhibitors and/or other therapeutic strategies. 

Besides bile acid pool size, bile acid pool composition may be of critical importance. 

The above discussed complications of cholestasis should be differentiated from those that 

are due to malabsorption, such as compromised mineral density of bones or compromised 

growth (category 3, Fig. 7). The latter are caused by a lack of intestinal bile acids due to 

obstructions of the biliary tract and are of course not candidates for therapy with systemic 

ASBT inhibitors.

Conclusions and future directions

Systemic ASBT inhibitors represent a new approach to avoid bile acid overloading of 

proximal TECs in cholestasis, thereby preventing or ameliorating CN. Moreover, these 

agents decrease the systemic bile acid burden by increasing urinary bile acid excretion, 

which protects all tissues that are susceptible to increased bile acid exposure, including 

the cholestatic liver. An important step in the future will be a proof-of-concept phase II 

study, since all indications from preclinical studies suggest that the mechanisms originally 

discovered in mice are likely applicable to humans. The most promising applications will be 

(i) CN with the goal of preventing or ameliorating AKI; and (ii) obstructive cholestasis with 

the primary goal of reducing bile acid concentrations in the systemic circulation.
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Abbreviations

AKI acute kidney injury

ASBT apical sodium-dependent bile acid transporter

ATN acute tubular necrosis

BDL bile duct ligation

BSEP bile salt export pump

CN cholemic nephropathy

FXR farnesoid X receptor

HRS-AKI hepatorenal syndrome-acute kidney injury

KIM-1 kidney injury molecule

MRP multidrug resistance protein

NGAL neutrophil gelatinase-associated lipocalin

NTCP sodium-taurocholate cotransporting polypeptide

OAT organic anion transporter

OATP organic anion transporting polypeptide

OSTα/β organic solute transporter α/β

PAMPs pathogen-associated molecular patterns

PPAR peroxisome proliferator-activated receptor

TECs tubular epithelial cells

UGT UDP-glucuronosyltransferase

References

Author names in bold designate shared co-first authorship

[1]. Choudhuri S, Klaassen CD. Molecular regulation of bile acid homeostasis. Drug Metab Dispos 
2022;50:425–455. [PubMed: 34686523] 

Ghallab et al. Page 14

J Hepatol. Author manuscript; available in PMC 2026 March 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[2]. Boyer JL, Soroka CJ. Bile formation and secretion: an update. J Hepatol 2021;75:190–201. 
[PubMed: 33617926] 

[3]. Trauner M, Fuchs CD, Halilbasic E, et al. New therapeutic concepts in bile acid transport and 
signaling for management of cholestasis. Hepatology 2017;65:1393–1404. [PubMed: 27997980] 

[4]. Dawson PA, Lan T, Rao A. Bile acid transporters. J Lipid Res 2009;50:2340–2357. [PubMed: 
19498215] 

[5]. Halilbasic E, Claudel T, Trauner M. Bile acid transporters and regulatory nuclear receptors in the 
liver and beyond. J Hepatol 2013;58:155–168. [PubMed: 22885388] 

[6]. Li J, Dawson PA. Animal models to study bile acid metabolism. Biochim Biophys Acta Mol Basis 
Dis 2019;1865:895–911. [PubMed: 29782919] 

[7]. Lazaridis KN, Pham L, Tietz P, et al. Rat cholangiocytes absorb bile acids at their apical 
domain via the ileal sodium-dependent bile acid transporter. J Clin Invest 1997;100:2714–2721. 
[PubMed: 9389734] 

[8]. Ballatori N, Christian WV, Lee JY, et al. OSTalpha-OSTbeta: a major basolateral bile acid and 
steroid transporter in human intestinal, renal, and biliary epithelia. Hepatology 2005;42:1270–
1279. [PubMed: 16317684] 

[9]. Boyer JL, Soroka CJ. A cholecystohepatic shunt pathway: does the gallbladder protect the liver? 
Gastroenterology 2012;142:1416–1419. [PubMed: 22542828] 

[10]. Oelkers P, Kirby LC, Heubi JE, et al. Primary bile acid malabsorption caused by mutations in the 
ileal sodium-dependent bile acid transporter gene (SLC10A2). J Clin Invest 1997;99:1880–1887. 
[PubMed: 9109432] 

[11]. Dawson PA, Haywood J, Craddock AL, et al. Targeted deletion of the ileal bile acid transporter 
eliminates enterohepatic cycling of bile acids in mice. J Biol Chem 2003;278:33920–33927. 
[PubMed: 12819193] 

[12]. Rao A, Haywood J, Craddock AL, et al. The organic solute transporter alpha-beta, Ostalpha-
Ostbeta, is essential for intestinal bile acid transport and homeostasis. Proc Natl Acad Sci U S A 
2008;105:3891–3896. [PubMed: 18292224] 

[13]. Ballatori N, Fang F, Christian WV, et al. Ostalpha-Ostbeta is required for bile acid and 
conjugated steroid disposition in the intestine, kidney, and liver. Am J Physiol Gastrointest Liver 
Physiol 2008;295:G179–G186. [PubMed: 18497332] 

[14]. Dawson PA, Karpen SJ. Intestinal transport and metabolism of bile acids. J Lipid Res 
2015;56:1085–1099. [PubMed: 25210150] 

[15]. Weiner IM, Glasser JE, Lack L. Renal excretion of bile acids: taurocholic, glycocholic, and colic 
acids. Am J Physiol 1964;207:964–970. [PubMed: 14237470] 

[16]. Barnes S, Gollan JL, Billing BH. The role of tubular reabsorption in the renal excretion of bile 
acids. Biochem J 1977;166:65–73. [PubMed: 901419] 

[17]. Summerfield JA, Cullen J, Barnes S, et al. Evidence for renal control of urinary excretion of 
bile acids and bile acid sulphates in the cholestatic syndrome. Clin Sci Mol Med 1977;52:51–65. 
[PubMed: 606464] 

[18]. Corbett CL, Bartholomew TC, Billing BH, et al. Urinary excretion of bile acids in cholestasis: 
evidence for renal tubular secretion in man. Clin Sci (Lond) 1981;61:773–780. [PubMed: 
7297039] 

[19]. Angelin B, Bjorkhem I, Einarsson K, et al. Hepatic uptake of bile acids in man. Fasting and 
postprandial concentrations of individual bile acids in portal venous and systemic blood serum. J 
Clin Invest 1982;70:724–731. [PubMed: 7119112] 

[20]. Ewerth S, Angelin B, Einarsson K, et al. Serum concentrations of ursodeoxycholic acid in portal 
venous and systemic venous blood of fasting humans as determined by isotope dilution-mass 
spectrometry. Gastroenterology 1985;88:126–133. [PubMed: 3880555] 

[21]. Aldini R, Roda A, Labate AM, et al. Hepatic bile acid uptake: effect of conjugation, hydroxyl and 
keto groups, and albumin binding. J Lipid Res 1982;23:1167–1173. [PubMed: 7175373] 

[22]. Stiehl A Bile salt sulphates in cholestasis. Eur J Clin Invest 1974;4:59–63. [PubMed: 4819836] 

[23]. Voronova V, Sokolov V, Al-Khaifi A, et al. A physiology-based model of bile acid 
distribution and metabolism under healthy and pathologic conditions in human beings. Cell Mol 
Gastroenterol Hepatol 2020;10:149–170. [PubMed: 32112828] 

Ghallab et al. Page 15

J Hepatol. Author manuscript; available in PMC 2026 March 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[24]. Wagner M, Zollner G, Trauner M. New molecular insights into the mechanisms of cholestasis. J 
Hepatol 2009;51:565–580. [PubMed: 19595470] 

[25]. Alamoudi JA, Li W, Gautam N, et al. Bile acid indices as biomarkers for liver diseases I: 
diagnostic markers. World J Hepatol 2021;13:433–455. [PubMed: 33959226] 

[26]. Wagner M, Zollner G, Trauner M. Nuclear receptor regulation of the adaptive response of bile 
acid transporters in cholestasis. Semin Liver Dis 2010;30:160–177. [PubMed: 20422498] 

[27]. Wagner M, Zollner G, Trauner M. Nuclear receptors in liver disease. Hepatology 2011;53:1023–
1034. [PubMed: 21319202] 

[28]. Gallucci GM, Hayes CM, Boyer JL, et al. PPAR-mediated bile acid glucuronidation: therapeutic 
targets for the treatment of cholestatic liver diseases. Cells 2024;13.

[29]. Perreault M, Białek A, Trottier J, et al. Role of glucuronidation for hepatic detoxification and 
urinary elimination of toxic bile acids during biliary obstruction. PLoS One 2013;8:e80994. 
[PubMed: 24244729] 

[30]. Perreault M, Wunsch E, Białek A, et al. Urinary elimination of bile acid glucuronides under 
severe cholestatic situations: contribution of hepatic and renal glucuronidation reactions. Can J 
Gastroenterol Hepatol 2018;2018:8096314. [PubMed: 29850459] 

[31]. Stiehl A, Earnest DL, Admirant WH. Sulfation and renal excretion of bile salts in patients with 
cirrhosis of the liver. Gastroenterology 1975;68:534–544. [PubMed: 1112455] 

[32]. Raedsch R, Lauterburg BH, Hofmann AF. Altered bile acid metabolism in primary biliary 
cirrhosis. Dig Dis Sci 1981;26:394–401. [PubMed: 7249880] 

[33]. Bathena SP, Thakare R, Gautam N, et al. Urinary bile acids as biomarkers for liver diseases II. 
Signature profiles in patients. Toxicol Sci 2015;143:308–318. [PubMed: 25344563] 

[34]. Takikawa H, Sekiya Y, Yamanaka M, et al. Binding of lithocholate and its glucuronide 
and sulfate by human serum albumin. Biochim Biophys Acta 1995;1244:277–282. [PubMed: 
7599144] 

[35]. Gartner U, Goeser T, Stiehl A, et al. Transport of chenodeoxycholic acid and its 3-alpha- and 
7-alpha-sulfates by isolated perfused rat liver. Hepatology 1990;12:738–742. [PubMed: 2210676] 

[36]. Wilson FA, Burckhardt G, Murer H, et al. Sodium-coupled taurocholate transport in the proximal 
convolution of the rat kidney in vivo and in vitro. J Clin Invest 1981;67:1141–1150. [PubMed: 
7204571] 

[37]. Christie DM, Dawson PA, Thevananther S, et al. Comparative analysis of the ontogeny of a 
sodium-dependent bile acid transporter in rat kidney and ileum. Am J Physiol 1996;271:G377–
G385. [PubMed: 8770054] 

[38]. Craddock AL, Love MW, Daniel RW, et al. Expression and transport properties of the human 
ileal and renal sodium-dependent bile acid transporter. Am J Physiol 1998;274:G157–G169. 
[PubMed: 9458785] 

[39]. Oelberg DG, Little JM, Adcock EW, et al. Intestinal absorption of bile acid glucuronides in rats. 
Dig Dis Sci 1988;33:1110–1115. [PubMed: 3409798] 

[40]. De Witt EH, Lack L. Effects of sulfation patterns on intestinal transport of bile salt sulfate esters. 
Am J Physiol 1980;238:G34–G39. [PubMed: 7356026] 

[41]. Properties Lack L. and biological significance of the ileal bile salt transport system. Environ 
Health Perspect 1979;33:79–89. [PubMed: 540627] 

[42]. Schlosser P, Scherer N, Grundner-Culemann F, et al. Genetic studies of paired metabolomes 
reveal enzymatic and transport processes at the interface of plasma and urine. Nat Genet 
2023;55:995–1008. [PubMed: 37277652] 

[43]. Lake BB, Menon R, Winfree S, et al. An atlas of healthy and injured cell states and niches in the 
human kidney. Nature 2023;619:585–594. [PubMed: 37468583] 

[44]. Ransick A, Lindstrom NO, Liu J, et al. Single-cell profiling reveals sex, lineage, and regional 
diversity in the mouse kidney. Dev Cell 2019;51:399–413 e397. [PubMed: 31689386] 

[45]. Ghallab A, Kunz S, Drossel C, et al. Validation of NBD-coupled taurocholic acid for intravital 
analysis of bile acid transport in liver and kidney of mice. Excli j 2024;23:1330–1352. [PubMed: 
39574965] 

Ghallab et al. Page 16

J Hepatol. Author manuscript; available in PMC 2026 March 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[46]. Sweet DH, Miller DS, Pritchard JB, et al. Impaired organic anion transport in kidney and 
choroid plexus of organic anion transporter 3 (Oat3 (Slc22a8)) knockout mice. J Biol Chem 
2002;277:26934–26943. [PubMed: 12011098] 

[47]. Bush KT, Wu W, Lun C, et al. The drug transporter OAT3 (SLC22A8) and endogenous 
metabolite communication via the gut-liver-kidney axis. J Biol Chem 2017;292:15789–15803. 
[PubMed: 28765282] 

[48]. Tang J, Shen H, Zhao X, et al. Endogenous plasma kynurenic acid in human: a newly discovered 
biomarker for drug-drug interactions involving organic anion transporter 1 and 3 inhibition. Drug 
Metab Dispos 2021;49:1063–1069. [PubMed: 34599018] 

[49]. Granados JC, Bhatnagar V, Nigam SK. Blockade of organic anion transport in humans after 
treatment with the drug probenecid leads to major metabolic alterations in plasma and urine. Clin 
Pharmacol Ther 2022;112:653–664. [PubMed: 35490380] 

[50]. Schlattjan JH, Winter C, Greven J. Regulation of renal tubular bile acid transport in the early 
phase of an obstructive cholestasis in the rat. Nephron Physiol 2003;95:p49–p56. [PubMed: 
14646358] 

[51]. Summerfield JA, Gollan JL, Billing BH. Synthesis of bile acid monosulphates by the isolated 
perfused rat kidney. Biochem J 1976;156:339–345. [PubMed: 942413] 

[52]. Belinsky MG, Dawson PA, Shchaveleva I, et al. Analysis of the in vivo functions of Mrp3. Mol 
Pharmacol 2005;68:160–168. [PubMed: 15814571] 

[53]. Mennone A, Soroka CJ, Cai SY, et al. Mrp4−/− mice have an impaired cytoprotective response in 
obstructive cholestasis. Hepatology 2006;43:1013–1021. [PubMed: 16628672] 

[54]. Boyer JL, Trauner M, Mennone A, et al. Upregulation of a basolateral FXRdependent bile 
acid efflux transporter OSTalpha-OSTbeta in cholestasis in humans and rodents. Am J Physiol 
Gastrointest Liver Physiol 2006;290:G1124–G1130. [PubMed: 16423920] 

[55]. Soroka CJ, Mennone A, Hagey LR, et al. Mouse organic solute transporter alpha deficiency 
enhances renal excretion of bile acids and attenuates cholestasis. Hepatology 2010;51:181–190. 
[PubMed: 19902485] 

[56]. Zollner G, Marschall HU, Wagner M, et al. Role of nuclear receptors in the adaptive response to 
bile acids and cholestasis: pathogenetic and therapeutic considerations. Mol Pharm 2006;3:231–
251. [PubMed: 16749856] 

[57]. Marschall HU, Wagner M, Zollner G, et al. Complementary stimulation of hepatobiliary transport 
and detoxification systems by rifampicin and ursodeoxycholic acid in humans. Gastroenterology 
2005;129:476–485. [PubMed: 16083704] 

[58]. Lee J, Azzaroli F, Wang L, et al. Adaptive regulation of bile salt transporters in kidney and 
liver in obstructive cholestasis in the rat. Gastroenterology 2001;121:1473–1484. [PubMed: 
11729126] 

[59]. Stiehl A, Raedsch R, Rudolph G, et al. Biliary and urinary excretion of sulfated, glucuronidated 
and tetrahydroxylated bile acids in cirrhotic patients. Hepatology 1985;5:492–495. [PubMed: 
3997078] 

[60]. Li W, Alamoudi JA, Gautam N, et al. Urinary BA indices as prognostic biomarkers for 
complications associated with liver diseases. Int J Hepatol 2022;2022:5473752. [PubMed: 
35402050] 

[61]. Wang L, Hartmann P, Haimerl M, et al. Nod2 deficiency protects mice from cholestatic liver 
disease by increasing renal excretion of bile acids. J Hepatol 2014;60:1259–1267. [PubMed: 
24560660] 

[62]. Marschall HU, Wagner M, Bodin K, et al. Fxr(−/−) mice adapt to biliary obstruction by 
enhanced phase I detoxification and renal elimination of bile acids. J Lipid Res 2006;47:582–
592. [PubMed: 16327028] 

[63]. Jang JH, Rickenbacher A, Humar B, et al. Serotonin protects mouse liver from cholestatic injury 
by decreasing bile salt pool after bile duct ligation. Hepatology 2012;56:209–218. [PubMed: 
22290718] 

[64]. Villanueva SS, Ruiz ML, Soroka CJ, et al. Hepatic and extrahepatic synthesis and disposition 
of dinitrophenyl-S-glutathione in bile duct-ligated rats. Drug Metab Dispos 2006;34:1301–1309. 
[PubMed: 16679389] 

Ghallab et al. Page 17

J Hepatol. Author manuscript; available in PMC 2026 March 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[65]. Chen J, Terada T, Ogasawara K, et al. Adaptive responses of renal organic anion transporter 3 
(OAT3) during cholestasis. Am J Physiol Ren Physiol 2008;295:F247–F252.

[66]. Ghallab A, Gonzalez D, Strangberg E, et al. Inhibition of the renal apical sodium dependent bile 
acid transporter prevents cholemic nephropathy in mice with obstructive cholestasis. J Hepatol 
2024;80:268–281. [PubMed: 37939855] 

[67]. Caballero-Camino FJ, Rodrigues PM, Wangsell F, et al. A3907, a systemic ASBT inhibitor, 
improves cholestasis in mice by multiorgan activity and shows translational relevance to humans. 
Hepatology 2023;78:709–726. [PubMed: 36999529] 

[68]. Tonon M, Rosi S, Gambino CG, et al. Natural history of acute kidney disease in patients with 
cirrhosis. J Hepatol 2021;74:578–583. [PubMed: 32918956] 

[69]. Khemichian S, Francoz C, Durand F, et al. Hepatorenal syndrome. Crit Care Clin 2021;37:321–
334. [PubMed: 33752858] 

[70]. Nadim MK, Kellum JA, Forni L, et al. Acute kidney injury in patients with cirrhosis: acute 
Disease Quality Initiative (ADQI) and International Club of Ascites (ICA) joint multidisciplinary 
consensus meeting. J Hepatol 2024;81:163–183. [PubMed: 38527522] 

[71]. Jamil K, Huang X, Lovelace B, et al. The burden of illness of hepatorenal syndrome (HRS) in 
the United States: a retrospective analysis of electronic health records. J Med Econ 2019;22:421–
429. [PubMed: 30724682] 

[72]. Velez JCQ, Therapondos G, Juncos LA. Reappraising the spectrum of AKI and hepatorenal 
syndrome in patients with cirrhosis. Nat Rev Nephrol 2020;16:137–155. [PubMed: 31723234] 

[73]. Krones E, Pollheimer MJ, Rosenkranz AR, et al. Cholemic nephropathy -historical notes and 
novel perspectives. Biochim Biophys Acta Mol Basis Dis 2018;1864:1356–1366. [PubMed: 
28851656] 

[74]. Fickert P, Rosenkranz AR. Cholemic nephropathy reloaded. Semin Liver Dis 2020;40:91–100. 
[PubMed: 31627236] 

[75]. Fickert P Detour of bile acid routes as therapeutic roadmap for cholemic nephropathy. J Hepatol 
2024;80:188–190. [PubMed: 38013144] 

[76]. Krones E, Eller K, Pollheimer MJ, et al. NorUrsodeoxycholic acid ameliorates cholemic 
nephropathy in bile duct ligated mice. J Hepatol 2017;67:110–119. [PubMed: 28242240] 

[77]. Krones E, Wagner M, Eller K, et al. Bile acid-induced cholemic nephropathy. Dig Dis 
2015;33:367–375. [PubMed: 26045271] 

[78]. van Slambrouck CM, Salem F, Meehan SM, et al. Bile cast nephropathy is a common pathologic 
finding for kidney injury associated with severe liver dysfunction. Kidney Int 2013;84:192–197. 
[PubMed: 23486516] 

[79]. Pinter K, Rosenkranz A. Cholemic nephropathy: role in acute kidney injury in cholestasis and 
cirrhosis. Adv Kidney Dis Health 2024;31:111–126. [PubMed: 38649215] 

[80]. Maiwall R, Rastogi A, Pasupuleti SSR, et al. Natural history, spectrum and outcome of stage 
3 AKI in patients with acute-on-chronic liver failure. Liver Int 2022;42:2800–2814. [PubMed: 
36017749] 

[81]. Fickert P, Rosenkranz AR. Bile acids are important contributors to AKI associated with liver 
disease: PRO. Kidney360 2022;3:17–20. [PubMed: 35378026] 

[82]. Allegretti AS, Belcher JM. Bile acids are important contributors to AKI associated with liver 
disease: CON. Kidney360 2022;3:21–24. [PubMed: 35378020] 

[83]. Liu J, Qu J, Chen H, et al. The pathogenesis of renal injury in obstructive jaundice: a 
review of underlying mechanisms, inducible agents and therapeutic strategies. Pharmacol Res 
2021;163:105311. [PubMed: 33246170] 

[84]. Cantaluppi V, Quercia AD, Dellepiane S, et al. Interaction between systemic inflammation and 
renal tubular epithelial cells. Nephrol Dial Transpl 2014;29:2004–2011.

[85]. Simbrunner B, Trauner M, Reiberger T, et al. Recent advances in the understanding and 
management of hepatorenal syndrome. Fac Rev 2021;10:48. [PubMed: 34131658] 

[86]. Fickert P, Krones E, Pollheimer MJ, et al. Bile acids trigger cholemic nephropathy in common 
bile-duct-ligated mice. Hepatology 2013;58:2056–2069. [PubMed: 23813550] 

[87]. Talaga ZJ, Vaidya PN. Dubin-johnson syndrome. Treasure Island (FL): StatPearls; 2024.

Ghallab et al. Page 18

J Hepatol. Author manuscript; available in PMC 2026 March 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[88]. Jirsa M, Knisely AS, Schinkel A, et al. Rotor syndrome. In: Adam MP, Feldman J, Mirzaa GM, 
Pagon RA, Wallace SE, Amemiya A, editors. GeneReviews((R)). Seattle (WA); 1993.

[89]. Vaz FM, Paulusma CC, Huidekoper H, et al. Sodium taurocholate cotransporting polypeptide 
(SLC10A1) deficiency: conjugated hypercholanemia without a clear clinical phenotype. 
Hepatology 2015;61:260–267. [PubMed: 24867799] 

[90]. Li H, Deng M, Guo L, et al. Clinical and molecular characterization of four patients with 
NTCP deficiency from two unrelated families harboring the novel SLC10A1 variant c.595A>C 
(p.Ser199Arg). Mol Med Rep 2019;20:4915–4924. [PubMed: 31661128] 

[91]. Schneider AL, Köhler H, Röthlisberger B, et al. Sodium taurocholate cotransporting polypeptide 
deficiency. Clin Res Hepatol Gastroenterol 2022;46:101824. [PubMed: 34757153] 

[92]. Yang F, Xu W, Wu L, et al. NTCP deficiency affects the levels of circulating bile acids and 
induces osteoporosis. Front Endocrinol (Lausanne) 2022;13:898750. [PubMed: 35937832] 

[93]. Blank A, Markert C, Hohmann N, et al. First-in-human application of the novel hepatitis B and 
hepatitis D virus entry inhibitor myrcludex B. J Hepatol 2016;65:483–489. [PubMed: 27132172] 

[94]. Geier A, Wagner M, Dietrich CG, et al. Principles of hepatic organic anion transporter regulation 
during cholestasis, inflammation and liver regeneration. Biochim Biophys Acta 2007;1773:283–
308. [PubMed: 17291602] 

[95]. Ghallab A, Hofmann U, Sezgin S, et al. Bile microinfarcts in cholestasis are initiated by rupture 
of the apical hepatocyte membrane and cause shunting of bile to sinusoidal blood. Hepatology 
2019;69:666–683. [PubMed: 30102412] 

[96]. Jansen PL, Ghallab A, Vartak N, et al. The ascending pathophysiology of cholestatic liver 
disease. Hepatology 2017;65:722–738. [PubMed: 27981592] 

[97]. Alpini G, Glaser S, Baiocchi L, et al. Secretin activation of the apical Na+-dependent bile acid 
transporter is associated with cholehepatic shunting in rats. Hepatology 2005;41:1037–1045. 
[PubMed: 15834929] 

[98]. Xia X, Francis H, Glaser S, et al. Bile acid interactions with cholangiocytes. World J 
Gastroenterol 2006;12:3553–3563. [PubMed: 16773712] 

[99]. Debray D, Rainteau D, Barbu V, et al. Defects in gallbladder emptying and bile Acid homeostasis 
in mice with cystic fibrosis transmembrane conductance regulator deficiencies. Gastroenterology 
2012;142:1581–1591.e1586. [PubMed: 22370478] 

[100]. Ticho AL, Malhotra P, Manzella CR, et al. S-acylation modulates the function of the apical 
sodium-dependent bile acid transporter in human cells. J Biol Chem 2020;295:4488–4497. 
[PubMed: 32071081] 

[101]. Nguyen TT, Kane MA, Swaan PW. Determination of site-specific phosphorylation occupancy 
using targeted mass spectrometry reveals the regulation of human apical bile acid transporter, 
ASBT. ACS Omega 2024;9:38477–38489. [PubMed: 39310206] 

[102]. Al-Dury S, Marschall HU. Ileal bile acid transporter inhibition for the treatment of chronic 
constipation, cholestatic pruritus, and NASH. Front Pharmacol 2018;9:931. [PubMed: 30186169] 

[103]. Jeyaraj R, Maher ER, Kelly D. Paediatric research sets new standards for therapy in paediatric 
and adult cholestasis. Lancet Child Adolesc Health 2024;8:75–84. [PubMed: 38006895] 

[104]. Yang N, Dong YQ, Jia GX, et al. ASBT(SLC10A2): a promising target for treatment of diseases 
and drug discovery. Biomed Pharmacother 2020;132:110835. [PubMed: 33035828] 

[105]. Karpen SJ, Kelly D, Mack C, et al. Ileal bile acid transporter inhibition as an anticholestatic 
therapeutic target in biliary atresia and other cholestatic disorders. Hepatol Int 2020;14:677–689. 
[PubMed: 32653991] 

[106]. Chen HL, Wu SH, Hsu SH, et al. Jaundice revisited: recent advances in the diagnosis and 
treatment of inherited cholestatic liver diseases. J Biomed Sci 2018;25:75. [PubMed: 30367658] 

[107]. Rao A, Pachura K, Strängberg E, et al. Dual ileal/renal-liver bile acid transporter inhibitors 
significantly increase urinary excretion of non-sulfated bile acids in a diethoxy-carbonyl-dihydro-
collidine-induced mouse model of cholestasis. Gastroenterology 2022;162:S–118.

[108]. Cavallin M, Piano S, Romano A, et al. Terlipressin given by continuous intravenous infusion 
versus intravenous boluses in the treatment of hepatorenal syndrome: a randomized controlled 
study. Hepatology 2016;63:983–992. [PubMed: 26659927] 

Ghallab et al. Page 19

J Hepatol. Author manuscript; available in PMC 2026 March 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[109]. EASL. EASL Clinical Practice Guidelines for the management of patients with decompensated 
cirrhosis. J Hepatol 2018;69:406–460. [PubMed: 29653741] 

[110]. Martín-Llahí M, Pépin MN, Guevara M, et al. Terlipressin and albumin vs albumin in patients 
with cirrhosis and hepatorenal syndrome: a randomized study. Gastroenterology 2008;134:1352–
1359. [PubMed: 18471512] 

[111]. Boyer TD, Sanyal AJ, Wong F, et al. Terlipressin plus albumin is more effective than albumin 
alone in improving renal function in patients with cirrhosis and hepatorenal syndrome type 1. 
Gastroenterology 2016;150:1579–1589.e1572. [PubMed: 26896734] 

[112]. Moreau R, Durand F, Poynard T, et al. Terlipressin in patients with cirrhosis and type 1 
hepatorenal syndrome: a retrospective multicenter study. Gastroenterology 2002;122:923–930. 
[PubMed: 11910344] 

[113]. Ortega R, Ginès P, Uriz J, et al. Terlipressin therapy with and without albumin for patients with 
hepatorenal syndrome: results of a prospective, nonrandomized study. Hepatology 2002;36:941–
948. [PubMed: 12297842] 

[114]. Sanyal AJ, Boyer T, Garcia-Tsao G, et al. A randomized, prospective, double-blind, 
placebo-controlled trial of terlipressin for type 1 hepatorenal syndrome. Gastroenterology 
2008;134:1360–1368. [PubMed: 18471513] 

[115]. Rodríguez E, Elia C, Solà E, et al. Terlipressin and albumin for type-1 hepatorenal syndrome 
associated with sepsis. J Hepatol 2014;60:955–961. [PubMed: 24447876] 

[116]. Mandorfer M, Aigner E, Cejna M, et al. Austrian consensus on the diagnosis and management 
of portal hypertension in advanced chronic liver disease (Billroth IV). Wien Klin Wochenschr 
2023;135:493–523. [PubMed: 37358642] 

[117]. Mandorfer M, Hecking M. The renaissance of cholemic nephropathy: a likely underestimated 
cause of renal dysfunction in liver disease. Hepatology 2019;69:1858–1860. [PubMed: 
30746731] 

[118]. Nayak SL, Kumar M, Bihari C, et al. Bile cast nephropathy in patients with acute kidney 
injury due to hepatorenal syndrome: a postmortem kidney biopsy study. J Clin Transl Hepatol 
2017;5:92–100. [PubMed: 28660146] 

[119]. Kowdley KV, Luketic V, Chapman R, et al. A randomized trial of obeticholic acid 
monotherapy in patients with primary biliary cholangitis. Hepatology 2018;67:1890–1902. 
[PubMed: 29023915] 

[120]. Honda A, Ikegami T, Nakamuta M, et al. Anticholestatic effects of bezafibrate in patients with 
primary biliary cirrhosis treated with ursodeoxycholic acid. Hepatology 2013;57:1931–1941. 
[PubMed: 22911624] 

[121]. Kouno T, Liu X, Zhao H, et al. Selective PPARd agonist seladelpar suppresses bile acid 
synthesis by reducing hepatocyte CYP7A1 via the fibroblast growth factor 21 signaling pathway. 
J Biol Chem 2022;298:102056. [PubMed: 35605662] 

[122]. Schattenberg JM, Pares A, Kowdley KV, et al. A randomized placebo-controlled trial of 
elafibranor in patients with primary biliary cholangitis and incomplete response to UDCA. J 
Hepatol 2021;74:1344–1354. [PubMed: 33484775] 

[123]. Baumann U, Sturm E, Lacaille F, et al. Effects of odevixibat on pruritus and bile acids 
in children with cholestatic liver disease: phase 2 study. Clin Res Hepatol Gastroenterol 
2021;45:101751. [PubMed: 34182185] 

[124]. Shneider BL, Spino C, Kamath BM, et al. Placebo-Controlled randomized trial of an intestinal 
bile salt transport inhibitor for pruritus in Alagille syndrome. Hepatol Commun 2018;2:1184–
1198. [PubMed: 30288474] 

[125]. Gonzales E, Hardikar W, Stormon M, et al. Efficacy and safety of maralixibat treatment in 
patients with Alagille syndrome and cholestatic pruritus (ICONIC): a randomised phase 2 study. 
Lancet 2021;398:1581–1592. [PubMed: 34755627] 

[126]. Slijepcevic D, Roscam Abbing RLP, Fuchs CD, et al. Na(+) -taurocholate cotransporting 
polypeptide inhibition has hepatoprotective effects in cholestasis in mice. Hepatology 
2018;68:1057–1069. [PubMed: 29572910] 

Ghallab et al. Page 20

J Hepatol. Author manuscript; available in PMC 2026 March 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[127]. Higashi T, Watanabe S, Tomaru K, et al. Unconjugated bile acids in rat brain: analytical 
method based on LC/ESI-MS/MS with chemical derivatization and estimation of their origin by 
comparison to serum levels. Steroids 2017;125:107–113. [PubMed: 28689738] 

[128]. Perino A, Velázquez-Villegas LA, Bresciani N, et al. Central anorexigenic actions of bile acids 
are mediated by TGR5. Nat Metab 2021;3:595–603. [PubMed: 34031591] 

[129]. Castellanos-Jankiewicz A, Guzmán-Quevedo O, Fénelon VS, et al. Hypothalamic bile 
acid-TGR5 signaling protects from obesity. Cell Metab 2021;33:1483–1492.e1410. [PubMed: 
33887197] 

[130]. Watanabe M, Houten SM, Mataki C, et al. Bile acids induce energy expenditure by promoting 
intracellular thyroid hormone activation. Nature 2006;439:484–489. [PubMed: 16400329] 

[131]. Liu L, Zhou S, Zaufel A, et al. Bile acids regulate SF-1 to alter cholesterol balance in 
adrenocortical cells via S1PR2. Biochem Biophys Res Commun 2024;692:149342. [PubMed: 
38061283] 

[132]. Liu L, Panzitt K, Racedo S, et al. Bile acids increase steroidogenesis in cholemic mice and 
induce cortisol secretion in adrenocortical H295R cells via S1PR2, ERK and SF-1. Liver Int 
2019;39:2112–2123. [PubMed: 30664326] 

[133]. Theiler-Schwetz V, Schlager H, Obermayer-Pietsch B, et al. Hypercortisolism in patients 
with cholestasis is associated with disease severity. BMC Gastroenterol 2021;21:460. [PubMed: 
34876016] 

[134]. Desai MS, Mathur B, Eblimit Z, et al. Bile acid excess induces cardiomyopathy and metabolic 
dysfunctions in the heart. Hepatology 2017;65:189–201. [PubMed: 27774647] 

[135]. Morrison J, Ferguson E, Figueroa J, et al. Features of cirrhotic cardiomyopathy early in the lives 
of infants with biliary atresia correlate with outcomes following kasai portoenterostomy. Hepatol 
Commun 2022;6:1413–1424. [PubMed: 35060685] 

[136]. Desai MS, Zainuer S, Kennedy C, et al. Cardiac structural and functional alterations in 
infants and children with biliary atresia, listed for liver transplantation. Gastroenterology 
2011;141:1264–1272. 1272.e1261–1264. [PubMed: 21762660] 

[137]. Desai MS, Eblimit Z, Thevananther S, et al. Cardiomyopathy reverses with recovery of liver 
injury, cholestasis and cholanemia in mouse model of biliary fibrosis. Liver Int 2015;35:1464–
1477. [PubMed: 24330504] 

[138]. Desai MS, Shabier Z, Taylor M, et al. Hypertrophic cardiomyopathy and dysregulation 
of cardiac energetics in a mouse model of biliary fibrosis. Hepatology 2010;51:2097–2107. 
[PubMed: 20512997] 

[139]. Abrigo J, Olguín H, Gutierrez D, et al. Bile acids induce alterations in mitochondrial function in 
skeletal muscle fibers. Antioxidants (Basel) 2022;11.

[140]. Xie G, Wang X, Jiang R, et al. Dysregulated bile acid signaling contributes to the neurological 
impairment in murine models of acute and chronic liver failure. EBioMedicine 2018;37:294–306. 
[PubMed: 30344125] 

[141]. Kunst RF, de Waart DR, Wolters F, et al. Systemic ASBT inactivation protects against liver 
damage in obstructive cholestasis in mice. JHEP Rep 2022;4:100573. [PubMed: 36160754] 

[142]. Al-Khaifi A, Rudling M, Angelin B. An FXR agonist reduces bile acid synthesis independently 
of increases in FGF19 in healthy volunteers. Gastroenterology 2018;155:1012–1016. [PubMed: 
29928896] 

[143]. Schwabl P, Hambruch E, Seeland BA, et al. The FXR agonist PX20606 ameliorates 
portal hypertension by targeting vascular remodelling and sinusoidal dysfunction. J Hepatol 
2017;66:724–733. [PubMed: 27993716] 

[144]. Schneider KM, Candels LS, Hov JR, et al. Gut microbiota depletion exacerbates cholestatic 
liver injury via loss of FXR signalling. Nat Metab 2021;3:1228–1241. [PubMed: 34552267] 

[145]. Kim DH, Park JS, Choi HI, et al. The role of the farnesoid X receptor in kidney health 
and disease: a potential therapeutic target in kidney diseases. Exp Mol Med 2023;55:304–312. 
[PubMed: 36737665] 

[146]. Ratziu V, Harrison SA, Loustaud-Ratti V, et al. Hepatic and renal improvements with FXR 
agonist vonafexor in individuals with suspected fibrotic NASH. J Hepatol 2023;78:479–492. 
[PubMed: 36334688] 

Ghallab et al. Page 21

J Hepatol. Author manuscript; available in PMC 2026 March 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[147]. Sun Y, Zhang L, Jiang Z. The role of peroxisome proliferator-activated receptors in the 
regulation of bile acid metabolism. Basic Clin Pharmacol Toxicol 2024;134:315–324. [PubMed: 
38048777] 

[148]. Truong JK, Li J, Li Q, et al. Active enterohepatic cycling is not required for the choleretic 
actions of 24-norUrsodeoxycholic acid in mice. JCI Insight 2023;8.

Ghallab et al. Page 22

J Hepatol. Author manuscript; available in PMC 2026 March 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keypoints

• Transporters in the small intestine, kidney and liver function to conserve and 

recycle bile acids within the enteronephrohepatic circulation.

• Urinary bile acid excretion is increased in cholestasis, but the quantity of bile 

acids that are excreted is substantially lower than the quantity estimated to 

undergo renal glomerular filtration.

• Kidney exposure to liver-derived molecules such as bile acids contributes to 

the development of cholemic nephropathy and acute kidney injury.

• Expression of the renal apical sodium-dependent bile acid transporter (ASBT) 

is preserved in cholestatic liver diseases.

• Inhibition of the renal ASBT in cholestasis enhances the urinary excretion of 

bile acids and thereby reduces the hepatobiliary accumulation and systemic 

levels of bile acids.

• Inhibition of the renal ASBT represents a specific therapeutic target for 

cholemic nephropathy and may also protect all tissues whose functions are 

compromised by increased levels of bile acids.
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Fig. 1. Model for the enteronephrohepatic circulation of BAs in health.
BAs are secreted in an ATP-dependent fashion by BSEP into the canalicular space, travel 

down the biliary tract, enter the gallbladder and eventually empty into the small intestine. 

Most conjugated BAs are then reclaimed by ASBT on the ileal enterocyte, transported 

across the basolateral membrane by the heteromeric transporter OSTα/β and carried back 

in the portal circulation to the sinusoidal membrane of the hepatocyte, where they are taken 

up by NTCP and members of the OATP family. BAs that escape hepatic first pass clearance 

spill over into the systemic circulation. Free BAs can undergo glomerular filtrations and 

are reabsorbed in the proximal tubules by the combination of ASBT and OSTα/β and 

sent back to the liver for uptake and re-secretion into bile. ASBT and OSTα/β are also 

expressed by cholangiocytes and gallbladder epithelial cells, where they may participate 

in cholehepatic or cholecystohepatic shunting of conjugated BAs. The model displays the 

major BA transporters in humans. ASBT, apical sodium-dependent bile acid transporter; 

BAs, bile acids; OSTα/β, organic solute transporter α/β. Created in https://BioRender.com
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Fig. 2. BA transport in the kidney.
The unbound BAs in blood undergo glomerular filtration and enter the lumen of the renal 

tubules. The conjugated BAs are efficiently reabsorbed from tubule lumen by ASBT on 

the apical brush border membrane of the proximal tubules and transported by OSTα/β 
or potentially MRP3 (ABCC3) across the basolateral membrane back into the systemic 

circulation. In addition to their glomerular filtration, sulfated BAs may undergo direct 

tubular secretion from blood into the tubule lumen in a mechanism involving basolateral 

membrane uptake by OAT3 and apical secretion via MRP2 (ABCC2) or MRP4 (ABCC4), 

whereas sulfated BAs are not transported via ASBT. The model illustrated is applicable 

to humans and rodents. ASBT, apical sodium-dependent bile acid transporter; BAs, bile 

acids; BA-SO4, sulfated bile acids; MRP, multidrug resistance protein; OAT, organic anion 

transporter; OSTα/β, organic solute transporter α/β. Created in https://BioRender.com.
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Fig. 3. Model for the enteronephrohepatic circulation of BAs in disease.
Changes in the enteronephrohepatic circulation in cholestasis. As part of the adaptive 

response to cholestasis, hepatocyte BA uptake via NTCP decreases and BA export via 

MRP3, MRP4 and OSTα/β increases, thereby elevating BA concentrations in the systemic 

circulation. In the kidney, BA levels are increased in the renal filtrate and primary urine, 

with a resultant increased transcellular transport of BAs across the proximal tubule cell via 

ASBT and OSTα/β and other carriers such as MRP3. The model illustrated is applicable to 

humans and rodents. ASBT, apical sodium-dependent bile acid transporter; BAs, bile acids; 

MRP, multidrug resistance protein; NTCP, Na+-taurocholate cotransporting polypeptide; 

OSTα/β, organic solute transporter α/β. Created in https://BioRender.com.

Ghallab et al. Page 26

J Hepatol. Author manuscript; available in PMC 2026 March 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://biorender.com/


Fig. 4. Spectrum of kidney injury in liver disease.
(A) Clinically, AKI in patients with liver disease is currently defined and detected by 

indicators of kidney dysfunction (i.e. primarily increased serum creatinine), although kidney 

damage detected by biomarkers may precede the development of dysfunction. Prerenal AKI 

is exclusively functional and not accompanied by relevant damage (i.e. tubular injury). 

Thus, damage markers such as urinary NGAL are usually low and this condition, which 

does not overlap with CN, is highly reversible upon volume resuscitation. Hepatorenal 

syndrome-AKI (HRS-AKI) is primarily a consequence of vasodilatation and may respond 

to treatment with vasoconstrictors plus albumin. However, BA toxicity could play a role in 

a subset of HRS-AKI. Finally, ATN is the most severe form of kidney damage and may 

represent the main population in which CN is encountered in the clinic. (B) Spearmańs 

correlation of sum bile acid and KIM-1 levels in serum from patients with liver disease and 

bilirubin levels ≥6 mg/dl (red circles) and heathy volunteers (blue circles); R: Spearman’s 

correlation coefficient; p: Spearman’s p value. (C) ASBT staining (brown) in kidney tissue 

of a patient with advanced CN showing preserved ASBT expression at the luminal side 

of the proximal tubular epithelial cells. (D) Urinary bile acid and NGAL concentrations in 

mice with a humanised BA spectrum (Cyp2c70−/−) on day 1 after BDL with and without 

treatment with the systemic ASBT inhibitor AS0369; the data are presented as mean values 

± standard error; the dots inside the bars represent individual mice. Level of significance: 

***p <0.001 (Tukey’s multiple comparisons test). (B-D) are reproduced from Ghallab et 
al.66 ACLF, acute-on-chronic liver failure; AH, alcohol-related hepatitis; ALF, acute liver 

failure; ALI, acute liver injury; ATN, acute tubular necrosis; BA, bile acid; BDL, bile duct 

ligation; CSPH, clinically significant portal hypertension; ASBTi, ASBT inhibitors; KIM-1, 

kidney injury molecule-1; NGAL, neutrophil gelatinase-associated lipocalin.
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Fig. 5. New model for the pathophysiological steps in the development of CN.
(1) Blood BAs increase due to cholestatic liver disease, leading to enhanced glomerular 

filtration and increased BA concentrations in the lumen of renal tubules; (2) BAs accumulate 

in proximal TECs due to persistent ASBT activity, leading to (3) oxidative stress, cell death, 

and release of cell debris from a subset of proximal TECs. (4) The released cell debris floats 

downstream in the tubular lumen, becomes concentrated as water is absorbed in the distal 

collecting tubules, and forms casts (obstructions) leading to tubule dilatation upstream of 

the obstruction. (5) Concurrently, proximal TECs continue to transport BAs from the tubule 

lumen into the interstitium. (6) This leads to elevated BA concentrations in the interstitial 

space, which may act to compromise peritubular capillary endothelial cell barrier function 

and increase the leakiness of those vessels. (7) Progressive fibrosis is triggered by the cell 

death events of proximal TECs, increased tubule pressure, and the leakage of blood and 

primary urine into the interstitium. (8) A late event in the progression of CN is the formation 

of glomerular cysts. These glomeruli maintain their filtration capacity but often they are 

connected to damaged tubules, thereby releasing primary urine into the interstitium. BAs, 

bile acids; ROS, reactive oxygen species; TECs, tubular epithelial cells. Created in https://

BioRender.com.
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Fig. 6. Treatment of CN with systemic ASBT inhibition.
Systemic ASBT inhibitors prevent excess BA enrichment in proximal tubular epithelial cells 

in cholestasis (target protection) and reduce the systemic BA load by increasing urinary bile 

acid excretion. BA, bile acid; CN, cholemic nephropathy. Created in https://BioRender.com.
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Fig. 7. Systemic complications of increased blood bile acid concentrations.
Category 1 represents active enrichment of bile acids in the target cells of the disease. The 

only known example thus far is CN. Systemic ASBT inhibitors hold significant potential for 

such occurrences. Category 2 comprises different types of complications where the target 

cells are passively exposed to bile acids. Also, these complications may be ameliorated by 

systemic ASBT inhibition, it remains to be determined if the systemic bile acid reduction 

that can be achieved using transporter inhibitors is sufficient for benefit. Category 3 
represents complications linked to cholestasis with intrahepatic bile acid retention (liver/

biliary cirrhosis) and/or malabsorption (vitamin D and other fat-soluble vitamin deficiency, 

growth failure). These complications are not an indication for ASBT inhibitors. Created in 

https://BioRender.com.
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