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INTRODUCTION – AIM OF THIS THESIS 

 

More than 350 years ago itch was defined by a German physician, Samuel Hafenreffer, as 

an unpleasant sensation that makes people want to scratch.1 Nowadays chronic pruritus is 

defined by duration of more than 6 weeks. Chronic pruritus represents an agonizing 

symptom accompanying a large variety of dermatological, systemic, neurologic and 

psychiatric disorders.2 It is commonly observed in patients with cholestatic liver diseases 

such as primary biliary cirrhosis, primary sclerosing cholangitis, intrahepatic cholestasis of 

pregnancy or hereditary pediatric cholestatic disorders and may accompany, although less 

frequently, many other liver diseases.3-5 Itching may be mild and tolerable in some patients, 

but may also considerably reduce quality of life, cause severe sleep deprivation, depressive 

mood and even suicidal ideation in more severe cases.3-5 

Search for the potential pruritogen in cholestasis has been ongoing since 2000 years when 

Aretaeus the Cappadocian (1st century A.D.) stated that “pruritus in jaundiced patients is 

caused by prickly bilious particles”.5 Our state of knowledge at the start of the 21st century 

A.C. was not much different. In the past decades, various substances including bile salts, 

endogenous opioids, histamine, serotonin, or steroid metabolites have been suggested as 

potential pruritogens, however, a causal correlation has never been established. The aim of 

this thesis was to identify the real pruritogens in cholestatic liver disorders and to unravel 

the underlying molecular mechanisms.  

The current knowledge of the molecular mechanism involved in pruritus of systemic 

disorders is highlighted in Chapter 2. This part of this thesis also describes in detail the 

signaling pathways of biogenic amines, neuropeptides, proteases, eicosanoids, cytokines, 

opioids, endocannabinoids, neurotrophins, phospholipids and other signaling molecules 

participating in pruritus. In addition, this chapter summarizes recent experimental and 

clinical findings focusing on the pathogenesis and current evidence-based therapeutic 

recommendations of pruritus in cholestatic liver disease.  
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Chapter 3 describes the identification of a potent neuronal activator in serum of pruritic 

patients as lysophosphatidic acid (LPA) by functional screening of sera of cholestatic 

patients suffering from pruritus on neuronal cells. Circulating LPA is synthesized by the 

lysophospholipase autotaxin (ATX) which hydrolyses the choline group from 

lysophosphatidylcholine. ATX levels markedly increased in sera of cholestatic patients 

with pruritus compared to those without pruritus. ATX activity correlated with intensity of 

pruritus, which was not the case for serum bile salts, histamine, tryptase, substance P or μ-

opioids. Intradermally injected LPA induced dose-dependent scratch responses in mice. 

Chapter 4 highlights that increased serum ATX levels are relatively specific for pruritus of 

cholestasis but not pruritus of uremia and Hodgkin’s disease. Serum ATX activity closely 

correlated with effectiveness of therapeutic interventions including anion exchange resins, 

rifampicin, Molecular Adsorbents Recirculation System or nasobiliary drainage. It could be 

shown that the beneficial antipruritic action of rifampicin may be explained, at least partly, 

by PXR-dependent transcriptional inhibition of ATX expression. 

In chapter 5 we could show that serum activity of autotaxin is increased in ICP compared 

to other pruritic disorders of pregnancy, pre-eclampsia complicated by HELLP-syndrome, 

and pregnant controls. With a cut-off value of 27.0 nmol mL-1min-1, autotaxin had an 

excellent sensitivity and specificity in diagnosing ICP from other pruritic disorders or pre-

eclampsia/HELLP-syndrome. Longitudinal analysis of a subset of ICP women during 

pregnancy revealed a strong rise in serum autotaxin when pruritus was reported. Serum 

autotaxin activity was comparable in men and non-pregnant women, but increased in 

women taking oral contraceptives. Increased serum autotaxin during ICP was not 

associated with increased autotaxin mRNA in placenta.  

In chapter 6 children with cholestatic syndromes were analyzed. Serum ATX activity 

correlated with itch intensity in cholestatic children. Bile salts neither correlated with 

presence of pruritus nor increased ATX expression in vitro.  

Chapter 7 presents 13 consecutive patients with severe persistent hepatocellular secretory 

failure (PHSF) with deep jaundice, progressive after removal of the underlying cause (e.g., 

drugs, toxins, short-term mechanical biliary obstruction) and without underlying chronic 
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liver disease who were treated with the pregnane X receptor, rifampicin, and improved 

dramatically. Treatment with rifampicin resulted in relief of pruritus, serum liver tests 

normalized and ATX levels dropped in these patients.  

In chapter 8 the results obtained in these studies are summarized and discussed in the 

context of the current treatment of cholestatic pruritus. LPA and ATX may form a key 

element of the long sought pruritogenic signaling cascade in cholestatic patients suffering 

from itch. Further unraveling of the pathogenesis of itch in cholestasis may help to develop 

novel more effective strategies among which are possibly selective ATX inhibitors and LPA 

receptor antagonists. 
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ABSTRACT 

Pruritus is a sensory phenomenon accompanying a broad range of systemic disorders 

including hematologic and lymphoproliferative disorders, metabolic and endocrine 

diseases, solid tumours, and infectious diseases. The molecular mechanisms involved in 

itch sensation remain enigmatic in most of these diseases. However, from studies in 

patients and animal models a large number of mediators and receptors responsible for 

scratching behaviour have been identified in recent years. New insights in the interplay 

between neuronal and non-neuronal cells involved in the initiation, modulation and 

sensitization of itch sensation have been acquired. This review highlights the current 

knowledge of the molecular mechanism of pruritus in systemic disorders and summarizes 

the signalling pathways of biogenic amines, neuropeptides, proteases, eicosanoids, 

cytokines, opioids, endocannabinoids, neurotrophins, phospholipids and other signalling 

molecules participating in pruritus. Furthermore, recent experimental and clinical findings 

focusing on the pathogenesis and actual treatment of pruritus in cholestatic liver disease are 

highlighted. Evidence-based therapeutic recommendations including the use of anion 

exchange resins cholestyramine, colestipol, and colesevelam, the microsomal enzyme 

inducer rifampicin, the opioid antagonists naltrexone and naloxone, and the selective 

serotonin receptor reuptake inhibitor sertraline are provided. 
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INTRODUCTION 

Acute pruritus serves as an alarm signal to protect the body against potentially harmful 

environmental threats such as parasites, noxious plants or other irritants. The scratch 

response helps to remove these harmful agents from the skin and diminishes itch sensation. 

These acute forms of pruritus are mainly mediated by histamine-responsive sensory 

neurons in the skin that are relatively insensitive to mechanical pain stimuli but also 

respond to noxious chemicals such as capsaicin.1 Chronic pruritus can be a seriously 

debilitating symptom accompanying various cutaneous and systemic disorders,2 but may 

also be caused by drugs such as the anti-malaria drug chloroquine or the volume expander 

hydroxyethyl starch.3 As antihistamines do not improve itching in most of these conditions, 

it is likely that itch sensation is mediated via histamine-independent pathways. Recently 

discovered receptors involved in itch signalling of rodents such as the Mas-related G 

protein-coupled receptors (Mrg) for chloroquine, BAM8-22 and β-alanine,4,5 the μ-opioid 

receptor 1D for morphine-induced pruritus,6 endothelin-A-receptor for endothelin-1,7 as 

well as the interleukin-138 and interleukin-31 receptor9 have been shown to mediate itch 

sensation in a histamine-independent fashion. Some of these and other receptors are G 

protein-coupled to phospholipase C (PLC), among which histamine-1- and serotonin-(5-

HT2)-receptors activate specifically the beta 3 isoform (PLCβ3).10,11 Formation of 

intracellular signalling molecules such as diacylglycerol (DAG) and inositol-3-phosphate 

causes intracellular calcium release and activation of protein kinase C (PKC) resulting in 

opening of transient receptor potential (TRP) receptors such as the vanilloid 1 receptor 

(TRPV1), TRPV3, or ankyrin 1 channel (TRPA1) which is required for neuronal 

excitation12,13 (Figures 1-4). These primary sensory neurons signal to the dorsal horn of the 

spinal cord where secondary neurons are activated by release of glutamate and the 

neuropeptide natriuretic polypeptide b (Nppb).14 These secondary, Nppb receptor 

expressing, neurons are suggested to release gastrin releasing peptide (GRP) which 

activates the GRP receptor of a third neuron in the spinal cord.14-16 Besides the GRP-

receptor also the neuromedin B-receptor has been shown to be responsible for mediating 

itch signals.17,18 Ablation of either the Nppb- or GRP-receptor expressing neurons by 

intrathecal application of a toxin bound to the respective signalling molecule largely 
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abolished scratching behaviour after intradermal application of various pruritogens.14,16 

Noteworthy, nociceptive (pain) stimuli were unaltered by the ablation of these neurons, 

indicating that a selective itch pathway exists on spinal cord level.14,16 However, pain and 

itch signalling are closely intertwined processes: activation of pain neurons inhibits itch 

sensation, e.g. by scratching, cooling or heating of the skin,19,20 whereas antinociception 

can cause itch sensation, e.g. by epidural or intrathecal application of opioids or 

anaesthetics (Figure 1).21-23  

 

Figure 1: Neurotransmitters, receptors and channels that play a role in itch and pain signalling. Simplified scheme 
of pain and itch signalling pathways from the peripheral to the central nervous system and their interaction. Itch- and pain-
causing molecules bind to specific receptors on sensory nerve endings in the epidermis or dermis. Among the established 
receptors for itch signalling are histamine (H1, H4), serotonin (5-HT2), Mas-gene related G protein coupled receptors 
(MrgA3, MrgC11, MrgD), endothelin (ET-A), protease activated receptor (PAR4), toll-like receptor 3 (TLR3) and 7 
(TLR7), and heterodimeric receptor consisting of the IL-31 receptor α (IL-31RA) and the oncostatin M receptor (OSMR). 
These neurons also express transient receptor potential (TRP) receptors such as TRPV1 and TRPA1. Pruritus may also be 
initiated or potentiated by lysophosphatidic acid (LPA) receptors. Synaptic signal transmission from the peripheral 
sensory neuron to the secondary neuron in the dorsal horn of the spinal cord is mediated by glutamate (Glut) and 
natriuretic polypeptide b (Nppb). Gastrin-releasing peptide (GRP) and glutamate may be involved in signal transmission 
to the teriary neuron. The neuronal itch signalling pathway is under inhibitory control of the pain signals (as indicated by 
the Bhlhb5- and Prdm8-expressing interneurons). Pain sensation is similarly perceived by receptors on peripheral sensory 
neurons including neurokinin-1 for substance P or protease-activated receptor 2 (PAR-2) for proteases. Synaptic signal 
transmission from the peripheral sensory neuron to the secondary pain neurons and interneurons in the dorsal horn of the 
spinal cord is presumably mediated by glutamate (Glut), substance P (SP), and calcitonin-gene related peptide (CGRP). 
Putative signalling pathway of chloroquine in itch neurons. For abbreviations see text.  
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Thus, the itch circuitry was assumed to stand under a tonic inhibitory control of mechano-

sensitive neurons. This hypothesis was recently strengthened by the observation of 

spontaneous intense scratching behaviour in mice lacking certain inhibitory, Bhlbh5- and 

Prdm8-expressing interneurons.24,25 These interneurons are believed to be activated by 

glutamate, as the deletion of the glutamate transporter VGLUT2 caused increased 

spontaneous as well as induced scratching activity after application of pruritogens (Figure 

1).26,27 In spite of this growing knowledge of receptors and pathways responsible for itch 

signalling in mice, rats and other species, the responsible ligands and receptors for itch 

sensation in human beings remain unidentified for most disorders associated with chronic 

pruritus. 

Pruritus represents one of the most prominent clinical features in a wide range of 

systemic disorders including (i) hematologic and lymphoproliferative disorders such as 

polycythemia vera, essential thrombocytosis, primary myelofibrosis, and lymphoma, (ii) 

metabolic and endocrine diseases such as hepatobiliary diseases, chronic renal disorders, 

thyroid and parathyroid disorders and diabetes mellitus, (iii) solid tumours, (iv) infectious 

diseases, and (v) pruritus in the elderly.  

This review summarizes the current knowledge on molecular mechanisms of 

pruritus associated with systemic disorders. Furthermore, the growing insight into receptors 

and pathways responsible for itch signalling is outlined in detail. 

 

MOLECULAR SIGNALLING PATHWAYS OF PRURITOGENS 

Biogenic amines 

 Histamine  

The biogenic amine histamine which is derived from the amino acid histidine, is certainly 

the classic itch mediator and best studied pruritogen. Intradermal application of histamine 

by either iontophoresis or intradermal injection causes itching after a characteristic latency 

of up to one minute which is accompanied by a wheal and surrounding flare. Noteworthy, 
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the location of application is important whether histamine acts as a pruritoceptive or 

nociceptive compound. Superficial cutaneous application of histamine induces pruritus 

whereas a deeper subcutaneous injection causes mainly pain.28 This difference is also 

clinically well known: histamine release from mast cells in the dermis causes itching 

urticaria characterized by skin rash and wheals. In contrast, histamine liberated in subcutis, 

mucosa or submucosal tissue provokes angioedema being characterized by swelling of the 

affected tissue. This swelling is commonly painful, at least hyperalgesic and not itchy. 

Histamine-induced itch is caused by direct stimulation of histamine-1-receptors 

(H1-receptors) on sensory nerve endings. The H1-receptor is linked to a G-protein (Gq), 

which – upon binding of histamine – activates phospholipase C β3 (PLCβ3), which in turn 

cleaves phosphaditylinositol-4,5-bisphosphate (PIP2) into the second messengers 

diacylglycerol (DAG) and inositol-triphosphate (IP3)10 (see fig. 2 for schematic 

representation). DAG activates proteinkinase Cε (PKCε) which phosphorylates and thereby 

opens the transient receptor potential vanilloid receptor 1 (TRPV1). Although 

controversially discussed, removal of PIP2 has been shown to disinhibit TRPV1.29 TRPV1 

is activated by several other signaling molecules, including kinases (PKC, PKA and 

CamKII) and desensitized by Ca2+-dependent phosphatase 2B (calcineurin) that are brought 

into spatial proximity by the AKAP scaffolding protein. Activation of TRPV1 leads to 

channel opening which allows passage of the positively charged ions sodium, potassium 

and calcium resulting in depolarization. Thereby voltage-dependent sodium channels are 

activated generating action potentials along the nerve fibre which lead to sensation of 

itch.30,31 The resultant increase in cytosolic calcium subsequently desensitizes the channel 

leading to a transient hyperpolarization of the cell.32 Histamine-induced pruritus is partially 

mediated by activation of TRPV111,30 and requires phosphoinositide-interacting regulator of 

transient receptor potential channels (PIRT), a membrane protein modulating TRPV1 

function.33 PIRT is required for a PIP2-dependent activation of TRPV1.34  
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Figure 2: Putative signalling pathway of histamine in itch neurons. For abbreviations see text.  

In addition, activation of TRPV1 in histamine-induced scratching behaviour relates to 

activation of phospholipase A2 and lipooxygenase generated products including 12-

hydroxyeicosatetraenoic acid (12-HETE).30TRPV1 can be activated by increased 

temperature (>43ºC), protons and the prototypic agent capsaicin (red hot chili pepper) but 

also by a host of endogenous and exogenous compounds like vanilloids, phorbol esters, 

camphor, endogenous lipids such as anandamide and 12-HETE or lipid metabolic products 

such as LPA.32 

Wheal and flare are typical skin alterations seen in histamine-mediated pruritus 

which are mainly due to secondary release of vasoactive substances such as calcitonin 

gene-related peptide (CGRP) and substance P from axon collaterals. The wheal is mediated 

by histamine itself and substance P binding to NK1-receptors on endothelial cells, whereas 

the flare reaction is mediated by CGRP.35 Wheal and flare are also observed in patients 

with urticaria, cutaneous mastocytosis, acute drug rashes and allergic skin reactions due to 

contact with certain parasites, insects or plants. Antagonists of the H1-receptor, so called 

H1-antihistamines, effectively alleviate pruritus in these conditions. However, these typical 

skin changes are not observed in most patients with chronic pruritus due to systemic 

disorders and, accordingly, antagonists of the H1-receptor are mostly ineffective in these 
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patients. Furthermore, tachyphylaxis is observed after repeated application of histamine to 

the skin, indicating that histamine is less likely to be responsible for chronic pruritus.36 

Although histamine levels have been reported to be slightly increased in systemic diseases 

including cholestasis and uraemia,37-39 other mediators seem to cause pruritus in these 

disorders.  

For decades the histamine receptors H1 and H2 were known and have been studied. 

Using specific agonists it could be shown that itch is caused by activation of H1-receptors, 

whereas H2-receptor agonists could neither induce pruritus nor potentiate the pruritic effect 

of H1-receptor agonists.40 Notably, Davies and Greaves demonstrated almost 30 years ago 

that the itch threshold for a specific H1-receptor agonist was consistently higher than for 

histamine itself even in the presence of a H2-receptor antagonist. The authors suggested that 

histamine-induced pruritus was mediated via H1-receptors and partly via an additional non-

H2-receptor.41,42 In recent years, two further histamine receptors, H3-receptor and H4-

receptor, have been discovered.43 The H3-receptor is mainly expressed in the peripheral and 

central nervous system, whereas H4-receptors are found on sensory neurons, keratinocytes, 

mast cells and CD4+ T-cells.44-47 The activation of H3-receptor seems to suppress itch 

sensation, as receptor antagonists have been shown to cause scratching behaviour in mice.48 

H4-receptors could indeed represent the subclass of histamine receptors, Davies and 

Greaves have speculated on. A H4-receptor agonist (clobenpropit) caused scratching 

behaviour in Balb/c mice in a dose-dependent manner which was not inhibited by H1- or 

H2-receptor antagonists.49 Combining H1- and H4-receptor antagonists has been reported to 

be more effective than either one alone, indicating that these receptors have non-redundant 

roles in itch sensation.50,51 Pharmacological inhibition of H4-receptors by the specific 

inhibitor JNJ-7777120 diminished histamine-induced scratching behaviour more effectively 

than common H1-receptor antagonists.52 Moreover, this compound reduced scratch activity, 

diminished lymphocyte proliferation and attenuated TH2-specific cytokine release in an 

animal model of atopic dermatitis53 and diminished existing airway inflammation in a 

mouse model of asthma.54 If H4-receptor antagonists prove their beneficial effects in 

clinical trials, they represent a promising novel class of antihistamines.55  
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 Serotonin  

The biogenic amine serotonin (= 5-hdyroxytryptamine) which is derived from the amino 

acid tryptophan is a neurotransmitter in the central nervous system and present in high 

concentrations in platelets.56 Upon intradermal injection serotonin provokes itching albeit 

to a much lower extent than histamine, and even high concentrations did not induce pruritus 

but burning pain in some healthy subjects.57 Notably, a combined injection of serotonin and 

prostaglandin E2 markedly increased itch severity and caused itching even in those subjects 

not responding to serotonin alone.57 In humans, intradermal application of serotonin had a 

shorter latency of inducing itch sensation than histamine which may indicate a direct effect 

of serotonin on sensory neurons.58 Intradermal application of serotonin causes scratching 

behaviour in mice by activation of metabotropic Gq/G11-protein coupled 5-HT2 receptors,59 

which is in line with the observation that α-methyl-serotonin, a selective 5-HT2 receptor 

agonist, but not 5-HT1 or 5-HT3 receptor agonists, cause a similar scratching behaviour.59 

In line with this, serotonin-mediated scratching behaviour was not altered in 5-HT3 receptor 

deficient mice.11 Similar to histamine, serotonin-induced scratching behaviour requires 

activation of phospholipase C β3 (PLCβ3)10 and TRPV111 as shown in knock-out animals 

(fig. 3). Recently, endocannabinoids have been reported to attenuate serotonin-induced 

scratching behaviour of spinally innervated skin, whereas that of trigeminally innervated 

skin was augmented.60 Peripheral endocannabinoids seem to have opposed effects on itch-

related scratching behaviours depending on the location of the affected skin. Furthermore, 

serotonin-induced scratching behaviour in mice may in part involve the central opioid 

neurotransmitter system as it is diminished by the μ-opioid-antagonist naloxone which has 

antipruritic effects also in other murine models of acute pruritus.59 An interaction between 

the opioidergic and serotoninergic system was suggested by the observation that the 

specific 5-HT3 receptor antagonist ondansentron abolished pruritus caused by spinally 

administered opioids.61 However, in systemic disorders associated with pruritus including 

chronic liver disorders and uraemia, ondansentron was of no or only of minimal benefit in 

randomized, placebo-controlled trials.62-66 Conversely, the selective serotonin re-uptake 

inhibitors (SSRI) sertraline, paroxetine and fluvoxamine have been reported to exert some 

beneficial anti-pruritic effects in chronic liver disorders,67 atopic dermatitis, lymphoma and 

solid tumours68,69 presumably via modulation of neurotransmitter levels in the central 
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nervous system. Similarly, the selective norepinephrine re-uptake inhibitor (SNRI) 

mirtazapine could reduce itch severity in uncontrolled case series.70,71 Randomized, 

placebo-controlled trials are warranted to strengthen these positive observations. 

 

Figure 3: Putative signalling pathway of serotonin in itch neurons. For abbreviations see text.  

 

Neuropeptides 

 

 Substance P 

The undecapeptide substance P is an extensively studied neuropeptide which is an 

important signalling co-transmitter of afferent neurons in the peripheral and central nervous 

system.72 Upon activation of sensory neurons located in the skin, substance P is released 

which indirectly causes itch sensation – only at high, presumably unphysiological 

concentrations – by activation of neurokinin-receptors on non-neuronal cells located in the 

skin such as keratinocytes and mast cells.1,73 Indeed, intradermal injection of substance P in 

humans activated mast cells to secrete histamine which was accompanied by a wheal and 

flare reaction as observed after histamine injections.74-77 These responses were inhibited by 

pre-treatment of antihistamines or the histamine liberator compound 48/80, which depletes 

local histamine stores, suggesting that substance P-induced pruritus is mast cell-
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dependent.74-76 Mast cells being activated by substance P can additionally release further 

inflammatory mediators such as leukotriene B4, prostaglandin D2, and TNF-α which 

induce further release of substance P from sensory nerve endings and in turn lead to 

stronger mast cell activation.31,78-80 On the other hand, tryptase and chymase being released 

from mast cells are capable to degrade substance P.81 Beside mast cells substance P may 

trigger the release of pruritogenic compounds from other cell types such as keratinocytes, 

endothelial cells, and immune cells.82,83  

In mice, intradermal injection of substance P caused a similar scratching response in 

mast-cell deficient mice as compared to wild-type mice.84 The contention that substance P-

mediated itch is mast cell dependent in humans is questioned by the observation that 

scratching behaviour was reduced in wild-type and mast cell deficient mice to a similar 

extent by pre-treatment with compound 48/80. Additionally, it could be shown that scratch 

responses were mediated via the neurokinin-1-receptor (NK1-receptor – although not 

present on DRGs), but not NK2- or NK3-receptor.84 Notably, substance P induced 

scratching behaviour in mice was strongly reduced by glycyrrhetinic acid, a pentacyclic 

triterpenoid derivative obtained by hydrolysis of glycyrrhizic acid, possibly via inhibition 

of leukotriene B4 synthesis in the skin.85 Besides its release from sensory neurons 

substance P was shown to play a central role in signalling of itch sensations in the spinal 

cord of rats via the NK1-receptor. These second order, postsynaptic neurons undergo 

facilitation of their synaptic transmission (“spinal /central sensitization”) which may 

contribute to alloknesis (light mechanical stimuli, brushing or stroking evoking itch).86 In 

mice lacking TRPA1 the indirect activation of sensory neurons by substance P was 

hampered and scratching activity to substance P abolished.87 TRPA1 is a member of the 

TRP-family (which also includes TRPV1), that is activated by cold (<17 °C) as well as by a 

plethora of chemical compounds such as isothiocyanates (the pungent compounds in 

mustard oil, wasabi, and horseradish), methyl salicylate (in winter green oil), 

cinnamaldehyde (in cinnamon), allicin and diallyl disulphide (in garlic), acrolein (an irritant 

in wood fire and tobacco smoke) and Δ9 tetra-hydrocannabinol (Δ9THC, the psychoactive 

compound in marijuana) and many others.88 Activation of TRPA1 generates pain signals 

but recent evidence suggests that it also plays a role in transduction of itch,12 (also see 

below).  
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In patients with atopic dermatitis increased serum levels of substance P were described, 

which correlated with the reported itch intensity.89 Moreover, lesional skin of patients with 

atopic dermatitis and prurigo nodularis is characterized by increased substance P positive 

sensory neurons.90,91 Recently, the antiemetic NK1-receptor antagonist aprepitant was 

shown in uncontrolled case series to effectively reduce pruritus in patients with various 

dermatological and some systemic disorders,92 Sézary syndrome,93 solid tumours,94 and 

pruritus due to the epidermal growth factor inhibitor erlotinib.95 These very promising 

results warrant confirmation in randomized, placebo-controlled trials. 

 

 Calcitonin-gene related peptide  

The polypeptide calcitonin-gene related peptide (CGRP) is abundantly expressed in somatic 

and vagal sensory neurons but may also be expressed in Langerhans cells or 

keratinocytes.96 In contrast to substance P which indirectly causes pruritus after intradermal 

injection, CGRP is controversially discussed as pruritogen.84,97 CGRP modulates itch 

sensation and inflammation rather than directly causing pruritus.98-100 Intradermal injected 

CGRP rather had an itch-inhibitory effect and prolonged the itch latency of subsequently 

injected substance P, whereas no effect was observed on wheal and flare reaction.101 

In patients with atopic dermatitis, prurigo nodularis and nummular eczema an increased 

number of CGRP positive nerve fibres has been described in affected skin areas.91,102 

Furthermore, CGRP increased IL-13 levels in cutaneous lymphocyte-associated antigen 

positive T-cells (CDA+ T-cells) from patients with atopic dermatitis but not healthy 

controls. The more IL-13 was released from T-cells the higher were total IgE levels and 

percentage of inflamed skin.103 Thus, CGRP seems to modulate CLA+ T-cells towards a 

TH2 pattern and may contribute to exacerbating clinical symptoms in itchy skin disorders.  

The function of peptidergic CGRPα-expressing sensory neurons could recently be 

revealed by genetic ablation of these sensory neurons. Mice lacking CGRPα+ sensory 

neurons exhibited an attenuated histamine- and chloroquine-induced scratching behaviour 

while that to β-alanine was unaltered.104 These mice also showed an impaired sensitivity to 
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noxious heat and capsaicin, but enhanced behaviour to cold stimuli including activation of 

TRPM8, indicating that CGRPα+ sensory neurons encode for heat and certain itch stimuli 

and tonically cross-inhibit cold-responsive spinal neurons.104  

  

 Endothelin-1  

Endothelin-1 (ET-1) is a polypeptide which is synthesized by various cell types, including 

endothelial cells, vascular smooth muscle cells, keratinocytes and inflammatory cells.105,106 

Of note, at lower concentrations ET-1 exerts vasodilatory effects presumably by the release 

of nitric oxide and prostacyclin, and only higher levels induce a powerful 

vasoconstriction.105 ET-1 is also capable of directly activating mast cells, keratinocytes, 

subsets of sensory neurons and glia cells.107,108 Subcutaneous injection of ET-1 caused 

nociceptive behaviours in animals109-111 and induced burning pain in human beings.112 

However, ET-1 has also been reported to cause scratch responses in mice11,111,113,114 as well 

as itching associated with a burning character in humans.115,116 A well-performed 

microneurography study in human volunteers proved that ET-1 activated and sensitized 

mechanosensitive C fibres concentration-dependently causing itching and pain, which was 

only in part mediated by histamine release.116 Intradermal application of ET-1 caused a 

scratching response mainly via the activation of endothelin-A-receptors (ETA-receptor, 

present on mast cells and sensory neurons) as shown by the use of specific agonists and 

antagonists in mice.7,113,114 ET-1 belongs to the most potent pruritogens as it elicits 

scratching behaviour in animals in the picomolar range, whereas other pruritogens require 

micromolar concentration, indicating that endothelin-1 is likely to directly act on its 

cognate receptor on sensory neurons.11 The ETA-receptor is thought to predominantly act 

via a Gq/11-PCR stimulating phospholipase C, but may also activate phospholipases A2 and 

D.117 ET-1-induced scratching behaviour was virtually abolished in mice that had lost 

TRPV1-expressing neurons11 (see fig. 4 for schematic representation). A recent study 

suggested that inhibition of TRPA1 would increase endothelin-induced scratch response.118 

Further analyses in knock-out animals are warranted to reveal the role of TRPA1 in scratch 

response induced by ET-1 and other mediators.  
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Figure 4: Putative signalling pathway of endothelin in itch neurons. For abbreviations see text.  

 

Proteases 

More than 50 years ago Shelley and Arthur reported about spicules of the tropical legume 

Mucuna pruriens (cowhage) that caused itching after rubbing into the skin without a visible 

wheal or flare reaction.119-121 Thus, itching was believed to be independent of histamine 

which was later underlined by the fact that cowhage still produced intense pruritus in skin 

rendered tachyphylactic to histamine.41 The enzymatic action of a protease isolated from 

the spiculae, which was named mucunain by Shelley and Arthur, was believed to cause 

histamine-independent pruritus.120 Shortly afterwards various endogenous proteases such as 

trypsin, chymotrypsin, and, fibrolysin as well as exogenous proteases including papain and 

streptokinase were reported to induce pruritus.36,122 In recent years it was uncovered that the 

responsible receptors for histamine-independent itch signalling by proteases were the G 

protein-coupled receptors called protease-activated receptor 2 (PAR2) and 4 (PAR4).123,124 

It was shown that the activation of PAR2 depends on proteolytic cleavage of the N-terminal 

extracellular part of the receptor by which a peptide is released that activates the receptor as 

a tethered ligand. The free six amino acid residue Ser-Leu-Ile-Gly-Arg-Leu (SLIGRL-

NH2), which is widely used to induce nonhistaminergic, protease-mediated itching, was 

found to cause scratching behaviour by activating PAR2.125 Thus, it was concluded that 

PAR2 may be activated by various endogenous (trypsin, tryptase, kallikreins, cathepsin S, 
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etc.) and exogenous proteases (house-dust mite, bacteria, etc.).126,127 However, Liu and 

colleagues could recently clearly show that the scratch response caused by the peptide 

SLIGRL is due to activation of Mas-related G protein-coupled receptor C11 (MrgC11; see 

also later in this review) rather than PAR2.128 Hence, the target of the liberated peptide does 

not seem to be PAR2 itself but rather the MrgC11 receptor. Notably, the one amino acid 

shorter peptide SLIGR specifically activated PAR2 which caused thermal pain 

hypersensitivity but not a scratch response in mice. Furthermore, scratching behaviour after 

intradermal application of trypsin was not reduced in PAR2-/- mice,128 indicating that 

proteases cause an itch-scratch response by a yet to be determined receptor which could be 

e.g. PAR4. Another recent study indicated that the pruritic effect of proteases may at least 

partly be mediated by release of endothelin-1 from keratinocytes.129  

PAR2 was shown to be expressed on primary spinal afferent neurons which released 

the neuropeptides substance P and CGRP upon stimulation with tryptase.130,131 Binding of 

the ligand to PAR2 activates a phospholipase C (but not PLCβ3) which in turn cleaves PIP2 

into DAG and IP3.31 DAG activates protein kinase C (PKC) which phosphorylates and 

activates the transient receptor potential vanilloid receptor 1 (TRPV1).132,133 Of note, PAR2 

activation has been shown to sensitize TRPV1 in various states of pain sensation,132-134 

instead of playing a role in itch signalling and sensitization.128  

In humans, the endogenous PAR2 activator tryptase was found to be elevated in 

skin of atopic dermatitis patients, whereas histamine levels were not different from healthy 

controls.123 Furthermore, PAR2 expression on afferent sensory neurons was markedly 

increased in skin of atopic dermatitis patients compared to healthy controls.123 PAR2 

expression on keratinocytes was similarly up-regulated in the epidermis of atopic dermatitis 

patients with the highest expression in skin lesions.135 Furthermore, specific PAR2 agonists 

provoked enhanced and prolonged itch in such patients upon intralesional application.123 

These observations stand in contrast to the findings in mice by Liu and colleagues 

(mentioned above)128 and could be due to species differences in effective ligands or a 

release of pruritogens by activation of PAR2 in keratinocytes (and potentially other skin 

cells) in patients with atopic dermatitis.  
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Eicosanoids 

 

 Prostaglandins 

Prostaglandins are synthesized by the enzyme cyclooxygenase (COX) from arachidonic 

acid, which is liberated from phospholipids by the action of phospholipase A2. 

Prostaglandins have been well-studied in inflammation and pain, however, the role in itch 

sensation is rather unclear. Prostaglandins are regarded as modulators of pruritus rather 

than being direct pruritogens. Intradermally injected prostaglandin E1 (PGE1), E2 (PGE2) 

and H2 had no or only a weak pruritogenic effect, whereas they markedly enhanced 

histamine-induced pruritus.136,137 The effect of PGE2 was not altered by pre-treatment with 

the H1-antihistamine clemastine suggesting that PGE2 acts downstream of the histamine 

receptor, potentiates a non-histaminergic itch pathway or acts via other histamine-

receptors.138 Similarly, PGE1 could potentiate protease-induced itching of papain139 and 

PGE2 augmented serotonin-induced pruritus in healthy controls.56 The weak direct pruritic 

effect of PGE2 was comparable in healthy controls and patients with atopic dermatitis.140 

Non-steroidal anti-inflammatory drugs (= NSAID = COX-inhibitors) which are widely 

prescribed suppress the synthesis of prostaglandins. In systemic disorders with pruritus, 

however, NSAID have only been reported to attenuate itching in patients with 

polycythemia vera and HIV infection.141-143 Thus, the impact of prostaglandins on 

pathogenesis of pruritus seems to be limited. 

 In mice, prostaglandin D2 suppressed IgE-mediated scratch response of ovalbumine-

sensitized mice which was explained by reduced histamine release from mast cells.144 The 

increased scratching behaviour induced by a selective COX-1-inhibitor in NC/Nga mice 

which spontaneously develop eczematous atopic dermatitis-like skin lesions was explained 

by the diminished PGD2-synthesis.145 Indeed, when PGD2 was applied topically to these 

mice the COX-1-inhibitor induced scratching behaviour was suppressed.145 Inhibition of 

itch sensation by PGD2 was shown to be mediated via the prostanoid D receptor 1 (PD1) 

and activation of the p38-MAPK pathway.146 In humans, however, PGD2 did neither 

diminish histamine-induced pruritus nor the accompanying wheal and flare reaction.147  
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 Leukotrienes 

Leukotrienes also belong to the group of eicosanoids, but are synthesized from arachidonic 

acid by the enzyme lipooxygenase (LO). Leukotriene B4 (LTB4) has been reported to 

induce scratching behaviour in mice.148 Furthermore, substance P-induced scratching may 

in part be mediated by release of LTB4 from keratinocytes.149 Similarly, sphingosine 

phosphorylcholine (SPC)-induced pruritus was in part explained by synthesis and secretion 

of LTB4 from keratinocytes, as scratching behaviour was diminished by the 5-lipoxygenase 

inhibitor zileuton and the LTB4-antagonist ONO-4057.150 Recently, the MrgC11-agonist 

SLIRGL-NH2 was shown to increase synthesis and release of LTB4 and PGE2 from 

keratinocytes in vitro and in vivo.151 The authors observed that topically applied tacrolimus 

attenuated SLIRGL-NH2-induced scratch responses in mice and suggested that this effect 

was due to a diminished synthesis and/or release of LTB4 and PGE2 from keratinocytes.151 

The underlying mechanisms behind this observation remain unclear and it should be 

mentioned that tacrolimus inihibits calcineurin (phosphatase 2B) which dephosphorylates 

and desensitizes TRPV1. 

In contrast to mice, intradermally injected leukotrienes including LTB4, LTC4, 

LTD4 and LTE4 did not evoke itch in healthy human subjects.152,153 However, LTB4-levels 

were increased in lesional skin of patients with atopic dermatitis and psoriasis.154,155 

Notably, the leukotriene antagonist montelukast attenuated pruritus in a randomized, 

placebo-controlled trial in atopic dermatitis patients156 and in a placebo-controlled, cross-

over trial of ureamic patients on haemodialysis.157 Leukotrienes might therefore modulate 

itch severity in patients with atopic dermatitis and uraemia. 

 

Cytokines 

Certain cytokines released from leukocytes are capable of eliciting itch sensations. 

Intradermal injection of interleukin-2 (IL-2) caused itching and erythema in both, healthy 

subjects and atopic dermatitis patients, which lasted for 48–72 hours.158 Intravenous IL-2 

which has been used to treat metastatic carcinoma often induced severe pruritus.159-161 In 
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serum of haemodialysis patients with pruritus enhanced levels of IL-2 but not IL-4 or IFN-γ 

were measured implicating TH1 overactivity in the pathogenesis of uremic pruritus.162 

Calcineurin is protein phosphatase 2B which induces IL-2 expression in T-cells by 

activation of the transcription factor NFATc. The calcineurin-inhibitor cyclosporine A 

down-regulates IL-2 synthesis and rapidly improved pruritus in patients with atopic 

dermatitis163 and therapy-resistant Sézary-syndrome.164 In rats, a discrete population of 

cutaneous C-polymodal nociceptors was activated by IL-2.165 These cutaneous C-fibres 

also responded to bradykinin and histamine, and bradykinin increased their responsiveness 

to IL-2.166 Transgenic mice over-expressing IL-4 in the epidermis manifested with a 

pruritic skin disorder that fulfilled the clinical diagnostic criteria established for atopic 

dermatitis in patients.167 In patients with pruritus due to HIV infection levels of TH2-

cytokine levels including IL-4, IL-5 and IL-10 were increased.143 Furthermore, IL-6 levels 

were reported to be increased in haemodialysis patients with pruritus compared to those 

patients without pruritus indicating a role of inflammation in the pathogenesis of uremic 

itch.168 In the dermis of prurigo nodularis lesions clusters of nerve-like fibres with enhanced 

IL-6-like immunoreactivity were observed which co-localized with CGRP expression.169  

The level of the TH2-cytokine interleukin-13 has been reported to be increased in 

serum of atopic dermatitis patients.170 IL-13 signals through a receptor dimer consisting of 

IL-13Rα1 and IL-4Rα which activates members of the JAK/STAT pathway resulting in 

phosphorylation of STAT-6 as well as induction of PI3-kinase and MAP kinase signalling 

cascades.171 A functional link of IL-13 to pruritus has been made by Zheng et al.8 using an 

inducible IL-13 transgenic mouse model in which IL-13 was overexpressed exclusively in 

keratinocytes. These mice developed a chronic inflammatory phenotype similar to atopic 

dermatitis characterized by xerosis, pruritic eczematous lesions and increased scratching 

behaviour associated with increased synthesis of IL-4 and IL-13 by CD4+ T-cells.8  

More recently, a novel interleukin, IL-31, was described which is produced by TH2-

cells as well as mast cells and signals through a receptor complex composed of IL-31 

receptor A and oncostatin M subunits.9,172 Upon binding of IL-31 the receptor activates 

members of the JAK family of tyrosine kinases which cause activation of the transcription 

factor STAT-1 and -5, Erk-1/2 as well as induction of PI3-kinase and MAP kinase 
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signalling cascades.173,174 Mice overexpressing IL-31 developed severe pruritus, alopecia 

and skin inflammation.9 In Nc/Nga mice which spontaneously develop atopic dermatitis-

like skin lesions mRNA levels of IL-31 correlated with the number of scratch bouts175 and 

intraperitoneally applied monoclonal anti-IL-31 antibodies ameliorated scratching 

behaviour without improving skin lesions and dermatitis.176 In humans, IL-31 levels were 

also increased in serum of patients with chronic urticaria and atopic dermatitis and even 

correlated with disease severity in atopic dermatitis patients.177,178 IL-31 expression was 

increased in prurigo nodularis and lesional skin of atopic dermatitis patients.179 IL-31 

expressing T-cells could recently be identified in lesional skin of atopic dermatitis patients 

which were in part co-expressing IL-13 and to a lesser extent IL-22.180 Notably, a 

substantial part of these IL-31 expressing T-cells did not co-express any typical cytokine 

indicating a novel entity of yet undefined T-cells.180 Furthermore, treatment of skin with 

staphylococcal superantigens rapidly induced IL-31 expression in atopic individuals.179 The 

antimicrobial peptides human β-defensin and cathelicidin have been shown to induce IL-31 

expression in human mast cells.172 Mast cells generated from CD34+ mononuclear cells 

from polycythemia vera patients released higher amounts of interleukin-31 resulting in 

increased IL-31 plasma levels in these patients.181 Next to keratinocytes, IL-31 receptors 

have also been described on DRG neurons179,182 indicating that IL-31 could directly activate 

sensory nerve fibers. These results underline that IL-31 and its receptors represent a novel 

target for anti-pruritic therapy.  

 

Opioids 

In 1975, Hughes and colleagues identified two endogenous peptides, Leu- and Met-

enkephaline, with a potent opiate-like activity.183 Later it was shown that these 

enkephalines and their receptors were present in central and peripheral neuronal tissue.184 

Administration of these peptides and other opioid agonists relieves pain, but causes itching 

as a side-effect – the mode of action, however, differs between peripheral and central 

application.56 Intradermal injection of morphine and other opioid agonists caused local 

itching which was associated by a wheal and flare reaction.185 Of note, H1-antihistamines 

but not the μ-opioid-antagonist naloxone effectively attenuated local itch sensation, 
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indicating that pruritus due to intradermal injection of opioids is mediated by histamine 

release.185,186 Interestingly, low doses of opioids which did not produce itch sensation when 

injected alone, potentiated histamine-induced pruritus when co-injected with histamine (as 

similarly described for prostaglandins).187 On the other hand itch sensation was neither 

attenuated by local pretreatment with compound 48/80 to deplete histamine from mast cells 

nor by oral pretreatment with indomethacin to inhibit prostaglandin synthesis indicating 

that the potentiating effect of histamine-induced itching was not caused by histamine 

release or prostaglandin formation.187 Similarly, naloxone did not diminish pruritus in this 

study suggesting that the peripheral pruritic effects of opioids are mediated via others than 

μ-opioid receptors.  

Generalized pruritus after oral, subcutaneous or intravenous application of opioid 

agonists is observed in around 1% of patients, whereas up to 90% report itching after 

epidural or intrathecal injection.22,188 Itching upon epidural injection may be confined to the 

segmental area of anti-nociception but often also spreads rostrally and affects in particular 

the nose and the face of the patients.21 As wheal or flare reactions are not observed in these 

areas and antihistamines do not relieve pruritus, this form of itching is histamine-

independent. In contrast, naloxone effectively inhibited itching from spinal opioids.21 

Similar observations were made in various animal models.189-192 Thus, central opioid 

receptors are capable of mediating itch sensation. This effect was previously explained by 

the occlusion hypothesis which assumed that itch and pain signals are selectively mediated 

via nociceptive and pruriceptive spinal neurons193 and that itch signalling is under 

inhibitory control of pain neurons which fails upon inactivation of pain signalling, e.g. by 

morphine.21,193,194 This theory was supported by the analysis of mice lacking the vesicular 

glutamate transporter 2 (VGLUT2) in subsets of nocicptive DRG neurons disconnecting 

them from their spinal targets that resulted in markedly increased scratch behaviour 

accompanied by an attenuated responsiveness to thermal pain.195 However, an elegant 

study6 could recently clearly show that long lasting morphine-induced itching occurred 

independently of the morphine-induced analgesia and was mediated via the μ-opioid 

receptor (MOR1), whereas short-lived morphine-induced scratching was mediated 

specifically via the isoform D of this receptor (MOR1D) which is located on distinct sets of 

neurons.6 Intriguingly, MOR1D forms a heterodimer with the gastrin-releasing peptide 
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receptor (GRPR) and morphine-induced scratching was mediated by activation of GRPR.6 

As morphine-induced analgesia remains unaffected in GRPR deficient mice, GRPR seems 

to characterize a purely itch-related spinal interneuron.15 These observations strongly 

favour a modified labelled line hypothesis, in which itch and pain sensation are mediated 

via distinct sets not only of presynaptic but also of postsynaptic neurons, and GRPR-

expressing interneurons are likely to represent the itch-specific relays in the spinal cord.16 

In contrast to μ-opioid agonists which cause scratching, κ-opioid agonists such as 

nalfurafine have been shown to inhibit scratching in animal models196,197 and patients 

suffering from uremic pruritus.198,199 By which mode of action and via which receptor(s) κ-

opioid agonists suppress pruritus and cause analgesia at the same time remains to be 

elucidated.  

Interestingly, the bovine adrenal medulla peptide BAM(8-22) is derived from 

proenkephalin A200 was proven to induce scratch responses after intradermal injection in 

mice via activation of MrgC11128 (see below). Thus, peripherally mediated itch sensation 

by certain opioids may be mediated by others than opioid receptors.  

 

Endocannabinoids 

Endocannabinoids which are derived from the essential fatty acid arachidonic acid 

comprise a group of substances that modulate pain and itch sensation by binding to 

cannabinoid (CB) receptors.201 CB1-receptors are found in the CNS, whereas CB2-

receptors are mainly expressed in peripheral tissues. Interestingly, CB1- and TRPV1-

receptors showed a marked co-localisation in primary afferent C-fibres.202,203 In addition, 

both receptors are expressed in cells of the skin including keratinocytes and mast cells.203 

Cannabinoid agonists strongly attenuated histamine-induced scratching behaviour in 

mice204 and could reduce itch severity in humans.205 In rats, activation of keratinocytes 

located around nerve endings in the epidermis via a CB2 receptor agonist caused secretion 

of β-endorphin. The released β-endorphins bound to μ-opioid receptors of afferent nerve 

fibres thereby inhibiting nociception.206 Moreover, endocannabinoids like anandamide – 

which in higher concentrations may also act as an endovanilloid – have been shown to 
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activate and eventually desensitize TRPV1 demonstrating the complex role of cannabinoids 

in the modulation of pruritus and pain.207 Thus, endocannabinoids do not only participate in 

pain sensation, but may also modulate pruritoception.  

 

Neurotrophins 

Neurotrophins such as nerve growth factor (NGF), brain-derived neurotropic factor 

(BDNF), neurotrophin-3 (NT-3) and neurotrophin-4 (NT-4) belong to a class of growth 

factors which modulate survival, differentiation, and maintenance of nerve cells.208 In the 

skin, these proteins are synthesized and released by mast cells, eosinophils, keratinocytes 

and fibroblasts.209-212 Of note, expression of NGF was markedly increased in lesional skin 

of patients with atopic dermatitis or psoriasis which caused sensitization as well as 

sprouting of sensory nerve fibres by activation of p75 and tyrosine kinase neurotrophin 

receptors (TrkA receptors).212-215 Several studies showed that NGF can upregulate the 

expression of sensory neuropeptides such as substance P or CGRP, may sensitize the 

transient receptor potential vanilloid-1 (TRPV1) and potently cause degranulation of mast 

cells thereby leading to acute itch sensation.214,216,217 In addition, substance P and CGRP 

increased synthesis of NGF in human cultured keratinocytes, indicating that a positive 

forward loop could be responsible for sensitization of sensory neurons.218 Furthermore, 

serum levels of NGF and BDNF were increased in patients with atopic dermatitis and 

correlated with disease severity.219,220 In mouse models of atopic dermatitis NGF and glial 

cell line-derived neurotrophic factor (GDNF), another neurotropic factor, were upregulated 

which could contribute to scratching behaviour.221 Thus, neurotrophins play an important 

role in the sensitization of afferent neurons in various skin disorders and it would be 

interesting to investigate their role in systemic diseases associated with pruritus.  
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Phospholipids 

 Lysophosphatidic acid 

Lysophosphatidic acid (LPA) is a potent lipid mediator exerting its effects via at least six 

distinct LPA-receptors.222 Intradermally injected LPA induced a scratch response in mice223 

in a dose-dependent manner.224 Screening sera of cholestatic patients for neuronal 

activation revealed LPA as major activator (see also hepatobiliary disorders).224  

 Sphingosinephosphorylcholine 

Intradermally injected sphingosinephosphorylcholine (SPC) caused scratching behaviour in 

mice.225 Interestingly, SPC concentrations were increased in lesional skin of NC/Nga 

mice.226 SPC-induced pruritus was partly explained by synthesis and secretion of LTB4 

from keratinocytes as scratching behaviour was diminished by a 5-lipoxygenase inhibitor 

and a LTB4-antagonist.150 On the other hand SPC increased cytosolic free calcium 

concentrations in DRG neurons indicating that SPC is capable of directly activating sensory 

neurons.150  

 Platelet-activated factor 

Intradermal injection of platelet-activated factor (PAF) caused vasodilatation and increased 

vascular permeability, producing a weal and flare response with accompanying pruritus.227 

Thus, PAF-induced pruritus is thought to be caused by liberation of histamine from mast 

cells. PAF may also play a role in pruritus associated with allergic conjunctivitis.228 

Others 

 Acetylcholine 

Acetylcholine (ACh) is a major neurotransmitter of the peripheral and central nervous 

system and exerts its effects via muscarinergic and nicotinergic acetylcholine receptors. 

Whereas intracutaneous injection of high concentrations of acetylcholine caused pain 

sensation in healthy volunteers, a pure itching sensation was reported after injection in 

lesional skin of patients with atopic dermatitis.229,230 Blockade of H1-receptors did neither 
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diminish acetylcholine-induced itch severity nor reduce erythema in patients with atopic 

dermatitis, but reduced pain sensation and erythema in healthy controls.231 In line, patients 

with atopic dermatitis exhibit a reduced sensitivity to histamine compared to healthy 

controls and pruritus does not respond to H1-antihistamines.232 Hence, in patients with 

atopic dermatitis pruritus can be elicited by a cholinergic, histamine-independent 

mechanism. In mice, acetylcholine was shown to cause scratch responses mainly via the 

activation of muscarinergic acetylcholine receptor M3,233 which is a member of Gαq 

GPCRs and thus signals via activation of phospholipase C. M3 receptors are expressed on 

keratinocytes but not dermal and epidermal nerve endings – in contrast to inhibitory M2 

receptors.234 In addition, it should be noted that excitatory and CGRP-releasing effects are 

evoked by nicotinergic AChRs.234  

 Bradykinin 

Bradykinin is a nonapeptide which is liberated from kininogens through hydrolytic 

cleavage by kallikreins. Kallikreins, the enzymes forming bradykinin, are serine proteases 

which have for decades been known to cause severe itching122 without inducing a 

significant flare or wheal reaction235 (see also proteases). Bradykinin is known as an 

inflammatory pain mediator by activating bradykinin B2 receptors on sensory neurons, but 

may under certain circumstances also cause pruritus.235-237 Bradykinin and kallidin (also 

entitled lysylbradykinin as it has the same amino acid sequence of bradykinin with an 

additional lysine), a decapeptide which is also generated by the action of kallikreins on 

kininogens, are potent histamine releasers from mast cells, and itch sensations caused are 

inhibited by antihistamines.75,235 Furthermore, bradykinin sensitized sensory afferents for 

various chemical stimuli and augmented their response to subsequent histamine 

application.238,239 This effect may be caused by the bradykinin-mediated release of 

substance P, CGRP and PGE2 after application to the skin.98 Furthermore, bradykinin – 

similar to acetylcholine230,231 – has been reported to induce intense itching in lesional skin 

of atopic dermatitis patients which was not diminished by antihistamines.240 In inflamed 

skin induced by complete Freund’s adjuvant bradykinin caused robust scratching behaviour 

which was mediated via B1 receptors which are induced upon inflammation.241 Thus, the 

algogen bradykinin may under certain circumstances cause histamine-independent pruritus.  
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Figure 5: Putative signalling pathway of chloroquine in itch neurons. For abbreviations see text.  

 

Interestingly, bradykinin has been shown by several groups to activate both TRPV1 and 

TRPA1 channels which have been associated with pain and itch signalling. This activation 

appears to be mediated by phospholipase C.242 

 Mrg receptors 

The antimalaria drug chloroquine induces pruritus in humans, particular in those persons 

with dark skin such as black Africans. In experimental itch research chloroquine has long 

been used for the induction of histamine-independent pruritus; however, the molecular 

mechanisms of itch induction remained unresolved until recently. Liu and colleagues 

elegantly proved that chloroquine elicits scratching behaviour in mice by binding to a 

GPCR (Gαq) called MrgA3 (Mas-related gene GPCR subtype A3).4 Its human correlate is 

MrgX1. Conversely, the peptide BAM8-22 elicited itch through MrgC11. The Mrg 

receptors constitute a subfamily of GPCRs that are largely orphan receptors but recently 

have been associated to sensory functions. In contrast to the extensive sequence diversity 

exhibited by the MrgA, MrgB, and MrgC subfamilies in mice (n>50), the related 

complement in humans is composed of only a few MrgX genes (n~9), while that in rats 

counts one each of the MrgA, MrgC, and MrgD genes and ten MrgB genes. Although the 

human MrgX genes have no direct orthologs in rodents, human MrgX1 has been suggested 

to share some features of expression, binding profile and structural homology with rat 
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MrgC and mouse MrgC11. Expression of many of these receptors under normal conditions 

seems to be confined to neurons and mast cells.243 

Induction of a scratch response via MrgA3 does neither activate phospholipase C β3 

(PLCβ3)10 nor requires TRPV111 as shown in knock-out animals, making it distinct from 

the histamine-1-receptor pathway (see fig. 5 for schematic representation). Still, MrgA3+ 

neurons also respond to histamine.4 In fact, a different TRP effector is required for 

chloroquine-induced scratching behaviour, namely TRPA1.12 Scratch responses after 

intradermal injection of chloroquine were almost abolished in TRPA1 deficient mice.12 

Activation of MrgA3 was shown to act through liberation of Gβγ, a signalling molecule 

which modulates several ion channels by direct binding.12 Whether Gβγ directly opens 

TRPA1 channels or acts via an indirect mechanism remains to be elucidated. Furthermore, 

PIRT, a phosphoinositide-interacting regulator of transient receptor potential channels, is 

required for chloroquine-induced scratch responses.33 Thus, coupling of GPCR to TRP 

channels seems to represent a common event in various itch (and pain) signalling pathways. 

Han and colleagues genetically modified and ablated MrgA3+ DRG neurons (representing 

around 5% of sensory neurons) resulting in attenuation of scratching behaviour to multiple 

pruritogens while pain behaviour was unaltered.13 Using an elegant approach this group 

expressed TRPV1 solely in MrgA3+ neurons in TRPV1-/- mice. Activation of these MrgA3+ 

sensory neurons by the algogen and TRPV1-agonist capsaicin elicited only hindpaw 

scratching but no pain-related forepaw wiping.13 These findings suggest that MrgA3 

defines a specific subpopulation of DRG neurons responsible for itch signalling underlying 

the labelled line theory initially suggested by Johannes Müller in 1826.244 Still, Han and co-

workers could not test cowhage in these mice, although in vitro all MrgA3+ neurons were 

activated by cowhage. Species differences complicate the picture as cowhage does excite 

all polymodal nociceptors in humans, but only a subset of histamine-sensitive ones in 

mice.245 Thus, MrgA3 is likely to represent a suitable candidate for novel anti-pruritic 

treatment strategies for several but not all forms of pruritus.  
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HAEMATOLOGIC DISORDERS 

 

Polycythemia vera 

Polycythemia vera (PV) is a rare haematological disorder characterized by Janus kinase 2 

(JAK2) mutations resulting in a erythroid-weighted trilineage myeloproliferation.246,247 The 

most common JAK 2 mutation results in a substitution of valine to phenylalanine at codon 

617 (JAK2V617F) and renders the kinase constitutively active and makes hematopoetic 

cells more sensitive to growth factors. Notably, pruritus appears to correlate with 

homozygosity for the gain-of-function mutation JAK2V617F. Two independent 

studies247,248 showed that patients with cellular homozygosity suffered more often from 

pruritus than patients with cellular heterozygosity.  The mutation has not been detected in 

either control subjects or germline tissue, confirming that the allele is not a common 

polymorphism in the general population. Generalized pruritus is reported by 30–65% of 

patients suffering from polycythemia vera and typically described as aquagenic pruritus.249-

252 Besides polycythemia vera, aquagenic pruritus may also occur in other 

myeloproliferative disorders such as essential thrombocytosis, primary myelofibrosis and 

the hypereosinophilic syndrome (see below) or as an isolated symptom in healthy people.252 

Aquagenic pruritus in patients with polycythemia vera is reported to have a typical 

prickling, stinging or burning character which particularly occurs directly after exposure to 

water and lasts for 10–120 minutes (average 30–45 min).250,253  

The pathophysiology of polycythemia vera-associated pruritus remains largely 

unknown, but several hypotheses mainly based on clinical observations have been made. 

The sudden onset and limited duration of itch sensation with characteristic occurrence after 

(but not during) exposure to water indicates that a sudden decrease in skin temperature 

triggers the initiation of pruritus. Cooling down the skin by evaporating humidity from the 

skin might cause a release of adenosine diphosphate from red blood cells and 

catecholamines from adrenergic vasoconstrictor nerves resulting in blood vessel contraction 

and activation of platelets.57 Platelets may then release pruritogenic factors such as 
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prostaglandin E2 (PGE2) and serotonin. Although both substances are weak pruritogens 

upon single intradermal application, an intradermally injected mixture of PGE2 and 

serotonin caused strong pruritus in healthy controls.56 The beneficial effect of pitozifen,254 a 

serotonin and weak histamine antagonist, was explained by reducing the pruritogenic effect 

of released serotonin from platelets.56 The selective serotonin re-uptake inhibitor paroxetine 

and fluoxetine also strongly reduced polycythemia vera-associated pruritus.250,255 As these 

drugs mainly act centrally, they might influence the central itch signalling pathway rather 

than acting directly on peripheral nerve endings which do not re-uptake 5-HT but express 

5-HT receptors. However, platelets cannot synthesize 5-HT but take it up from 

enterochromaffine cells during passage through the gut. Degranulation of platelets is known 

to be selectively inhibited by the cyclooxygenase inhibitor acetylsalicylic acid,256 which 

could explain the beneficial anti-pruritic effect of this drug in polycythemia vera 

patients.57,141 It is intriguing to speculate whether platelet-derived lysophosphatidic acid,257 

another potential pruritogen (see above), is involved in polycythemia vera-associated 

pruritus. After a hot bath lysophosphatidic acid may be released from endothelial cells to 

cause contraction of smooth muscle cells thereby restoring vascular tone and it could 

additionally activate platelets to release further lysophosphatidic acid and other 

pruritogens.258,259 Mast cells may be another potential source of pruritogens in 

polycythemia vera patients. Various pruritogenic mediators can be secreted by mast cells 

among which are histamine, tryptase, interleukins and prostaglandins. Although serum 

levels of histamine were raised in polycythemia vera,249,260 which could be explained by an 

increased number of basophile granulocytes in those patients,261 they do not develop 

urticaria and antihistamines are not or only partially effective in these patients.141,250,262 

Tryptase levels as a specific marker for mast cell degranulation were not found to be 

increased one hour after showering,263 however a subtle or local release of mast cell granula 

may not be detected in peripheral blood. Jackson et al. found an increased number of skin 

mast cells in patients suffering from pruritus compared to those without pruritus and 

healthy controls.141 These mast cells were located throughout the dermis, but concentrated 

in particular around small blood vessels.141 A more recent study could histologically show 

that mast cells degranulated after exposure to warm water in polycythemia vera patients but 

not in healthy controls, although their number was not increased compared to controls.264 



Neuronal circuits in pruritus of systemic disorders  

42 

Interestingly, the number of cutaneous mononuclear cells and eosinophils was highly 

elevated after water exposure.264 An older publication reported about a similar increase in 

mononuclear cells in the dermis and epidermis in a female polycythemia vera patient who 

underwent biopsies before and after warm water challenge.265 Mast cells generated from 

CD34+ mononuclear cells of polycythemia vera patients released higher amounts of 

pruritogenic substances such as histamine, leukotrienes, and interleukin-31 and had an 

increased migratory behaviour compared to mast cells of healthy controls.181 Noteworthy, a 

greater number of mast cells could be generated from polycythemia vera patients suffering 

from pruritus compared to patients without pruritus. These mast cells were less prone to 

apoptosis and released more pruritogenic cytokines such as IL-31, resulting in increased IL-

31 plasma levels in these patients.181 Finally, the same group demonstrated that all mast 

cells of polycythemia vera patients had the malignant gene mutation JAK2 617V>F. This 

could explain the beneficial anti-pruritic effect of newly developed JAK inhibitors such as 

erlotinib,266 ruxolitinib (INCB018424)267-269 or TG101348.270 One could also argue that the 

anti-pruritic effect of these substances may be due to their efficient decrease in disease 

burden. A strong improvement of pruritus is often reached by an effective treatment of the 

underlying disease – indicated by correction of haematological parameters – as shown by 

various trials using busulphan,141 hydroxyurea,271 interferon-α or its pegylated form 

(reviewed in 272) or recently by a phase II trial using the histone-deacetylase inhibitor 

givinostat.273 Beside IL-31, other interleukins have been suggested to cause pruritus of PV. 

A recent study could, however, not find any correlation between IL-10, IL-22 or IL-23 and 

the presence of pruritus.274 

Phlebotomy is performed to treat polycythemia vera, but might cause iron 

deficiency anaemia in these patients. As iron deficiency is also associated with pruritus (see 

also section iron deficiency of this review), iron supplementation has been given to 

polycythemia vera patients with iron deficiency anaemia and relieved pruritus in some of 

these patients.275-277 However, when iron treatment had to be stopped because of 

unacceptably high haemoglobin concentrations, pruritus recurred.277 Thus, iron 

supplementation should be restricted to those iron deficiency anaemia patients with 

otherwise untreatable pruritus. 
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Essential thrombocytosis 

Essential thrombocytosis (ET) is a clonal disorder arising from a pluripotent hematopoietic 

stem cell characterized by a platelet-weighted trilineage myeloproliferation.278 Similar to 

polycythemia vera the gain-of-function mutation JAK2V617F, which renders hematopoetic 

cells more sensitive to growth factors, has been described in approximately 30% of patients 

with essential thrombocytosis.246,279 In an international internet-based survey of 1179 

patients suffering from different myeloproliferative diseases, pruritus was reported in 40% 

of essential thrombocytosis patients.252 Interestingly, in contrast to polycythemia vera, 

pruritus was reported in a similar frequency by essential thrombocytosis patients being 

homozygotic for the JAKV617F mutation compared to heterzygotic patients.247 Pruritus in 

patients with essential thrombocytosis is described as an aquagenic pruritus similar to 

polycythemia vera-associated pruritus indicating that the pathogenesis of this agonizing 

sensation may be similar in both disorders (see polycythemia vera). This is further 

strengthened by the fact that in first clinical trials the JAK1 and JAK2 inhibitor ruxolitinib 

(INCB018424)267-269 also remarkably improved pruritus in essential thrombocytosis 

patients suggesting that certain pruritogenic cytokines signalling via the JAK-STAT-

pathway might be involved in the pathogenesis of pruritus.  

 

Primary myelofibrosis 

Primary myelofibrosis (PMF) is characterized by fibrotic changes of the bone marrow and 

an extramedullary hematopoesis. It represents the third large entity of myeloproliferative 

diseases which is commonly associated with pruritus. Approximately every second patient 

with primary myelofibrosis reported about itching in a large survey of more than 

450 patients.252 Myelofibrosis might also occur in the spent phase of polycythemia vera and 

essential thrombocytosis possibly due to bone marrow stem cell toxic drugs such as 

hydroxyurea. Similar to polycythemia vera and essential thrombocytosis, the valine-to-

phenylalanine change mutation in the JAK2 gene (JAK2V617F) is found in 50% of 

primary myelofibrosis patients. Selective JAK inhibitors erlotinib 266, ruxolitinib 

(INCB018424)267-269 or TG101348270 have been reported to consistently improve pruritus 
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and other constitutional symptoms such as fatigue in these patients. Similarly, everolimus, 

an inhibitor of the rapamycin target mTOR280 and the histone-deacetylase inhibitor 

givinostat (ITF2357)273 also significantly reduced pruritus in PMF patients, however the 

underlying mechanism remains elusive. As itch sensation in all myeloproliferative 

disorders is commonly reported as aquagenic pruritus similar underlying pathogenic causes 

(see polycythemia vera) may be presumed. 

 

Hypereosinophilic syndrome 

The hypereosinophilic syndrome (HES) consists of a very rare and heterogeneous group of 

syndromes defined as persistently increased eosinophil count greater than 1.5 × 109/L for 

more than six months without any recognizable cause and eosinophil-associated organ 

damage.281,282 Recent advances in the understanding of the underlying pathogenesis have 

established that hypereosinophilia may – among other causes – be due to (i) an increased 

interleukin-5 synthesis by a T cell clone (lymphocytic HES), (ii) a chromosomal 

rearrangement resulting in fusion of the two genes, FIP1-like 1 (FIP1L1) and platelet 

derived growth factor alpha (PDGFRA) on chromosome 4q12 in hematopoetic stem cells, 

which results in clonal hypereosinophilia or (iii) a myeloproliferative disorders (m-HES) of 

which the causes have not been elucidated yet.281,282 Beside IL-5 other cytokines such as 

IL-3 or granulocyte-macrophage stimulating colony factor (GM-CSF) have been discussed 

as causing pruritogenicity. Itch sensation in HES patients may present as aquagenic 

pruritus,283 but could also be caused by pruritic papules and eczema-like nodules.284 

Efficient treatment of the underlying disease resolves the constitutive symptoms such as 

pruritus which can be achieved by either corticosteroids285 or the monoclonal anti-IL-5 

antibody mepolizumab.286  

 

Myelodysplastic syndrome 

The myelodysplastic syndromes comprise a group of diverse hematological conditions 

characterized by ineffective or dysplastic production of blood cells associated with an 
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increased risk for acute leukaemia.287,288 Pruritus has occasionally been reported in these 

patients and, similar to the myeloproliferative syndromes, has many features of aquagenic 

pruritus.289-292 Psoralen phototherapy has in casuistics been described to effectively 

improve pruritus in these patients, however the underlying beneficial mechanisms remain 

unclear.289,291  

 

Mastocytosis 

The term mastocytosis refers to a group of rare disorders being characterized by too many 

mast cells and their CD34+ progenitors.293 Mastocytosis is subdivided into cutaneous forms 

which are confined to the skin and preferentially seen in children and systemic 

mastocytosis in which mast cells infiltrate extracutaneous organs with or without skin 

involvement.294 Mast cells express a specific tyrosine kinase receptor called c-kit (CD117), 

which is activated by stem cell factor (SCF).295 Mutations in c-kit have been linked to the 

pathogenesis of mastocytosis and the most common mutation which is seen in more than 

90% of systemic mastocytosis patients consists of the substitution of valine for aspartate in 

codon 816 (D816V).296,297 This mutation causes ligand-independent auto-phosphorylation 

of c-kit and induces constitutive activation of the Stat5-PI3K-Akt signalling cascade.298 

Pruritus is one of the most common symptoms reported by mastocytosis patients and arises 

from the release of various mediators by mast cells.299,300 Itch sensation can be triggered in 

those patients by a variety of stimuli among which are physical factors such as mechanical 

and thermal stimuli including pressure or massage of the skin, extremes in temperature or 

sudden changes in temperature, exercise, emotional stress, infections, surgery or certain 

medications.299-302 Histamine might play an essential role in the pathogenesis of pruritus in 

mastocytosis as H1-histamine receptor blockers303 and the mast cell stabilizer sodium 

chromoglycate304 have been effective in treating pruritus. However, one report questioned 

the role of histamine as main pruritogenic agent as blocking histamine synthesis in two 

mastocytosis patients did not improve pruritus.305 Treatment with the irreversible histidine-

decarboxylase inhibitor α-fluoromethylhistidine resulted in decreased levels of plasma 

histamine and urinary metabolites but solely diarrhea improved and seemed thus to be the 

only histamine-related symptom.305 Those patients who are unresponsive to histamine 
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receptor blockers may be treated by anti-leukotriene agents such as montelukast to improve 

pruritus.306 

 

Hodgkin’s lymphoma 

Hodgkin’s lymphoma, also known as Hodgkin’s disease, is a malignancy of lymphocytes 

characterized by multi-nucleated CD30+/CD15+ Reed-Sternberg and Hodgkin cells.307 The 

prevalence of pruritus in Hodgkin’s disease has been reported in 15–30% of patients.308-310 

Pruritus tends to be located in the area drained by the lymphatic vessels of affected lymph 

nodes, but may also be generalized particularly in patients with the nodular sclerosis type of 

Hodgkin’s disease.311 It may present with ichthyosiform skin changes on the extremities or 

as eczema lesion, but is often only associated with secondary skin lesions due to intense 

scratching.312  

The following mechanisms have been suggested in the pathogenesis of pruritus in Hodgkin 

lymphoma: (i) release of bradykinin and cytokines as immune response to the malignant 

lymphoid cells,311,313 (ii) histamine release from eosinophils observed in the pleotropic 

infiltrates of Hodgkin lymphomas,311,313 and (iii) high serum levels of IgE with specific 

cutaneous IgE deposits seen in 10–20% of patients with lymphoma.311,313 Furthermore, it is 

intriguing to speculate on the role of autotaxin in relation to pruritus and tumour 

progression in patients with Hodgkin’s disease. Recently, Epstein-Barr virus-infected 

Hodgkin lymphoma cells have been shown to highly express the lysophospholipase D, 

ATX. This enzyme is responsible for the formation of LPA, which has been shown to 

induce pruritus in a dose-dependent manner in mice.223,224 These cells might thus release 

high levels of ATX, leading to high local concentrations of LPA that may not only promote 

tumour growth314 but also activate the pruritoceptive C fibres (see below). The role of these 

factors in pathogenesis of itch and tumour progression in lymphoma patients warrants 

further investigations.  

 Specific therapeutic options for pruritus in Hodgkin lymphoma patients are lacking, 

but effective tumour treatment is regularly associated with attenuation or relief of itching. 
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Corticosteroids are commonly reported in textbooks to be effective in these patients, 

however studies supporting this observation are lacking. As this drug class is part of the 

regular treatment regimen it is unclear whether its effectiveness is due to tumor eradication 

or a real anti-pruritic effect. Interestingly, H2-antihistamines such as cimetidine were 

reported as effective symptomatic anti-pruritic drugs.315  

 

Other haematological malignancies 

The prevalence of chronic pruritus in other haematological diseases has never been studied 

in detail and numbers are based on small studies and case series. It is estimated that up to 

10% of patients with Non-Hodgkin’s lymphoma and up to 5% of leukemic patients suffer 

from itching.316 Pruritus is more frequently observed in lymphocytic than in myeloid 

leukemia and more common in chronic than in acute disease.313 Severe itching is common 

in CD4+ mycosis fungoides and its leukemic form, the Sézary’s syndrome, which are Non-

Hodgkin T-cell lymphoma with primary manifestation in the skin. These tumours are 

characterized by a constitutive STAT3 expression,317 a key transcription factor for the Th2 

cytokine production, resulting in increased levels of Th2 cytokines such as IL-4, IL-5, and 

IL-10.318,319 Beside these cytokines, pruritus in patients with the Sézary syndrome may be 

caused by increased levels of substance P as aprepitant, a selective neurokinin-1-receptor 

antagonist, largely diminished itch severity in three patients.93  

 

Iron deficiency 

The association of iron deficiency with generalized pruritus is known for decades,320 which 

is often believed to be a rare phenomenon. However, a prospective French study revealed 

that 5% of patients with generalized pruritus in the absence of a dermatological disorder 

suffered from iron deficiency.321 A large Finish cohort of several ten thousand adults 

revealed that 13.6% of men and 7.4% of women with anaemia due to iron deficiency 

experienced pruritus.322 As iron deficiency can be associated with a malignant disorder,323 

itching may represent a paraneoplastic symptom.312 However, restoring serum iron and 
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ferritin to normal levels by oral iron supplementation normally resolves pruritus in anemic 

patients within days to weeks. In male patients with generalized pruritus and low serum 

iron levels, screening for myeloproliferative disorders is indicated. 



  Chapter 2 

  49 

METABOLIC AND ENDOCRINE DISORDERS 

 

Hepatobiliary disorders 

Pruritus is a frequently observed symptom accompanying many hepatobiliary disorders, 

particularly those with cholestatic features.324-326 This form of itching is designated 

cholestatic pruritus as bile secretion and/or flow is impaired in these disorders.327 In these 

disorders, cholestasis may be caused by a pure hepatocellular secretory failure as seen in 

intrahepatic cholestasis of pregnancy (ICP), benign recurrent intrahepatic cholestasis, 

progressive familial intrahepatic cholestasis, toxin- or drug-induced cholestasis, and 

chronic viral hepatitis B and C infections. Intrahepatic bile duct damage and secondary 

hepatocyte secretory failure is causing cholestasis in primary biliary cirrhosis (PBC), 

primary sclerosing cholangitis (PSC), and paediatric cholestatic syndromes such as the 

Alagille syndrome. Finally, cholestasis due to obstruction of the intrahepatic or extrahepatic 

bile duct system is observed in cholestasis caused by gallstones, PSC, cholangiocellular 

carcinoma, obstructive tumours of the pancreatic head or enlarged lymph nodes located in 

the hilar region, bile duct adenomas, or biliary atresia.328 Interestingly, the prevalence of 

pruritus varies considerably between these hepatobiliary disorders. Pruritus is the defining 

symptom of women suffering from ICP329 and is experienced by up to 80% of patients with 

PBC and PSC at any time during the course of their disease.330-333 In contrast, pruritus is 

less frequently reported by patients with obstructive cholestasis,334 chronic hepatitis C 

infections,335-337 and rarely associated with chronic hepatitis B patients, non-alcoholic fatty 

liver disease, alcoholic or non-alcoholic steatohepatitis even when cholestasis is present.338  

 Pruritus of cholestasis is characterized by a circadian rhythm with patients reporting 

the highest intensity in the evening and early at night,328 a predilection site at the limbs and 

in particular at the palms and soles,332,339 and the phenomenon that scratching barely 

alleviates itch sensations. Furthermore, female cholestatic patients commonly report 

pruritus worsening during progesterone phase of the menstrual cycle, in late pregnancy, and 

during hormone replacement therapy.328,340 In multivariate analysis, serum alkaline 

phosphatase and the Mayo risk score were found to be independent indicators for the 
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occurrence of pruritus in 335 PBC patients.341 The Mayo risk score is derived from an 

equation containing clinical variables including patient age, serum total bilirubin, albumin, 

prothrombin time, and the presence/absence of edema or ascites. Various substances among 

which are histamine, bile salts, endogenous opioids and progesterone metabolites have been 

proposed but with limited evidence as pruritogens in the past. Recently, we could identify 

the potent neuronal activator lysophosphatidic acid as potential pruritogen in cholestasis.224 

Still the molecular mechanisms of cholestatic pruritus remain to be unravelled. The current 

understanding of the potential pruritogen(s) is mirrored by the effects of therapeutic 

approaches aiming i) to remove the pruritogen(s) from the enterohepatic cycle by non-

absorbable, anion exchange resins such as cholestyramine, colestipol, and colesevelam in 

mild pruritus or interventions such as external biliary diversion, nasobiliary and 

transcutaneous drainage in desperate cases; ii) to remove the potential pruritogen(s) from 

the systemic circulation by invasive procedures such as anion absorption, plasmapheresis or 

extracorporeal albumin dialysis; iii) to alter the metabolism of the presumed pruritogen(s) 

in the liver and/or the gut by biotransformation enzyme inducers such as rifampicin or iiv) 

to modify central itch and/or pain signalling by influencing the endogenous opioidergic and 

serotoninergic system via μ-opioid-antagonists and selective serotonin re-uptake inhibitors, 

respectively.324,342 The presence of direct or indirect pruritogens in the enterohepatic 

circulation is highlighted by the dramatic effects of interruption of this circulation either by 

nasobiliary drainage, which usually relieves itch within 24 hours.343,344 

 

Potential factors involved in cholestatic pruritus 

 Histamine 

Elevated levels of histamine have been found in plasma of patients with chronic cholestatic 

liver disorders37 and in cholestatic animal models.345 Hydrophobic bile salts, in particular 

deoxycholate, chenodeoxycholate, and their conjugates, are capable to release histamine 

from mast cells, albeit at concentrations that are much higher than those generally observed 

in cholestatic patients.346,347 Cholestatic patients do not present with typical histamine-

induced skin alterations such as erythema, urticaria and flares and antihistamines are 
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commonly ineffective in this form of pruritus.348 Furthermore, we could show that tryptase 

levels which represent a specific marker for activation of mast cells, were similar in 

cholestatic patients with and without pruritus.349 Thus, histamine is unlikely to represent a 

direct pruritogen in cholestatic pruritus. 

 

 Serotonin 

Serotonin (= 5-HT = 5-hydroxytryptamine), which is synthesized from the amino acid 

tryptophan, has been reported to excite nociceptive nerve fibers.350,351 As serotonergic 

receptors modulate the transmission of opioid pain-inhibitory signals in the brain, serotonin 

might also play a role in itch signalling.352 Furthermore, serotonin induces itch in humans 

when it is injected intradermally or applied via iontophoresis.56,353 Enhanced scratching 

activity was also observed in mice after injection of serotonin.354  

 Several clinical studies investigated the antipruritic effect of the 5-HT3-receptor 

antagonist, ondansetron, in cholestatic patients with conflicting results.63,66,355,356 

Interestingly, the serotonin reuptake inhibitor sertraline was shown to moderately improve 

pruritus in cholestatic patients.67,357 It was suggested that this obviously paradoxical effect 

is due to the dichotomous effects of serotonin on central versus peripheral nervous system. 

Thus, it appears that serotonin may modulate sensation of pruritus in cholestasis, but does 

not represent a key pruritogen in cholestasis.  

 

 Bile salts 

For decades bile salts have been held responsible for cholestatic itch338,348,358,359 as bile salts 

accumulate during cholestasis, caused pruritus in healthy volunteers upon intradermal 

injection,360,361 and aggravated pruritus of cholestatic patients after oral 

supplementation.362,363 This hypothesis was strengthened by the observation that binding of 

bile salts inside the intestinal lumen by anion exchange resins such as cholestyramine, 

colestipol, and colesevelam ameliorated pruritus364-367 and removal of bile from the body by 
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ileal exclusion surgery,368,369 transcutaneous370-374 and nasobiliary drainage343,344,375 rapidly 

alleviated long-lasting intractable pruritus. A recent study suggested that cholestatic 

pruritus is mediated by the bile salt GPCR TGR5 which was detected in sensory neurons of 

mouse dorsal root ganglia.376 Indeed, intradermal injection of high concentrations of the 

bile salts deoxycholate and lithocholate induced scratching behaviour which was attenuated 

in TGR5-/- mice.376 TGR5 transgenic mice exhibited spontaneous scratching behaviour 

which was augmented by interdermal injection of bile salts. Bile salt-induced neuronal 

activation and scratching behaviour was dependent on the presence of TRPA1.377 However, 

the applied concentrations of these hydrophobic bile salts were far beyond the 

pathophysiological levels observed during cholestasis. Other, agonists of TGR5 such as 

neurosteroids might however be capable of activating this receptor leading to itch 

sensation. This remains to be investigated. 

Several studies could not prove any correlation between severity of pruritus and 

concentrations of any naturally occurring bile salt in the circulation, urine or skin.338,349,378-

380 Furthermore, frequency and intensity of cholestatic itch does not correlate with the 

severity of cholestasis.381 This is underlined by the fact that pruritus may be the initial 

presenting symptom in early stages of PBC patients when bile salts are low, but is often lost 

in terminal liver failure when bile salts reach their highest concentrations.328 Patients with 

obstructive cholestasis may have highly increased bile salts levels but never experience 

itching.382 In contrast, women with ICP have marginally increased serum bile salts but do 

by definition suffer from pruritus.329 Itching can ameliorate spontaneously or may even 

vanish despite ongoing cholestasis and unaltered raised levels of bile salts.381,382 

Cholestyramine improved pruritus not only in cholestasis but also in polycythemia rubra 

vera, a hematological disorder which is not associated with elevated bile salts.383 

Colesevelam efficiently decreased serum bile salt concentrations by approximately 50% in 

a randomized, multicenter study but improvement of pruritus was similar to that of 

placebo.384 The enzyme inducers phenobarbital and rifampicin effectively improved 

pruritus without changing the levels of serum bile salts.385,386 Anecdotal treatments included 

androgens such as methandrostenolone which relieved pruritus but worsened cholestasis 

and raised serum bile salts.387,388 Finally, bile salt concentrations did not correlate with itch 
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intensity in PBC patients undergoing nasobiliary drainage.344 In summary, bile salts and 

their metabolites play at best an indirect role in the pathogenesis of pruritus of cholestasis.   

 

 Steroids  

Female steroid hormones and their metabolites have been implied in the pathogenesis of 

cholestatic pruritus328 based on several observations. Intradermal application of pruritogens 

caused stronger scratching behaviour in female compared to male mice.389 Similarly, 

female cholestatic patients reported pruritus to be more intense and more frequent 

compared to men.390 During pregnancy concentrations of steroids and steroid metabolites 

continuously rise391 reaching the highest levels during the last trimenon when intrahepatic 

cholestasis of pregnancy typically occurs.329,392,393 One study found a slight correlation 

between reduction of urinary levels of disulphated progesterone metabolites and 

improvement of pruritus in ICP patients treated with ursodeoxycholic acid, whereas neither 

bile salt metabolites nor other steroid metabolites showed a similar correlation.392,394 In 

addition, Abu Hayyeh et al.395 recently reported a significant increase in the serum 

epiallopregnanolone sulphate concentration in ICP women as compared to normal pregnant 

women. It may be noted that reduced dehydroepiandrosterone sulfate (DHEAS) levels 

significantly correlated with fatigue severity in patients with primary biliary cirrhosis,396 

whereas the plasma concentrations of the precursor molecules DHEA and pregnenolone 

remained within the levels of controls, further strengthening the potential role of 

neurosteroids as mediators of central nervous symptoms associated with cholestasis. As 

steroid hormones and their metabolites are capable of influencing many ionotropic 

receptors such as transient receptor potential vanilloid 1 (TRPV1),397 GABA-A,398 

glycine,399 glutamate,400-403 and serotonin receptors,404 they might modulate neuronal 

excitability and thereby influence pruritoception and/or nociception in cholestatic patients. 
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 Endogenous opioids 

Since the report of Bernstein and Swift that the pruritus of cholestasis in a woman with 

PBC disappeared after an intravenous infusion of the μ-opioid antagonist naloxone,405 

endogenous opioids such as Met- and Leu-enkephalins have been discussed as pruritogens 

in cholestasis.406 The central administration of opiate agonist drugs can induce itching in 

human beings21 and scratching activity in animals.407 Levels of endogenous opioids were 

raised in bile duct resected rats408,409 as well as in plasma of cholestatic PBC patients.410,411 

Furthermore, spinally administered plasma extracts from pruritic cholestatic patients 

induced facial scratching behaviour in monkeys, which was abolished by co-administering 

naloxone.412 In bile duct resected rats opioid receptors were downregulated in certain parts 

of the brain which might represent consequence of increased exposure of opioid receptors 

to endogenous opioids.413 The liver may be the source of increased opioid levels during 

cholestasis as mRNA expression of preproenkephalin was increased in liver of bile duct-

resected rats414 and Met-enkephalin immunohistochemical staining was raised in the 

periportal areas and proliferating bile ductules of cholestatic rat livers.415 The importance of 

the altered endogenous opioid system in pruritus of cholestatic patients is underlined by the 

moderate anti-pruritic effect of μ-opioid receptor antagonists such as naloxone, naltrexone, 

and nalmefene.410,416-423  

 Nonetheless, several facts argue against a direct role of endogenous opioids as 

pruritogens in cholestasis. A correlation between itch intensity and endogenous opioid 

concentrations has never been shown.411 Similar opioid levels were measured in PBC 

patients with and without pruritus349 showing a relation with the stage of disease in PBC 

patients rather than with the presence of pruritus.411 In PBC patients Met-enkephalin 

concentrations were significantly raised in histological stage 3 and 4, whereas pruritus is 

commonly reported in early stages of this disease and rather improves in end-stage liver 

disease.328,411 Women with ICP who by definition suffer from pruritus, had a similar μ-

opioid activity compared to gestation-matched pregnant controls.349 The antinociceptive 

and pruritocepitve effect seen in cholestasis was explained by an increased central 

opioidergic tone.424 However, a recent study proved that the antinociceptive effect of 

endogenous opioids in a cholestatic mouse model was caused by local effects at the level of 
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peripheral sensory nerve endings, but not a central mechanism.425 There is evidence to 

suggest that endogenous opioids may partly contribute to pruritus in cholestasis, but are not 

likely to represent the causative pruritogens.  

 

Treatment of cholestatic pruritus 

As the pathogenesis of cholestatic pruritus is still poorly understood, medical and 

interventional treatment options are limited. Therapeutic efforts should include an adequate 

therapy of the underlying hepatobiliary disease which may result in relief of pruritus. 

Pruritus due to extrahepatic biliary obstruction is effectively treated by endoscopic biliary 

stenting, transcutaneous or nasobiliary drainage, or surgical biliodigestive 

anastomoses.348,373 In contrast, pruritus due to intrahepatic cholestasis may represent an 

enormous therapeutic challenge in some affected patients. Table 1 summarizes validated 

and experimental treatment options for pruritus in cholestatic patients.  

 

Table 1: Therapeutic strategies for pruritus in cholestasis.  
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Ursodeoxycholic acid 

Ursodeoxycholic acid (UDCA) constitutes up to 3% of the human bile acid pool. Upon oral 

administration, however, UDCA forms up to 50% of bile acids and thereby renders the bile 

acid pool more hydrophilic.426,427 In primary biliary cirrhosis (PBC), the most common 

chronic cholestatic liver disease, UDCA represents the only approved medical treatment. It 

improves serum liver tests including cholestatic markers, delays progression to fibrosis and 

cirrhosis, diminishes the rate of complications, normalizes life expectancy in early stage 

disease, and may prolong transplant-free survival in a large cohort of patients with stage I –

 IV.428 Due to its anti-cholestatic effect, UDCA is also administered in other cholestatic 

disorders like primary sclerosing cholangitis, intrahepatic cholestasis of pregnancy, cystic 

fibrosis-associated liver disease, and pediatric cholestatic syndromes. Several mechanisms 

and sites of action of UDCA have been unravelled: i) UDCA improves the impaired 

hepatobiliary secretion by stimulating posttranslational synthesis, targeting and apical 

insertion of key hepatocellular transporters into their target membrane and also enhances 

cholangiocyte secretion, ii) detoxifies bile, and iii) exerts anti-apoptotic effects both in 

hepatocytes and cholangiocytes.327 UDCA is well-tolerated and causes diarrhea only 

exceptionally.429 The effect of UDCA on pruritus has never been specifically addressed by 

therapeutic trials testing antipruritogenic strategies. In randomized, placebo-controlled trials 

for treatment of PBC or PSC, UDCA has not been convincingly shown to alleviate pruritus 

in patients affected by this symptom.341,430 However, small trials reported antipruritic 

effects of UDCA in children with cholestatic disorders.431-433 Furthermore, UDCA is a safe 

and effective therapy in women with intrahepatic cholestasis of pregnancy (ICP) in whom it 

improved intensity of pruritus, serum liver tests, time of delivery, and birth weight of the 

neonates.394,434,435 

 

Anion exchange resins 

Anion exchange resins are non-absorbable, alkaline macromolecules binding anions and 

amphipathic substances including bile salts in the gut lumen and thus preventing their 

reuptake in the terminal ileum. Cholestyramine and colestipol represent two resins which 
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have been extensively used to treat cholestatic pruritus. Up to 80% of patients responded 

within two weeks completely or partially to this drug.367,436-439 A starting dose of 4 g 

cholestyramine once or twice a day is recommended, which can be extended to 4 x 4 g. As 

pruritogens presumably accumulate in the gallbladder overnight, accumulation of anion 

exchange resins is recommended as a 4 g dose one hour before and after breakfast. Anion 

exchange resins interfere with the absorption of several drugs like UDCA, digoxin, 

warfarin, propranolol, and oral contraceptive hormones as well as fat-soluble vitamins. 

Thus, anion exchange resins should be taken at least four hours prior to any other 

medication.440 Adverse effects include abdominal discomfort, bloating, diarrhea, 

hypertrigliceridemia, and rarely bleeding after long-term use. Colesevelam, a novel bile 

acid sequestrant being initially used to treat hypercholesterolemia, has superior binding 

affinities for bile acids and other amphiphilic substances than cholestyramine and colestipol 

and was reported to have no major gastrointestinal side-effects.441 Its effect on pruritus 

needs to be evaluated in controlled trials. 

 

Rifampicin 

The antibiotic rifampicin is used for the treatment of tuberculosis since decades. This semi-

synthetic compound derived from Amycolatopsis rifamycinica induces phase I and II 

emzymes and key membrane transporters in the liver by activation of the nuclear steroid 

and xenobiotic pregnane X receptor (PXR).442 It induces the expression of phase I 

biotransformation enzymes like CYP3A4, CYP2D6, and other members of the microsomal 

cytochrome P450 system, phase II biotransformation enzymes like bilirubin-conjugating 

enzyme UGT1A1 or sulfotransferase SULT2A1, and phase III export pumps like 

canalicular conjugate export pump MRP2.443,444 Thus, rifampicin accelerates detoxification 

and excretion of numerous compounds like bilirubin, bile acids, steroids, and drugs. A 

possible explanation for the antipruritic effect of rifampicin might be an enhanced 

metabolism and/or increased secretion of direct or indirect pruritogens. Furthermore, its 

antimicrobial effect on the intestinal flora might alter intestinal metabolism of pruritogens. 

However, its antipruritic effect cannot be only due to increased CYP3A4 activity as 
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phenobarbital led to a similar induction of CYP3A4 but was inferior regarding the effect on 

pruritus.445 

 Rifampicin at doses of 300-600 mg/d386,445,446 and 10 mg/kg/d,447 respectively, was 

reported to improve pruritus in cholestasis. Rifampicin was effective also in children with 

chronic cholestasis.448,449 Recent meta-analyses of prospective randomized, controlled trials 

revealed that rifampicin is an effective and safe short-term treatment of pruritus,450,451 

whereas hepatotoxicity has been observed in up to 13% of patients after 3 months by 

some,447 but not all cohorts during long-term follow-up up to 72 months.386,446,449 Thus, 

serum transaminase levels should be monitored at regular intervals when rifampicin is 

prescribed.452 Patients should be informed that rifampicin changes the colour of urine and 

tears to orange-red, a benign but sometimes frightening side effect.  

 

Opioid antagonists 

Almost 30 years ago, Bernstein et al. reported on amelioration of cholestatic pruritus in a 

patient with PBC by the opioid antagonist naloxone.405 Several clinical trials have proven 

the positive effect of opioid antagonists on pruritus in patients with hepatobiliary 

diseases.451 Naloxone (given as an intravenous bolus of 0.4 mg followed by continuous 

infusion of 0.2 μg/kg/min),416,417 nalmefene (60-120 mg/d; orally),410,420 and naltrexone 

(25-50 mg/d; orally)418,419,421,422 significantly reduced itch and/or scratching behaviour. 

Nalmefene is not any more available in most countries. Parenterally administered naloxone 

should be reserved for emergency treatment. Naltrexone was proven to be more effective 

than placebo in reducing pruritus as well as in improving fatigue and depression.419,421 

Opioid antagonists are well tolerated during long-term treatment, but severe opiate 

withdrawal-like reactions during the first days of treatment possibly due to an enhanced 

opioidergic tone in cholestatic patients have been reported.410 Therefore, opioid antagonists 

should be started at very low doses. Alternatively, treatment could be either initiated with 

intravenous naloxone at sub-therapeutical doses (e.g. 0.002 μg/kg/min), then gradually 

increased before switching to oral naltrexone453 or co-administered with clonidine (100 mg 

t.i.d.) which can be tapered within one week.410 Pruritus may recur during long-term opioid 
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antagonist therapy possibly due to drug-induced upregulation of μ-opioid receptors. This 

breakthrough phenomenon may be prevented by interrupting treatment for two days of the 

week, e.g. on Saturday and Sundays.418  

 The -opioid receptor agonist nalfurafine improved pruritus in patients with uremic 

pruritus198 and the μ-opioid receptor antagonist and -opioid receptor agonist butorphanol 

(1 mg intranasally) alleviated pruritus in a patient with chronic hepatitis C infection.454 

Thus, -opioid receptor agonists may become new treatment options for cholestatic pruritus 

in the near future. 

 

Serotonin antagonists (5-HT3-antagonists) and selective reuptake-inhibitors (SSRI) 

Initial studies using subjective methodology reported that intravenous administration of the 

5-HT3-antagonist, ondansetron, markedly reduced pruritus within hours in patients 

suffering from cholestatic liver diseases355,356 and intrahepatic cholestasis of pregnancy.455 

Controversial results were reported for oral administration of 5-HT3-antagonists. Only a 

minor benefit could be demonstrated in a study using visual analog scale for evaluation of 

pruritus intensity,64 but these results were not confirmed when intensity of pruritus was 

analyzed by objective methodology using a scratching activity monitoring system 

(SAMS).63,66 Thus, the effectiveness of 5-HT3-antagonists for the treatment of pruritus in 

cholestasis remains questionable. In otherwise intractable pruritus, experimental use of 

intravenously administered 5-HT3-antagonists may be justified.  

 The serotonin-reuptake inhibitors (SSRI) sertraline67,357 and paroxetine69 have been 

reported to improve pruritus in cholestasis and advanced cancer stages. It remains unclear 

whether the apparently paradoxical effect of these antidepressants is due to dichotomous 

effects of serotonin on the central versus the peripheral nerve system,357 to downregulation 

of excitatory 5-HT3-receptors, or to a modification of central opioid receptors.69  
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Cannabinoids 

Cannabis was listed in the United States Pharmacopeia from 1850 until 1942. However, 

due to its widespread illegal use, its licensed prescription is nowadays controversial. 

Various cannabinoids from the cannabis plant are ligands of cannabinoid receptors. 

Dronabinol is a sesame oil preparation of the semi-synthetic analog of Δ9-

tetrahydrocannabinol (THC), a psychoactive compound of cannabis sativa (= marijuana). In 

three patients with intractable cholestatic pruritus, 5 mg of dronabinol every eight hours 

temporarily relieved itch and improved sleep and depression.456 Interestingly, chronic 

pruritus of different origin was attenuated after topical application of the cannabinoid 

receptor agonist N-palmitoylethanolamine.457 Cannabinoids might increase the threshold 

for the perception of pruritus via stimulation of cannabinoid/opioid receptor interactions on 

nerve fibers.456 However, these preliminary observations require further investigations in 

randomized, placebo-controlled clinical trials. 

 

Others 

Enzyme Inducers 

Phenobarbital is a ligand of the nuclear constitutive androgen receptor (CAR) and induces 

isoenzymes of the cytochrome P450 family similar to rifampicin. In a randomized, 

controlled, cross-over study phenobarbital attenuated pruritus in cholestasis, but was less 

effective than rifampicin.445 Other hepatic enzyme inducers like flumecinol458 and the 

androgen stanozolol459 have been reported to attenuate cholestatic pruritus in small case 

series. The use of stanozolol is limited by the fact that it worsened cholestasis. 

 

Anesthetics 

Propofol at subhypnotic doses (15 mg i.v.) relieved cholestatic pruritus in ten patients with 

various liver diseases in a prospective, cross-over, placebo-controlled trial.460 Propofol 
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presumably inhibits afferent C-fibers in the dorsal horn of the spinal cord rather than being 

antipruritic via sedation.21  

 Lidocaine (100 mg i.v.) alleviated pruritus and fatigue in a small cohort of PBC 

patients when compared to placebo.461  

 

S-adenosyl-L-methionine (SAMe) 

Several clinical trails tested the efficacy of SAMe in comparison to placebo or UDCA in 

women with ICP.462-464 Based on their outcome, SAMe cannot be recommended for 

treatment of pruritus in ICP.  

 

Phototherapy 

Phototherapy with ultraviolet light (UV-A, UV-B) on the skin465,466 was reported to 

alleviate pruritus in cholestatic patients. Chemical modifications of pruritogens in the skin 

or altered skin sensitivity to pruritogens have been discussed as potential mechanisms of 

action. Randomized, controlled trials are lacking. 

 Bright light therapy towards the eyes (one hour, twice daily) improved pruritus in 

single patients,467 but has been associated with episodes of mania among other side effects 

and should therefore be only applied under controlled conditions. 

 

Extracorporeal elimination of pruritogens 

A beneficial effect of therapeutic procedures such as plasmapheresis,468 molecular 

adsorbent recirculating system (MARS) therapy,469,470 plasma separation and anion 

absorption,471 partial external diversion of bile,369 ileal diversion in children,472 and 

nasobiliary drainage in children343 and adults344 with otherwise uncontrollable pruritus has 

been reported in case series. Their temporary success supports the view that putative 
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pruritogens in cholestasis accumulate in plasma and undergo an enterohepatic circulation. 

However, none of the studies were placebo-controlled and the techniques are invasive, very 

elaborate, and too expensive for routine use. Thus, they should only be considered for 

otherwise intractable pruritus in desperate patients.  

 

Liver transplantation 

A successful liver transplantation cures the underlying disease and pruritus is relieved 

quickly. In patients in whom severe pruritus is refractory to all above mentioned treatments, 

this symptom may become an indication for liver transplantation even in the absence of 

liver failure.326,473-475  

 

A step-by-step recommendation for treatment of pruritus in cholestasis (Figure 6) 

Ursodeoxycholic acid (UDCA, 10-15 mg/kg/d) is regarded as effective first line treatment 

of pruritus in intrahepatic cholestasis of pregnancy and exerts anticholestatic effects in 

various other cholestatic disorders. Anion exchange resins like cholestyramine (4 g before 

and after breakfast; maximum: 16 g/d) are a first therapeutic step in pruritus of all other 

forms of intrahepatic cholestasis and extrahepatic forms in which bile flow cannot be 

restored by invasive procedures. If ineffective, cholestyramine should be stopped after two 

weeks and 150 mg rifampicin should be applied b.i.d., which may be increased to a 

maximum of 600 mg/d. If no response to therapy is achieved within two weeks, rifampicin 

should be discontinued. Naltrexone is recommended as third-line therapy. Withdrawal-like 

reactions can be avoided by start with low doses of 12.5 mg/d (or intravenous naloxone 

infusions, see above). The antidepressant sertraline 75 mg/d can be administered as fourth-

line therapy. Pruritus will improve in most patients in response to these treatment strategies. 

In patients who do not adequately respond to standard treatment, alternative approaches 

could be considered as outlined in Table 1. Co-administration of several drugs at the same 

time is not recommended due to the risk of drug-drug interactions. 
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Figure 6: Step-by-step recommendation for treatment of pruritus in cholestasis.324 PBC: primary biliary cirrhosis; PSC: 
primary sclerosing cholangitis; ICP: intrahepatic cholestasis of pregnancy; UDCA: ursodeoxycholic acid.  
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Chronic renal disorders 

Chronic kidney disease (CKD) carries substantial morbidity and mortality and can 

contribute to the dysfunction of many organ systems. The cutaneous manifestations of renal 

failure and dialysis are wide-ranging but most commonly include dyspigmentation, 

pruritus, ecchymosis, perforating dermatosis, xerosis, acne, bullous disorders, 

calciphylaxis, pallor, and hair and nail abnormalities.476-478 Pruritus often occurs in patients 

with chronic kidney disease (15–49%) and is present in a majority (50–90%) of patients 

with end-stage renal disease on dialysis.476,479 The prevalence of uremic pruritus in patients 

receiving peritoneal dialysis versus haemodialysis is comparable.480 It occurs independent 

of age, sex, race, aetiology of renal failure and has been described to occur at all times 

throughout the day, worsening at night, and affecting large non-dermatomal based and 

symmetric skin areas.481,482 Uremic pruritus can be severely debilitating, negatively 

impacting sleep quality, overall quality of life, and mortality,479,480,483-486 but nonetheless is 

often under-recognized throughout the nephrology community.487  

The pathogenesis of uremic pruritus remains largely unknown. Many hypotheses 

have been generated in attempt to explain this poorly understood but highly present and 

persistent symptom. Some of these include metabolic by-product accumulation, immune 

system dysfunction, endogenous opioidergic system dysregulation, cutaneous barrier 

dysfunction, alterations in afferent nerve function, increased number of dermal mast cells 

and their products, increased formation of insoluble calcium phosphate, 

hyperparathyroidism, and hypervitaminosis A.39,484,488-496 

Blood levels of urea nitrogen and creatinine has been utilized as markers for 

accumulation of yet unidentified metabolic products. Recently, there have been significant 

advances in haemodialysis technology and membrane filtration has become more 

sophisticated; it is now possible to filter a wider range of molecules with lager molecular 

weight such as β2-microglobulin and others that are implicated in contributing to uremic 

pruritus.484,497-499 Data comparing the effects of these newer synthetic filtration methods on 

pruritus reduction have been mixed. However, a recent randomized, prospective, double-

blind study was performed to compare the efficacy of high permeability haemodialysis 

against conventional haemodialysis on uremic pruritus. A decrease in parathyroid hormone 
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and β2-microglobulin and pruritus was demonstrated.498 To that end, another study showed 

a modest reduction in pruritus in patients who underwent haemodialysis daily versus three 

times weekly (34% vs. 13%).479 

A complex interplay between the immune system and the nervous system is 

increasingly recognized in the pathophysiology of inflammation. An imbalance of the 

highly regulated interactions of the skin, immune, and nervous systems in the skin 

contribute to inflammation and itch sensation. Chronic renal failure is thought to initiate 

and maintain a state of chronic low-grade inflammation that contributes to pruritus. 

Tachykinins such as substance P can activate transcription factors producing 

proinflammatory cytokines (e.g. IL-2) and when injected intradermally, substance P causes 

pruritus.158 There have been several studies investigating non-specific markers of 

inflammation in patients on haemodialysis. In pruritic patients requiring haemodialysis 

(approximately one-third of patients in the study), elevated c-reactive protein (CRP) levels 

were found as compared to those on haemodialysis without pruritus.479 The authors also 

noted that other inflammatory markers including α1-acid-glycoprotein, β2-microglobulin, 

ferritin, and albumin were equivalent in both groups. In another study, patients on chronic 

haemodialysis with moderate or severe pruritus as measured using a visual analog scale 

(VAS) also had elevated CRP levels with equivalent levels for TNF-α. These patients had a 

higher all-cause mortality rate than those without pruritus, further supporting a role for 

chronic inflammation bridging uremic pruritus and poor outcome.500 Serum CRP and IL-6 

levels were elevated in plasma of patients with uremic pruritus compared to patients 

without pruritus,168 although an older study found no differences between these 

cytokines.501 Many immunosuppressive therapies including ultraviolet light, γ-linolenic 

acid, thalidomide, and tacrolimus improve pruritus thus providing complementary support 

for inflammation in the genesis of uremic pruritus.168,485,502,503 Interestingly, patients with 

glomerulopathies have a statistically significant lower prevalence of pruritus compared to 

patients with renal failure due to other etiologies. Those patients are often treated with 

immunosuppressive therapies which may serve to globally suppress the low-grade 

inflammation associated with classical renal failure and the development of pruritus. 

Finally, post-renal transplant patients rarely experience pruritus during the period in which 
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they are taking systemic immunosuppressive medications, even with recurrent renal 

failure.479,485 

The dermis of patients with chronic kidney disease maintains an increased number 

of mast cells and this has been thought to contribute to the prevalence of pruritus in 

CKD.493 Mast cells are known to release many (putative) pruritogens including histamine, 

cytokines (e.g. TNF-α and IL-2), and proteases (e.g. tryptase and chymase). Although many 

studies have attempted to demonstrate a correlation between serum histamine levels and 

uremic pruritus, no consistent relationship has been observed.38,504 In addition, oral 

antihistamines are not effective in treating uremic pruritus. In parallel, there is a clear 

elevation of serum tryptase levels in patients on haemodialysis as compared to the general 

population.488,505 In one study, the mast cell stabilizer cromalyn sodium was used to treat 

uremic pruritus over an 8-week period; the treatment group experienced a significant 

decrease in mean pruritus as measured on a VAS.488 Notably, with treatment and 

symptomatic improvement there was only a slight decrease in serum tryptase values. These 

observations leave the possibility that other mast cell mediators besides histamine or 

tryptase contribute to pruritus or that the local dermal concentrations of these molecules 

and not the serum levels are determining stimulation of small afferent C-fiber neurons 

involved in itch sensation. 

Xerosis is a common dermatologic condition and its incidence is increased in 

patients with renal failure. Xerosis is even more increased (up to 85% of patients) in those 

receiving haemodialysis.506 It is not often seen in acute renal failure and does not correlate 

with plasma urea levels; however, it often resolves after renal transplantation. A distinct 

causal relationship between uremic xerosis and uremic pruritus has been suggested in the 

literature, but is not undisputed.506-509 Clinical observations showed that many patients with 

marked xerosis do not suffer from itch. Still, pruritus is often reported to be improved by 

moisturizing and rehydrating the skin.506 The skin of patients with uremic xerosis displays 

low hydration of the stratum corneum and atrophy of the sebaceous and secretory sweat 

glands with decreased sweating, but normal barrier function.506,509-511 Based upon this and 

other histopathologic differences, uremic xerosis is an independent feature of dialysis 

patients and can be distinguished from other causes of dry skin. Lipid imbalance has been 
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postulated to contribute to the xerosis of renal failure. Finally, stratum corneum pH was 

shown to be elevated in haemodialysis patients.508 These skin alterations may contribute to 

the intensity chronic kidney disease associated pruritus, however, do not represent the cause 

of induction of itch sensation.  

Special attention has been focused on neuropathic changes, nerve proliferations of 

the pruritus-mediating cells, and central nervous alterations.486 In patients with chronic 

kidney disease a correlation between paraesthesia and presence of uremic pruritus has been 

described 512. Accumulation of uremic toxins may result in damage of sensory nerve fibres 

resulting in uremic neuropathy and central sensitization to itch.513 Histamine iontophoresis 

in patients undergoing haemodialysis caused smaller flare reactions but increased itch 

sensation compared to healthy volunteers confirming an altered neurophysiological 

response.514 Furthermore, the anticonvulsant gabapentin, which is widely used as pain-

modulating drug in patients with neuropathic pain, has been shown to exert strong anti-

pruritic effect in chronic kidney disease-associated pruritus.515-517 Similar beneficial results 

have recently been reported for pregabalin.518 Thus, neuropathic changes seem at least in 

part be responsible for the agonizing pruritus in chronic kidney disease. 

Iron deficiency, iron deficiency anaemia. and anaemia of chronic disease have also 

been hypothesized to contribute to pruritus of renal failure. In states of iron deficiency, 

there is an up-regulation of interleukin-6 and induction of hepcidin and thus can be 

regarded as a state of chronic inflammation.519 It has been proposed that zinc deficiency 

may contribute to uremic pruritus via activation of the histamine pathway, but a recent 

case-control study did not find any correlation between zinc levels, parathyroid hormone 

levels and pruritus.520  

Hyperparathyroidism has also been implicated in contributing to uremic pruritus, 

although there have not been many reliable studies showing a positive association. In fact, 

recent data suggest that there is no correlation between parathyroid hormone levels and 

intensity of pruritus in uraemia.476,521 Nonetheless, in two small independent studies almost 

35 years apart, parathyroidectomy has been curative for the symptoms of itch in most cases. 

The symptomatic relief occurred within 1–4 weeks post-operatively, and correlated with 

normalization of the parathyroid hormone levels.496,522 Chronic renal failure is often 
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accompanied by hyperphosphataemia, hypocalcaemia, and decreased calcitrol thus causing 

secondary hyperparathyroidism. In addition, only when the calcium-phosphorus product is 

exceedingly high there is an increase in uremic pruritus.523 The consequences of this are 

largely unknown, with the distinct possibility of an increased calcium-phosphorus product 

leading to increased dermal calcium deposition,524 which may cause modulation of 

neuronal signalling in C fibers.  

Opioid peptides have long been implicated as mediators of pruritus in chronic 

kidney disease.525,526 Pruritus caused by cutaneous injection of compounds including 

histamine, substance P, serotonin, and acetylcholine has been shown to be suppressed by 

naloxone and naltrexone.525,527,528 However, no correlation could ever be established 

between opioid levels and severity of pruritus or serum levels of β-endorphins before and 

after dialysis.529 Still, clinical studies have shown that suppression of the activity of opioid 

responsive neurons by μ-opioid receptor antagonists results in attenuation of itch sensation 

in cholestasis, uraemia, and generalized pruritus.525,530,531 A placebo-controlled, double-

blind crossover study of uremic patients with persistent, treatment-resistant pruritus 

naltrexone did, however, not improve itching.532 Recently, an imbalance between μ- and κ-

opioid tone has been hypothesized to contribute to uraemia associated and generalized 

pruritus. κ-opioid agonists alone have demonstrated an inhibition of substance P and 

histamine induced scratching in mice, and to reduce pruritus associated with uraemia in 

humans, albeit to a mild extent.198,199 Modulation of the endogenous opioidergic tone in the 

nervous system may be caused by substances accumulating during chronic kidney disease, 

however, these substances seem not to represent the causal pruritogens of uremic pruritus. 

The pathogenesis of uremic pruritus remains obscure.512 Various substances have 

been discussed as potential pruritogens in chronic renal diseases; however, a causal relation 

could never be established. Over the past few decades, numerous treatment approaches 

have been employed in attempt to alleviate renal pruritus. Like other sub-classes of 

pruritus, there is no magic bullet that can be used to treat this problem and a treatment 

ladder is often applied.533  
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Endocrinological disorders 

 

Diabetes mellitus 

Two independent large cohorts of several hundred diabetic patients indicated that only up 

to 3% suffered from generalized pruritus.534,535 Increased glucose levels cause non-

enzymatic glycation of various structures in the body among which are neurons. 

Neuropathy is commonly observed in diabetic patients mainly as distal symmetric 

polyneuropathy associated with abnormal, nociceptive, burning or prickling sensations and 

less often with pruritus. In a diabetic rat model it was recently shown that dorsal root 

ganglia had a reduced expression of cannabinoid (CB) 1-receptors.536 Diabetic neuropathy 

might therefore be explained by the loss of the neuroprotective effect of cannabinoids.  

 

Thyroid disorders 

Pruritus has been reported in up to 11% of patients with hyperthyreosis and in particular of 

those with thyrotoxicosis due to long-lasting, untreated Graves` Disease.537,538 The 

pathophysiological mechanisms leading to itch sensation in hyperthyreosis are unclear. It 

was suggested that excessive amounts of thyroid hormones may activate kinins due to 

increased tissue metabolism or that the threshold of itch sensation could be lowered due to 

warmth and vasodilatation.313 Pruritus may also be triggered by chronic urticaria which are 

caused by the underlying thyroid immunity. Notably, up to 12% of patients with chronic 

urticaria suffered from autoimmune thyroid disorder.539 It is likely that pruritus is caused by 

xerosis cutis as most patients respond to emollients.316 Pruritus in dry skin may be caused 

by a complex cross-talk between dysregulated keratinocytes, pruritogenic cytokines such as 

thymic stromal lymphopoietin (TSLP) or TNF-α and epidermal sensory nerve 

endings.540,541  
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Parathyroid disorders 

Pruritus can be a symptom of primary hyperparathyroidism; however, pruritus has mainly 

been studied in the context of secondary hyperparathyroidism in uremic patients (see also 

renal disorders). Secondary hyperparathyroidism is induced in these patients by reduced 

calcium levels due to (i) diminished renal conversion of vitamin D into its active form and 

(ii) increased circulating levels of phosphate leading to the formation of insoluble calcium 

phosphate in the body. Subtotal parathyroidectomy in uremic patients was associated with 

partial or complete relief of pruritus.542,543 In addition, increased levels of parathyroid 

hormone (PTH) were found in uremic patients with pruritus compared to those without.544 

However, PTH seems not to be the causative pruritogen as (i) immunohistochemical 

investigations of skin biopsies from uremic patients against PTH were negative, (ii) pruritus 

was not seen in all patients with secondary hyperparathyroidism, (iii) increased PTH levels 

were not always associated with pruritus, and (iv) levels of PTH did not correlate with itch 

severity.521,544,545 Thus, clear evidence for PTH as a direct role in the pathogenesis of 

pruritus in hyperparathyroidism and uraemia is lacking. 

 

Hemochromatosis  

Hereditary haemochromatosis is a common autosomal-recessive metabolic disorder 

characterized by iron accumulation in various organs of the body.546 Generalized pruritus is 

a very rare complication in these patients as underlined by only a few cases reported in the 

literature.547-549 The pathogenesis of pruritus related to haemochromatosis is totally unclear, 

but might be caused by direct stimulation of pruritoceptive fibres by iron ions or iron 

deposits in the skin which activate mast cells to release pruritogenic substances.  

 

Anorexia nervosa 

Almost 20 years ago it has been suggested that starvation-associated pruritus should be 

considered as a clinical symptom of eating disorders.550 Indeed, pruritus has been reported 
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in 16–58% of women suffering from anorexia nervosa.551,552 In these patients a correlation 

between body-mass-index and itch intensity could be established and pruritus strongly 

improved upon weight restoration.552 Xerosis cutis has been accused as pathogenetic 

mechanism in starvation-associated pruritus which is observed in almost 60% of women 

with anorexia nervosa.551  

 

Lactose intolerance 

Beside anorexia nervosa, pruritus may also be observed in various malabsorption 

syndromes e.g. chronic inflammatory bowl diseases, celiac disease (see below) and lactose 

intolerance. Of note, in patients with aquagenic pruritus of unknown origin a subgroup of 

25% (which had no haematological disorder or any other laboratory abnormalities) suffered 

from lactose intolerance.553 A recent study revealed that lactose free-diet markedly 

attenuated itch severity in up to 64% of these patients.554 Thus, in patients with chronic 

pruritus of unknown origin a H2-exhalation test should be included in the diagnostic work-

up.  

 

Celiac disease 

Celiac disease is caused by an autoimmune reaction of the body against the gliadin 

glycoprotein of the gluten protein which is present in wheat and other cereals. The disorder 

is accompanied by gastrointestinal changes leading to malaborption-related changes such as 

iron deficiency anaemia, vitamin deficiency and secondary hyperparathyroidism due to 

reduce calcium and vitamin D absorption. Furthermore, celiac disease is associated with 

other disorders such as dermatitis herpetiformis and primary biliary cirrhosis although the 

underlying mechanism is unclear.555 Generalized pruritus may be seen in celiac patients 

which could be ascribed to various factors including iron deficiency, secondary 

hyperparathyroidism or associated diseases such as dermatitis herpetiformis and primary 

biliary cirrhosis.556 Interestingly, in patients with celiac-disease associated cholangitis 

pruritus resolved and liver serum tests improved after the initiation of a gluten-free 
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diet.555,557 Thus, pruritogenic cytokines released from immune cells may cause itch 

sensations in these patients.  

 

SOLID TUMOURS 

Patients with solid tumours rarely report of generalized pruritus and the incidence seems to 

be less than 1%.558 Generalized pruritus has been reported in case reports, case series and 

larger studies in patients with thyroid carcinoma,559 laryngeal cancer,560,561 metastasized 

squamous cell carcinoma of the tongue,562 lung cancer,321,559,563-565 (metastasized) breast 

cancer,564,565 stomach cancer,561,565 pancreas cancer,566 metastatic colon cancer,564 

sarcoma,567 uterine cancer,564 prostate,568 and renal cancer.565 Pruritus may precede the 

diagnosis of malignancy up to several years.561,565 One study investigating 125 patients with 

generalized pruritus were followed over a time period of six years. Malignancy was 

diagnosed in eight patients, among most were lymphoma.565 Also in several other studies 

lymphoma appeared to be higher represented as a cause for pruritus compared to solid 

tumours.321,559,566,568  

Besides generalized pruritus may also be localized and is then typically experienced 

on the extensor surfaces of the upper extremities, shoulders, upper thorax, inner areas of the 

thighs and pretibial.313 Certain malignancy cause specific localized itching as observed in 

prostate cancer as scrotal itch, in anal, rectal, and sigmoidal cancer as peri-anal pruritus, in 

vulva and cervical cancer as vulval itch, and in advanced brain tumours as itching restricted 

to the nostrils.313,569-571 In general, pruritus rapidly resolves if the tumour is removed after 

surgery or successfully treated by chemo- and/or radiotherapy.313,563,572 If pruritus reappears 

this may be a sign of tumour recurrence and formation of metastasis.563,572 The 

pathogenesis of pruritus in solid tumours is unknown but may be due to (i) localized 

invasion of the malignancy associated with compression of sensory nerve fibers, (ii) 

substances or metabolites released from necrotic tumour cells, (iii) immune reaction against 

cutaneous micrometastasis, (iv) obstruction of the bile duct system causing cholestasis, (v) 

xerosis cutis, and (vi) neuropathic itch as an adverse effect of anti-tumour therapy.313,316,571 
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INFECTIOUS DISEASES 

 

Human immunodeficiency virus  

The majority of patients infected with the human immunodeficiency virus (HIV) will suffer 

from pruritus during their course of disease.573 Pruritus may be caused by typical HIV-

associated skin disorders such as, papulosquamous disorders, skin infections including 

scabies, photodermatitis, xerosis, drug reactions, and lymphoproliferative disorders.574 

However, itching is also seen in the absence of any HIV-associated skin disorder and may 

be the presenting symptom of this infection.573,575 Furthermore, itch severity might intensify 

as the disease progresses. Notably, with advance of the disease a switch from TH1- to TH2-

cytokines with increased levels of IL-4, IL-5 and IL-10 was observed.143 Interestingly, 

HIV-patients with pruritus had higher serum levels cytokines such as TNF-α and IL-10.576 

The underlying mechanisms of generalized pruritus in patients with HIV-infections remain 

unknown, but may be related to (i) increased serum levels of pruritogenic cytokines,576 (ii) 

cytokine-induced synthesis of PGE2,143 (iii) hypereosinophilia and 

hyperimmunogloulinaemia E observed in patients with intractable pruritus, and (iv) 

neuropathy due to disease mechanism and the neurotoxic anti-retroviral therapy.577  

 

Varicella zoster virus  

Reactivation of the varicella zoster virus (shingles) is known as herpes zoster. The best 

known complication of herpes zoster is postherpetic neuralgia in the affected dermatoma, 

however, many patients also suffer from localized postherpetic pruritus.578,579 Postherpetic 

pruritus is presumably caused by unprovoked firing of the peripheral and/or central neurons 

that mediate itch sensation. It has been reported that postheraptic itch occurring in neurons 

innervating skin left severely deafferented from shingles, so-called numbs, patients can 

give themselves painless injuries from chronic scratching.579,580  
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Other infections 

Various other, mainly viral infections have been linked to onset of pruritus among which 

were hepatitis B virus (HBV), hepatitis C virus (HCV), herpes simplex virus, and dengue 

fever virus. Except for HBV and HCV infections, pruritus is typically observed in those 

patients presenting with cutaneous manifestations of these viral infections.581  

 

PRURITUS IN THE ELDERLY 

Itching is a frequent complaint of the elderly population defined as individuals aged above 

65 years and might be caused by various cutaneous or systemic diseases.582 Aged skin is 

characterized by atrophy, reduced skin barrier function and most importantly dryness due to 

lower water content.582,583 Xerosis cutis induces the expression of pruritogenic cytokines in 

the skin and may thereby elicit pruritus.540 For further facts about senile itching the reader 

is referred to the recent review of Reich et al. 582  

 

DRUG-INDUCED PRURITUS 

Acute and chronic pruritus is a common adverse effect of various drugs.3 Thus, beside 

physical examination and laboratory analysis, a proper medication analysis should be 

performed in every patient with pruritus of unknown origin. The molecular mechanisms of 

the anti-malaria drug chloroquine have been resolved in part as discussed above. For most 

other drugs – in particular those causing chronic pruritus – the involved pathophysiological 

mechanisms remain unclear. For detailed information about drug-induced pruritus the 

reader is referred to the review of Reich and colleagues.3  
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CONCLUSION 

 

Pruritus research has largely emerged over the past few years and important advances in the 

understanding of the peripheral receptors, intracellular signalling pathways, cells, circuitries 

and central transmitters have been made. Many receptors on sensory neurons are capable of 

mediating exogenous and endogenous chemical itch signals among which are MrgX, MrgD 

and likely other Mrg subtypes, H1, H4, 5-HT2, PAR4, ET-A and B1/B2. These GPCRs 

appear to relay to downstream effector channels such as TRPV1 and TRPA1 which are 

required for translation into action potentials in these neurons. On spinal cord level 

transmitters of the itch pathways include glutamate, Nppb, GRP and neuromedin B. The 

discovery of these novel therapeutic targets has opened new avenues for development of 

causative treatment strategies for this agonizing symptom. The relevance of these receptors 

and signalling molecules in chronic pruritus of systemic diseases, however, still remains to 

be elucidated. 
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ABSTRACT 

Background & Aims: Pruritus is a common and disabling symptom in cholestatic 

disorders. Its causes remain however unknown. We hypothesized that potential pruritogens 

accumulate in the circulation of cholestatic patients and activate sensory neurons. 

Methods: Cytosolic free calcium ([Ca2+]i) was measured in neuronal cell lines by 

ratiometric fluorimetry upon exposure to serum samples of pruritic patients with 

intrahepatic cholestasis of pregnancy (ICP), primary biliary cirrhosis (PBC), other 

cholestatic disorders, and pregnant (PC), healthy and nonpruritic disease controls. Putative 

[Ca2+]i inducing factors in pruritic serum were explored by analytical techniques including 

quantification by HPLC-MS. In mice, scratch activity after intradermal pruritogen injection 

was quantified using a magnetic device. 

Results: Transients in neuronal [Ca2+]i induced by pruritic PBC and ICP sera were higher 

than corresponding controls. Lysophosphatidic acid (LPA) could be identified as major 

[Ca2+]i-agonist in pruritic sera and LPA concentrations were increased in cholestatic 

patients with pruritus. LPA injected intradermally into mice induced scratch responses. 

Autotaxin (ATX), the serum enzyme converting lysophosphatidylcholine into LPA, was 

markedly increased in ICP vs. PC (P<0.0001) and cholestatic patients with vs. without 

pruritus (P<0.0001). ATX activity correlated with intensity of pruritus (P<0.0001), which 

was not the case for serum bile salts, histamine, tryptase, substance P or μ-opioids. In PBC 

patients who underwent temporary nasobiliary drainage both itch intensity and autotaxin 

activity markedly decreased during drainage and both returned to pre-existent levels after 

drain removal.  

Conclusions: We suggest that LPA and ATX play a critical role in cholestatic pruritus and 

may serve as potential targets for future therapeutic interventions. 

 



LPA is a potential mediator of cholestatic pruritus  

104 

INTRODUCTION 

Chronic pruritus is a disabling symptom accompanying a broad range of systemic disorders 

such as chronic liver diseases, chronic renal failure, malignancies, infections, endocrine and 

hematological diseases.1,2 Despite the recent discovery of itch-specific neuronal pathways, 

including novel itch mediators and their receptors,1,3,4 the pathogenesis of pruritus remains 

enigmatic. Regardless of the underlying cause, various cholestatic disorders, such as 

intrahepatic cholestasis of pregnancy (ICP), benign recurrent intrahepatic cholestasis 

(BRIC), progressive familiar intrahepatic cholestasis (PFIC), primary biliary cirrhosis 

(PBC) and primary sclerosing cholangitis (PSC) often induce pruritus. These cholestatic 

liver disorders are all characterized by an impairment of hepatocellular and/or 

cholangiocellular secretory function and bile flow.5 In these patients pruritus may become 

refractory to all medical treatments and can in severe cases be an indication for liver 

transplantation, even in the absence of liver failure.6 In the past, both enhanced serum 

levels of bile salts and μ-opioids have been implicated in the etiology of cholestatic 

pruritus.7 However, neither correlations between itch intensity and bile salt or opioid levels 

nor a causative link have ever been established.  

Autotaxin (ATX) was originally identified in the conditioned medium of human A2058 

melanoma cells and described as an autocrine cell motility factor.8 ATX is overexpressed in 

several other tumor entities and has been linked to tumor cell proliferation, motility and 

formation of metastasis.9 Physiologically, ATX is required for angiogenesis and neuronal 

development, as indicated by ATX-deficient mice which are embryonic lethal due to 

vascular malformation and neuronal abnormalities.10,11 Recently, ATX could be identified 

as an extracellular, secreted enzyme with lysophospholipase D activity, which generates 

lysophosphatidic acid (LPA) from lysophosphatidylcholine (LPC).12,13 LPA is a small but 

potent bioactive phospholipid with a wide variety of effects in many cell types ranging 

from cytoskeletal (re-)organization and cell migration to cytokine production and platelet 

activation.9,14 Effects of ATX are believed to be mainly mediated by the enzymatic 

formation of LPA which activates at least six different G-protein-coupled receptors 

(GPCRs).9,15 Most interest in ATX has so far been directed toward its functions in cancer 

and early development. However, it was recently established that LPA plays a crucial role 
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in the induction of neuropathic pain,16 and causes reprogramming of gene expression in 

different types of afferent nerve fibres.17  

Here, we report that levels LPA and ATX are markedly increased in serum of patients with 

cholestatic pruritus. Moreover, serum levels closely correlate with itch intensity and 

intradermal injections of LPA induce scratching behaviour in mice. We therefore suggest 

that LPA and ATX play a critical role in cholestatic itch and may serve as potential targets 

for future therapeutic interventions. 

 

MATERIALS AND METHODS 

Human subjects. Peripheral venous blood was obtained from healthy donors, pregnant 

women, and patients with cholestatic disorders after informed consent according to the 

Declaration of Helsinki. The study was approved by the local Medical Ethical Committees. 

Blood samples were immediately centrifuged at 4°C and serum was frozen in aliquots at -

80°C. ICP was diagnosed, as previously described18, in pregnant women with pruritus who 

had no rash in conjunction with raised serum liver transaminases and/or bile salts. Women 

were excluded if they had abnormal hepatitis serology (hepatitis A, B and C), or 

extrahepatic biliary obstruction following ultrasound examination. Pregnant controls had no 

history of liver dysfunction or any complication in the current or previous pregnancies. 

 

Animals. A teflon-coated magnet was implanted in each hind paw of female C57BL/6J 

mice (6-8 weeks of age) one week prior to experiments. Mice were given 120 minutes to 

acclimate to the chamber surrounded by a magnetic coil before they were briefly removed 

from the chamber and intradermally injected with saline (50 μL) or lysophosphatidic acid 

(8-200 nmol in 50 μL) in the neck. Movements of the magnets induced an electric current 

in the magnetic field, which was registered by an oscillograph attached to a computer. The 

number of scratch bouts was analyzed as previously described.19 Software was used to 

count scratch movements with a low cut-off frequency of 10 Hz, a high cut-off frequency 
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of 20 Hz, a threshold level of 300 mV, a minimum of 4 beats per bout and a maximal 

coefficient of variation of 40% between the beats of a bout. The analytical procedure was 

validated with intradermal compound 48/80 showing a positive predictive value of 95% at a 

sensitivity of 50%. All mouse experiments were approved by the Institutional Animal Care 

and Use Committee. 

 

Materials. Cell culture media were from Lonza (Basel, Switzerland); stearoyl-

lysophosphatidic acid (LPA 18:1) and myristoyl-lysophosphatidyl choline (LPC 14:0) from 

Avanti Lipids (Alabaster, AL); choline oxidase, horseradish peroxidase, homovanillinic 

acid, pertussis toxin and ionomycine from Sigma-Aldrich (St. Louis, MO); Ki16245 and 

ATX-antibody for Western Blotting from Cayman (Ann Arbor, MI). Indo-1 AM was from 

Invitrogen (Carlsbad, CA), Microcon filters from Millipore (Billerica, MA). 

 

Cell culture. SH-SY5Y cells were cultured in Ham’s F12K medium containing 10% (v/v) 

fetal bovine serum, penicillin (100 IU/mL), streptomycin (100 μg/mL) and L-glutamine 

(0.2 mmol/L) at 37°C in a humidified atmosphere of 5% CO2/95% air. 

 

Fluorimetric measurement of cytosolic free calcium. SH-SY5Y cells were detached, 

washed twice and suspended in HEPES-buffered Hank’s balanced salt solution (HBSS). 

Cells were incubated with 10 μmol/L Indo-1 AM for 30 min at 37°C, washed, re-suspended 

in HEPES-buffered HBSS and incubated for another 30 min at 25°C to allow dye 

hydrolysis. After another wash step, cells were resuspended in HEPES-buffered HBSS. 

Analyses were performed in a Novostar analyzer (BMG Labtech GmbH, Offenburg, 

Germany; excitation 320 nm, emission 405 nm and 520 nm). Cell suspensions were 

allowed to adapt to 37°C for 10 min before serum or extracts were added. Receptor 

blockers were added 10 min prior to addition of serum. Cytosolic free calcium [Ca2+]i was 

calculated after calibration with ionomycin (10 μmol/L) and EGTA (5 mmol/L) according 

to Grynkiewicz et al.20 
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Autotaxin activity assay. ATX activity was analyzed as recently described.21 In short, 

serum and bile samples were incubated with a buffer containing 1 mmol/L of LPC 14:0, 

500 mmol/L NaCl, 5 mmol/L MgCl2, 100 mmol/L Tris (pH = 9.0) and 0.05% Triton X-100 

for 60 min at 37°C. The phosphodiesterase activity of ATX was determined by the amount 

of liberated choline, as detected by an enzymatic fluorimetric method using choline oxidase 

(2 U/mL), horseradish peroxidase (1.6 U/mL), and homovanillinic acid as substrate for 

peroxidase. After addition of both enzymes in a buffer (consisting of 20 mmol/L CaCl2, 

2 mmol/L homovanillinic acid, 50 mmol/L MOPS (pH = 8.0) and 0.1% Triton X-100) the 

increase in fluorescence was monitored at 37°C on a Novostar analyzer (excitation 320 nm, 

emission 405 nm).  

 

Quantitative LPA determination. A detailed description of the procedure is given as a 

supplementary section. Briefly, serum lipids were extracted after addition of myristoyl-LPA 

as internal standard and analyzed by HPLC-MS.  

 

Bile salt determination. Total serum bile salt levels were determined using Diazyme total 

bile salts kit (Diazyme Laboratories, Poway, CA) according to the manufacturer’s 

instructions.  

 

Histamine determination. Serum histamine concentrations were measured by a 

competitive enzyme immunoassay (Immunotech, Marseille, France) based on the 

competition between free acylated histamine and alkaline phosphatase acylated histamine 

conjugate.  
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Tryptase determination. Serum tryptase concentrations were determined by a 

fluoroenzyme immunoassay (UNICAP Tryptase; Pharmacia Diagnostics, Freiburg, 

Germany) detecting both α- and β-tryptase.  

Determination of μ-opioid activity. Total serum μ-opioid activity was determined as 

described by Swain et al.22  

 

Determination of substance P. Substance P concentrations were analyzed by a 

competitive enzyme immunoassay according to the manufacturer’s instructions (Bachem, 

Torrance, CA).  

 

SDS-PAGE and Western Blotting. To concentrate ATX, 50 μL of serum and bile samples 

were first incubated for 4 hours at 4°C with immunoprecipitating ATX-antibody 5E5 

(kindly provided by J. Aoki)10 bound to sepharose. After washing, sepharose beads were 

incubated for 10 min at 37°C with SDS-loading buffer containing β-mercapto-ethanol and 

spun down. Equal amounts of supernatant were separated by SDS-PAGE, blotted on PVDF 

membranes, blocked with 5% skim milk in PBS/0.05% Tween-20, and incubated with anti-

ATX (1:1500, Cayman) overnight. Proteins were visualized with horseradish peroxidase-

conjugated immunoglobulins and detected by enhanced chemoluminescence (Amersham, 

Buckinghamshire, UK). 

 

Statistical analysis. Statistical differences were evaluated for two groups by Student’s t-

test and for three or more groups by one-way ANOVA with Bonferroni correction using 

SPSS (version 16.0). Spearman’s correlation coefficient and corresponding p-values were 

calculated to assess the relationship between tested parameters. All data are expressed as 

means ± standard deviations (SD). 
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RESULTS 

Neuron-activating serum factor identified as LPA 

To identify potential pruritogens in cholestasis, we screened sera of pruritic patients for 

activation in different neuronal cell lines. We chose cytosolic free calcium ([Ca2+]i) as an 

indicator of neuronal activation, since [Ca2+]i is a key mediator of the neuronal secretory 

response towards diverse receptor-dependent and -independent stimuli. In the human 

neuroblastoma cell line SH-SY5Y we observed a dose dependent rise in intracellular 

calcium concentrations upon addition of serum (Figure 1a). 

 

Figure 1: Cytosolic free calcium [Ca2+]i is increased in human neuroblastoma cell line SH-SY5Y by sera of patients with 
cholestatic pruritus more than by sera of healthy controls. PANEL A shows that serum induced a transient increase in 
[Ca2+]i which was dose-dependent. Note that even high serum dilutions of up to 1:320 induced an increase of [Ca2+]i. 
PANEL B: Sera of women with ICP induced higher increases of [Ca2+]i compared to gestation-matched normal 
pregnancies (PC) and age-matched female controls (HC). PANEL C: Sera of PBC patients with and without pruritus 
induced a higher increase in [Ca2+]i compared to age-matched healthy female controls. *P<0.015, **P<0.005. Δ[Ca2+]i 
represents the peak of calcium transient minus basal calcium concentration as shown in Figure 1A: maximal [Ca2+]i – 
basal [Ca2+]i. 
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Interestingly, sera of women with intrahepatic cholestasis of pregnancy showed a markedly 

stronger neuronal activation compared to pregnant controls and healthy female controls 

(Figure 1b). Similarly, sera from patients with primary biliary cirrhosis (PBC) suffering 

from pruritus tended to induce higher transient rises in [Ca2+]i levels than sera from PBC 

patients without pruritus and healthy controls (Figure 1c). We further analyzed the serum 

samples to identify the neuron-activating serum factor. Pre-treatment of serum with 90% 

ethanol or proteinase K hardly diminished the [Ca2+]i response, indicating that the serum 

factor was not a peptide or protein (Figure 2a). Serum samples were centrifuged through 

filters to estimate the molecular size. The serum factor could pass a 100 kD filter, but not a 

10 kD filter. Interestingly, pre-treatment of serum with 90% ethanol enabled the factor to 

partially pass through the 10 kD and even a 3 kD filter (Figure 2b). This observation could 

be explained by strong binding of the factor to albumin (~60kD). Thus, like unconjugated 

bilirubin, the substance appeared to be partially forced into solution upon ethanol-induced 

precipitation of albumin. Total recovery of the serum factor through a 10 kD filter was 

achieved by addition of cholate above its critical micellar concentration enabling a 

hydrophobic substance to be completely solved in an aqueous solution (Figure 2b). As 

those micelles have a size of approximately 4.4 kD, they barely pass a 3 kD filter. Hence, 

we were dealing with a small, hydrophobic substance. Its chemical properties were further 

analyzed by a two-phase Bligh and Dyer lipid extraction. At neutral pH the compound 

presented an amphiphilic character but dissolved better in the lower aqueous phase. 

Lowering the pH to 1.0 and thus potentially protonating the serum factor led to a recovery 

of the substance mainly in the upper lipid phase (Figure 2c). The increased hydrophobicity 

upon acidification could be explained by protonation of phosphate- or sulfate-groups in the 

molecule.  

These observations suggested that a small phospholipid could be responsible for the 

activation of neuronal cells. As pertussis toxin diminished the rise in [Ca2+]i, signalling of 

the unknown substance appeared to occur via a G-protein-coupled receptor (Figure 2d). 

These observations rendered lysophosphatidic acid (LPA) a likely candidate because LPA 

has been reported to increase calcium in neuronal cells.23  
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Figure 2: Identification of [Ca2+]i–enhancing serum factor as lysophosphatidic acid (LPA). PANEL A shows the effect of 
pre-treatments of serum with 90% ethanol and proteinase K on [Ca2+]i in neuronal cells. U: untreated; E: supernatant of 
90% ethanol precipitation; Prot K: incubation for 24 hours with proteinase K; (n = 3). PANEL B gives the effect of filter 
experiments on serum. 100 kD, 10 kD: flow through of 100 kD and 10 kD-filter, respectively; E: supernatant of 90% 
ethanol precipitation (before filtering); CA: resuspension in 2 mM cholate (before filtering). (n = 3). PANEL C: Effect of 
Bligh&Dyer lipid extraction at pH values of 7.4 and 1.0. WP pH 7.4, LP pH 7.4, WP pH 1.0, LP pH 1.0: Water phase 
(WP) and lipid phase (LP) of serum after lipid extraction at pH values of 7.4 and 1.0. (n = 3). PANEL D: Effect of 
pertussis toxin (PTX) and LPA receptor blocker Ki16245 on cell activation by serum. (n = 3). Δ405/520 represents the 
change in fluorescence at 405nm (Ca2+-sensitive signal) divided by that at 520nm (Ca2+-insensitive signal). PANEL E: 
LPA 18:1 is enhanced in ICP cases compared to gestation-matched non-cholestatic pregnant controls. LPA 18:1 is shown 
as the ratio to LPA 14:0 (added as an internal standard before extraction). *P<0.05, **P<0.01.  

 
 



LPA is a potential mediator of cholestatic pruritus  

112 

 
 
Figure 3: Serum ATX is elevated in cholestatic patients with pruritus irrespective of the cause of cholestasis.  PANEL A: 
ATX activity (measured as choline release upon incubation with LPC) is highly enhanced in ICP compared to pregnant 
controls and healthy female controls. ***P<0.0001. PANEL B: Western blot for ATX protein in patient sera. Recombinant 
ATX (rATX) was used as a positive control. PANEL C and D: ATX activity was highly enhanced in cholestatic women 
and men suffering from pruritus compared to non-pruritic cholestatic patients and healthy controls. **P<0.01, 
***P<0.0001. PANEL E: Western blot for ATX protein in serum of PBC patients. Recombinant ATX (rATX) was used as 
positive control. PANEL F: ATX activity in patients with chronic hepatitis C was enhanced compared to controls, but 
significantly lower compared to cholestatic patients suffering from pruritus. ***P<0.0001.  
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Pre-treatment of the neuronal cells with Ki16425, a specific LPA-receptor blocker, 

significantly reduced the [Ca2+]i rise, indicating that LPA was the major serum factor in our 

cholestatic serum samples (Figure 2d).  

Analyzing the LPA content in serum samples by mass spectrometry indeed showed 

markedly higher concentrations of LPA 18:1 in sera of women with intrahepatic cholestasis 

of pregnancy compared to gestation matched pregnant controls (Figure 2e). Similar 

differences were observed for other LPA species such as LPA 16:0, 18:0, 18:2, 20:3 and 

20:4 (data not shown). 

 

ATX is enhanced in pruritus of cholestasis 

LPA is formed in the blood through cleavage of choline from lysophosphatidylcholine 

(LPC) by autotaxin (ATX), which has recently been identified as a lysophospholipase 

D.12,13 As LPC is present in plasma at relatively high concentrations (above 100 μM), the 

amount of LPA (in low μM range) in blood primarily depends on ATX activity.11 

Therefore, we analyzed whether ATX activity in blood also correlated with the occurrence 

of itch. We observed higher ATX activity in sera from women with pruritus due to ICP as 

compared to pregnant and non-pregnant controls (Figure 3a).  
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Figure 4: Only ATX activity, but not histamine, nor tryptase, substance P, serum bile salts or μ-opioid activity in serum 
correlated with itch intensity of patients with cholestatic itch. PANEL A: ATX activity showed a significant linear 
correlation with the itch intensity represented as visual analogue scale ranging from 0 (no pruritus) to 10 (most severe 
form of pruritus). Spearman’s correlation coefficient: r=0.7764, P<0.0001. PANEL B-E: No correlation between histamine 
levels, tryptase concentrations, substance P levels or total serum bile salts and itch intensity. PANEL F: Total μ-opioid 
activity in female and pregnant controls compared to women with either ICP, PBC without pruritus or PBC with pruritus. 
n.s. = not significant.  

 

The enhanced ATX activity correlated with increased ATX protein content in sera from 

these patients (Figure 3b). We studied whether this observation could be extended to other 

forms of cholestasis. Therefore, sera of patients with different cholestatic disorders with 

and without pruritus were analyzed. Quite strikingly, we found that, irrespective of the 

cause of cholestasis, ATX levels were markedly enhanced in patients suffering from 

pruritus, compared to patients without pruritus (Figure 3c-e).  
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Figure 5: Serum levels of ATX respond to therapeutic interventions. PANEL A: In PBC patients undergoing nasobiliary 
drainage (start on day 0), ATX activity dropped with pruritus scores and rose upon reappearance of pruritus several weeks 
later (day 15-144). Data are shown as percent changes of baseline values in four patients. *P<0.05. PANEL B: ATX 
activity in bile of patients undergoing nasobiliary drainage and in control bile. PANEL C: ATX protein could not be 
detected in bile by western blot. Recombinant ATX (rATX) was used as positive control.  

 

Recently, in patients with chronic hepatitis C, liver ATX mRNA expression24 and serum 

ATX levels25 have been reported to be enhanced. ATX serum levels were also increased in 

our group of HCV patients when compared to healthy controls, but were significantly lower 

than in pruritic patients (Figure 3f). 
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ATX activity correlates with intensity of pruritus 

Pruritus is a subjective perception which differs between individuals. Quantification of this 

symptom is difficult, but can be achieved using visual analogue scales (VAS).1 Patients 

quantified their itch intensity at the time point of blood drawing on a scale ranging from 0 

(no pruritus) to 10 (most severe form of pruritus). Next we analyzed the correlation 

between itch intensities and the ATX activity in serum of these patients by linear regression 

analysis. We found a highly significant correlation between enzyme activity and intensity 

of itch perception (Figure 4a). In contrast, other agents proposed as potential pruritogens in 

cholestasis and other diseases in the past,7,26 did not show any correlation with itch intensity 

in our patient cohort. This was tested for histamine, tryptase, substance P and μ-opioid 

activity (Figure 4b-f). Even though cholestatic patients with pruritus as a group showed 

higher serum bile salt concentrations (Table 1), there was no correlation with itch intensity 

(Figure 4d). A direct role of histamine and bile salts as pruritogens has already been 

questioned in the past.7,27 An anti-pruritic effect of μ-opioid antagonists has been reported 

in some patients.28 However, μ-opioid activity was not enhanced in ICP patients compared 

to regular pregnancies and only very few PBC patients suffering of pruritus had increased 

μ-opioid levels, questioning a major causative role of opioids for the pathogenesis of 

pruritus in cholestasis (Figure 4f).29 In some patients with PBC, extensive long-lasting 

pruritus was intractable and did not adequately respond to any recommended 

medication.6,26 These patients underwent nasobiliary drainage for 2-7 days as an 

experimental treatment of most severe pruritus27,30. 

In all four procedures, this led to dramatic reduction or complete relief of pruritus 

within 24 hours which lasted for several days to weeks. Interestingly, concomitant with 

relief of pruritus, ATX activity dropped and rose back to pre-treatment levels when pruritus 

returned (Figure 5a). This effect was not due to direct biliary clearance of ATX as neither 

ATX activity (Figure 5b) nor protein (Figure 5c) could be found in bile of these and other 

patients. 
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Patients without 

pruritus (n=25) 

Patients with 

pruritus (n=52) 
P-value 

Male/Female 5/20 18/33 0.15 

Age (yrs) 59.9 ± 14.3 52.9 ± 13.0 0.05 

Disease (PBC/PSC/Other) 15/1/9 26/13/13 0.76 

AP (IU/L) 265.8 ± 219.9 313.6 ± 252.0 0.45 

γGT (IU/L) 150.7 ± 205.6 186.2 ± 227.5 0.54 

Bilirubin (mg/dL) 3.6 ± 6.0 2.9 ± 5.0 0.62 

BS (μM) 61.4 ± 72.3 151.6 ± 125.8 0.01 

Albumin (g/dL) 4.6 ± 1.2 5.0 ± 1.3 0.18 

ALT (IU/L) 69.6 ± 80.5 74.6 ± 85.0 0.82 

AST (IU/L) 74.3 ± 105.4 70.7 ± 55.0 0.85 

CRP (mg/dL) 0.4 ± 0.5 0.5 ± 0.3 0.71 

 
Table 1: Characteristics and serum chemistry of cholestatic patients with and without pruritus. All values are expressed 
as mean ± SD. P-values are for comparison between the subgroups of cholestatic patients with and without pruritus. 
Abbreviations: AP = alkaline phosphatase, γGT = γ-glutamyltransferase, BS = serum bile salts, ALT = alanine 
aminotransferase, AST = aspartate aminotransferase, CRP = C-reactive protein. The majority of samples were obtained 
from the outpatient clinic of the Academic Medical Center, Amsterdam. Additional samples were collected at the 
Universities of Utrecht, Rotterdam, Munich and Navarra. 

 

Induction of pruritus by LPA 

To investigate a potential role of LPA in the induction of pruritus in vivo we used female 

C57BL/J6 mice. Scratch movements were registered as described previously.19 Intradermal 

injections of LPA, but not the carrier, induced significant scratching behaviour shown as 

number of scratch bouts per 5-minute intervals (Figure 6a), which was in line with a 

previous report.31 Furthermore, we could show that the induction of pruritus by LPA in 
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mice was dose-dependent, showing an increased scratching behaviour from 20 nmol 

upwards (Figure 6b). 

 

 

Figure 6: Dose-dependent induction of scratch responses by LPA in vivo. PANEL A: Intradermal injections of LPA 
(100 nmol) led to increased scratching behaviour compared to vehicle injections being significant during the first 
15 minutes. Injections were performed in 7 mice. *P<0.05. PANEL B: Dose-dependent scratching behaviour after 
intradermal injections of LPA. Injections were performed in the indicated number of mice. *P<0.05, **P<0.01, 
***P<0.001. 

 

DISCUSSION 
Pruritus is a common and disabling symptom in cholestatic liver diseases and many other 

systemic disorders including renal insufficiency, endocrine, hematologic and metabolic 

diseases, various infections as well as certain malignancies. The causal factors of pruritus 

are unknown in most of these diseases. Here, we provide clinical and experimental 

evidence that lysophosphatidic acid (LPA) is a potential mediator of cholestatic itch.   
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The discovery of itch-specific sensory neurons in the skin by Schmelz et al. 

revolutionized the research field of pruritus.32 Thus, primary sensory neurons could be 

localized that only responded to the pruritogen histamine, but were insensitive to 

mechanically-induced pain stimuli. Recently, another class of itch-specific sensory neurons 

has been described that mediates pruritic stimuli independent of histamine.33 Hence, 

pruritoceptive nerve fibres seem to consist of different subsets of neurons as was already 

known for nociceptive nerve fibres. This could explain the varying characters of itch 

sensations in different diseases ranging from “tickling” over “burning and painful” to 

agonizing pruritus.34 We are, however, still far away from an explanation for the itch 

sensation that is experienced by many patients with systemic disorders.  

Cholestatic disorders are frequently accompanied by itch sensation and bile salts 

and endogenous opioid peptides have, among others, been hypothesized as pruritogens.7 

However, in line with previous reports,29,35 we have found no correlation between the 

severity of itch and these two parameters. Furthermore, although histamine is a well 

established mediator of pruritus during allergic reactions, its serum levels showed no 

correlation with itch intensity in our patient cohort in line with the clinical observation that 

antihistamines are in general ineffective in the treatment of cholestatic itch.6 Serum tryptase 

is a marker of mast cell activation and tryptase has been reported to induce pruritus via 

protease-activated receptor 2 (PAR-2).36 However, in our study, tryptase concentrations 

were not enhanced in cholestatic patients and did not correlate with itch intensity. We 

observed similar negative results for substance P which represents a pruritogen in diseases 

such as the Sézary syndrome.37  

In contrast, we have found strong evidence that the occurrence of itch is associated 

with increased systemic levels of the signalling lipid mediator, lysophosphatidic acid 

(LPA). Both serum LPA and autotaxin levels were significantly elevated in cholestatic 

patients with itch as compared to non-pruritic patients. Autotaxin is a lysophospholipase D 

that hydrolyzes lysophosphatidylcholine into LPA and choline. Serum autotaxin activity in 

fact closely correlated with the extent of itch perception as objectified by the patient's 

scoring on a visual analogue scale. Moreover, we found that relief of itch in PBC patients 

by interruption of the enterohepatic cycle also significantly decreased the serum autotaxin 

levels, although the molecular mechanism remains yet unclear. It is attractive to speculate 
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that a yet undefined factor which undergoes enterohepatic circulation may increase 

autotaxin expression in cholestatic patients suffering from pruritus. We subsequently 

confirmed the finding reported by others31 that intradermal injection of LPA in mice caused 

short-lasting but significant scratching behaviour which was dose-dependent. Taken 

together these findings strongly suggest that autotaxin and its formed product, 

lysophosphatidic acid, play a causative role in the induction of itch during cholestasis. 

Strikingly, we observed a much more clear difference between pruritic and non-

pruritic patients in serum autotaxin levels than in serum LPA levels and concurrent serum-

induced Δ[Ca2+]i in neuroblastoma cells (compare Figs. 1 and 2 vs. Fig. 3). One might 

argue that serum LPA levels (and the concurrent Ca2+ transient) should closely follow the 

serum autotaxin level, as the latter is responsible for increased LPA levels. Although we did 

find a clear correlation between serum autotaxin and LPA levels as well as Ca2+ transients 

(data not shown) the range of autotaxin levels was much more dynamic and levels were 

more consistently increased in pruritic patients. The most likely explanation for this 

discrepancy is that LPA is a highly unstable lipid derivative that undergoes rapid 

metabolism in the circulation. In addition, LPA can be formed during and after blood 

collection and therefore levels depend on the procedure of processing and storage. In 

contrast, the enzyme autotaxin turns out to be highly stable in vitro and therefore represents 

a much more direct and reliable parameter. 

The source of increased serum autotaxin levels remains to be determined. Enhanced 

levels could either be caused by increased ATX expression or by reduced clearance of the 

enzyme. Recently, liver sinusoidal endothelial cells were shown to play an important role in 

uptake and degradation of ATX.38 This is in agreement with our observation that ATX 

could not be detected in bile. Although ATX has a half life of only several minutes in 

circulation, its activity can easily be detected in serum, suggesting a continuous synthesis 

and release by peripheral cells and tissues. Among these may be endothelial cells and 

adipocytes,39,40 but ATX was also reported to be expressed in the liver.41 Interestingly, in 

patients with chronic hepatitis C liver ATX mRNA expression was enhanced,24 which 

might lead to enhanced serum ATX concentrations in these patients.25 In our group of HCV 
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patients ATX levels were higher than in healthy controls but lower compared to cholestatic 

patients with pruritus.  

ATX has originally been described as a motility-stimulating protein secreted from 

melanoma cells.8 Nowadays, the effects of ATX are thought to be mainly mediated by its 

enzymatic product LPA.14 The bioactive lipid LPA is an agonist of a family of at least six 

G-protein-coupled receptors that promote a great variety of biological processes, ranging 

from cell motility, proliferation, survival and tumor progression to vascular development 

and cytokine production.14 Furthermore, LPA has been implicated in neuronal cell 

functions such as brain development and neurite remodelling but also demyelination and 

after neurotrauma.42 In mice, LPA initiates neuropathic pain after a single intrathecal 

injection.16 Mice lacking LPA1 receptor do not develop any signs of demyelination or 

neuropathic pain.16 It was demonstrated that LPA causes reprogramming of signal 

transmission through different nerve fibres. While transmission through type 3 Aδ-fibres is 

increased, the transmission through type 1 C-fibres (involving substance P) is dramatically 

reduced.17 Thus, LPA may induce neuropathic pain via LPA1 receptors on nociceptive 

nerve fibres and at the same time contribute to pruritus via LPA receptors on pruriceptive 

neurons. Alternatively, LPA might indirectly cause pruritus by stimulating the release of a 

pruritogenic cytokine or lipid mediator from cells located in the skin.43  

It is intriguing to speculate on the role of ATX and LPA in the pathogenesis of 

pruritus in other systemic diseases. Wound healing after injury or surgery is typically 

accompanied by local itch perception. LPA promotes re-epithelialization and healing of 

cutaneous wounds.44 High local concentrations of LPA might thus elicit itch-specific 

neurons leading to the well-known desire to scratch a wound during its healing process. 

Pruritus is also a common symptom in lymphoma patients, especially in those with 

Hodgkin’s disease.45 Recently, EBV-infected Hodgkin lymphoma cells have been shown to 

highly express ATX.46 Thus, these cells might release high amounts of ATX forming high 

local concentrations of LPA which not only promote tumor growth9 but may also activate 

the neuronal itch pathway. Intriguingly, patients with Hodgkin’s disease suffering of 

intense pruritus had a shorter survival than those without itch.47  
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Unravelling the molecular mechanisms leading to pruritus in systemic diseases will have 

major impact on development of novel treatment strategies for this agonizing symptom. At 

least in cholestatic disorders, ATX inhibitors and LPA receptor blockers which are 

currently developed for the treatment of patients with malignancies to reduce disease 

progression and formation of metastasis48 might also represent a novel class of anti-pruritic 

drugs.  
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SUPPLEMENTARY DATA 

 

Quantitative LPA determination. As internal standard myristoyl-LPA (LPA 14:0) was 

added to serum samples reaching a final concentration of 1 μM. Lipids were subsequently 

extracted from 100 μL of serum by one-phase lipid extraction using 1 mL of 

methanol/chloroform (1:1, vol/vol). The extraction fluid was evaporated to dryness (45 °C, 

vacuum). The residue was dissolved in 100 μl of chloroform/methanol/water (50:45:5, 

v/v/v) containing 0.01% NH4OH, and 10 μL of this solution was injected into the HPLC–

MS system. The HPLC system consisted of a Surveyor quaternary gradient pump, a 

vacuum degasser, a column temperature controller, and an autosampler (Thermo Electron, 

Waltham, MA, USA). The column temperature was maintained at 25°C. The lipid extract 

was injected onto a LiChrospher 2 × 250 mm silica-60 column, 5 μm particle diameter 

(Merck, Darmstadt, Germany). The phospholipids were separated from interfering 

compounds by a linear gradient between solution B (chloroform/methanol, 97:3, v/v) and 

solution A (methanol/water, 85:15, v/v). Solutions A and B contained 1 and 0.1 mL of 25% 

(v/v) aqueous ammonia per liter of eluent, respectively. The gradient (0.3 mL/min) was as 

follows: 0–10 min, 20% A–100% A; 10–12 min, 100% A; 12–12.1 min, 100% A–0% A; 

and 12.1–17 min, equilibration with 0% A. All gradient steps were linear, and the total 

analysis time, including the equilibration, was 17 min. A splitter between the HPLC 

column and the mass spectrometer was used, and 75 μL/min eluent was introduced into the 

mass spectrometer. A TSQ Quantum AM (Thermo Electron) was used in the negative 

electrospray ionization mode. Nitrogen was used as the nebulizing gas. Argon was used as 

the collision gas. The skimmer offset was set at 10 V. The spray voltage used was 3600 V, 

and the capillary temperature was 300°C. Selected reaction monitoring (SRM) was used to 

monitor precursor to product ion transition of m/z 381.2 → 227.2 for LPA(14:0) and m/z 

435.25 → 281.25 for LPA(18:1). Quadrupole 1 and quadrupole 3 were maintained at 0.3 

and 0.7 unit resolution (FWHM) respectively. The collision gas pressure was 0.5 mTorr 

and the collision energy was set at 50 V. Dwell time was 0.150 s for both the analytes and 

IS. All the parameters of LC and MS were controlled by Xcalibur software version 2.0.7. 
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ABSTRACT 

Pruritus is a seriously disabling symptom accompanying many cholestatic liver disorders. 

Recent experimental evidence implicated the lysophospholipase autotaxin (ATX) and its 

product, lysophosphatidic acid (LPA), as potential mediators of cholestatic pruritus. In this 

study we highlight that increased serum ATX levels are specific for pruritus of cholestasis 

but not pruritus of uremia, Hodgkin’s disease or atopic dermatitis. Treatment of cholestatic 

patients with the bile salt sequestrant colesevelam, but not placebo effectively reduced total 

serum bile salts and fibroblast growth factor 19 levels, but only marginally altered pruritus 

intensity and ATX activity. Rifampicin significantly reduced itch intensity and ATX 

activity in pruritic patients not responding to bile salt sequestrants. In vitro, rifampicin 

inhibited ATX expression in human HepG2 hepatoma cells and hepatoma cells over-

expressing the pregnane X receptor (PXR), but not in hepatoma cells in which PXR was 

knocked down. Treatment of severe, refractory pruritus by Molecular Adsorbents 

Recirculation System or nasobiliary drainage improved itch intensity which again 

correlated with the reduction of ATX levels. Upon reoccurrence of pruritus ATX activity 

returned to pretreatment values.  

Conclusion: Serum ATX activity is specifically increased in patients with cholestatic, but 

not other forms of systemic pruritus and closely correlates with effectiveness of therapeutic 

interventions. The beneficial antipruritic action of rifampicin may be explained, at least 

partly, by PXR-dependent transcriptional inhibition of ATX expression. Thus, ATX likely 

represents a novel therapeutic target for pruritus of cholestasis. 
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INTRODUCTION 

Chronic pruritus can be a seriously debilitating symptom accompanying various cutaneous 

and systemic disorders.1 It represents one of the most prominent clinical features in 

numerous liver disorders such as primary biliary cirrhosis, primary sclerosing cholangitis, 

cholangiocarcinoma, inherited forms of cholestasis and intrahepatic cholestasis of 

pregnancy.2 This form of itching is designated cholestatic pruritus as impaired bile flow is a 

common denominator in these disorders.3 The molecular mechanisms involved in the 

pathogenesis of cholestatic pruritus remain enigmatic and treatment of these patients often 

represents a clinical challenge due to limited therapeutic options. The current guidelines for 

the treatment of cholestatic pruritus recommend the use of bile salt sequestrants such as 

cholestyramine or colesevelam as first line therapy and rifampicin as second line 

treatment.2,4 If patients do not respond to these drugs, experimental approaches may be 

applied. The Molecular Absorbance Recirculating System (MARS) is an extracorporeal 

liver dialysis system that is capable of removing mainly albumin-bound molecules such as 

bile salts, bilirubin, ammonia and other amphiphilic toxins. MARS therapy has been shown 

to effectively alleviate intractable pruritus of cholestasis in patients who do not respond to 

any medicinal therapy.2,4,5 Nasobiliary drainage transiently relieves severe pruritus in 

BRIC6 and PBC patients7 who did not respond to standard anti-pruritic treatment.2,4 

However, pruritus may even become refractory to all medical treatments and can be an 

indication for liver transplantation, even in the absence of liver failure.4  

By functional screening of sera of cholestatic patients suffering from pruritus on 

neuronal cells we recently identified lysophosphatidic acid (LPA) as a potent neuronal 

activator.8 Serum levels of this phospholipid were increased in cholestatic patients that 

suffered from pruritus. Circulating LPA is formed by a lysophospholipase D called 

autotaxin (ATX) which hydrolyses the choline group from lysophosphatidylcholine.9 In 

mice, the amount of circulating LPA depends on serum ATX activity.10 In line with the 

observed increase in LPA, ATX activity was higher in sera of pruritic patients with 

cholestatic disorders compared to those without pruritus. Furthermore, itch intensity highly 

correlated with ATX activity. Intradermal injection of LPA caused a dose-dependent 

scratch response in mice.8  
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ATX was initially identified as a cell motility factor, that is over-expressed in 

various tumors and involved in proliferation and generation of metastases.11 The effects of 

autotaxin are largely mediated by the enzymatic formation of LPA which activates at least 

six different G-protein-coupled receptors (GPCRs).9,11 ATX is also essential for 

angiogenesis, neuronal development and lymphocyte homing10 and LPA mediates initiation 

of neuropathic pain, hair growth and embryo implantation.9  

Here, we studied whether increased serum ATX activity is specific for pruritus of 

cholestasis. We also aimed to investigate the effect of various therapeutic interventions 

such as treatment with colesevelam, rifampicin, MARS and nasobiliary drainage on ATX 

activity. Finally, the effects of rifampicin on ATX expression were studied in vitro.   

 

MATERIALS AND METHODS 

Human subjects. Peripheral venous blood was obtained from healthy donors and patients 

with cholestatic disorders, uremia, Hodgkin’s disease, and atopic dermatitis after informed 

consent according to the Declaration of Helsinki. The study was approved by the local 

Medical Ethical Committees. Treatment interventions such as colesevelam,12 rifampicin, 

MARS therapy, and nasobiliary drainage7 were conducted, recorded, and reported in 

compliance with the International Conference on Harmonisation Good Clinical Practice and 

national regulations. Blood samples were allowed to clot for an hour before they were 

centrifuged at 4°C and serum was cryo-preserved in aliquots at -80°C. Itch intensity was 

quantified in all patients at the time point of blood drawing using a VAS ranging from 0 (no 

pruritus) to 100 (unbearable pruritus). In the colesevelam study12 35 patients were 

evaluable of whom 17 patients received colesevelam 1875 mg twice daily and 18 patients 

were treated with an identical placebo for three weeks. The study population consisted of 

22 female and 13 male patients being mainly diagnosed for primary biliary cirrhosis 

(N=14) or primary sclerosing cholangitis (N=14). MARS treatment was performed in 

10 patients (8 female / 2 male) with intractable pruritus due to PBC (n=6), PSC (n=2) or 

other liver disorders (n=2; Supplementary Table 4). 
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Materials. Choline oxidase, horseradish peroxidase, homovanillinic acid, dimethyl 

sulfoxide (DMSO), bovine serum albumine (BSA) and rifampicin were purchased from 

Sigma-Aldrich (Steinheim, Germany); Stearoyl-lysophosphatidic acid (LPA 18:1) and 

Myristoyl-lysophosphatdiylcholine (LPC 14:0) were from Avanti Lipids (Alabaster, AL). 

 

Cell culture. Human HepG2 hepatoma cells were grown in Dulbecco's modified Eagle's 

medium (DMEM; Lonza BioWhittaker, Cologne, Germany) supplemented with 10% fetal 

calf serum, 4 mM L-glutamine and a mixture of antibiotics (5 mg/mL penicillin, 5 mg/mL 

streptomycin). Cells were incubated at 37 ° C in a humidified atmosphere containing 5% 

CO2. For studying the effect of rifampicin, cells were seeded in 6-well plates at a density of 

8 × 105 cells/well until reaching 80% confluence. The subconfluent cells were cultured 

overnight in serum-free medium containing 0.2% BSA. Following brief washing, cells 

were incubated for 24 hours in DMEM/0.2% BSA containing 10 μM rifampicin. As a 

solvent control 0.1% DMSO was added to control cells. HepG2 cells over-expressing PXR 

and PXR knock-down HepG2 cells (see below) were identically analyzed. 

 

Lentiviral Transduction. Short hairpin RNAs for PXR (TRCN0000021623) and plasmids 

encoding non-target control (SHC002) as control were obtained from Sigma-Aldrich in a 

lentiviral vector system. Lenti-viral supernatant was generated from HEK 293T cells as 

packaging cells calcium phosphate based transfection (ClonTech, Mountain View, CA). 

HepG2 cells were grown to 50–60% confluence and incubated with virus-containing 

supernatants/DMEM (1:1) supplemented with 10 μg/mL diethylaminoethyl-dextrane for 24 

hours. Selection of transduced cells was achieved by addition of puromycin 30 μg/mL and 

knock-down of PXR was verified by quantitative PCR (see below). HepG2 cells over-

expressing PXR were generously provided by Dr. R. Hoekstra (Academic Medical Center, 

University of Amsterdam).13 
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RNA isolation and quantification of transcript levels. Total RNA was extracted from 

cultured cells using Trizol reagent (Invitrogen). cDNA was synthesized from total RNA 

with an oligo-dT primer and Superscript III reverse transcriptase (Invitrogen). Realtime 

PCR measurements were performed at 60°C in a Lightcycler apparatus (Roche) with 

Lightcycler Faststart DNA Master Plus CYBR Green I (Roche). Transcript levels were 

normalized to the housekeeping gene 36b4 (acidic ribosomal phosphoprotein P0). For 

quantitative PCR experiments the following primer sequences were used: ATX Forward: 

TGCAATAGCTCAGAGGACGA; ATX Reverse: AGAAGTCCAGGCTGGTGAGA; 

CYP3A4 Forward: TGTTTTCAGCCCATCTCCTT; CYP3A4 Reverse: 

CATTGCATCGAGACAGTTGG; 36B4 Forward: TCATCAACGGTACAAACGA; 36B4 

Reverse: GCCTTGACCTTTTCAGCAAG. 

 

Autotaxin activity assay. ATX activity was quantified in diluted sera as recently 

described.8 Briefly, serum samples were incubated with a buffer containing 500 mmol/L 

NaCl, 5 mmol/L MgCl2, 100 mmol/L Tris (pH = 9.0) and 0.05% Triton X-100 for 60 min at 

37°C. Parallel incubations were performed in the presence and absence of 1 mmol/L of 

LPC 14:0. The lysophospholipase activity of ATX was determined by the amount of 

liberated choline, as detected by enzymatic fluorimetry using choline oxidase (2 U/mL), 

horseradish peroxidase (1.6 U/mL), and homovanillinic acid as substrate for peroxidase. 

After addition of both enzymes in a buffer (consisting of 20 mmol/L CaCl2, 2 mmol/L 

homovanillinic acid, 50 mmol/L 3-(N-morpholino)propanesulfonic acid (pH = 8.0) and 

0.1% Triton X-100) the increase in fluorescence was monitored at 37°C on a Novostar 

analyzer (excitation 320 nm, emission 405 nm). The (endogenous) amount of choline 

present in the sample without addition of LPC was subtracted from the amount measured in 

the presence of LPC. The inter-assay variance of the assay was less than 15%, the intra-

assay variance of the assay was below 10%. For studying the effect of rifampicin on in 

vitro ATX activity, healthy control serum was incubated using above mentioned buffers 

containing different concentrations of rifampicin. Stock solutions of rifampicin were 

dissolved in PBS and diluted 100-fold in above mentioned buffer. PBS was used as a 

solvent control. 
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Determination of FGF19. Serum FGF19 levels were determined using a sandwich 

enzyme-linked immunosorbent assay specific for FGF19 as described recently.14  

 

Determination of bile salts. Total serum bile salt levels were quantified using Diazyme 

total bile salts kit (Diazyme Laboratories, Poway, CA) according to the manufacturer’s 

instructions.  

 

SDS-PAGE and Western Blotting. Serum samples or albumin dialysates were diluted and 

incubated for 10 min at 37°C with SDS-PAGE loading buffer containing β-mercapto-

ethanol. Amounts corrected for protein content were separated by SDS-PAGE, blotted on 

PVDF membranes, blocked with 5% skim milk in phosphate-buffered saline, and incubated 

with a rat anti-human ATX antibody (mAb 4F1, 1:10000; kindly provided by J. Aoki)15 and 

appropriate secondary detection reagents. Immunoreactive bands were visualized by 

enhanced chemoluminescence (Roche, Amersham, Buckinghamshire, UK). 

 

Statistical analysis. Statistical differences were evaluated for two groups by Student’s t-

test and for three or more groups by one-way ANOVA with Bonferroni correction using 

SPSS (version 18.0). A paired t-test was used if values before and after therapy were 

compared. Pearson’s correlation coefficient and corresponding p-values were calculated to 

assess the relationship between tested parameters. A multivariable test score was 

constructed from a logistic regression model with disease status as the dependent and ATX 

as the independent variable. Test performance was then assessed by calculating c-statistic 

(area under the receiver operating characteristic ROC). All data are expressed as means ± 

standard deviations (SD). 
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RESULTS 

Increased ATX activity is specific for pruritus of cholestasis 

Compared to healthy controls, ATX activity was slightly, but significantly increased in 

patients with atopic dermatitis and Hodgkin lymphoma and strongly in patients with 

cholestatic liver diseases (Figure 1A). However, the strong elevation in ATX activity seen 

in cholestatic patients with pruritus compared to non-pruritic cholestatic controls was not 

observed in age- and gender-matched cohorts of Hodgkin’s lymphoma and uremia with vs. 

without pruritus (Figure 1A, Supplementary Tables 1–3). Since all patients with atopic 

dermatitis suffer from itch, this comparison could not be made for this disease group. 

Strongly increased ATX activity appears therefore specific for pruritus of cholestasis. 

Our cohort of patients with chronic liver diseases suffering from pruritus consisted of 

primary biliary cirrhosis (PBC), primary sclerosing cholangitis (PSC), benign recurrent 

intrahepatic cholestasis (BRIC), progressive familial intrahepatic cholestasis (PFIC), 

chronic viral hepatitis C infection (HCV), cholangiocarcinoma (CCC), hepatic sarcoidosis, 

liver cirrhosis, and drug- or toxin-induced intrahepatic cholestasis (Figure 1B). Irrespective 

of the underlying cause of cholestasis, ATX activity was increased in all patients suffering 

from cholestatic pruritus. Enzymatic activity and itch intensity correlated linearly in this 

large group of patients (Supplementary Figure 1). In contrast, neither total bile salts nor 

FGF19 levels did show any correlation with itch intensity in our patient cohort (data not 

shown).  

Using a cut-off level of 8.5 nmol·mL-1·min-1 ATX activity had a sensitivity of 71%, 

a specificity of 91% and a positive predictive value of 70% to diagnose pruritus due to liver 

disorders in comparison to atopic dermatitis, uremia or Hodgkin lymphoma (Figure 1C). 

Thus, in patients with pruritus of unknown origin (PUO) or in case of coexistence of two or 

more potentially pruritus-inducing disorders ATX activity might be a useful diagnostic tool 

to identify patients suffering from a yet undiagnosed liver disorder. 
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Figure 1: Elevated serum ATX activity is specific for pruritus of cholestasis. (A): Patients with atopic dermatitis, 
Hodgkin‘s Disease, or cholestasis had a significantly increased ATX activity compared to healthy controls. In patients 
with Hodgkin‘s disease and uremia there was no significant difference in serum ATX activity between pruritic and non-
pruritic patients. In contrast, all cholestatic patients with pruritus had a significantly increased serum ATX activity 
compared to cholestatic patients without pruritus. *p<0.05, ***p<0.001 (ANOVA). (B): Increased ATX activity in 
pruritic patients with cholestatic liver disorders was observed irrespective of the underlying disease. (C): Receiver 
operator characteristic curve distinguishing patients with cholestatic pruritus from patients with pruritus due to atopic 
dermatitis, Hodgkin lymphoma or uremia. Sensitivity, specificity and positive predictive value were calculated using a 
cut-off value of 8.5 nmol·mL-1·min-1.  

 

Colesevelam marginally lowers ATX activity and itch intensity 

The current guidelines for the treatment of cholestatic pruritus recommend the use of bile 

salt sequestrants as first line therapy.2,4 In a recent double-blind, randomized, placebo-

controlled multicenter study12, however, colesevelam had only a mild effect in alleviating 

pruritus of cholestasis and was not more effective than placebo (Figure 2A&B). As 

expected, bile salt levels were lowered in patients taking colesevelam (-49%; p<0.01; 

Figure 2A). This alteration was physiologically relevant as shown by a similar reduction in 
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circulating levels of FGF19, the product of the bile salt receptor FXR-stimulated FGF19 

gene (-47%; p<0.01; Figure 2A). ATX activity was slightly reduced (-13%) in the verum 

group (13.3±5.6 nmol·mL-1·min-1 at baseline vs. 11.6±4.4 nmol·mL-1·min-1 after treatment, 

p<0.05; Figure 2B), whereas in the placebo group ATX, TBS and FGF19 levels all 

remained unchanged (Figures 2B).  

 

Figure 2: Marginal effects of colesevelam on ATX activity and itch intensity. Patients receiving either colesevelam (A) or 
placebo (B) were analyzed for itch intensity, ATX activity, TBS, and FGF19 levels before and after three weeks of 
treatment. Colesevelam effectively reduced TBS and FGF19 levels by approximately 50%, but pruritus was similarly 
reduced compared to the placebo group.12 ATX activity slightly dropped in the colesevelam group.  

 

Rifampicin attenuates itch intensity and ATX activity 

When bile salt sequestrants are ineffective, rifampicin is recommended as second line 

therapy of cholestatic pruritus.2,4 Six patients who did not experience improvement of 

pruritus using bile salt sequestrants were treated with 150 mg rifampicin twice daily. Itch 

intensity improved within two weeks of rifampicin treatment (-65%, p<0.01; Figure 3) 

which was accompanied by a concomitant significant decrease of ATX activity (-32%, 
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p<0.05; Figure 3). TBS and FGF19 levels remained unaltered during this treatment 

(Figure 3).  

 

 

Figure 3: Rifampicin therapy attenuated pruritus and reduced ATX activity. Patients with cholestatic pruritus not 
responding to colesevelam were treated with rifampicin for two weeks. Serum samples taken before and after treatment 
were analyzed for itch intensity, ATX activity, TBS, and FGF19 levels. Rifampicin attenuated itch severity and reduced 
ATX activity whereas TBS and FGF19 levels remained unaffected.  

 

Rifampicin does not affect ATX activity, but reduces ATX expression in human 

hepatoma cells in vitro 

To elucidate the molecular mechanism of the antipruritic properties of rifampicin we 

analyzed the effects of rifampicin on ATX activity and expression in vitro. Rifampicin at 

concentrations up to 100 μmol/L did not modify ATX activity in serum (data not shown). 

Using HepG2 cells, however, rifampicin attenuated ATX gene expression in HepG2 cells 

(p<0.01; Figure 4A). As rifampicin exerts its transcriptional effects via the Pregnane X 

Receptor (PXR), we further analyzed its effect in HepG2 cells overexpressing PXR or after 

knock-down of PXR. In PXR-overexpressing cells rifampicin caused a stronger inhibition 

of ATX transcription (p<0.02; Figure 4B), whereas this effect was lost in HepG2 cells after 

knock-down of PXR using shRNA (Figure 4C). For all experiments CYP3A4 gene 

expression served as a positive control to verify the action of rifampicin (Supplementary 

Figures 4A–C). These data show that expression of autotaxin is reduced at the 

transcriptional level by rifampicin and that this mechanism is mediated via PXR. 
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Figure 4: Rifampicin diminished ATX mRNA expression in vitro via a PXR-dependent mechanism. ATX mRNA 
expression was reduced (-25%, p<0.01; n=6) in HepG2 cells after incubation with 10 μmol/L rifampicin for 24 hours (A). 
This inhibitory effect of rifampicin was increased (-40%, p<0.02; n=3) in HepG2 cells overexpressing PXR (B), whereas 
it was lost in PXR knock-down cells, but not cells being transduced with scrambled shRNA (C). 

 

MARS responders show diminished ATX activity in parallel with reduced itch 

severity 

Severity of pruritus was evaluated in patients undergoing MARS therapy using VAS and a 

recently published itch severity score (ISS).16 The ISS showed a strong linear correlation 

with VAS (r=0.92, p<0.001; Supplementary Figure 2A). Eight patients had a marked 

improvement in itch intensity on VAS (-63.6%; p<0.01) and ISS (-60.9%; p<0.01, 

Supplementary Figure 2B) after MARS therapy and were designated ‘responders’, whereas 

two ‘non-responders’ showed no change in severity of pruritus on VAS (-4.2%) or ISS (-

2.2%) (Figure 5 A&B). A mean reduction of ATX activity of -29% (p<0.01) was seen in 

responders, whereas non-responders remained unchanged (Figure 5A&B, Supplementary 

Figure 2C). The change in ATX activity directly correlated with the reduction in ISS 

(r=0.71; p<0.01, Supplementary Figure 2D) and VAS (r=0.61; p<0.03, Supplementary 

Figure 2E). TBS concentrations and FGF19 levels (Figures 5A) dropped in responders 

without reaching significance, whereas an apparent increase was observed in the two Non-

Responders (Figure 5B). Neither ATX activity nor ATX protein was detectable in the 

albumin dialysate (Figures 5 C&D), in line with the MARS membrane pores having a 

Molecular Weight cut-off of 50 kD which is approximately half the size of autotaxin. 

Intriguingly, ATX levels returned to pre-treatment values with relapse of itching which 

occurred in responders between 6 weeks and 4 months. Two patients underwent a second 
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MARS treatment upon relapse of pruritus. During the 2nd intervention pruritus improved 

again accompanied by a concomitant reduction of ATX activity (Figures 5E).  

 

Figure 5: MARS therapy diminished itch intensity in most patients with refractory pruritus and caused a concomitant 
reduction in ATX activity. Patients undergoing MARS were divided into responders (A) and non-responders (B) on the 
basis of VAS and itch severity score (Supplementary Figure 2). Pruritus and ATX dropped significantly in responders and 
remained unchanged in non-responders. Neither ATX activity (C) nor ATX protein (D) could be detected in the albumin 
dialysate of MARS patients. Panel E represent individual courses of itch intensity and ATX activity in two patients 
undergoing sequential MARS therapy to treat otherwise intractable pruritus. Improvement of pruritus correlated with the 
reduction of ATX levels. Upon reoccurrence of pruritus ATX levels had returned to pre-treatment values. 

 

Nasobiliary drainage strongly reduced pruritus and ATX levels 

Nasobiliary drainage effectively alleviated intractable pruritus in PBC patients not 

responding to standard treatment.7 Simultaneously with the improvement of itch severity (-

85%; Figure 6A), ATX serum activity dropped in these patients to approximately half of 

the baseline values (-50%; Figure 6A), whereas TBS initially dropped but rose back to 

baseline values already during nasobiliary drainage, as in part reported previously7,8 
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(Figure 6A, Supplementary Figure 3A). Circulating FGF19 levels were strongly diminished 

one day after start of treatment, indicating effective external biliary drainage (-50%; 

Figure 6A). Our observation that ATX activity closely correlated with improved itch 

intensity in patients undergoing nasobiliary drainage8 is strengthened by the reproducibility 

in one PBC patient who underwent this procedure twice (Figure 6B). As neither ATX 

protein nor ATX activity were detected in bile,8 the reduction in circulating ATX levels 

cannot be explained by biliary clearance of autotaxin.  

 

Figure 6: Refractory pruritus and ATX activity were strongly diminished by nasobiliary drainage. Panel A: Treatment 
significantly reduced pruritus and ATX activity, whereas TBS were hardly changed. FGF19 levels dropped significantly 
indicating efficacy of the drainage procedure. Panel B illustrates ATX activity and itch intensity in one patient undergoing 
successive treatment with nasobiliary drainage.  

 

In summary, itch severity and ATX serum activity were barely reduced by colesevelam, 

moderately diminished by rifampicin and MARS therapy and markedly diminished by 

nasobiliary drainage. The improvement of pruritus showed a linear correlation with the 

reduction in ATX serum activity for all treatment groups (Figure 7A), whereas no 

correlation was found for the change in serum TBS concentrations (Figure 7B). 
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Figure 7: Overview of therapeutic interventions in chronic cholestatic patients suffering from pruritus. The effect on itch 
intensity and ATX activity are shown for colesevelam, rifampicin, MARS, and nasobiliary drainage. The individual 
changes of itch intensity and ATX activity (A) but not TBS (B) after therapy (related to the pre-treatment value) showed a 
linear correlation (Pearson’s correlation coefficient: r=0.62, p<0.0001). Dashed line represents no change in itch intensity 
and ATX activity, respectively.  

 

DISCUSSION 

In the present study we demonstrate that elevated serum ATX activity has a high specificity 

for pruritus of cholestasis and might therefore serve as a diagnostic marker in cases of 

pruritus of unknown origin (PUO) or multiple underlying diseases. A strong correlation 

between ATX activity and efficacy of pruritus treatment further strengthens the role of 

ATX in the pathogenesis of cholestatic pruritus. The beneficial effect of rifampicin on 

cholestatic pruritus may be explained at least in part by PXR-dependent inhibition of ATX 

expression as observed in vitro.  

LPA is generated by ATX and serum levels of both correlate with the occurrence of 

cholestatic itch.8 Quantification of LPA can be artificially altered after blood sampling 

through release by platelets and levels may vary dependent on processing and storage.17 To 

circumvent these potential artifacts, we analyzed ATX activity as a reliable parameter for 

LPA formation. The source of the increased circulating ATX levels remains elusive but 

might either be due to reduced clearance, increased expression, or a combination of both. A 

reduced clearance may result from decreased uptake by liver sinusoidal endothelial cells.18 

Despite their completely different mechanisms of action rifampicin, MARS treatment, and 
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nasobiliary drainage all markedly reduced ATX serum levels, whereas ATX protein was 

neither directly drained into bile8 nor removed in the albumin dialysate. We hypothesize 

that a factor which is capable of increasing ATX expression (or reducing its clearance) is 

removed by these treatments. This yet to be identified factor might accumulate in the 

circulation during cholestasis, and might be metabolized in the liver and/or the gut, 

followed by biliary secretion and reabsorption via enterohepatic circulation. The different 

therapeutic approaches might intervene at different stages in this cycle.  

Colesevelam binds various amphiphilic substances in the gut lumen and was 

believed to effectively improve pruritus in cholestatic patients. The binding capacity of 

colesevelam for the ATX-inducing factor might be minimal as opposed to that for bile salts, 

which is underlined by only a small, though significant, decrease in ATX activity. As 

cholestyramine has been reported in uncontrolled trials to attenuate pruritus, it might be that 

cholestyramine could bind the ATX-inducing factor better than colesevelam which was not 

superior to placebo in diminishing pruritus.12  

Rifampicin alleviates pruritus in cholestasis by so far unknown molecular 

mechanisms. Our in vitro data suggest that the antipruritic action of rifampicin in 

cholestasis can be explained at least in part by transcriptional inhibition of ATX expression 

in a PXR-dependent fashion. This may explain why rifampicin is effective in pruritus of 

cholestasis, but not in pruritus of other origin such as uremia, Hodgkin’s disease or atopic 

dermatitis where systemic ATX does not play a major pathogenetic role. One could 

speculate that, in addition, rifampicin may reduce an ATX-inducing factor by modulation 

of PXR-regulated genes involved in hepatic and intestinal detoxification and secretion 

and/or by alteration of the gut flora.4 Determination of plasma ATX activity and LPA levels 

in animal models of cholestasis in the presence and absence of an effective PXR agonist 

may teach us more about ATX and LPA turnover under these pathological conditions in the 

future. Alternatively, one has to consider that rifampicin might exert antipruritic effects, at 

least in part, by PXR-independent mechanisms. An experimental approach to test this 

option could be to compare the scratch response of mice towards injection of LPA with or 

without prior administration of rifampicin - a PXR agonist in men, but not in mice.  
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MARS therapy removes countless undefined substances from the circulation5 

possibly including the ATX-inducing factor. Nasobiliary drainage removes secreted bile 

from the body and thereby possibly also removes the ATX-inducing factor from the 

enterohepatic circulation. Further in vitro analyses in cell culture systems of bile or albumin 

dialysates of pruritic patients undergoing nasobiliary drainage or MARS treatment, 

respectively, could possibly help to identify the ATX inducing factor in cholestatic pruritus. 

It is of note that in as much as 10–35% of patients presenting with chronic 

generalized pruritus an internal disease can be determined as underlying cause.19 Despite 

extensive diagnostic examination, the cause of itching could not be identified in 8–20% of 

patients with generalized pruritus.20-22 Eisendle et al. reported in a study with 117 patients 

with pruritus of unknown origin that almost 30% of these patients had elevated TBS 

concentrations without any evidence for liver disease.22 Identifying the underlying disease 

causing pruritus apparently is a clinical challenge and diagnostic parameters are warranted 

to make a differential diagnosis. ATX may represent such a novel marker for pruritus of 

cholestasis. In this study an increased enzymatic activity above 8.5 nmol·mL-1·min-1 had a 

positive predictive value of 70% in differentiating cholestatic pruritus from pruritus 

associated with atopic dermatitis, uremia and Hodgkin lymphoma. Determination of ATX 

serum activity in PUO or, more importantly, in cases of coexistence of two or more 

potentially pruritus-inducing disorders might help clinicians in choosing a targeted 

therapeutic regimen.  

Slightly increased serum ATX activities were observed in patients with atopic 

dermatitis and Hodgkin lymphoma compared to healthy controls in our cohort. A local 

overproduction of ATX with only marginal increases in the systemic circulation could be a 

conceivable mechanism causing itch perception in these patients. In line with our results 

slightly enhanced ATX levels have been reported in a small cohort of 11 Hodgkin 

lymphoma patients compared to healthy controls.23 In relation to uremia it has been 

reported that patients with renal failure have three-fold elevated circulating LPA levels 

compared to control subjects.24 More recently, this was confirmed in a rat model of 

unilateral urethral obstruction.25 Strikingly, in this study the elevated plasma LPA was 

accompanied by increased autotaxin activity in renal effluent rather than in plasma.  It 
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could be hypothesized that in renal failure autotaxin is primarily secreted into primary urine 

but its product LPA may also end up in the plasma. Hence, this leaves open the possibility 

that LPA plays a role in itch perception also in atopic dermatitis, Hodgkin’s disease and 

uremia.  

Several experimental and clinical observations favored increased levels of bile salts 

as causative pruritogens in hepatobiliary disorders in the past.26 However, no correlation 

between the level of any naturally occurring bile salt in the circulation or skin and severity 

of pruritus could be proven.26 In addition, several observations in the present study argue 

further against a direct causal role of bile salts in pruritus: (i) colesevelam halved TBS 

levels without being more effective than placebo regarding improvement of itch intensity; 

(ii) rifampicin or MARS therapy did not significantly reduce bile salt levels, yet strongly 

diminished itch severity; (iii) in patients undergoing nasobiliary drainage TBS levels 

dropped initially but returned to baseline values during the treatment long before pruritus 

re-occurred, and (iv) the lack of correlation between TBS concentrations and itch 

perception.  

In our patient cohorts, markedly elevated ATX activity was specific for pruritus of 

cholestasis. Thus, ATX might represent a useful diagnostic tool for those cases in whom 

chronic pruritus remains unclassified. In addition, our study provides further clinical and 

experimental evidence that ATX inhibitors and LPA receptor blockers may have potential 

as future therapeutic agents to effectively treat pruritus in cholestatic liver disorders.  
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SUPPLEMENTARY INFORMATION 

 
Supplementary Figure 1: ATX activity showed a linear correlation with the itch intensity represented on a VAS ranging 
from 0 (no pruritus) to 100 (unbearable pruritus). Pearson’s correlation coefficient: r=0.45, p<0.0001. 

 
 
 

 
 
Supplementary Figure 2: (A): Itch severity score (ISS) showed a linear correlation with the VAS in patients undergoing 
MARS therapy (Pearson’s correlation coefficient: r=0.92, p<0.0001). (B): Improvement in ISS in patients responding 
(Responders) to MARS therapy. (C): No change in ISS was observed in Non-Responders. (D/E): Changes of itch intensity 
(ISS and VAS) and ATX activity after therapy (related to the pre-treatment value) showed a linear correlation (Pearson’s 
correlation coefficient: ISS: r=0.71, p<0.01, VAS: r=0.61, p<0.03) 
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Supplementary Figure 3: Change in total serum bile salt (TBS) levels and itch intensity during the course of nasobiliary 
drainage. After an initial drop on the first and second day of the intervention, TBS rose back to baseline values long 
before pruritus re-occurred in these patients.  

 
 
 
 

 
 
Supplementary Figure 4: Rifampicin induced CYP3A4 in a PXR-dependent manner. CPY3A4 gene expression tended 
to be increased (n=6; not significant) after incubation with 10 μM rifampicin for 24 hours (A). This induction was 
increased (p<0.01; n=3) in HepG2 cells overexpressing PXR (B), whereas it vanished in PXR knock-down cells, but not 
cells being transduced with scrambled shRNA (C). 
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Supplementary Table 1: Characteristics of cholestatic patients without and with 

pruritus.  

 
Patients without 

pruritus (n=40) 

Patients with 

pruritus (n=91) 
P-value 

Male/Female 10/30 35/56 0.13 

Age (yrs) 54.8 ± 18.0 51.5 ± 12.8 0.36 

Disease (PBC/PSC/Other) 27/2/11 41/17/33 0.07 

AP (IU/L) 289.7 ± 203.8 321.4 ± 239.2 0.54 

γGT (IU/L) 160.6 ± 191.4 187.2 ± 233.0 0.61 

Bilirubin (mg/dL) 3.1 ± 5.5 3.7 ± 6.3 0.65 

TBS (μmol/L) 46.9 ± 60.1 135.9 ± 122.9 0.01 

Albumin (g/dL) 4.4 ± 1.1 4.6 ± 1.2 0.48 

ALT (IU/L) 71.9 ± 95.0 72.6 ± 55.3 0.96 

AST (IU/L) 73.7 ± 75.5 118.6 ± 150.9 0.15 

CRP (mg/dL) 0.5 ± 0.3 0.4 ± 0.5 0.87 

ATX (nmol mL-1 min-1) 6.6 ± 2.9 13.6 ± 7.2 < 0.001 

 

Supplementary Table 1: Characteristics and serum chemistry of cholestatic patients with and without pruritus. All values 
are expressed as means ± SD. P-values are for comparison between the subgroups of cholestatic patients with and without 
pruritus. Abbreviations: AP = alkaline phosphatase, γGT = γ-glutamyltransferase, TBS = total serum bile salts, ALT = 
alanine aminotransferase, AST = aspartate aminotransferase, CRP = C-reactive protein.  
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Supplementary Table 2: Characteristics of Hodgkin lymphoma patients without and 

with pruritus. 

 
Patients without 

pruritus (n=29) 

Patients with 

pruritus (n=30) 
P-value 

Male/Female 18/11 13/17 0.16 

Age (yrs) 39.0 ± 13.0 32.5 ± 10.3 0.13 

Stage of disease (early / 

intermittent / advanced) 
16/13/0 4/19/7 0.01 

ESR (mm/h) 26.7 ± 26.9 39.2 ± 24.2 0.07 

Erythrocytes (109/L) 4.9 ± 0.5 4.7 ± 0.4 0.23 

Haemoglobin (g/dL) 14.1 ± 1.5 12.7 ± 1.4 0.02 

Leucocytes (109/L) 8.2 ± 2.5 11.7 ± 4.1 0.01 

Albumin (g/dL) 4.3 ± 0.6 4.1 ± 0.9 0.22 

TBS (μmol/L) 5.2 ± 5.9 5.6 ± 4.1 0.78 

ATX (nmol mL-1 min-1) 5.5 ± 1.5 6.7 ± 4.9 0.23 

 

Supplementary Table 2: Characteristics and serum chemistry of Hodgkin lymphoma patients with and without pruritus. 
All values are expressed as means ± SD. P-values are for comparison between the subgroups of patients with and without 
pruritus. Abbreviations: ESR = erythrocyte sedimentation rate, TBS = total serum bile salts.  
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Supplementary Table 3: Characteristics of uremic patients without and with pruritus. 

 
Patients without 

pruritus (n=20) 

Patients with 

pruritus (n=21) 
P-value 

Male/Female 9/11 14/7 0.22 

Age (yrs) 67.9 ± 11.8 63.5 ± 17.1 0.34 

Time of dialysis (months) 53.8 ± 34.2  36.3 ± 41.6 0.14 

Calcium 2.2 ± 0.2 2.1 ± 0.5 0.57 

Phosphat 1.6 ± 0.4 1.7 ± 0.7 0.49 

PTH 383.2 ± 400.6 260.6 ± 276.6 0.26 

1α-OH-Vit D3 0.6 ± 0.5 0.7 ± 0.5 0.84 

25-OH-Vit D3 14.5 ± 8.3 15.5 ± 8.5 0.70 

Albumin (g/dL) 3.7 ± 0.5 3.6 ± 0.9 0.59 

CRP (mg/dL) 5.6 ± 7.9 8.7 ± 8.4 0.24 

TBS (μmol/L) 4.9 ± 3.8 4.2 ± 3.2 0.83 

ATX (nmol mL-1 min-1) 4.6 ± 1.3 5.1 ± 1.7 0.33 

 

Supplementary Table 3: Characteristics and serum chemistry of uremic patients with and without pruritus. All values are 
expressed as means ± SD. P-values are for comparison between the subgroups of patients with and without pruritus. 
Abbreviations: PTH = parathyroid hormone, CRP = C-reactive protein, TBS = serum bile salts.  
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Supplementary Table 4: Characteristics of Responders and Non-responders of MARS 

therapy 

 

Responder (N=8) Non-Responder (N=2) 

Pre- 

treatment 

Post-

treatment 

Pre- 

treatment 

Post-

treatment 

Male/Female 7/1 1/1 

Disease 

(PBC/PSC/Other) 
5/1/2 1/1/0 

MELD score 10.5 ± 6.6 6.0 

AP (IU/L) 505.1 ± 168.4 427.7 ± 111.2 319.5 251.5 

ALT (IU/L) 103.9 ± 78.1 85.0 ± 52.2 76.5 64.5 

Bilirubin (μmol/L) 28.6 ± 26.7 21.7 ± 16.9 22.5 28.0 

TBS (μmol/L) 133.1 ± 140.4 43.6 ± 13.3 43.6 176.7 

Albumin (g/dL) 3.9 ± 0.5 3.9 ± 0.6 4.4 4.3 

Creatinine (mg/dL) 75.0 ± 34.4 61.3 ± 14.0 54.0 42.0 

INR (IU/L) 0.96 ± 0.05 0.94 ± 0.03 1.00 1.06 

Platelets (109/L) 223.3 ± 87.4 148.4 ± 52.7 306.0 229.0  

Haemoglobin (g/L) 11.5 ± 1.6 10.0 ± 1.1 13.3 12.1 

ATX (nmol mL-1 min-1) 10.8 ± 6.5 7.8 ± 4.0 12.3 12.2 

 

Supplementary Table 4: Characteristics and serum chemistry of cholestatic patients undergoing MARS therapy. All 
values are expressed as means ± SD. P-values are for comparison between the subgroups of patients with and without 
pruritus. Abbreviations: AP = alkaline phosphatase, ALT = alanine aminotransferase, TBS = serum bile salts, INR = 
prothrombin time.  
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ABSTRACT 

Background&Aims: Intrahepatic cholestasis of pregnancy (ICP) is defined by pruritus, 

elevated total fasting serum bile salts (TBS) and transaminases, and an increased risk of 

adverse fetal outcome. An accurate diagnostic marker is needed. Increased serum autotaxin 

correlates with cholestasis-associated pruritus. We aimed to unravel the diagnostic accuracy 

of autotaxin in ICP.  

Methods: Serum samples and placental tissue were collected from 44 women with 

uncomplicated pregnancies and 105 with pruritus and/or elevated serum transaminases. 

Autotaxin serum levels were quantified enzymatically and by western blotting, autotaxin 

gene expression by quantitative PCR. 

Results: Serum autotaxin was increased in ICP (mean±SD: 43.5±18.2 nmol mL-1min-1, 

n=55,p<0.0001) compared to other pruritic disorders of pregnancy (16.8±6.7 nmol mL-

1min-1, n=33), pre-eclampsia complicated by HELLP-syndrome (16.8±8.9 nmol mL-1min-1, 

n=17), and pregnant controls (19.6±5.7 nmol mL-1min-1, n=44). Longitudinal analysis 

during pregnancy revealed a marked rise in serum autotaxin with onset of ICP-related 

pruritus. Serum autotaxin was increased in women taking oral contraceptives. Increased 

serum autotaxin during ICP was not associated with increased autotaxin mRNA in placenta. 

With a cut-off value of 27.0 nmol mL-1min-1, autotaxin had an excellent sensitivity and 

specificity in distinguishing ICP from other pruritic disorders or pre-eclampsia/HELLP-

syndrome. Serum autotaxin displayed no circadian rhythm and was not influenced by food 

intake. 

Conclusions: Increased serum autotaxin activity represents a highly sensitive, specific and 

robust diagnostic marker of ICP distinguishing ICP from other pruritic disorders of 

pregnancy and pregnancy-related liver diseases. Pregnancy and oral contraception increase 

serum autotaxin to a much lesser extent than ICP. 



Autotaxin in ICP   

158 

INTRODUCTION 

Intrahepatic cholestasis of pregnancy (ICP), also known as obstetric cholestasis, is a 

pregnancy-specific liver disorder with onset mainly in the third trimester of pregnancy. ICP 

is characterized by pruritus, elevated serum fasting bile salts and transaminases and an 

increased risk of adverse fetal outcomes.1-3 This disorder typically affects 0.2–2% of all 

pregnant women. The incidence of ICP, however, varies considerably with ethnicity and 

geographical location with the highest rates observed in Northern Europe and Southern 

America.2,4 Pruritus is the defining symptom of ICP which progressively worsens as the 

pregnancy advances. Pruritus may considerably reduce quality of life, lead to sleep 

deprivation, depressed mood, and even suicidal ideation in more severe cases. In contrast to 

other more commonly observed pruritic dermatoses of pregnancy,5 a concern in ICP is the 

increased risk of adverse fetal outcomes.1,2 ICP increases the risk of fetal distress, 

cardiotocography abnormalities, preterm labor and sudden intrauterine death particularly in 

those women with total serum fasting bile salt (TBS) levels exceeding 40 μmol/L.3,4,6,7 

Therefore a proper diagnosis is essential to enable pharmacological treatment with 

ursodeoxycholic acid (UDCA), close antenatal monitoring and potentially the induction of 

labor after 37 weeks with the aim of reducing fetal distress and intrauterine death.8,9  

 The diagnosis of ICP is currently based on the presence of pruritus, raised fasting 

serum TBS levels above 10 μmol/L, and/or elevated serum transaminases (in the absence of 

diseases that cause cholestasis or pruritus) as well as spontaneous relief of signs and 

symptoms within four to six weeks after delivery.1,10 However, diagnosis of ICP may be 

difficult when considering other pregnancy-associated dermatoses, liver diseases and their 

possible co-existence. The most sensitive marker for ICP is a raised fasting level of TBS 

while serum transaminases may be normal in up to 30% of cases.6,11 However, an 

asymptomatic elevation of TBS levels, hypercholanaemia, is observed in approximately 

10% of pregnant women,12 and has been reported to affect up to 40% of Argentinean 

pregnancies.13 In addition, serum TBS increase upon food intake, thereby increasing 

variation unless serum is collected upon fasting. Elevated serum transaminases during the 

3rd trimester of pregnancy are seen in women with HELLP-syndrome (hemolysis, elevated 

liver enzymes and low platelet count), pre-eclampsia, acute fatty liver of pregnancy and 
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other non pregnancy-related liver disorders including obesity.1,2,6 These women also hold 

an increased risk for fetal adverse outcomes, but have an etiology that differs from women 

with ICP. Furthermore, the management of these conditions is different from that of ICP.  

Autotaxin (ATX) is a lysophospholipase D which is essential for angiogenesis and 

neuronal development during embryogenesis.14 Other physiological functions attributed to 

ATX include cellular motility, proliferation, and lymphocyte homing.15 The effects of ATX 

are largely mediated by the enzymatic formation of lysophosphatidic acid (LPA) which 

may act via one of at least six different LPA receptors.14,16 ATX levels have been reported 

to be increased during pregnancy and correlate positively with gestational age.17 To identify 

the pruritogens of cholestasis we recently screened sera from ICP women for activation of 

neuronal cells and identified LPA as a potent neuronal activator.18 LPA and ATX levels 

were significantly increased in ICP women compared to gestation-matched pregnant 

controls. LPA could be related to pruritus during ICP as intradermal injection of LPA in 

mice caused a dose-dependent scratch response.18  

 In this study, we analyzed serum ATX levels in women with ICP, other pruritic 

dermatoses of pregnancy and pregnancy-related liver disorders in order to determine 

whether ATX may represent a diagnostic marker for ICP. Furthermore, ATX expression in 

placental tissue was analyzed to determine the source of increased circulating ATX levels 

during ICP, as placenta was suggested to be the source of enhanced serum ATX during 

uncomplicated pregnancy. Finally, the influence of oral female steroid hormones and food 

intake on serum ATX was determined. 

 

METHODS 

Human subjects. Peripheral venous whole blood samples were collected prospectively 

from pregnant women with pruritus and/or elevated serum transaminases as well as 

newborn babies and placental tissue from pregnant women after delivery who were seen at 

the Women’s and Children’s Clinic, Academic Medical Center, University of Amsterdam, 

Amsterdam from December 2005 until March 2010 and via the research team at Queen 
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Charlotte’s and Chelsea Hospital, London from January 2006 to June 2010. Samples were 

also taken from non-pregnant women with a history of ICP and controls with a previous 

uncomplicated pregnancy. ICP cases and healthy volunteers were only enrolled after giving 

informed consent. The study was conducted according to the Declaration of Helsinki and 

approved by the local Medical Ethical Committees (Reference numbers: 21233.018.07, 

05.17.0936, and 08/H0707/21). Blood samples were allowed to clot for an hour before they 

were centrifuged for 10 minutes at 1000 g and 4°C. The serum supernatant was aliquoted 

and cryopreserved at -80°C until measurements were performed. Placental tissue was snap 

frozen using liquid nitrogen and cryopreserved at -80°C for later RNA isolation. 

ICP was diagnosed in pregnant women with pruritus, but without rash, in 

conjunction with raised serum transaminases and/or fasting serum TBS (> 10 μmol/L), as 

described previously.1,10 If ICP was suspected but TBS and transaminases were normal at 

first presentation, measurements were repeated weekly and patients only classified as ICP if 

these parameters became abnormal. Most of the women diagnosed for ICP received UDCA 

treatment according to guidelines8 Women were excluded if they had signs of acute or 

chronic hepatitis infection (hepatitis A, B or C), other non-viral hepatitis etiologies or 

extrahepatic biliary obstruction following ultrasound examination. Pregnant and non-

pregnant controls had no history of liver dysfunction or any complication in the current or 

previous pregnancies.  

Pruritic dermatoses of pregnancy consisted of atopic eruption of pregnancy and 

polymorphic eruption of pregnancy without raised serum transaminases or serum TBS 

levels as defined recently.19  

The diagnosis of HELLP-Syndrome was defined according to the National Heart, 

Lung and Blood Institute Working Group criteria20 and was based on hemolysis 

(haptoglobin < 0.20 g/L and/or lactate dehydrogenase (LDH) > 600 IU/L), elevated 

aspartate amino transaminase (ASAT) and/or alanine amino transaminase (ALAT) > 70U/L 

and low platelet count (platelets < 100 x 109/L). Pre-eclampsia was defined as arterial 

hypertension with two blood pressure measurements ≥ 140/90 mmHg more than 4 hours 

apart or a diastolic blood pressure of ≥ 110 mmHg combined with proteinuria 
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(> 300mg/24 hours) that developed after 20 weeks of gestation in a formerly normotensive 

woman.  

Healthy controls consisted of women and men without a significant past medical 

history. Women on oral contraceptives took either a combined pill containing both, 

estrogen and progestin, or a progestin-only pill. 

All autotaxin and total serum bile salt measurements were performed by observers 

blinded to patient status and results were interpreted without knowledge of diagnosis. 

 

Materials. Choline oxidase, horseradish peroxidase, and homovanillinic acid were 

purchased from Sigma-Aldrich (St. Louis, MO); myristoyl-lysophosphatdiylcholine (LPC 

14:0) was from Avanti Polar Lipids (Alabaster, AL). 

 

Autotaxin activity assay. ATX activity was quantified as recently described.21 Briefly, 

serum samples were diluted and incubated with a buffer containing 1 mmol/L of LPC 14:0 

for 60 min at 37°C. The lysophospholipase D activity of ATX was determined by the 

amount of liberated choline using an enzymatic fluorimetric method. Samples were added 

to a buffer containing choline oxidase (2 U/mL), horseradish peroxidase (1.6 U/mL), and 

homovanillinic acid as substrate for peroxidase. The increase in fluorescence was 

monitored at 37°C on a Novostar analyzer. Both, the inter-assay and the intra-assay 

variance of the assay was < 10%.  

 

RNA Isolation and Quantification of Transcript levels. Total RNA was extracted from 

placental tissue using Trizol reagent (Invitrogen, Carlsbad, CA). Complementary DNA was 

synthesized from total RNA with an oligo-dT primer and Superscript III reverse 

transcriptase (Invitrogen). Real-time PCR measurements were performed at 60°C in a 

Lightcycler apparatus (Roche, Mannheim, Germany) with Lightcycler Faststart DNA 

Master Plus CYBR Green I (Roche). Transcript levels were normalized to the 
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housekeeping gene, 36b4 (acidic ribosomal phosphoprotein P0). For qPCR experiments, 

the following primer sequences were used: ATX forward: 

TGCAATAGCTCAGAGGACGA; ATX reverse: AGAAGTCCAGGCTGGTGAGA; 36B4 

forward: TCATCAACGGTACAAACA; and 36B4 reverse: 

GCCTTGACCTTTTCAGCAAG; HPRT forward: AGTTCTGTGGCCATCTGCTT; 

HPRT reverse: GTTAAACAACAATCCGCCCA; GAPDH forward: 

GTCAGTGGTGGACCTGACCT; GAPDH reverse: TGAGCTTGACAAAGTGGTCG. 

 

Total serum bile salt determination. Serum TBS levels were quantified using Diazyme 

total bile salts kit (Diazyme Laboratories, Poway, CA) according to the manufacturer’s 

instructions. 

 

SDS-PAGE and Western Blotting. ATX was extracted from 20 μL of serum samples by 

incubation with immunoprecipitating ATX-antibody 5E5 (kindly provided by J. Aoki)22 

bound to sepharose for 4 hours at 4°C. After washing, sepharose beads were incubated for 

10 min at 37°C with SDS-loading buffer containing β-mercapto-ethanol and spun down. 

Equal amounts of supernatant were separated by SDS-PAGE and incubated with anti-ATX 

(1:1500, Cayman) and appropriate secondary detection reagents. Immunoreactive bands 

were visualized by enhanced chemiluminescence (Roche, Amersham, Buckinghamshire, 

UK). 

 

Statistical analysis. Statistical differences were evaluated for two groups by Student’s t-

test and for three or more groups by one-way ANOVA with Bonferroni correction using 

SPSS (version 18.0). A multivariable test score was constructed from a logistic regression 

model with disease status as the dependent and ATX as independent variable. Test 

performance was then assessed by calculating c-statistic (area under the receiver operating 

characteristic, ROC) and a cut-off value of 27 nmol mL-1min-1 was identified as optimizing 

both the sensitivity and specificity of the assay. In male and female healthy controls the 95-
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percentile of ATX activity had a value of 8.5 nmol mL-1min-1.18 Intuitively, the c-statistic 

describes the probability that a randomly chosen affected patient has a higher test score 

than a randomly chosen unaffected control. Hence, a test with null discriminatory value has 

a c-statistic of 0.5, a perfect test a c-statistic of 1. For analyses comparing areas under the 

curves (AUC) of ROC (AUROCs) the library pROC on the statistical platform R version 

3.0.2 was used. Statistical differences between the AUROCs were calculated using the 

Delong test. The ATX plus TBS-scores were derived from multivariable logistic regression 

models with the assessed diagnosis as dependent variable and ATX and TBS as 

independent variables. All data are expressed as means ± standard deviations (SD). 

 

RESULTS  

Increased ATX activity is specific for ICP 

Serum ATX activity (mean ± SD) was markedly higher in women with ICP 

(43.5±18.2 nmol mL-1 min-1, n=55, p<0.0001) than in women with other pruritic 

dermatoses of pregnancy (16.8±6.7 nmol mL-1min-1, n=33), HELLP-syndrome and pre-

eclampsia (16.8±8.9 nmol mL-1min-1, n=17), and pregnant controls (19.6±5.7 nmol mL-

1min-1, n=44) (Figure 1A) of comparable gestational age (for patient biochemistry, see 

Table 1). The number of previous pregnancies had no influence on ATX activities 

(Supplementary Figure 1). The enhanced ATX activity correlated with increased ATX 

protein content in sera from ICP women (Figure 1B). 

A cut-off value for serum ATX activity of 27 nmol mL-1min-1 was determined to 

maximize the sensitivity and specificity of the test results with this study population using 

nonparametric receiver operating characteristics curve (Figure 1C&D). Serum ATX activity 

above the cut-off of 27 nmol mL-1min-1 were observed in 6% of women with pruritic 

dermatoses of pregnancy, 19% of women with HELLP-syndrome or pre-eclampsia and 7% 

of women with unaffected pregnancies. This cut-off resulted in sensitivities of 82%, 80%, 

and 80%, specificities of 90%, 90%, and 81%, and positive predictive values of 96%, 93%, 

and 93% to diagnose ICP from other pruritic dermatoses of pregnancy, pregnancy-related 
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liver disorders, and uncomplicated pregnancies, respectively. 100% specificity and 100% 

positive predictive value for the diagnosis of ICP for both groups could be reached using a 

higher cut-off value of 31 nmol mL-1min-1 which still had a remarkable sensitivity of 72%. 

Taken together, ATX represents a robust diagnostic marker for ICP in pregnant women.  

 

 

Pregnant 

controls 

(n=44) 

Pre-eclampsia / 

HELLP-syndrome 

(n=17) 

Pruritic disorders 

of pregnancy 

(n=33) 

Intrahepatic 

cholestasis of 

pregnancy (n=55) 

GW (wks) 34.0 ± 4.4 33.2 ± 3.7 30.0 ± 6.5 35.3 ± 9.9 

ALT (IU/L) 11.3 ± 4.4 327.5 ± 272.9 14.3 ± 7.0 104.4 ± 110.1 

AST (IU/L) 27.9 ± 5.8 278.6 ± 295.5 20.4 ± 5.2 64.6 ± 51.0 

TBS (μmol/L) 2.9 ± 1.1 6.3 ± 5.1 4.1 ± 2.5 37.9 ± 40.7 

ATX (nmol mL-1 

min-1) 
19.6 ± 5.4 16.8 ± 8.9 16.8 ± 6.7 43.5 ± 18.2 

 
Table 1: Clinical features and serum chemistry of women with uncomplicated pregnancy, HELLP-syndrome, pruritic 
disorders of pregnancy and ICP. All values are expressed as mean ± SD. Abbreviations: GW = gestational week, ALT = 
alanine aminotransferase, AST = aspartate aminotransferase, TBS = total serum bile salts. 

 

Similarly, the diagnostic value of total fasting serum bile salt levels and alanine 

aminotransferase was analysed (Supplementary Figure 2A&D). A cut of value of 

10 μmol/L for TBS resulted in sensitivities of 75%, 74%, and 75%, specificities of 97%, 

88%, and 100%, and positive predictive values of 98%, 93%, and 100% to diagnose ICP 

from other pruritic dermatoses of pregnancy, pregnancy-related liver disorders, and 

uncomplicated pregnancies, respectively (Supplementary Figure 2B+C).  
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Figure 1: Increased serum ATX activities and protein levels are specific for women with intrahepatic cholestasis of 
pregnancy. (A) ATX activities and (B) ATX protein levels were specifically increased in women with ICP but not 
pregnant women with HELLP-syndrome and/or pre-eclampsia, other pruritic disorders and women with uncomplicated 
pregnancy. (C&D): Non-parametric receiver operating characteristic curves for ATX activity resulted in high areas under 
the curve, distinguishing between women with intrahepatic cholestasis of pregnancy and HELLP-syndrome and pre-
eclampsia, respectively (p<0.001) as well as between ICP and pruritic disorders of pregnancy (p<0.001).  
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For ALT, a cut of value of 35 U/L was associated with sensitivities of 70%, 71%, and 70%, 

specificities of 97%, 0%, and 100%, and positive predictive values of 98%, 69%, and 100% 

to diagnose ICP from other pruritic dermatoses of pregnancy, pregnancy-related liver 

disorders, and uncomplicated pregnancies, respectively (Supplementary Figure 2D+E). The 

areas under the curves of ROC (AUROCs) for ATX activity for the diagnosis of ICP vs. 

HELLP and vs. pruritic dermatoses of pregnancy were higher compared to the AUROCs of 

TBS (Supplementary Table 1), but did not reach significance when compared to TBS. 

However, combining ATX activity and TBS by multiple regression analysis significantly 

improved the diagnostic performance to diagnose ICP from uncomplicated pregnancies and 

pruritic dermatoses of pregnancy, the most interesting control group seen from a clinical 

perspective (Supplementary Figure 4). 

 

Changes of ATX activity during gestation 

To further elucidate the changes of ATX activity during pregnancy and prior to the 

development of symptoms such as pruritus, serum samples of pregnant women with a 

previously uncomplicated pregnancy and those with a history of ICP were collected in a 

longitudinal protocol. During uncomplicated pregnancy ATX activity is constantly rising 

from low levels during the first trimester to the highest levels in the third trimester 

(Figure 2A) which was in line with a previous report.17 In a following pregnancy, women 

with a history of ICP had serum ATX activities before onset of itching that were 

comparable to women with uncomplicated pregnancy (grey dots in Figure 2A). In these 

women serum ATX activity rose after onset of pruritus (black dots in Figure 2A). When 

serum samples before onset of pruritus (within 20.8 ± 8.0 gestational weeks), were 

compared with the first samples after onset of pruritus (within 29.3 ± 7.9 gestational 

weeks), a marked rise in serum ATX activity was observed (p<0.01; Figure 2B). In our 

cohort of patients, two pregnant women presented with ICP symptoms in the 10th and 12th 

gestational week, respectively. ATX activities were the highest (34.2 and 49.5 nmol mL-

1min-1, respectively) compared to all other pregnant women of that gestational age, 

indicating that this biomarker could also be helpful to diagnose ICP in rare early cases.  
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Figure 2: ATX activities during gestation in maternal and fetal blood. (A) Comparison of serum ATX activities in women 
during uncomplicated pregnancy (open circle) and pregnant women with a previous history of ICP before onset of pruritus 
(grey dots) and after onset of pruritus (black dots). Longitudinal studies during gestation revealed a marked rise in ATX 
activity in women with ICP particularly during the last trimester of pregnancy. (B) ATX activity markedly rose with the 
onset of pruritus in women with ICP. (C) Blood sampling months to years after child birth (41.6 ± 54.5 months) revealed 
increased serum ATX activity in women with a history of ICP compared to those with uncomplicated pregnancy. (D) The 
increased ATX activity in serum obtained from umbilical cord blood was comparable in newborn babies from women 
with uncomplicated pregnancy, HELLP-syndrome / pre-eclampsia and ICP. (E) No differences in ATX activity were 
observed in serum derived from arterial and venous umbilical cord blood. 

 

Notably, ATX activity analyzed in non-pregnant women with a history of ICP (41.6 ± 54.5 

months after child birth) remained at higher levels compared to non-pregnant women with 

previous uncomplicated pregnancies, indicating that genetic factors could be responsible 

for the increased ATX activities (Figure 2C). No correlation between length of period post-

pregnancy and ATX activity was observed (data not shown). No differences could be 

observed in ATX activities from umbilical cord blood of newborn babies from women with 

uncomplicated pregnancy, pre-eclampsia complicated by HELLP-syndrome or ICP 

(Figure 2D). 
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ATX clearance by the fetus could be excluded as arterial and venous umbilical cord 

blood presented with comparable ATX activities (Figure 2E). Taken together, serum ATX 

activity increases markedly more in women with ICP during the course of pregnancy than 

in pregnant controls, independent of fetal ATX activity, and also remains elevated long 

after pregnancy. 

 

Oral contraception increases ATX activity  

In healthy, non-pregnant women, as well as men, serum ATX levels are tightly controlled 

and remain in a narrow range. Only very few conditions such as pregnancy have been 

reported in which ATX levels are increased.17 Thus, female sex hormones could be 

involved in the up-regulation of ATX. In order to investigate this aspect, we studied serum 

ATX activity in a group of 199 healthy volunteers. ATX activity was significantly higher in 

healthy females compared to age-matched healthy men (3.1 ± 1.6 nmol mL-1min-1 vs. 

2.5 ± 0.7 nmol mL-1min-1, p<0.0001; Figure 3A) in agreement with a previous report.21 

Intriguingly, however, this rise in ATX activity was caused by the subgroup of female 

controls that were using oral contraceptives (Figure 3B).  
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Figure 3: Increased ATX activity in female patients using oral contraceptive pills (OCP). (A) ATX activity was increased 
in healthy women compared to healthy men (p<0.001). (B) This increase in ATX activity was largely associated with the 
intake of oral contraceptive pills in women (p<0.001). (C) Hormonal changes during menstrual cycle did hardly influence 
circulating ATX levels in healthy, reproductive-age women. 

 

When women taking oral contraceptives were excluded from the group of healthy females, 

the ATX activity was comparable to men (2.5 ± 0.7 nmol mL-1min-1 vs. 2.6 ± 1.0 nmol mL-

1min-1, n.s.; Figure 3B). To exclude the possibility that hormonal changes during the 

menstrual cycle could have been responsible for differences in healthy females as well as in 

post-natal women with a history of ICP compared to women with previously 

uncomplicated pregnancy we sampled blood during the menstrual cycle of eight healthy 

women who were not using oral contraception. ATX activities remained unaltered during 

the menstrual cycle in all these women (Figure 3C). Thus, increased levels of female sex 
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hormones as seen during pregnancy or caused by oral hormone supplementation are 

associated with increased serum ATX activities. 

 

Increased ATX levels during ICP are not derived from placental tissue 

The source of increased serum ATX levels during ICP remain a matter of debate. High 

mRNA expression in human tissues has been described for brain, placenta, small intestine 

and ovary.23 We quantified ATX mRNA in placental tissue derived from women with 

uncomplicated pregnancies, pre-eclampsia complicated by HELLP-syndrome and ICP. 

Placental ATX expression was comparable between these groups (Supplementary 

Figure 3A). Thus, placental tissue does not contribute to increased ATX activity during 

ICP. Furthermore, intake of UDCA had no influence on ATX expression in placental tissue 

of women suffering from ICP (Supplementary Figure 3B). Still, ATX activity in serum 

dropped after start of 1-3 weeks of UDCA treatment (Supplementary Figure 3C).  

 

ATX is not influenced by food intake 

Serum fasting TBS levels are used as gold standard for the diagnosis of ICP as increased 

levels represent the earliest sign of a cholestatic liver disorder. However, this sensitive 

marker easily causes false positive test results upon oral food intake due to gallbladder 

contraction and re-uptake of bile salts from the gut lumen. Indeed, serum TBS levels rose 

markedly after food intake (Figure 4A) as described extensively in the past. In contrast, 

ATX activity had no circadian rhythm and was not increased after food intake as shown in 

healthy controls (Figure 4B). Hence, also in this context ATX is a more reliable marker for 

ICP than serum TBS.  
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Figure 4: Serum ATX activity was not influenced by oral food intake and had no circadian rhythm in healthy volunteers.  
(A) Total serum bile salts were increased after food intake (*p<0.01). (B) ATX activities remained unaltered after oral 
food intake compared to the fasted state. 

 

DISCUSSION 

The lysophospholipase D autotaxin represents the secreted form of 

ectonucleotidpyrophosphatases (ENPP2) and plays a critical role in diverse physiological 

conditions such as vascular and neuronal development, during pregnancy or for lymphocyte 

migration.24 The present study provides new insights into the role of ATX in normal 

pregnancy and pregnancy-related liver disease. Conditions that raise female steroid 
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hormones such as intake of oral contraceptives or uncomplicated pregnancy are associated 

with increased circulating ATX levels in healthy controls. In contrast, neither the regular 

menstrual cycle, nor oral food intake or day-night rhythm did affect serum ATX activity. In 

intrahepatic cholestasis of pregnancy (ICP), elevated serum ATX represents an accurate 

biomarker to differentiate ICP from other pregnancy-related disorders. Unexpectedly, the 

marked rise of ATX observed during ICP is derived from other sources than placental 

tissue. 

The importance of ATX in fetal development is underlined by the fact that ATX-

deficient mice are embryonically lethal due to vascular malformation and neuronal 

abnormalities.15,22 During pregnancy ATX serum levels have been shown to increase17 and 

correlate positively with gestation. Placental trophoblasts and syncytiotrophoblast were 

assumed to be the source of the increased ATX levels.25 However, we were unable to 

identify the increased serum ATX activities in fetal blood stream even in newborn babies of 

women suffering from ICP (see Figure 2E), despite the high levels in the maternal 

circulation. Thus, ATX secretion from trophoblasts may represent a unidirectional process 

towards the maternal, but not the fetal circulation. Alternatively, the marked increase in 

serum ATX activities during ICP may be derived from other tissue than placenta as no 

differences in mRNA and protein level could be observed in placental tissue from patients 

with ICP and healthy mothers. Thus, a yet to be defined source is responsible for increased 

ATX levels during ICP. As ATX levels are also increased in serum of patients with other 

cholestatic disorders, particularly in those suffering from pruritus,18,26 we hypothesize that a 

factor capable of increasing ATX expression (or reducing its clearance) accumulates in 

cholestatic patients. Further studies are warranted to identify this factor and the source of 

circulating ATX levels. 

The present study indicates elevated ATX activity as a highly sensitive and specific 

biomarker to differentiate intrahepatic cholestasis of pregnancy from other pregnancy-

related liver disorders or pruritic dermatoses. In contrast to the current gold standard for 

diagnosis, total fasting serum bile salt levels, ATX appeared as a very robust biomarker not 

being influenced by food intake nor by circadian rhythm. Thus, a serum ATX activity assay 

represents a potentially powerful test to reliably diagnose ICP, a disease that is associated 
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with increased risk of adverse fetal outcomes and can be effectively treated with UDCA 

and close obstetric monitoring.9  

Here we also show that female steroid hormones contribute to enhanced activities of 

circulating serum ATX as indicated by marked differences between healthy women with or 

without hormone treatment. The observation that female steroid hormones modulate serum 

ATX levels is further supported by the increased serum ATX activities during the course of 

pregnancy. Further studies are required to identify the underlining molecular mechanisms.  

Our study certainly needs confirmation in independent patient cohorts as our results 

are based on a limited number of patients. A number of other issues need to be addressed. 

First, the diagnostic value of serum ATX activity as a biomarker for ICP should be 

compared to that of serum ATX protein levels after development of a reliable quantitative 

test. Second, total fasting serum bile salt levels are currently regarded as the gold standard 

for diagnosis of ICP, but our data suggest that the determination of serum ATX activity is 

more accurate as an early marker of ICP. Thus, a combination of enhanced ATX activity 

and raised total fasting serum bile salt levels further improved the diagnostic accuracy for 

ICP in contrast to women with uncomplicated pregnant controls and pruritus gravidarum. 

In a small subset of samples UDCA reduced serum ATX activity shortly after start of 

treatment. However, the effect on pruritus could not be analyzed in the current cohort due 

to lack of quantification of itch intensity and remains to be evaluated in future prospective 

studies. Third, a cut-off value of 27 nmol mL-1min-1 (3.2 x upper limit of normal) showed 

optimal sensitivity and specificity as a biomarker for ICP using receiver operating 

characteristics curve analysis. This cut-off value requires extramural validation in 

subsequent large-scale studies. Fourth, our serum ATX activity assay may differ from those 

used in other studies. Thus, comparative studies of different ATX activity assays are 

needed. Finally, general application of such an assay would require the development of a 

simple enzymatic test, enzyme-linked immunosorbent assay (ELISA) or dye-coupled 

autotaxin antibodies. Similar to the common pregnancy test using the detection of human 

chorionic gonadotrophin in urine one could think of a technique using a drop of blood to 

detect a threshold level of ATX thereby diagnosing ICP.  
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 Pruritus is a common symptom during pregnancy and is estimated to occur in up to 

18% of all pregnancies.27 Itching is most frequently caused by specific dermatoses of 

pregnancy5 such as atopic eruption of pregnancy and polymorphic eruption of pregnancy, 

which in contrast to ICP are not associated with increased risk for adverse fetal 

outcomes.3,28 In addition, itching may also be caused by other skin and systemic disorders 

which coincide with pregnancy. A simple test which could distinguish ICP from these 

differential diagnoses could help general practitioners and gynaecologists to adequately 

treat these women. UDCA is regarded as first-line therapy of ICP and has been shown to 

improve maternal symptoms, serum liver tests, and placental abnormalities,1,2,8,29-31 

although improvement of pruritus by UDCA seemed not to be clinically meaningful in a 

recent trial.32 About 80% of affected women develop pruritus after 30 weeks of gestation, 

but ICP has been reported as early as after 8 weeks of gestation.2,33 In our cohort there were 

two cases of ICP that presented already during weeks 10 and 12 of gestation. These unusual 

cases were characterized by a serum ATX activity above 31 nmol mL-1min-1 as cut-off 

value for 100% specificity. Thus, particularly in atypical cases, ATX may represent a 

suitable biomarker to diagnose ICP.  

In summary, our present study gives new insights in the role of ATX during 

pregnancy and pregnancy-related pathophysiological conditions. Raised female steroid 

hormones are associated with increased circulating ATX activities in healthy controls and 

during regular pregnancy, whereas the further rise of ATX during ICP is not derived from 

placental tissue. Furthermore, elevated serum ATX represents an accurate biomarker to 

diagnose ICP. A diagnostic test for ATX could facilitate diagnosis of ICP and enable early 

therapeutic intervention which may attenuate fetal and maternal morbidity as well as fetal 

mortality.  
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SUPPLEMENTARY DATA 

 

 

Supplementary Figure 1: The number of previous pregnancies did not affect ATX activity. (A) ATX activity in women 
with ICP in regard to the number of pregnancies (first pregnancy (N=14), one prior pregnancy (N=19), two or more 
previous pregnancies (N=13)). (B) ATX activity in women with uncomplicated pregnancies in regard to the number of 
pregnancies (first pregnancy (N=12), one prior pregnancies (N=8), two or more previous pregnancies (N=6)). 
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Supplementary Figure 2: Diagnostic value of total fasting serum bile salts (TBS) and alaninaminotransferase (ALT) 
levels. (A) TBS levels were specifically increased in women with ICP but not pregnant women with pre-eclampsia 
complicated by HELLP-syndrome, other pruritic disorders and women with uncomplicated pregnancy. (B&C): Non-
parametric receiver operating characteristic curves for TBS levels resulted in high areas under the curve, distinguishing 
between women with intrahepatic cholestasis of pregnancy and pre-eclampsia complicated by HELLP-syndrome, 
respectively (p<0.001) as well as between ICP and pruritic disorders of pregnancy (p<0.001). (D) ALT levels were 
increased in women with ICP and pregnant women with pre-eclampsia complicated by HELLP-syndrome but not pruritic 
disorders or women with uncomplicated pregnancy. (E&F): Non-parametric receiver operating characteristic curves for 
ALT levels could distinguish between ICP and pruritic disorders of pregnancy (p<0.001) but not ICP and pre-eclampsia 
complicated by HELLP-syndrome.  
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Supplementary Figure 3: Placental expression of ATX is similar during regular pregnancy and under pregnancy-related 
pathophysiological conditions. (A) mRNA expression of ATX in placental tissue was unaltered in women with 
normotensive pregnancy, HELLP-syndrome / pre-eclampsia and ICP. (B,C) Oral intake of UDCA had no influence on 
placental ATX expression, but serum ATX activity dropped after 1-3 weeks after start of UDCA treatment.  
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Supplementary Figure 4: Comparison of areas under the curves of ROC analyses (AUROCs) of ATX (continuous black 
line), TBS (dashed dark grey line) and the combination of both parameters (dotted light grey line), indicating the superior 
diagnostic accuracy of the combined use of ATX activity and TBS concentrations in the diagnosis of ICP versus pregnant 
controls (p<0.05) and pruritus gravidarum (p<0.05). 
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Supplementary Table 1.  

TBS 

 ICP vs PC ICP vs HELLP ICP vs PG 

AUROC 0,975 0,916 0,942 

95% CI 0,938 – 1,0 0,843 – 0,988 0,895 – 0,989 

p (AUROC)1 < 0.0001 < 0.0001 < 0.0001 

ATX 

 ICP vs PC ICP vs HELLP ICP vs PG 

AUROC 0,943 0,958 0,956 

95% CI 0,899 – 0,986 0,922 – 0,995 0,908 – 1,0 

p (AUROC)1 < 0.0001 < 0.0001 < 0.0001 

p (ATX vs TBS)2 n.s. n.s. n.s. 

ATX plus TBS 

 ICP vs PC ICP vs HELLP ICP vs PG 

AUROC 0,979 0,980 0,982 

95% CI 0,949 – 1,0 0,951 – 1,0 0,956 – 1,0 

p (AUROC)1 < 0.0001 < 0.0001 < 0.0001 

p (ATX plus TBS vs TBS)3 n.s. n.s. < 0.05 

p (ATX plus TBS vs ATX)3 < 0.05 n.s. n.s. 

 
Supplementary Table 1. Comparison of areas under the curve of ROC analysis (AUROC) of TBS, ATX and their 
combination for the diagnosis of ICP from women with uncomplicated pregnancy (PC), HELLP-syndrome and pruritic 
disorders of pregnancy (PG). TBS = total fasting serum bile salts, 95% CI: 95% confidence interval; 1p (AUC): 
difference compared to null discriminatory value (c = 0.5); 2p (ATX vs TBS): difference between AUC of TBS and ATX; 
3p (ATX plus TBS vs TBS): difference between AUC of TBS and ATX plus TBS. 
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ABSTRACT 

Objective: Pruritus is a common symptom of cholestatic liver disorders. The present study 

aimed at evaluating autotaxin, a lysophospholipase recently identified as potential cause for 

cholestatic pruritus, and total serum bile salt (TBS) levels in pediatric cholestatic diseases 

presenting with or without itching. 

Methods: A cohort of 48 children consisting of patients with Alagille syndrome (n=12), 

biliary atresia (n=2), neonatal sclerosing cholangitis (n=1), progressive familial intrahepatic 

cholestasis type 2 (n=1), bilhemia (n=1), bile salt-synthesis defects (3β-hydroxy-C27-

steroid-oxidoreductase (n=7) and D4-3-oxosteroid-5β-reductase deficiency (n=2)) and 

healthy children (n=22) were studied. Serum ATX activity and TBS were determined 

enzymatically, ATX protein content was semi-quantified by western blotting.  

Results: Pruritus was present in most children (14 out of 17) with pediatric cholestatic 

disorders, but not reported in those with bile salt-synthesis deficiencies. Serum ATX 

activity was increased in pruritic children with Alagille and other pruritic cholestasis 

syndromes (mean±SD: 16.1±4.3 nmol mL-1 min-1) compared to non-pruritic cholestatic 

children with bile salt synthesis defects (10.4±4.7 nmol mL-1 min-1; p<0.01) and healthy 

controls (7.6±2.3 nmol mL-1 min-1; p<0.001). ATX protein levels closely correlated with 

serum ATX activity. Serum ATX activity showed a linear correlation with itch intensity 

(r=0.66, p<0.001). No correlation was observed between ATX activity and TBS or 

bilirubin. ATX mRNA expression in HepG2 cells was not induced by FXR ligands. 

Conclusions: Serum ATX activity correlated with itch intensity in cholestatic children. 

Bile salts neither correlated with presence of pruritus nor increased ATX expression in 

vitro. ATX inhibitors may be useful antipruritic agents in paediatric cholestatic disorders. 
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INTRODUCTION 

Chronic pruritus is a frequent and often agonizing symptom accompanying various 

cutaneous and systemic disorders.1 It is frequently observed in patients with various 

hepatobiliary disorders, particularly those with cholestatic features.2,3 Beside cholestatic 

disorders of adulthood associated with pruritus e.g. primary biliary cirrhosis or primary 

sclerosing cholangitis, itching is also commonly reported in children suffering from 

pediatric cholestatic disorders such as Alagille syndrome (AGS), biliary atresia (BA), or 

progressive familial intrahepatic cholestasis (PFIC).4 Conversely, pruritus is not observed 

in children with bile salt synthesis defects (BASD) despite chronic cholestasis.5 Pruritus 

may be mild and tolerable, but it may also dramatically reduce quality of life by causing 

severe sleep deprivation, by preventing the child from focusing on activities such as game 

or school and by resulting in depressive mood. It is often regarded by parents as the most 

incapacitating symptom.6  

Various substances among which are histamine, bile salts, endogenous opioids and 

progesterone metabolites have been proposed with limited evidence as pruritogens.3,7 None 

of these substances is likely to represent the unique causal pruritogen as serum and/or tissue 

levels could not be correlated with itch intensity.3,7 By functional screening of sera of 

cholestatic patients suffering from pruritus on neuronal cells we recently identified 

lysophosphatidic acid (LPA) as a potent neuronal activator.8 LPA levels were raised in 

cholestatic patients suffering from pruritus. Intradermal injection of LPA caused a dose-

dependent scratch response in mice.8,9 Circulating LPA is synthesized by the 

lysophospholipase autotaxin (ATX) which hydrolyses the choline group from 

lysophosphatidylcholine.10 ATX is considered the main source of circulating LPA.11 In line 

with the observed increase in LPA, ATX activity was higher in sera of cholestatic patients 

with pruritus compared to those without pruritus. Furthermore, ATX activity strongly 

correlated with itch intensity and response to therapy.12  

ATX is a secreted large glycoprotein and represents the second member of the 

family of ectonucleotide pyrophosphatases / phosphodiesterases (ENPP1–7).13 Initially 

identified as cell motility factor secreted from melanoma cells, ATX (= ENPP2) has been 
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implicated in various (patho)physiological processes including cell survival, proliferation, 

differentiation, and migration.14,15 It is also involved in vascular and neural development, 

lymphocyte homing, wound healing, and neuropathic pain.14,15 The effects of ATX are 

largely mediated by the enzymatic formation of LPA which can bind to at least six different 

G-protein-coupled receptors (LPA1-6).10,16  

Here, we studied ATX levels in pediatric cholestatic disorders and correlated ATX 

activity with itch intensity as well as other laboratory parameters. The effect of lacking bile 

salts was analyzed in children with bile salt synthesis defects. Furthermore, we tested the 

effect of FXR ligands on ATX expression in vitro. 

 

MATERIALS AND METHODS 

Human subjects. Peripheral venous whole blood samples were collected from children 

with chronic cholestatic diseases (n=26) and healthy children (n=22) who were seen at the 

Pediatric Department of Bicêtre Hospital, University Paris-Sud, France. Patients with 

chronic cholestatic diseases consisted of 9 children with BASD (3β-Hydroxy-C27-steroid-

oxidoreductase (n=7) and 4-3-oxosteroid-5β-reductase deficiency (n=2)) which are 

not/never associated with pruritus, 16 children suffering from chronic cholestatic diseases 

(AGS n=12, BA n=2, neonatal sclerosing cholangitis n=1 and PFIC2 n=1) and 1 liver 

transplanted child with bilhemia not suffering from pruritus. Out of 16 patients with 

chronic cholestatic diseases 14 children exhibited itching while two patients with AGS did 

not experience pruritus. All 16 patients with chronic cholestatic diseases received oral 

UDCA at a daily dose of 600 mg m-² d-1 whereas sera from the 9 children with BASD were 

collected prior to start of cholic acid therapy (bile salt supplementation). Those 14 children 

suffering from pruritus additionally received rifampicin therapy up to 20 mg kg-1 d-1. Blood 

drawing was performed during ongoing treatment. Children with liver disorders and healthy 

volunteers were only enrolled after receiving informed consent by a parent or legal 

representative. The study was conducted according to the guidelines of the local Medical 

Ethical Committee. 
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Blood samples were allowed to clot for an hour before they were centrifuged for 10 

minutes at 1000 g and 4°C. The serum supernatant was aliquoted and cryopreserved at -

20°C until measurements were performed. Itch intensity was quantified by the medical staff 

and the parents using a 3-point scale ranging from 0 to 2; 0 indicating no pruritus, 1 

indicating mild pruritus and 2 indicating severe pruritus. 

 

Materials. Choline oxidase, horseradish peroxidase, homovanillinic acid, 

dimethylsulfoxide (DMSO), chenodeoxycholate (CDC) and GW4064 were purchased from 

Sigma-Aldrich (St. Louis, MO); myristoyl-lysophosphatdiylcholine (LPC 14:0) was from 

Avanti Polar Lipids (Alabaster, AL). 

 

Cell culture. Human HepG2 hepatoma cells were grown in Dulbecco’s modified Eagle’s 

medium (DMEM; Lonza BioWhittaker, Cologne, Germany) supplemented with 10% fetal 

calf serum, 4 mM of L-glutamine, and a mixture of antibiotics (5 mg/mL of penicillin and 

5 mg/mL of streptomycin). Cells were incubated at 37 °C in a humidified atmosphere 

containing 5% CO2. For studying the effect of FXR ligands, cells were seeded in six-well 

plates at a density of 8 x 105 cells / well until reaching 80% confluence. After brief 

washing, cells were incubated for 4 hours in DMEM/0.2% bovine serum albumin 

containing solvent control (0.1% Dimethylsulfoxide), 100 μM CDC or 1 μM GW4064.  

 

RNA isolation and quantification of transcript levels. Total RNA was extracted from 

cultured cells using Trizol reagent (Invitrogen, Carlsbad, CA, USA). Complementary DNA 

was synthesized from 2 μg total RNA with an oligo-dT primer and Superscript III reverse 

transcriptase (Invitrogen). Real-time PCR were performed in a Lightcycler apparatus 

(Roche, Mannheim, Germany) using Lightcycler Faststart DNA Master Plus CYBR Green 

I (Roche). Transcript levels were normalized to housekeeping gene 36b4 (acidic ribosomal 

phosphoprotein P0). The following primer sequences were used: ATX forward: 

TGCAATAGCTCAGAGGACGA; ATX reverse: AGAAGTCCAGGCTGGTGAGA; 36B4 
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forward: TCATCAACGGTACAAACGA; 36B4 reverse: 

GCCTTGACCTTTTCAGCAAG. SHP forward: CGCCCTATCATTGGAGATGT; SHP 

reverse: TGTCTATACAGGCTTGCCCC. 

 

Autotaxin activity assay. ATX activity was quantified as recently described.17 Briefly, 

serum samples were diluted and incubated with a buffer containing 1 mmol/L of LPC 14:0 

for 60 min at 37°C. The lysophospholipase D activity of ATX was determined as the 

amount of liberated choline which was assayed using an enzymatic fluorimetric method. 

Samples were added to a buffer containing choline oxidase (2 U/mL), horseradish 

peroxidase (1.6 U/mL), and homovanillinic acid as substrate for peroxidase. The increase in 

fluorescence was monitored at 37°C on a Novostar analyzer.  

 

Total serum bile salt determination. Serum TBS levels were quantified using Diazyme 

total bile salts kit (Diazyme Laboratories, Poway, CA) according to the manufacturer’s 

instructions. 

 

Determination of FGF19. Serum FGF19 levels were determined using a sandwich 

enzyme-linked immunosorbent assay specific for FGF19 as described.18 

 

SDS-PAGE and Western Blotting. ATX was extracted from 20 μL of serum samples by 

incubation with immunoprecipitating ATX-antibody 5E5 (kindly provided by J. Aoki)11 

bound to protein G-sepharose for 4 hours at 4°C. After washing, beads were incubated for 

10 min at 37°C with SDS-loading buffer containing β-mercapto-ethanol and spun down. 

Equal amounts of supernatant were separated by SDS-PAGE and incubated with anti-ATX 

antibody (1:1500, Cayman) and appropriate secondary detection reagents. Immunoreactive 

bands were visualized by enhanced chemiluminescence (Roche, Amersham, 

Buckinghamshire, UK). 
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Statistical analysis. Statistical differences were evaluated for two groups by Student’s t-

test and for three or more groups by one-way ANOVA with Bonferroni correction using 

SPSS (version 18.0). Spearman’s correlation coefficient and corresponding p-values were 

calculated to assess the relationship between tested parameters. All data are expressed as 

means ± standard deviations (SD). 

 

RESULTS 

ATX level is increased in patients with pediatric cholestatic diseases suffering from 

pruritus 

Serum ATX activity (mean ± SD) was markedly higher in children with cholestatic 

diseases suffering from pruritus (16.1±4.3 nmol mL-1 min-1, n=14, p<0.0001) than in 

cholestatic children with bile salt synthesis defects (10.4±4.7 nmol mL-1min-1, n=9), or 

healthy children (7.6±2.3 nmol mL-1min-1, n=22) of comparable age (Figure 1A, for patient 

characteristics, see Table 1). ATX activity was comparable in children with either 3β-

hydroxy-C27-steroid-oxidoreductase (n=7) and Δ4-3-oxosteroid-5β-reductase deficiency 

(n=2; Figure 1B). Our cohort of pediatric cholestatic disorders consisted of Alagille 

syndrome, biliary atresia, progressive familiar intrahepatic cholestasis type 2, neonatal 

sclerosing cholangitis and bilhemia. Irrespective of the underlying disorder, ATX activity 

was increased only in children suffering from pruritus (Figure 1C). Enhanced ATX activity 

correlated with increased ATX protein content in sera from children with pediatric 

cholestatic diseases (Figure 1D). Taken together, ATX levels are increased in those 

children with pediatric cholestatic disorders suffering from pruritus. 
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Figure 1: Increased serum ATX activities and protein levels in children with pediatric cholestatic disorders associated 
with pruritus. (A) ATX activities were specifically increased in children suffering from pruritus but not in children with 
bile salt synthesis syndromes or healthy children. ***p<0.001 (ANOVA); n.s. = not significant. (B) Children with the 
either 3β-hydroxy-C27-steroid-oxidoreductase (3β-HSD; n=7) or Δ4-3-oxosteroid-5β-reductase deficiency (Δ4-3oxo-R, 
n=2) had comparable ATX activities. (C) Increased ATX activity was observed in children with pruritus with cholestatic 
disorders irrespective of the underlying disease. (D) ATX protein levels paralleled ATX activity and was increased in 
three children with Alagille syndrome suffering from pruritus compared to three children with bile acid deficiency and 
three healthy children. Recombinant ATX (rATX) was used as a positive control. HC: healthy controls; BSD: bile salt 
synthesis defects, PFIC2: progressive familiar intrahepatic cholestasis type 2, NSC: neonatal sclerosing cholangitis.  

 

ATX activity correlates with itch intensity 

Itch intensities on a 3-point-scale for children were correlated with ATX activity measured 

in serum of these children by linear regression analysis. A linear correlation between 

enzymatic activity and itch intensity was found (r=0.66, p<0.001; Figure 2A). Even after 

exclusion of non-itching children with bile salt synthesis defects, a linear correlation was 

still observed between ATX activity and itch intensity (r=0.49, p<0.05; Suppl. Figure 1A). 

A correlation could also be observed for TBS and itch intensity which is not surprising as 

all bile salt synthesis defect children did not suffer from pruritus (r=0.58, p<0.01, Supp. 

Figure 1B). This correlation was, however, lost if these children were excluded (Suppl. 

Figure 1C). No correlation was observed between itch intensity and total bilirubin levels 

(data not shown).  



ATX in paediatric cholestatic disorders   

192 

 

 
Healthy children 

(n=22) 

Bile salt synthesis 

defects (no pruritus; 

n=9) 

Alagille and other 

cholestasis syndrome 

(pruritus; n=14) 

F / M 11 / 11 7 / 2 4 / 10 

Age (years) 4.7 ± 3.9 1.7 ± 1.9 2.1 ± 3.2 

GGT (IU/L) normal (<50 IU/L) normal (<50 IU/L) 414.4 ± 295.6 

TBS (μmol/L) 3.7 ± 2.4 4.3 ± 3.4 297.6 ± 138.9+# 

Total bilirubin (μmol/L) n.d. 149.6 ± 115.4 269.5 ± 128.2# 

FGF19 (ng/mL) n.d. 0.023 ± 0.016 0.199 ± 0.133# 

ATX (nmol mL-1 min-1) 7.6 ± 2.3* 10.4 ± 4.7 16.1 ± 4.3+# 

 

Table 1: Clinical data and serum chemistry of children with bile salt synthesis defects and children with pediatric 
cholestatic disorders suffering from pruritus. All values are expressed as mean ± SD. Abbreviations: GGT = gamma 
glutaryltransferase, TBS = total serum bile salts. Abbreviations: GGT = gamma-glutamyltransferase, TBS = total serum 
bile salts, n.d. = not determined; p-values: healthy children vs. bile salt synthesis defects: *p<0.01; healthy children vs. 
Alagille syndrome and other cholestasis syndromes: +p<0.01; bile salt synthesis defects vs. Alagille syndrome and other 
cholestasis syndromes: #p<0.01. 

 

Furthermore, ATX activity showed no correlation with extent of cholestasis indicated by 

total serum bile salts or total bilirubin levels (Figure 2B+C). As expected, children with bile 

salt synthesis defects presented with low total serum bile salts, whereas these levels were 

strongly increased in other pediatric cholestatic diseases independent of the presence of 

pruritus (Figure 2D). Similarly, FGF19 levels were low in children with bile salt synthesis 

defects as compared to children with pediatric cholestatic disorders with or without pruritus 

(Figure 2E), indicating that no oral bile salt substitution took place.  
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Figure 2: Serum ATX activity correlates with itch intensity. (A) ATX activity showed a linear correlation with itch 
intensity on a 3-point scale developed for children. Spearman correlation coefficient: r=0.67, p<0.001 (2 children were 
excluded due to the age of 2 months). (B+C) No correlation was observed between ATX activity and total serum bile salts 
or total bilirubin. (D) Total serum bile salt levels were low in (non-supplemented) children with bile salt synthesis effects 
compared to children with pediatric cholestatic disorders. ***p<0.001. (E) FGF19 levels were hardly detectable in 
children with bile salt synthesis effects, whereas higher levels were observed in children with pediatric cholestatic 
disorders. n.s.: not significant. 

 

ATX expression is not induced by FXR ligands 

Bile salts have long been discussed as potential pruritogen in pruritus of cholestasis.3,7 To 

further elucidate the effect of bile salts on ATX mRNA expression, we quantified ATX 

mRNA in HepG2 cells treated with the FXR ligands CDC (100 μmol/L) and GW4064 

(1 μmol/L) for 4 hours (Figure 3A) and 24 hours (data not shown). ATX mRNA expression 

was unaltered by FXR agonists, whereas the established FXR target short heterodimer 

partner (SHP) showed an increased expression (Figure 3B). This suggests that bile salts do 

not directly contribute to increased ATX expression, although FXR-independent effects of 

bile salts cannot be ruled out.  
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Figure 3: FXR agonists do not induce expression of ATX. (A) mRNA expression of ATX in HepG2 cells was unaltered 
by addition of 100 μM CDCA (an endogenous FXR agonist) or 1 μM of the FXR agonist GW4064. (B) mRNA 
expression of SHP, used as a positive control for FXR-mediated gene induction, was increased after addition of both 
compounds. Results of three independent experiments are shown. *p<0.05; n.s.: not significant.  

 

DISCUSSION 

Pruritus is a well-known feature of various, mainly cholestatic hepatobiliary disorders.3,7 

Beside adult patients, children with paediatric cholestatic diseases such as the Alagille 

syndrome, biliary atresia, or progressive familial intrahepatic cholestasis frequently suffer 

from itching which in more severe cases may dramatically reduce their quality of life.4,19,20 

In contrast, children with bile salt synthesis defects do not report itching despite ongoing 

cholestasis.5 Many parents have reported that pruritus is the most incapacitating symptom 

of their child’s chronic liver disorder.6 Treatment of cholestatic pruritus in these children is 

often not fully effective and unsatisfactory which is mainly due to limited therapeutic 

options as well as the incomplete understanding of the underlying mechanisms. The present 

study provides new insights into the role of ATX in pediatric cholestatic disorders. 

Although cholestatic children with low TBS levels due to inborn errors of bile salt 

synthesis did not report itching, the presence of pruritus in other pediatric cholestatic 

disorders was independent of increased TBS levels. In contrast, increased levels of ATX 

were associated with the presence of pruritus and correlated with its severity. In vitro, ATX 

mRNA expression was not directly affected by activation of the bile salt receptor FXR.  
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We have previously reported that rifampicin decreased serum ATX activity in adults 

suffering from cholestatic pruritus.12 In the present study, all children suffering from 

pruritus received rifampicin. Despite therapy, ATX activity was increased in these children 

compared to those children without pruritus. It remains to be determined whether 

rifampicin decreases ATX activity in pediatric cholestatic diseases and whether the 

decrease in ATX activity correlates with rifampicin doses used in cholestatic children. 

Bile salts have been controversially discussed as potential pruritogens in cholestasis 

for many decades.3,7 So far, no correlation between the concentration of any naturally 

occurring bile salt in the circulation, urine or skin and severity of pruritus could be 

demonstrated.3,7,21 The G-protein coupled receptor for hydrophobic bile salts, TGR5, was 

recently suggested to be involved in the development of cholestatic pruritus.22 TGR5 was 

shown to be expressed on murine sensory neurons in dorsal root ganglia (but not in the 

skin) and TGR5 agonists such as deoxycholate (DCA) were capable of activating these 

neurons. Indeed, intradermal injection of high concentrations of DCA evoked scratch 

responses in wild-type mice which was attenuated in TGR5-/- mice and augmented in TGR5 

transgenic mice However, the applied concentrations of these hydrophobic bile salts were 

far beyond the pathophysiological levels observed in cholestatic disorders such as primary 

biliary cirrhosis, intrahepatic cholestasis of pregnancy or progressive familiar intrahepatic 

cholestasis which are associated with pruritus. These disorders are characterized by a 

depleted DCA pool size23 with barely detectable concentrations of unconjugated DCA in 

serum and bile. Still, other agonists of TGR5 such as neurosteroids might be capable of 

activating this receptor leading to itch sensation. Notably, progesterone has recently been 

shown to activate TGR5 in placental tissue in a dose-dependent manner.24 

 The lysophospholipase D autotaxin belongs to the family of ectonucleotide 

pyrophosphatases / phosphodiesterases (ENPP2). This enzyme plays a critical role in 

diverse physiological conditions including vascular and neuronal development, during 

pregnancy or lymphocyte migration and pathophysiolocical states such as cholestatic 

pruritus, neuropathic pain, cardiovascular diseases, pulmonary fibrosis, cancer development 

and formation of metastases.15,25 Significant levels of ATX mRNA was detected in various 

tissues and organs such as brain, adipose tissue, lung, liver, intestine, kidney, ovary and 
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high endothelial venules.26 The source(s) of circulating ATX has so far not been 

established. ATX seems to be cleared from plasma by scavenger receptors of liver 

sinusoidal endothelial cells,27 but is not secreted into bile.8 However, if the enterohepatic 

circulation is interrupted by nasobiliary drainage, circulating levels of ATX rapidly dropped 

concomitant with relief of pruritus, 6,10 indicating that a factor in bile is responsible for the 

increased autotaxin levels. Recently, we could show that conditions associated with a 

strong increase in female steroid hormones such as hormone treatment or regular pregnancy 

result in increased circulating ATX levels. In contrast, neither the regular menstrual cycle, 

nor oral food intake or day-night rhythm did affect serum ATX activity. In the present 

study we show that activation of the bile salt sensor FXR did not directly alter ATX 

expression in vitro. Thus, further studies on the direct or indirect induction of ATX 

expression by compound(s) present in the enterohepatic circulation are warranted. 

 In summary, our present study gives new insights in the role of ATX in pruritus 

related to pediatric cholestatic diseases. Serum ATX activity but not TBS levels correlate 

with presence and intensity of pruritus in these children. These data provide further clinical 

and experimental evidence that LPA receptor blockers and ATX inhibitors may represent 

future therapeutic agents for this often insufficiently treatable symptom.  
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SUPPLEMENTARY DATA 

 
Supplementary Figure 1: (A) ATX activity showed a linear correlation with itch intensity on a 3-point scale developed 
for children even if children with bile salt synthesis defects were excluded. Spearman correlation coefficient: r=0.49, 
p<0.05; n=15 (2 children were excluded due to age of 2 months). (B+C) TBS showed a linear correlation with itch 
intensity (Spearman correlation coefficient: r=0.58, p<0.01) which was lost if children with bile salt synthesis defects 
were excluded. 
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ABSTRACT 

Objective: Hepatocellular secretory failure induced by drugs, toxins or transient biliary 

obstruction may sometimes persist for months after removal of the initiating factor and may 

then be fatal without liver transplantation. We characterized patients with severe persistent 

hepatocellular secretory failure (PHSF) and treated them with the pregnane X receptor 

(PXR) agonist, rifampicin. We also studied the effect of rifampicin on PXR-dependent 

expression of genes involved in biotransformation and secretion in vitro. 

Design: Thirteen patients (age 18-81 years, 6 male) with hepatocellular secretory failure 

that persisted after removal of the inducing factor (drugs/toxin: 9) or biliary obstruction (4) 

were identified over 6 years. Six of these patients were screened for ATP8B1 or ABCB11 

mutations. All were treated with rifampicin (300 mg daily) for one to ten weeks. Expression 

of genes involved in biotransformation and secretion was determined by rtPCR in human 

hepatocytes and intestinal cells incubated with rifampicin (10μmol/L).  

Results: Serum bilirubin of patients with PHSF ranged from 264 to 755μmol/L. Normal 

GT was found in 10/13 patients of whom 3/6 tested positive for ATP8B1/ABCB11 

mutations. Serum bilirubin declined to <33μmol/L after one to ten weeks of rifampicin 

treatment. In vitro, rifampicin PXR-dependently upregulated biotransformaton phase 1 

(CYP3A4), phase 2 (UGT1A1) and phase 3 (MRP2) enzymes/carriers as well as the 

basolateral bile salt exporter OSTβ. 

Conclusion: PHSF may develop in carriers of transporter gene mutations. In severe cases, 

rifampicin may represent an effective therapeutic option of PHSF. PXR-dependent 

induction of CYP3A4, UGT1A1, MRP2 and OSTβ could contribute to the anticholestatic 

effect of rifampicin in PHSF. 
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INTRODUCTION 

Persistent hepatocellular secretory failure (PHSF) after exposure to drugs, toxins, or short-

term mechanical biliary obstruction with deep jaundice and progression after removal of the 

underlying cause is a rare, but often detrimental event. The molecular mechanisms leading 

to PHSF under these conditions are not understood. Hepatocellular secretion recovers in the  

majority of patients within days to weeks after stopping the causative drugs or toxins, or 

removal of the mechanical obstruction.  

Medical interventions for PHSF are lacking: Ursodeoxycholic acid (UDCA) has 

anticholestatic properties in various cholestatic disorders and represents the only approved 

drug for the treatment of primary biliary cirrhosis (1;2). However, UDCA is ineffective in 

PHSF when serum bilirubin exceeds 170-255 μmol/L (10-15 mg/dL) (1;3).  

The ligand-activated nuclear receptor, pregnane X receptor (PXR; NR1I2), 

modulates expression of genes involved in detoxification and elimination of bile salts and 

other endo- and xenobiotics (4;5). We postulate that treatment with a strong agonist of this 

transcriptional activator could possibly reverse PHSF. 

We defined PHSF as: (i) serum bilirubin > 255 μmol/L (> 15 mg/dL), (ii) 

persistence or increasing elevated bilirubin serum levels (> 1 week) after removal of the 

underlying trigger, (iii) exclusion of obstructive cholestasis by imaging techniques and (iv) 

no evidence of chronic liver disease before the initiating event (i.e., drug or toxin exposure 

or transient biliary obstruction by stones or tumor). As therapeutic intervention we chose 

the pregnane X receptor agonist, rifampicin, which is recommended by European and 

American guidelines as a second line treatment of severe cholestasis-associated pruritus 

(1;2). 

Here we describe thirteen consecutive patients who fulfilled the diagnosis of PHSF. 

We searched for a possible genetic background of PHSF in those patients from whom DNA 

was available. We also investigated the effect of PXR activation by rifampicin on genes 

involved in biotransformation and secretion (biotransformation phase 1-3) of potential 

toxins in primary human hepatocytes and human HepG2 hepatoma cells, HepG2 cells 
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overexpressing PXR (HepG2PXR), HepG2 cells after PXR knock down and the human 

colon adenocarcinoma HT-29 cell line, for a better molecular understanding of the effects 

of rifampicin treatment in patients with PHSF. 

 

PATIENTS AND METHODS 

Human Subjects. Between 2007 and 2013 thirteen consecutive patients who fulfilled the 

criteria for persistent hepatocellular secretory failure [(i) serum bilirubin > 255 μmol/L 

(>15 mg/dL), (ii) persistence or increasing elevated serum bilirubin levels (> 1 week) after 

removal of the underlying trigger, (iii) exclusion of obstructive cholestasis by imaging 

techniques and (iv) no evidence of chronic liver disease before the initiating event] were 

treated with rifampicin (300 mg per day) for one to ten weeks. Patients with a drug-/toxin-

induced PHSF (n=9) were at least two weeks off the PHSF-inducing drug/toxin before start 

of rifampicin treatment. In transient biliary obstruction-induced PHSF (n=4), patients were 

treated with (multiple) stents, or ongoing biliary obstruction and dilated bile ducts were 

excluded by ultrasound, MRCP and/or ERCP before start with rifampicin. Other causes of 

(chronic) liver disease, such as viral, autoimmune, hereditary metabolic or vascular liver 

diseases, were excluded by biochemical, imaging and histological approaches before start 

of rifampicin treatment. During and after rifampicin therapy serum liver tests (ALT, AST, 

GT, alkaline phosphatase, bilirubin) were closely monitored to foresee possible 

hepatotoxicity. The patients were informed about the possible side effects of rifampicin. 

Since this is an FDA and EMA approved and guideline-recommended drug for use in 

cholestasis no formal informed consent had to be signed according to the local Medical 

Ethics Committee’s advice. 

 

Mutation analysis of ATP8B1 and ABCB11. All coding exons with flanking intronic 

sequences of the ATP8B1 and ABCB11 genes were sequenced after PCR amplification of 

DNA from pheripheral blood mononuclear cells of 6 patients with normal γGT after 

informed consent and were compared to references sequences.  
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Materials for in vitro experiments. Rifampicin, dimethyl sulfoxide (DMSO) and bovine 

serum albumin (BSA) were purchased from Sigma-Aldrich (Steinheim, Germany). 

Forskolin was purchased from Ascent Science (Cambridge, UK). 6-Ethyl 

chenodeoxycholate (6-ECDC; INT-747; obeticholic acid) was purchased from Intercept 

Pharmaceuticals (New York, US). All other chemicals were of the highest purity available. 

 

Primary Human Hepatocyte Isolation. Mature primary human hepatocytes were isolated 

from liver tissue specimens of three female patients (age between 32 and 40 years) 

undergoing partial hepatectomy for large liver adenoma. Macroscopic adenoma-free liver 

tissue was used to isolate primary hepatocytes. Tissue weight ranged from 1 to 4 gram. This 

procedure was approved by the Medical Ethical Committee of the Academic Medical 

Center Amsterdam. Before every procedure informed consent was obtained from each 

patient. Hepatocytes were isolated from small resection samples of human liver by a two-

step collagenase treatment, as described by Seglen (6). Cells were cultured in complete 

Williams E Medium, containing 10% fetal bovine serum, 2 mmol/L L-glutamine, 1 μmol/L 

dexamethason-disodiumphosphate, 20 mU/L insulin, 100 U/mL penicillin, 100U/mL 

streptomycin, 0.25 μg/mL Fungizon, and 1 mmol/L ornithine hydrochloride. Cells were 

seeded in Primiria 6 wells plates (BD bioscience) at a density of 1×106 cells/well; after 4 

hours medium was refreshed. The next day subconfluent cells were incubated for 24 hours 

in complete Williams E medium containing 10 μmol/L rifampicin or the solvent 0.1% 

DMSO only (vehicle control). 

 

Cell culture. Human  HepG2 hepatoma cells over-expressing PXR and PXR knock-down 

HepG2 cells were generated using lentiviral transduction as reported previously (7;8). 

These and control HepG2 cells were grown in Dulbecco's modified Eagle's medium 

(DMEM; Lonza BioWhittaker, Cologne, Germany) supplemented with 10% fetal calf 

serum, 4 mmol/L L-glutamine and a mixture of antibiotics (5 mg/mL penicillin, 5 mg/mL 

streptomycin). Cells were incubated at 37 ° C in a humidified atmosphere containing 5% 

CO2. For studying the effect of rifampicin, cells were seeded in 6-well plates at a density of 
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8×105 cells/well until reaching 80% confluence. Subconfluent cells were cultured overnight 

in serum-free medium containing 0.2% BSA. Following brief washing, cells were 

incubated for 24 hours in DMEM/0.2% BSA containing 10 μmol/L rifampicin, 10 μmol/L 

6-ECDC (INT-747) or rifampicin plus 6-ECDC (10 μmol/L, each). As a solvent control 

0.1% DMSO was added to control cells. The human colon adenocarcinoma HT-29 cell line 

was grown in DMEM supplemented with 10% fetal calf serum, 4 mmol/L L-glutamine and 

a mixture of antibiotics (5 mg/mL penicillin, 5 mg/mL streptomycin). Cells were incubated 

at 37°C in a humidified atmosphere containing 10% CO2. HT-29 cells were differentiated 

and polarized as described by Cohen (9). Briefly, HT-29 cells were seeded in 6-well plates 

at a density of 8×105 cells/well and were grown up to 20 days and then treated with 

forskolin for 20 hours. After forskolin was removed the cells were rested for 24 hours in 

supplemented DMEM. Following brief washing, cells were incubated for 24 hours in 

DMEM/0.2% BSA containing 10 μmol/L rifampicin or 0,1% DMSO. 

 

RNA isolation and quantification of transcript levels. Total RNA was extracted from 

cultured cells using Trizol reagent (Invitrogen) and used to generate cDNA with an oligo-

dT primer and Superscript III reverse transcriptase (Invitrogen). Realtime PCR was 

performed at 60°C in a Lightcycler apparatus (Roche) with Lightcycler Faststart DNA 

Master Plus CYBR Green I (Roche). Transcript levels were normalized to the 

housekeeping gene 36B4 (acidic ribosomal phosphoprotein P0). Primers used for 

quantitative PCR experiments are listed in Supplementary Table 1. 

 

Statistical Analysis 

Statistical differences were evaluated for two groups by Student’s t-test and for three or 

more groups by one-way ANOVA with Bonferroni correction using SPSS (version 18.0). 

All data are expressed as means ± standard deviations (SD). 
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RESULTS 

Rifampicin normalizes serum bilirubin in patients with persistent hepatocellular 

secretory failure of different etiology  

Between 2007 and 2013, we treated thirteen consecutive patients with rifampicin who 

presented with PHSF that was progressive after stopping the suspected toxins, drugs, or 

total parenteral nutrition or after resolving of a mechanical obstruction by stone removal or 

stenting. The patients diagnosed with PHSF comprised 7 females and 6 males (Table 1). 

The age at time of onset ranged from 18 to 81 years. Various events contributed to the 

development of PHSF. One patient developed PHSF after exposure to high amounts of 

volatile spray-paint (patient A), two patients after antibiotic treatment with flucloxacillin or 

clavulanic acid (B and C), two (American) patients after abusing anabolic steroids (D and 

E), three patients after the use of estradiol supplementation (F, G and H) and one patient 

after start of total parenteral nutrition due to short bowel syndrome (I). Four patients 

developed PHSF after successful removal of obstruction of the common bile duct due to 

benign (J, K and L) or malignant obstruction (patient M) (Figure 1 and Table 1).  

All patients remained severely jaundiced or even showed increasing serum bilirubin 

levels despite removal of the initiating cause of cholestasis. Imaging techniques including 

ultrasound, CT, MRCP and ERCP were used to rule out biliary obstruction in patients. 

Other causes of (chronic) liver disease were excluded by biochemical and histological 

markers (Table 1) before treatment with rifampicin (300 mg/day) was initiated. Eleven 

patients were treated in the Netherlands and two patients were treated in the United States 

(patients D and E). At the start of rifampicin therapy serum total bilirubin levels ranged 

from 264 to 751 μmol/L (normal 0-17 μmol/L) (Figure 1), serum transaminases and 

alkaline phosphatase ranged from 1.5 to 5 times the upper limit of normal (ULN). Ten 

patients showed normal serum levels of γGT at start of rifampicin treatment. Serum bile 

salt levels could only be determined in two patients (patient A and K), and were markedly 

elevated (268 and 225 μmol/L, respectively) at the start of rifampicin treatment.  

Duration of rifampicin therapy ranged from one to ten weeks (Table 1). After the 

start of rifampicin treatment, serum total bilirubin declined rapidly in all patients (Figure 1), 
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as did serum alkaline phosphatase in the majority of patients (Supplementary figure 1). 

During and shortly after rifampicin treatment patients were regularly checked for signs and 

symptoms of adverse events of rifampicin. No side effects were noted. Rifampicin therapy 

was interrupted in patient L after 3 weeks and was restarted when total serum bilirubin 

increased again. This led to normalization of serum bilirubin within 8 weeks (patient L 

Figure 1B).  

Taken together, rifampicin dramatically improved hepatobiliary secretion in all 

thirteen patients with PHSF. No side effects were observed. 

 

Genetic background of PHSF: Sequencing analysis of ATP8B1 and ABCB11 

Cholestasis with normal serum γGT activity is characteristic for progressive familial 

intrahepatic cholestasis types 1 and 2 (10). We were able to retrieve genomic DNA from six 

patients of our PHSF cohort for diagnostic sequencing of both genes. In 3/6 patients 

mutations were found. 

In patient F, sequencing analysis revealed a homozygous mutation in ATP8B1, 

c.1982T>C leading to an amino acid change Ile661Thr1. This mutation has been described 

to cause benign recurrent intrahepatic cholestasis type 1 (BRIC1) (11) the symptoms of 

which had not been observed before and after the episode of PHSF in our patient F.  

Two heterozygous mutations in ABCB11 were disclosed in patients G and H, 

respectively (Table 2). In patient G, a known PFIC type 2 mutation, c.890A>G  leading to a 

Glu297Gly amino acid change was found (12). In patient H the mutation c.2809 G>A, 

resulting in a Gly937Arg amino acid change, has not been reported so far in PFIC or BRIC 

type 2 patients. Recent publications have shown that heterozygous mutations and 

polymorphisms of ABCB11 may play a role in the development of drug induced liver injury 

(13-15).  
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Figure 1: Rifampicin improves hepatobiliary secretion in patients with persistent hepatocellular secretory failure. 
Total serum bilirubin (μmol/L; after removal of the cause of liver injury) before, during and after treatment with 
rifampicin in (A) patients with toxin-/ drug-/total parenteral nutrition-induced persistent hepatocellular secretory failure 
and (B) patients with persistent hepatocellular secretory failure induced after short-term biliary obstruction. Week 0 
indicates start of rifampicin treatment.  

α: End of first period of treatment with rifampicin in patient L 

β: Begin of second period of treatment with rifampicin in patient L 
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Rifampicin induces expression of genes involved in transport and detoxification in the 

enterohepatic circulation by PXR-dependent mechanisms. 

To understand the effect of the PXR activator rifampicin in PHSF, we investigated its effect 

on the expression of genes involved in biotransformation and secretion (biotransformation 

phase 1-3) of potential toxins in liver- and intestine-derived cell lines. In primary human 

hepatocytes rifampicin stimulated the expression of PXR-sensitive genes: Cytochrome 

P450 3A4 (CYP3A4; phase 1), responsible for the hydroxylation of bile salts and drugs, 

and UDP-glucuronosyltransferase 1A1 (UGT1A1; phase 2), responsible for 

glucuronidation of bilirubin. After 24 hrs both were induced by 10 μM (Figure 2) 

confirming data previously reported (16;17). Also the expression of the apical ATP-binding 

cassette (ABC) transporter MRP2 (ABCC2), responsible for the biliary secretion of 

bilirubin glucuronides and other conjugated organic anions (phase 3), was 1.5-fold induced 

by this concentration of rifampicin (Figure 2) as described previously (18).  

Patient Underlying cause of 
cholestasis 

ATP8B1 
 

ABCB11 
(BSEP) 

F DILI: Estradiol c.1982T>C 
Ile661Thr1  

G DILI: Estradiol  
c.890A>G 

p.Glu297Gly 
(Heterozygote)2 

H 
 DILI: Estradiol  

c.2809G>A 
p.Gly937Arg 

(Heterozygote) 3 

 
Table 2: ATP8B1 and ABCB11 (BSEP) mutations in patients with PHSF. 
1 Folmer DE, van der Mark VA, Ho-Mok KS, Oude Elferink RP, Paulusma CC. 
 Differential effects of progressive familial intrahepatic cholestasis type 1 and benign recurrent intrahepatic cholestasis 
type 1 mutations on canalicular localization of ATP8B1. Hepatology. 2009;50:1597-605.  
2 Kubitz R, Dröge C, Stindt J, Weissenberger K, Häussinger D. The bile salt export pump (BSEP) in health and disease. 
Clin Res Hepatol Gastroenterol. 2012;36:536-53. 
3 Mutation not earlier published. 

 

The organic solute transporter (OSTα-OSTβ) is expressed on the basolateral 

membrane of epithelial cells mainly of the ileum and colon, liver, kidney and testis were it 

functions as a transporter of bile acid and steroid conjugates (19;20). Both OSTα and OSTβ 

are upregulated by farnesoid X receptor (FXR)-dependent mechanisms (21). Notably, 

OSTβ expression was 67-fold induced in liver tissue of patients with severe obstructive 

cholestasis, while OSTα expression was induced 3-fold under these conditions (22). This 
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suggests that modulation of OSTβ expression seems to play a critical role in the protection 

of a cholestatic liver. Here, we found that OSTβ, but not OSTα expression was 2.5-fold 

induced in primary human hepatocytes exposed to rifampicin (Figure 2). 

 

Figure 2: Rifampicin induces CYP3A4, MRP2 and OST-β in primary human hepatocytes. Primary human 
hepatocytes were incubated with rifampicin (10 μM) (dark greybars) or DMSO (0.1%, v/v) for 24 hrs (n=3). Total RNA 
was isolated to generate cDNA and CYP3A4, UGT1A1, MRP2, MRP3, OST-α and OST-β mRNA levels were 
determined using qPCR suing 36B4 as a reference gene. Figure is representative of 3 independent primary human 
hepatocyte isolations. Data are presented as mean + SD; * p<0.05, ** p<0.01. 

To prove that rifampicin induces gene expression via the pregnane X receptor 

(PXR), we subsequently studied its effect in the human HepG2 hepatoma cell line, a 

HepG2PXR cell line overexpressing PXR, and a HepG2 cell line in which PXR was knocked 

down. The difference in, CYP3A4, UGT1A1, MRP2 and OSTβ expression seen between 

HepG2 (over)-expressing PXR and HepG2 lacking it indicated that rifampicin indeed 

induces these genes via PXR-dependent mechanisms (Supplementary Figure 2A-C).  

PXR is also expressed in the human intestinal tract. To assess the effect of 

rifampicin on intestinal cells, we chose the polarized and differentiated HT-29 cell line. 

Again, rifampicin induced CYP3A4, MRP2 and OST-β expression and tended to induce 

UGT1A1 expression (p=0.08) (Supplementary Figure 2D).  

In contrast to a previous report (23). PXR activation by rifampicin did not lead to 

induction of the basolateral exporter MRP3 (ABCC3) in primary human hepatocytes and 
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HepG2 cells, whereas a trend towards induction of MRP3 (p=0.06) was observed in 

HepG2PXR cells (Supplementary Figure 4). 

OSTα-OSTβ serves as an escape cellular efflux path. OSTα-OSTβ is controlled by 

the nuclear bile salt receptor FXR. In cholestatic hepatocytes its expression prevents 

intracellular accumulation of toxic hydrophobic bile salts. To investigate whether PXR and 

FXR may have cooperative effects on OSTα-OSTβ expression, we incubated HepG2 cells 

with rifampicin and the potent FXR agonists, 6-ECDC (INT-747), a well-known inducer of 

OSTα-OSTβ mRNA expression. As reported previously, after 24 hr the expression of both 

OSTα and OSTβ was significantly induced by 10 μM of 6-ECDC (6.2- and 39.0-fold, 

respectively, Supplementary Figure 3A and 3B). Addition of the PXR agonist, rifampicin 

had a substantial additive effect on OST β expression leading to a 49.8 fold induction in 

comparison to vehicle control. This additional effect was abolished in HepG2 cells after 

knock down of PXR (Supplementary Figure 3D). 

 

DISCUSSION 

Persistent hepatocellular secretory failure (PHSF) is a rare, but life-threatening 

complication of acute liver injury induced by drugs, toxins, or short-term mechanical 

obstruction for which no effective treatment is known. In the present study we demonstrate 

that thirteen consecutive patients who fulfilled the criteria for PHSF were successfully 

treated with the potent PXR agonist rifampicin. Our findings in human liver and intestinal 

cells in vitro suggest that rifampicin exerts these beneficial effects at least in part by 

upregulating key detoxification enzymes and export pumps including apical MRP2 and 

basolateral OST  by PXR-dependent mechanisms. Induction of genes involved in 

detoxification and elimination of bilirubin, bile salts and other endo- and xenobiotics may 

represent a novel therapeutic strategy in PHSF 

In nine patients, PHSF was observed after toxin- (ill-protected volatile paint-

brushing; patient A), drug- (DILI induced by flucloxacillin, clavulanate, anabolic steroid 

abuse, and estradiol; patients B-H), or total parenteral nutrition-induced liver injury (patient 
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J) (Figure 1A). Although only 1 in 10.000 to 100.000 patients usually develops DILI due to 

a specific drug, DILI accounts for 5 to 10% of patients hospitalized for jaundice (24). A 

recent retrospective study showed that 10% of patients with DILI either died or underwent 

a liver transplantation (25). Serum bilirubin was significantly increased in deceased patients 

or those who underwent liver transplantation, and was an independent predictor of 

mortality (25;26).  

In four patients, PHSF developed after previous mechanical obstruction of the 

biliary tract (choledocholithiasis; transient bile duct stenosis after hemihepatectomy; bile 

duct stenosis due to pancreatic carcinoma; patients J-M; Figure 1B). Treatment of the initial 

cause of cholestasis in these patients by removal of the underlying stenosis, and afterwards 

conformation of a non-obstructive biliary tract by various imaging techniques, did not 

result in improvement of the jaundice. 

Ten of thirteen severely cholestatic patients showed normal serum γGT during the 

course of PHSF, a clinical characteristic of PFIC and BRIC type 1 and 2. This observation 

suggested a role for ATP8B1 and/or ABCB11 (BSEP) in the development of PHSF. 

Therefore, sequence analysis of both genes was performed in six of the PHSF patients who 

were able and willing to provide blood for analysis and had a normal -GT. A homozygous 

mutation was identified in ATP8B1, c.1982T>C leading to an amino acid change 

Ile661Thr1 in patient F which had been reported in BRIC1 patients (11). BRIC1 is a rare 

hereditary disease caused by a mutation in ATP8B1 characterized by recurrent episodes of 

jaundice with pruritus and normal γGT levels (27). Patient F had no clinical or biochemical 

history of BRIC1, but developed PHSF after the start of a course of estradiol, which has 

been reported to induce a cholestatic episode in BRIC1 patients (27). In the past rifampicin 

has been used in the treatment for both low γGT-PFIC and BRIC patients. Although 

rifampicin relieved pruritus in patients with low γGT-PFIC, it had only a temporary effect 

on serum bilirubin levels. In contrast, rifampicin was shown to be effective in BRIC, 

resolving eighteen out of twenty-two cholestatic episodes in seven patients (28). Rifampicin 

induces hydroxylation and conjugation of bile acids due to upregulation of CYP3A4 and 

UGT1A1. This results in an increased urinary bile acid excretion. Patient F rapidly 
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responded to rifampicin with regard to total serum bilirubin and pruritus, and recovered 

completely from her cholestatic episode, 

Heterozygous mutations in ABCB11 were found in two of six patients analyzed (G, 

H). Notably, heterozygous mutations of ABCB11 are known to be associated with drug-

induced cholestasis (14).  

We treated our patients with rifampicin (300 mg/day), a potent activator and high 

affinity ligand of the pregnane X receptor (PXR). PXR acts as a broad-specificity sensor of 

xeno- and endobiotics and regulates expression of various target genes predominantly in 

liver and intestine involved in uptake, detoxification and excretion of endo- and xenobiotics 

(biotransformation phase 0-3) and bile salt synthesis (29;30). Here, we confirmed the effect 

of rifampicin in vitro on key detoxification enzymes and exporters including CYP3A4, 

UGT1A1, and MRP2 in different human liver and intestinal cell lines.  

The organic solute transporter α - β (OSTα-OSTβ) is responsible for secretion of 

bile salts and conjugated steroids across the basolateral membrane of hepatocytes into the 

portal circulation (31). OSTβ is critically required for transport activity of the OSTα-OSTβ 

heterodimer (32). The nuclear receptor FXR is considered to be the main regulator of OSTα 

and OSTβ expression (21). Here, we demonstrate that rifampicin induces OSTβ in both 

human liver and intestinal cell lines in a PXR-dependent manner. Notably, rifampicin had 

an additive effect on OSTβ expression during potent FXR activation. In human liver, a 7-

fold higher expression of OSTα than OSTβ has been described. Upregulation of OSTβ will 

affect the transport activity of the heterodimer and help in the removal of cholestatic toxins 

from the hepatocyte. Rifampicin also reduces the expression of cholesterol 7α-hydroxylase 

(CYP7A1) thereby reducing the de novo synthesis of bile salts (33).  

Prolonged treatment with rifampicin for four to twelve weeks is associated with 

hepatotoxicity particularly under cholestatic conditions in up to 12% (34) whereas 

treatment periods of less than two weeks appear safe in patients with chronic cholestasis 

(35). No rifampicin-related hepatotoxicity was observed in our cohort.  
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In conclusion, we show that short-term treatment with the PXR agonist rifampicin 

appears to be safe and effective in patients with PHSF. PHSF is a new disease entity 

defined by persistence of cholestasis for > 1 week after stopping the causative drug or toxin 

or removal of the extrahepatic biliary blockade.  In some of these patients we found genetic 

defects of hepatocellular transport. We are aware that these are uncontrolled observations 

but the effect of rifampicin in these patients seems robust enough to warrant a large 

placebo-controlled study with cross-over design.  
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SUPPLEMENTARY DATA 

 

Supplementary Figure 1: Serum Alkaline Phosphatase in patients with persistent hepatocellular secretory failure. 
Serum alkaline phosphatase (U/L; after removal of the cause of liver injury) before, during and after treatment with 
rifampicin in patients with persistent hepatocellular secretory failure. Week 0 indicates start of rifampicin treatment. 
Patient B developed histology-proven ductopenia with an increase of alkaline phosphatase over months and recovery after 
combined treatment with UDCA and budesonide. For patient L see legend figure 1. 
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Supplementary Figure 2: Rifampicin induces CYP3A4, UGT1A1, MRP2 and OST-β in human HepG2 hepatoma 
cells and human intestinal HT-29 cells in a PXR-dependent manner. (A) Human HepG2 hepatoma cells, (B) human 
HepG2 cells overexpressing PXR, (C) human HepG2 cells after successful knockdown of PXR with short-hairpin RNA 
lentiviral transduction and (D) human colonic HT-29 cells were incubated with rifampicin (10 μM, dark greybars) or 
DMSO (0.1%, v/v) for 24 hrs (n=3-6). Total RNA was isolated to generate cDNA and CYP3A4, UGT1A1, MRP2, 
MRP3, OST-α and OST-β mRNA levels were determined using qPCR using 36B4 as a reference gene. Data are presented 
as mean + SD; * p<0.05, ** p<0.01. 
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Supplementary Figure 3: PXR and FXR co-activation induces OST-β expression in human HepG2 hepatoma cells. 
(A) OST-α and OST-β mRNA levels were determined in human HepG2 hepatoma cells after incubation with rifampicin 
(10μM), 6-ECDC (10μM) or co-incubution of rifampicin and 6-ECDC for 24 hrs. (C) OST-α and OST-β mRNA levels 
were determined in human HepG2 hepatoma with knockdown of PXR after incubation with rifampicin (10μM), 6-ECDC 
(10μM) or co-incubution of rifampicin and 6-ECDC for 24 hrs. (n=3) Data are presented as mean + SD; * p<0.05, ** 
p<0.01. 
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Supplementary Figure 4: MRP3 expression is marginally affected by rifampicin in human liver cells. Expression of 
the basolateral organic anion transporter MRP3 (ABCC3) is not altered in (A) primary human hepatocytes, (B) the 
human hepatoma cell line HepG2 and (D) the differentiated intestinal HT-29 cell line, but tends to increase (p=0.06) in 
(C) HepG2-PXR cells after PXR activation with rifampicin (10 μmol/L, 24 hrs). Mean + SD, n=3. 
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SUMMARIZING DISCUSSION 

The observation that pruritus accompanies jaundice has already been made by the ancient 

Greek physician Aretæus the Cappadocian in the 1st century AD.1 Today chronic pruritus - 

which is defined by duration of more than six weeks - is well recognized as a frequent and 

agonizing symptom accompanying many types of liver diseases, particularly those with 

cholestatic features.2-4 Beside fatigue, chronic pruritus represents a major burden of patients 

with hepatobiliary disorders and can dramatically reduce quality of life.5 In these patients 

itching may be mild and tolerable, but does in some patients limit daily life activities, cause 

severe sleep deprivation resulting in lassitude, fatigue, depressed mood and even suicidal 

sensation. In rare cases, intractable pruritus has become a primary indication for liver 

transplantation.4,6-8  

 Pruritus of cholestasis is characterized by a circadian rhythm with patients reporting 

the highest intensity in the evening and early at night,9 but it should be mentioned that 

chronic pruritus in general tends to increase with warmth and at night. A predilection site of 

pruritus in cholestatic patients are the limbs and in particular the palms and soles,10,11 albeit 

pruritus may be generalized in many patients. Patients may report that scratching barely 

alleviates itch sensations and that pruritus is accompanied with other sensations such as 

stinging and burning. Furthermore, female cholestatic patients commonly report pruritus 

worsening during progesterone phase of the menstrual cycle, in late pregnancy, and during 

hormone replacement therapy.9,12 In multivariate analysis, serum alkaline phosphatase and 

the Mayo risk score were found to be independent indicators for the occurrence of pruritus 

in 335 PBC patients.13 In contrast to pruritus in dermatological disorders, primary skin 

lesions are not detectable in cholestatic patients, however intense scratching activity may 

cause secondary skin alterations such as excoriations and prurigo nodularis.14 Although 

secondary skin lesions may be difficult to discriminate from primary skin disorders, if no 

scratch tools are used the so-called “butterfly sign” points to a non-dermatological cause of 

chronic pruritus. This sign is defined as unaffected skin at the upper patient’s back due to 

difficulties to manually reach that part of the body. Furthermore, typical skin signs of 

chronic liver disorders such as jaundice, spider naevi, palmar erythema or leuconychia may 

help to identify the underlying cause. 
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 The search for the itch-causing substances in cholestasis has been ongoing for 2000 

years when Aretæus the Cappadocian stated that “pruritus in jaundiced patients is caused 

by prickling biliary particles”.1 Our state of knowledge at the start of the 21st century was 

not much different. Still, clinical observations have led to the conclusions that potential 

pruritogens (i) accumulate in the systemic circulation as indicated by (partial) relief of 

severe pruritus after treatment with plasmapheresis, albumin dialysis (e.g. MARS®, 

Prometheus®) or plasma separation/anion absorption; (ii) are secreted into bile as suggested 

by attenuation of pruritus after oral administration of the anion exchange resin 

cholestyramine or proven by rapid relief of most severe, treatment-refractory pruritus after 

nasobiliary drainage; (iii) are (biotrans-)formed in liver and/or gut as indicated by effective 

treatment with the potent pregnane X receptor (PXR) agonist, rifampicin; and (iv) affect the 

endogenous opioidergic and serotoninergic system as suggested by mild antipruritic 

activity of opioid antagonists such as naltrexone and serotonin reuptake inhibitors such as 

sertraline.2,15,16 In the past various substances among which are histamine, serotonin, bile 

salts, endogenous opioids, and progesterone metabolites have been proposed as pruritogens 

but with limited evidence. It is therefore likely that these substances do not represent the 

direct neuron activating molecules, but they may modulate or sensitize sensory neurons 

thereby contributing to itch sensation. With this thesis we added lysophosphatidic acid 

(LPA) as novel potential pruritogen in cholestasis. These novel findings have renewed our 

view on the pathogenesis of pruritus and may open new avenues for anti-pruritic treatment 

strategies. The role of the ATX-LPA-axis in cholestatic pruritus, the recently described G 

protein-coupled receptor TGR5 on sensory neurons and the novel insights into the neuronal 

signalling pathways of pruritus are discussed below in detail.  

 

Bile salts as pruritogens 

 During cholestasis many cholephiles among which are bile salts (and their protonated 

form, bile acids), bilirubin and steroid metabolites accumulate in circulation and tissues. 

The removal of bile from the body either by external biliary diversion17-19 or nasobiliary 

drainage20-22 quickly and dramatically alleviates severe cholestatic pruritus. Thus, certain 

biliary substances contribute either directly or indirectly to the onset of itching. The notion 
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that bile salts represent the itch-causing agents was further supported by the observations 

that feeding of bile salts to cholestatic patients aggravated their pruritus,23,24 intradermal 

injection of bile salts, albeit at supra-pathophysiological concentrations, caused pruritus in 

healthy volunteers25,26 and anion exchange resins, which bind bile salts inside the intestinal 

lumen, ameliorate pruritus.27-30  

Bile salts mediate their effects via the nuclear transcription factor farnesoid X 

receptor (FXR) or the transmembrane G protein-coupled receptor TGR5.31 Upon binding to 

these receptors bile salts are capable of activating complex transcriptional networks and 

intracellular signaling cascades. Activation of FXR has been proven to exert various 

beneficial effects in different pathophysiological states including cholestasis, liver fibrosis, 

non-alcoholic steatohepatitis and hepatocellular carcinoma.31,32 The semi-synthetic bile salt 

obeticholate (= 6-ethyl-chenodeoxycholate) is a selective FXR ligand which is currently 

studied in clinical trials in patients with primary biliary cirrhosis (PBC) and NASH.33,34 

This drug exerted beneficial anti-cholestatic effects in PBC, however, caused pruritus 

particularly at high doses.33 The observation that PBC patients receiving the highest dose of 

50 mg in the phase II trial had a significant increase in serum ATX activity may only 

explain this phenomenon in part. In contrast to humans, feeding OCA to wild-type or 

cholestatic mice such as Mdr2-/- on cholate diet did not result in increased scratching 

activity (unpublished data), indicating that FXR-mediated itch sensation may be limited to 

certain species. The underlying mechanism of FXR agonists induced pruritus remains to be 

elucidated. 

Notably, Alemi and colleagues recently postulated that the bile salt receptor TGR5 

may play a role in the generation of cholestatic itch.35 They showed that TGR5 is expressed 

on neurons in the dorsal root ganglia but not in the skin of mice and this expression 

partially overlaps with TRPV1 and GRP. They also demonstrated bile salt-induced 

activation of mouse DRG neurons. Oleanolic acid, a TGR5 agonist was also capable of 

activating these cells. Importantly, in vivo experiments in TGR5 overexpressing mice 

revealed an increased basal scratch activity. Intradermal injection of 25 μg deoxycholate 

(DCA) evoked scratch behaviour in normal mice which was partly reduced in TGR5-/- mice 

and increased in the overexpressing mice. The same group further showed that, in HEK 

cells overexpressing TGR5 and TRPA1 as well as in primary neurons coexpressing these 
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two receptors, bile salts induced activation of TRPA1 which depended on the presence of 

TGR5. In vivo DCA-induced itching was reduced by antagonists of TRPA1 and in TRPA1-

/- mice.36 These findings would support a primary role for TGR5 in itch induction. 

Unfortunately, for most of the in vitro experiments relatively high concentrations of 

unconjugated DCA (up to 100 μM) were used. These concentrations are much higher than 

those observed in pathological conditions like PBC or ICP which are associated with 

pruritus. In contrast, PBC and ICP are characterized by often only moderate elevation of 

serum bile salt concentrations and typically a depleted DCA pool size.37 In particular 

unconjugated bile salts such as DCA barely exist in serum and bile in vivo. Also in the in 

vivo experiments a relatively high dose of 25 μg DCA was used, which may lead to 

activation and degranulation of mast cells.38 Furthermore, even with the most sophisticated 

technique no correlation between the concentration of any naturally occurring bile salt in 

the circulation, urine or skin and severity of pruritus could be proven – also shown for 

serum in chapter 3 of this thesis.39-43 Many patients, particularly those with obstructive 

cholestasis, have highly elevated levels of serum bile salts but never experience pruritus.44 

In contrast, women with intrahepatic cholestasis of pregnancy presenting with the mildest 

form of cholestasis with only marginally increased bile salt concentrations do by definition 

suffer from pruritus.45 In addition, the enzyme inducers phenobarbital and rifampicin 

effectively improved pruritus without changing or with only temporarily decreasing the 

levels of serum bile salts.46-48 However, these considerations should not minimize the 

importance of the study of Alemi et al. as they do not exclude the possibility that, besides 

other factors, TGR5 activation may contribute to itch perception. It is well documented that 

neurosteroids more than bile salts may activate TGR5 in the central nervous system. 

Notably, progesterone has recently been shown to activate TGR5 in placental tissue in a 

dose-dependent manner.49 Of note, progesterone metabolites such as 5β-pregnan-3α,-20α-

diol-3-sulfate have been increased in women with intrahepatic cholestasis and dropped 

upon UDCA treatment. More importantly, these molecules were capable of activating 

TGR5 in vitro and inducing scratching behavior in vivo which was attenuated in TGR5-/- 

mice (Abu-Hayyeh S et al, submitted). In summary, rather the type of hepatobiliary disease 

and not simply the level of bile salts or the magnitude of cholestasis may determine itching 

in cholestasis.  
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Lysophosphatidic acid as pruritogen 

Beside bile salts, a variety of molecules such as endogenous opioids, histamine, serotonin, 

and steroid metabolites have been discussed as potential pruritogens in cholestasis.9,16 

Serum and/or tissue levels of these candidates have not been shown to correlate with itch 

intensity making them less likely to be responsible for pruritus of cholestasis. Endogenous 

opioids or serotonin might rather modulate than initiate the complex signalling cascades 

leading to the desire to scratch. Thus, it was the aim of this thesis to identify the causal 

pruritogens in serum samples of cholestatic patients suffering from pruritus. In chapter 3 

we were able to identify the small phospholipid lysophosphatidic acid (LPA) as potential 

candidate for the initiation of itch in cholestasis. We had hypothesized that if a pruritic 

factor exists in serum of patients with pruritus due to cholestasis this factor should 

potentially activate neuronal cells. We therefore exposed various neuronal cell lines to sera 

of pruritic and non-pruritic cholestatic patients as well as healthy volunteers and compared 

the cytosolic free Ca2+ [Ca2+]i response as a simple marker of cell activation. We detected a 

particularly strong [Ca2+]i response induced by sera of women with intrahepatic cholestasis 

of pregnancy (ICP).50 Chemical analysis revealed that the neuronal activator in these sera 

was not a peptide, had a molecular weight below 3 kDa, was amphiphilic with increasing 

hydrophobicity upon protonation, and acted via G-protein coupled receptors. Our 

hypothesis that the molecule was lysophosphatidic acid (LPA) was verified by repression of 

the serum-induced neuronal activation by a LPA receptor blocker, and demonstration of 

elevated levels of LPA in sera of women with ICP by HPLC-MS/MS. In addition, a 

causative role for LPA was suggested by the finding that intradermal injection of LPA but 

not vehicle initiated a scratch response in mice, confirming a previous independent study in 

mice.50,51 Thus, we were able to identify a potent neuronal activator in serum which 

represents a pruritogen upon intradermal injection in mice. These data are strengthened by 

the observation that LPA is also capable of inducing itch sensation in healthy human 

volunteers upon intradermal application via heat-inactivated cowhage spiculae 

(unpublished data).  
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Autotaxin activity correlates with itch intensity  

Of note, LPA levels were rather unstable in patient serum and increased in concentration 

upon storage. Therefore, we determined the activity of the lysophospholipase D, autotaxin 

(ATX), which is responsible for formation of LPA from its precursor 

lysophosphatidylcholine.52,53 ATX is the main source of circulating LPA levels.54 ATX 

belongs to the family of ectonucleotide pyrophosphatases / phosphodiesterases (ENPP1–7) 

and is also referred to as ENPP2. This large glycoprotein is synthesized as a pre-proenzyme 

and, in contrast to all other ENPPs, secreted to the extracellular space upon two N-terminal 

cleavages.55 As a pyrophosphatase ATX hydrolyses nucleotides, but with a much lower 

affinity compared to lysophospholipids.56 The specificity for lysophosphatidylcholine 

(LPC) as a substrate is probably further increased by the fact that formed LPA remains in 

the binding pocket, thereby inhibiting the enzyme. From this position LPA can only be 

displaced by LPC and not by nucleotides. The crystal structure of ATX was recently 

resolved and these data show that the enzyme has a hydrophobic pocket that allows binding 

of the substrate lysophosphatidylcholine. Two N-terminal somatomedin B–like domains 

mediate binding of ATX to plasma membrane integrins.57 These observations led to the 

view that ATX binds to the plasma membrane of target cells via integrin β1 or 3 and locally 

generates LPA which can subsequently bind to its cognate receptors.55 ATX has been 

implicated in many (patho)biological processes including cell survival, proliferation, 

differentiation, and migration. ATX is involved in vascular and neural development, wound 

healing and neuropathic pain, but also cancer development.56,58 In this thesis we add a role 

for ATX in the pathogenesis of pruritus.  

In chapter 3, 4 and 6 we could show that serum ATX activity and ATX protein 

levels were markedly higher in adult and pediatric cholestatic patients with pruritus than in 

cholestatic patients without pruritus which were in turn higher than in healthy volunteers.50 

In chapter 5 we add that serum activity of autotaxin is increased in ICP compared to other 

pruritic disorders of pregnancy, pre-eclampsia complicated by HELLP-syndrome, and 

pregnant controls. Autotaxin had an excellent sensitivity and specificity in diagnosing ICP 

from other pruritic disorders or pre-eclampsia/HELLP-syndrome and could be useful as a 

diagnostic marker. Furthermore, in chapter 4 serum ATX activity in cholestatic patients 

was shown to be also higher than in patients with pruritus due to chronic kidney disease, 
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Hodgkin’s disease or atopic dermatitis suggesting that strong serum ATX elevation is 

rather specific for cholestatic itch.59 It is important to note, however, that patients with 

Hodgkin’s disease as well as patients with atopic dermatitis do have significantly elevated 

ATX levels in blood compared to healthy controls, although this could not be correlated to 

the extent of itch in our patient cohorts.59 Recently, others similarly found increased levels 

of ATX in serum of atopic dermatitis and even described a correlation with itch 

intensity.60,61 A role of ATX in other forms of pruritus, therefore, cannot be excluded. In 

these conditions local ATX production could be more important than systemic levels. 

Further studies on ATX expression in skin biopsies or tumor tissue would be required to 

further correlate local levels with presence of itch perception. In addition, local LPA 

concentrations in the skin, e.g. attained by skin dialysis, may shed light on the role of the 

ATX-LPA-axis in itch sensation in these patients. 

Notably, in chapter 3 we could show that in cholestasis, serum ATX activity, but 

not other putative markers of itch such as histamine, serum bile salt levels or serum  

opioid activity were correlated with itch intensity. Furthermore, in chapter 4 it is shown 

that ATX serum activity mirrored treatment response to therapeutic interventions such as 

the anion exchange resin, colesevelam, the potent pregnane X receptor (PXR) agonist 

rifampicin, nasobiliary drainage, or MARS treatment.59 Rifampicin was found to reduce 

ATX expression at the transcriptional level in human liver derived cell lines by a PXR-

dependent mechanism, possibly explaining the strong antipruritic effect of rifampicin in 

clinical practice at least in part.59 Thus, the ATX-LPA-axis is likely to represent a key 

element in pruritus of cholestasis but may also play a role in other forms of chronic pruritus 

such as atopic dermatitis. 

 

Source of autotaxin in cholestatic liver disease 

Although the identification of the ATX-LPA-axis as a key factor in cholestatic pruritus 

represents a real opportunity for development of causal therapy, several questions remain to 

be answered. The source of circulating levels of ATX has not been identified so far. ATX 

expression on mRNA levels could be determined in various tissues and organs such as 

brain, adipose tissue, lung, liver, intestine, kidney, ovary and high endothelial venules.62 

Which of these organs contribute to the circulating ATX levels being present in human 
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plasma and cerebrospinal fluid has so far not been established. Preliminary evidence 

suggests that the human small intestine may be a major contributor (Bolier et al., in 

preparation) and that a yet to be identified factor “X” in the enterohepatic circulation may 

drive ATX expression in cholestasis (s. Figure 1).  

 

 
Figure 1: Model of development and influence by therapeutic interventions of cholestatic pruritus.63  

 

In mice, radioactive-labelled ATX was shown to be largely cleared from the circulation by 

the liver with a half-life time of a few minutes. The authors suggested that ATX was 

cleared from plasma by scavenger receptors on liver sinusoidal endothelial cells.64 Thus, 

beside increased expression reduced clearance of circulating ATX could also be responsible 

for the increased ATX levels in cholestasis. Preliminary data from our group, however, 

show that clearance of recombinant ATX was comparable in cholestatic and non-

cholestatic ATP8b1 knock-out mice (unpublished data).  

Upon interruption of the enterohepatic circulation by nasobiliary drainage, 

circulating levels of ATX rapidly dropped concomitant with relief of pruritus as shown in 
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chapter 4.50 However, ATX is not secreted into bile (chapter 3),50 indicating that a factor 

within the enterohepatic circulation is responsible for the increased ATX levels. Steroid 

hormones may be one of the classes of compounds that cause induction of ATX expression. 

Takeo et al. have shown that autotaxin (Enpp2) expression is upregulated in the 

hippocampus of ovariectomized rats upon treatment with estrogen. This observation is 

supported by chapter 5 in which we present data that healthy female individuals have 

significantly increased serum ATX levels when using oral contraceptives. Hence, induction 

of ATX by female steroid hormones appears relevant and may particularly play a role in 

pregnancy. On the other had it could also explain the higher frequency of itch in cholestatic 

female vs. male patients.  

ATX expression is augmented upon treatment with cytokines such as TNF or IL-6 

or growth factors such as EGF and bFGF, whereas expression is reduced by IFNγ, IL-1 and 

IL-4.58 It is possible that certain cytokines contribute to increased serum ATX levels during 

cholestasis, although in other states of inflammatory cytokine release pruritus is not a 

typical symptom. In chapter 6 we analyzed the effect of bile salts on ATX expression in 

vitro. FXR agonists, however, did not induce ATX expression. At present, it is unclear 

which compound(s) in the enterohepatic circulation may be responsible for direct or 

indirect induction of ATX expression. 

ATX elevation can also occur in a number of non-cholestatic physiological states 

such as regular pregnancy and pathophysiological conditions including various cancer 

entities in which pruritus is not a clinical feature. Thus, other cholestatic factors may also 

play a role in initiation and/or potentiation of pruritus of cholestasis. These substances may 

bind to certain GPCRs such as the recently described mas-gene related G-protein coupled 

receptors (Mrg) on sensory neurons which are involved in itch signalling. Further screening 

on molecules binding to such itch-selective receptors will help to elucidate these co-factors. 

 

Neuronal signaling by LPA 

In chapter 3 a causative role for LPA-induced pruritus was suggested by the finding that 

intradermal injection of LPA caused a dose-dependent scratching behavior in mice, 

confirming a previous independent study in mice.50,51 A recent study confirmed LPA-

induced scratching behavior which was unaffected by the absence of TGR5 in TGR5-/- 
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mice.35 Still, an unsolved issue is the precise mechanism of activation of itch-selective 

neurons by LPA. At present six G-protein coupled receptors for LPA (LPA1-6) have been 

well defined.56,65 These receptors are found on various tissues.65 LPA receptors are also 

present on peripheral sensory neurons that mediate various sensations to the central nervous 

system. LPA has been capable of inducing neuropathic pain via LPA1-, LPA3- and LPA5-

receptors.66 Which LPA-receptor and intracellular signaling pathway are required for LPA-

induced pruritus warrants further studies using knock-out animals. Of note, it was recently 

suggested that LPA may also directly activate the ion channel TRPV1.67 Nieto-Posadas and 

colleagues showed in patch clamp studies that LPA stimulates TRPV1 channel opening. 

This study suggests that LPA interacts with a proposed intracellular PIP2 binding site on 

TRPV1 in which the lysine 710 residue participates. It must be stressed therefore that these 

studies mainly address a role for intracellular rather than extracellular LPA. Indeed, 

activation of inside-out membrane patches (i.e. intracellular signaling) was considerably 

faster and stronger than in right side out patches (i.e. extracellular).67 Since LPA is a 

relatively hydrophilic phospholipid it remains to be shown how relevant this type of 

activation is with regard to extracellular generation of LPA. In fact, we were unable to 

show that extracellular LPA could activate heterologously expressed human TRPV1 in 

HEK cells. Furthermore, extracellular LPA activated a small percentage of DRG neurons 

which did not respond to capsaicin, indicating that these responsive neurons did not express 

TRPV1. Finally, using neurons of TRPV1 knock-out animals LPA could still activate a 

comparable subset of neurons (Kremer et al., in preparation). These contradictory results 

may be explained by different mode of action of intracellular and extracellular LPA. Which 

receptor and intracellular signalling pathway are required for LPA-induced pruritus 

warrants further investigation.   

 

Neuronal transmission of pruritus 

From an evolutionary perspective acute pruritus serves as an alarm signal to protect the 

body against potentially harmful environmental threats such as parasites, noxious plants or 

other irritants. The scratch response helps to remove these harmful agents from the skin and 

diminishes itch sensation. Acute pruritus is commonly associated with a reddish swelling of 

the skin induced after histamine release, e.g. from mast cells. The observed wheal and flare 
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reaction are mainly mediated by secondary release of vasoactive substances such as 

calcitonin gene-related peptide (CGRP) and substance P from axon collaterals.68 

Antagonists of the H1-receptor effectively alleviate these short-lasting acute forms of 

pruritus. These acute forms of pruritus are mainly mediated by histamine-responsive 

sensory neurons in the skin that are insensitive to nociceptive stimuli such as mechanical 

pain.69  

In contrast, chronic pruritus which per definition lasts longer than six weeks can be 

a seriously debilitating symptom accompanying various cutaneous and systemic 

disorders,70 but may also be caused by drugs such as the anti-malaria drug chloroquine or 

the volume expander hydroxyethyl starch.71 As antihistamines do not improve itching in 

most of these conditions, it is likely that itch sensation is mediated via histamine-

independent pathways as outlined below.  

Itch sensation depends on a complex interplay of pruritogens, their receptors on 

peripheral sensory nerve fibres, intraspinal and cerebral neural pathways, as well as 

cerebral processing of the stimuli. Almost a century ago, itch was regarded as a mild form 

of pain induced by weak activation of nociceptive nerve fibers.72 However, substances such 

as histamine and the spicules of the tropical fruit mucuna pruriens, cowhage, induce itch 

even at high concentrations whereas weak pain stimuli often do not induce itch.73,74 In 

1997, Schmelz and colleagues provided evidence for primary afferent neurons specific for 

histamine in cutis and subcutis of human beings.69 These itch-specific unmyelinated C-

fibers are insensitive to mechanically induced pain stimuli and transmit their signals from 

the skin through the dorsal root ganglia to a second neuron in lamina I of the dorsal horn of 

the spinal cord. These observations indicated that itch and pain are transmitted via itch-

selective and pain-selective neurons, respectively.70,74,75 Interestingly, itch signals induced 

by histamine and cowhage are transmitted by mutually exclusive populations of neurons in 

the spinal cord76 supporting existence of different classes of pruritoceptive nerve fibres, as 

also known for nociceptive neurons. It was postulated that itch sensation evoked by a given 

stimulus modality would depend on a specific neuronal pathway, the itch-specific ‘labelled-

line’.77 However, this theory is contradicted by the observation that these itch-selective 

neurons can also be activated by the algogen and TRPV1 agonist capsaicin.78 An elegant 
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animal study indicated that a small subpopulation of sensory neurons expressing the Mas-

related G protein-coupled receptors subtype A3 (MrgA3) could represent itch-selective 

neurons.79 Scratching behaviour in mice was strongly attenuated to most intradermally 

applied pruritogens after ablation of these MrgA3 positive neurons. In a second step, mice 

lacking the TRPV1 channel were used and TRPV1 was re-expressed only in MrgA3 

positive neurons. In these mice the algogen capsaicin largely caused scratching behaviour 

but hardly any pain-related wiping.79 Thus, irrespective of the modality of activation these 

neurons seem to induce itch sensation but no pain. Still, the itchy spicules of cowhage 

activated every single polymodal nociceptor tested in human microneurography.80 The 

cowhage enigma remains and seems to be incompatible with the labelled-line hypothesis, 

unless the highly focal stimulus of these spicules is taken into account. The spatial contrast 

theory may explain this paradox by stating that itch arises from a sharp contrast between 

individual nociceptors that are firing and their surrounding neighbour remain silent. Pain 

sensation occurs if the overlapping receptive fields are more homogenously activated.81   

Although there might be subsets of neurons selectively mediating itch and pain 

signals both pathways are closely intertwined processes: activation of pain neurons 

abrogates itch sensation, e.g. by scratching, cooling or heating of the skin.82,83 Analgesics 

may induce itch sensation, e.g. by epidural or intrathecal application of opioids or 

anaesthetics.84-86 These phenomena may be explained by an itch circuitry which is under a 

tonic inhibitory control of mechano-sensitive neurons (see Figure 5, chapter 2). Evidence 

for such an inhibitory control was supported by the observation of spontaneous intense 

scratching behaviour in mice lacking certain inhibitory, Bhlbh5- and Prdm8-expressing 

interneurons.87,88 These interneurons are believed to be activated by glutamate. 

Interestingly, deletion of the glutamate transporter VGLUT2 also strongly augmented 

spontaneous and induced scratching behaviours after application of pruritogens which 

underlined this hypothesis.89,90 

Several receptors have been implicated in the onset of itch sensation.91 The group of 

mas-related G protein-coupled receptor (Mrgs) represents a family of GPCRs consisting of 

more than 50 members in the mouse genome. Several of these Mrgs are specifically 

expressed in small-diameter sensory neurons in dorsal root and trigeminal ganglia, 
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indicating their important role in somatosensation.92 Recently, several of Mrgs have been 

identified as receptors that mediate non-histaminergic itch: the anti-malaria drug 

chloroquine was shown to activate Mas-related G protein-coupled receptor subtype A3 

(MrgA3).93 The bovine adrenal medulla 8–22 peptide (BAM8-22), which induces non-

histaminergic itching when injected into human skin binds to MrgX1,93 whereas β-alanine 

is a selective agonist of MrgD94 Thus, members of the Mrg family serve as pruriceptors 

detecting different pruritogens on primary sensory neurons.  

Other receptors involved in itch signalling have been protease activated receptors 2 

and 4 (PAR2 and 4) which have been shown to be activated by cathepsin S or mucunain, 

the active ingredient of cowhage.95,96 Intradermal injection of SLIGRL-NH2 the unmasked 

N-terminus (tethered ligand) of PAR2, induced robust scratching behaviour in mice and 

itch sensation in humans. It was believed that this peptide is hydrolyzed by proteases and 

induces itching upon activating protease-activated receptor 2 (PAR2). However, 

intradermal injections of SLIGRL-NH2 exhibited comparable scratching behaviour in wild-

type mice and PAR2 mutant mice, suggesting that PAR2 is not required for itch sensations 

mediated by SLIGRL-NH2.97 In contrast, Liu and colleagues could prove that SLIGRL-

NH2 mediates itching by direct activation of MrgC11.97 This indicates that the liberated N-

terminus of PAR2, after cleavage by a protease, is capable of activation MrgC11 if present 

in the same neuron or a neighbouring cell.    

The Toll-like receptor (TLR) 3 has been implicated to play a role in pruritus.98 The 

TLR3 agonist polyinosinic:polycytidylic acid directly activated primary sensory neurons 

and evoked a scratching behaviour in a TLR3-dependent manner. Interestingly, TLR3-/- 

mice exhibited a reduced scratching behaviour not only for a specific TLR3 agonist but also 

for many other pruritogens, indicating that TLR3 may also be involved in mediating itch 

sensations in the central nervous system.98 Another toll like receptor, TLR7, has been 

shown to be expressed in sensory neurons. Two independent groups reported that 

imiquimod, a TLR7 agonist, induced scratching behaviour in mice.99,100 However, these 

groups presented conflicting data about whether the action of imiquimod is directly or 

indirectly mediated by TLR7.  
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Other important receptors in itch signalling represent the splicing variant of the the 

μ-opioid receptor (MOR), MOR1D, for morphine-induced pruritus,101 endothelin-A-

receptor for endothelin-1,102 the interleukin-13 receptor for IL-13,103 and the heterodimeric 

receptor consisting of the IL-31 receptor α (IL-31RA) and the oncostatin M receptor 

(OSMR) for IL-31.104 Activation of these receptors results in opening of transient receptor 

potential (TRP) receptors such as the vanilloid 1 receptor (TRPV1) or ankyrin 1 channel 

(TRPA1) on sensory neurons.79,105 Primary sensory neurons signal to the dorsal horn of the 

spinal cord where secondary neurons are activated by release of glutamate and 

neuropeptide natriuretic polypeptide b (Nppb).106 Secondary neurons express natriuretic 

peptide receptor A (NprA, the receptor for Nppb) and were suggested to release gastrin 

releasing peptide (GRP) which activates the GRP receptor of a third neuron in the spinal 

cord (see Figure 5, chapter 2).77,106,107 Ablation of either the NrpA- or GRP-receptor 

expressing neurons by intrathecal application of a toxin bound to the respective signalling 

molecule largely abolished scratching behaviour after intradermal application of various 

pruritogens.77,106 Noteworthy, pain responses were unaltered after ablation of these neurons, 

indicating that a selective itch pathway exists on spinal cord level.77,106 

Together, these studies have revealed several receptors and signaling molecules as 

being involved mainly in acute forms of pruritus in mice and men. One major question 

which remains is the mechanism resulting in chronification of pruritus observed in many 

human disorders associated with pruritus. A recent mouse study shed light on this 

unresolved issue. Zhao and colleagues showed that constitutive activation of the 

serine/threonine kinase BRAF in neurons expressing the sodium channel NaV1.8 was 

related to chronification of scratching behaviour.108 BRAF activated MEK1/2 which caused 

continous phosphorylation of ERK resulting in increased expression of genes involved in 

itch signalling such as GRP, H1-receptor or Mrg receptor A3.108 Thus, the RAF/MEK/ERK 

signalling cascade may represent a pharmacological target to ameliorate chronic itch 

sensation. Still, information on the role of specific pruritogens and mechanisms of 

chronification in human disorders remains very sparse. 

It is common experience that intensity of pruritus may be temporarily affected by 

parenteral, oral or local application of a placebo. Hence, randomized, placebo-controlled 
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and double-blinded trials are needed to validate new antipruritic treatment strategies. 

Further unravelling of the pathogenesis of itch in cholestasis may help to develop novel 

more effective strategies among which possibly selective ATX inhibitors and LPA receptor 

antagonists. As ATX-LPA axis is involved in many physiological conditions it is likely that 

a general inhibition of this pathway by ATX inhibitors will be associated with many 

adverse effects. Once the LPA receptors involved in cholestatic pruritus are elucidated this 

problem may be overcome by adminstration of selective LPA receptor blockers.  
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NEDERLANDSE SAMENVATTING 

Jeuk is een symptoom, dat bij iedereen wel bekend is bijvoorbeeld na een muggenbeet of na 

contact met een brandnetel. De huid wordt rood, is gezwollen, jeukt en men bespeurt de 

wens zich op die plek te krabben. Na een half uurtje zijn de symptomen weer verdwenen. 

Deze acute vormen van jeuk worden voornamelijk geïnduceerd door het vrijkomen van 

stoffen uit mestcellen, zoals histamine.  

 Jeuk kan echter ook chronisch en ondragelijk zijn. Chronische jeuk is een bekend 

symptoom dat kan voorkomen bij verschillende dermatologische en interne ziekten. De 

definitie van chronische jeuk is de aanwezigheid van dit symptom gedurende meer dan zes 

weken. De chronische vormen van jeuk zijn onlangs ingedeeld in twee verschillende 

groepen. Enerzijds jeuk op primair veranderde huid: bij dermatologische ziekten zoals 

atopische dermatitis. Men kan zich voorstellen, dat als de huid veranderd en ontstoken is, 

dit dan ook tot jeuk kan leiden.  

 Deze chronische jeuk wordt onderscheiden van jeuk die zich voordoet op primair 

onveranderde huid. In tegenstelling tot dermatologische ziekten is de huid bij die patiënten 

niet veranderd, maar jeukt toch erg. Het enige wat er aan de huid kan afwijken zijn 

secondaire krab-laesies, zoals prurigo nodularis. Dit kan voorkomen bij systemische ziekten 

zoals hepatobiliaire ziekten, chronisch nierfalen of lymfoproliferatieve aandoeningen, maar 

ook bij neurologische ziekten zoals anatomische laesies van het zenuwstelsel of 

psychiatrische ziekten. De signaalstoffen bij de meeste chronische vormen van jeuk zijn 

niet bekend. 

 Een centrale vraag is: waarom ervaren we eigenlijk jeuk? Om deze vraag te kunnen 

beantwoorden, moet men eerst kort vertellen, wat er bekend is over de jeukperceptie, die in 
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de huid plaatsvindt. Vroeger dacht men, dat jeuk een milde vorm van pijn is. Pas in 1997 

kon de groep van Martin Schmelz1 aantonen, dat er een bepaalde set van sensorische 

neuronen bestaat, die alleen histamine-sensitief zijn en niet reageren op bepaalde 

pijnstimuli zoals mechanische pijn. Na activatie leiden deze neuronen een signaal naar het 

ruggenmerg en van daar door een tweede neuron via de spinothalamische tractus naar de 

hersenen. Inmiddels is duidelijk, dat er naast histamine-responsieve neuronen ook op jeuk 

gespecialiseerde neuronen bestaan, die door niet-histaminerge moleculen zoals het anti-

malaria geneesmiddel chloroquine2 kunnen worden geactiveerd. Ook werd duidelijk dat er 

een complex samenspel tussen deze jeuk-neuronen en verschillende cellen in de huid zoals 

keratinocyten of immuuncellen zoals mestcellen of Langerhans cellen plaatsvindt. Uit 

evolutionair oogpunt lijkt het waarschijnlijk dat dieren en mensen die jeuk konden voelen 

een selectief voordeel hadden: het krabben van de jeukende huidplek leidt tot verwijdering 

van mogelijk schadelijke planten(resten), insecten of andere indringers.  

 

 In de laatste jaren is er veel onderzoek gedaan op het gebied van jeuk. Middels 

dierexperimenten zijn vele potentiële pruritogene factoren beschreven, die mogelijke bij 

systemische ziekten jeuk zouden kunnen veroorzaken. Hoofdstuk 2 geeft een uitgebreid 

overzicht van de belangrijkste potentiële pruritogenen en hun signaalpaden, zoals deze 

meestal in muizen zijn onderzocht. Verder vat dit hoofdstuk samen wat er bekend is over de 

pathogenese en behandeling van jeuk bij interne ziekten zoals leverziekten, chronisch 

nierfalen, lymfoproliferatieve aandoeningen of endocriene afwijkingen.  

 De verdere hoofstukken concentreren zich op de pathogenese van jeuk bij 

leverziekten, met name jeuk geassocieerd met cholestase3. Cholestase kan verschillende 

oorzaken hebben: i) een verminderde hepatocellulaire secretie, zoals bij intrahepatische 
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zwangerschapscholestase (ICP), benigne episodische intrahepatische cholestase (BRIC), 

progressieve familiaire intrahepatische cholestase (PFIC), toxine- of geneesmiddel-

geïnduceerde cholestase, en chronische hepatitis C infecties; ii) intrahepatische 

galwegschade en daaruit voortvloeiend falen van de hepatocellulaire secretie, zoals bij 

primair biliaire cirrose (PBC), primair scleroserende cholangitis (PSC), en aangeboren 

cholestatische syndromen, zoals het Alagille-syndroom; en iii) obstructie van de 

intrahepatische of extrahepatische galwegen zoals bij steenvorming in de galblaas of 

galwegen, PSC, cholangiocarcinoom, obstructie door pancreaskoptumoren of 

lymfadenopathie in de hilus, portale biliopathie, galwegadenomen of biliaire atresie.4,5  

 De prevalentie van jeukklachten verschilt per leverziekte. Bij ICP is pruritus een 

vereiste voor het stellen van de diagnose (en heeft dus 100% van de patiënten jeuk); bij 

chronische cholestase zoals bij PBC en PSC heeft 25-80% van de patiënten de klachten bij 

het vaststellen van de ziekte en krijgt 80% de klacht ergens gedurende het ziekteproces.6 

Bij maligne galwegobstructie ervaart tot 45% van de patiënten pruritus, bij benigne 

obstructieve icterus wordt in 16% van de patiënten jeuk gemeld.7 Ongeveer 5-15% van de 

chronische hepatitis C patiënten heeft jeuk, terwijl het vrijwel nooit gezien wordt in het 

beloop van chronische hepatitis B, non-alcoholische leververvetting (NAFLD) of non-

alcoholische steatohepatitis (NASH).  

Jeuk is voor cholestatische patiënten dikwijls een zeer ernstige klacht met een grote 

impact op de kwaliteit van leven. Jeuk is soms mild, maar kan in andere patiënten het 

dagelijks leven danig verstoren en leiden tot een ernstige ontregeling van het slaapritme, 

waardoor vermoeidheid, depressie en zelfs suïcidale gedachten kunnen ontstaan. In 

zeldzame gevallen kan therapie-resistente jeuk een valide indicatie zijn voor 

levertransplantatie, zelfs in patiënten zonder leverfalen. Meestal concentreert de jeuk zich 



Nederlandse Samenvatting   

254 

in de handpalmen en voetzolen, maar gegeneraliseerde pruritus komt ook voor.8 Krabben 

geeft nauwelijks verlichting. Anders dan bij dermatologische jeuk is de huid niet afwijkend, 

maar kunnen door intens krabben wel secundaire laesies ontstaan. 

Cholestase leidt ertoe dat verschillende galcomponenten, waaronder bilirubine en 

galzouten, zich in de circulatie en in de weefsels ophopen. Het lijkt erop dat dit proces in 

directe of indirecte relatie staat tot het optreden van jeuk. Galzouten, histamine, 

progresteron-metabolieten en opioïden werden verantwoordelijk gehouden voor de inductie 

van pruritus, maar een causaal verband van deze factoren met jeukintensiteit is nooit 

aangetoond. Dit onderzoeksproject is gestart met de hypothese dat factoren zich ophopen in 

de circulatie van cholestatische patienten. Deze faktoren zouden directe of indirecte 

pruritogenen kunnen zijn die uiteindelijk tot activatie van zenuweinden van 

gespecialiseerde jeukneuronen in de huid of het ruggenmerg kunnen leiden. Om deze 

pruritogenen te identificeren, hebben wij bloed van cholestatische patienten met jeuk op het 

vermogen tot neuronale activatie in verschillende neuronale cellijnen getest. In dit 

proefschrift konden wij middels verschillende analytische technieken in hoofdstuk 3 een 

factor in het serum van patienten met chronische cholestase, die neuronen activeert, 

identificeren als lysofosfatidezuur (LPA).9 Bij de geteste cholestatische patiënten bleek de 

serumconcentratie van LPA verhoogd in mensen met jeuk. Bovendien leidt intradermale 

injectie van LPA bij muizen tot een dosisafhankelijke, verhoogde krabactiviteit.9 

Ongepubliceerde data tonen aan dat ook een focale toediening van LPA in de huid van 

gezonde mensen tot milde jeuk leidt.  

De volgende vraag was hoe LPA in de circulatie terecht komt. In het bloed wordt 

LPA voornamelijk uit lysofosfatidylcholine gevormd door het enzym Autotaxine (ATX).10 

In sera van cholestatische patiënten met jeuk konden wij aantonen dat de hoeveelheid ATX 
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en ook haar enzymatische activiteit sterk verhoogd is in vergelijking met patiënten zonder 

jeuk.9 Anders dan voor de hierboven genoemde speculatieve pruritogenen blijkt de ATX 

activiteit significant te correleren met de subjectieve jeukintensiteit.  

In hoofdstuk 4 konden wij verder aantonen, dat ATX activiteit en eiwitniveaus bij 

alle cholestatische patiënten onafhankelijk is van de onderliggende hepatobiliaire ziekte, 

zoals primair biliair cirrhose, primair scleroserende cholangitis, het goedaardige erfelijke 

syndroom geassocieerd met cholestase (BRIC), chronische virushepatitis C of obstructie 

van de galgang door galsteen of tumoren.11 Verder konden wij aantonen dat sterk 

verhoogde ATX activiteit alleen bij patiënten met cholestatische jeuk optreedt en niet bij 

patiënten met jeuk door atopische dermatitis, chronisch nierfalen of een Hodgkin-lymfoom. 

Sterk verhoogde ATX activiteit zou dus een biomarker kunnen zijn voor een hepatobiliaire 

ziekte als oorzaak van chronische jeuk van onbekende oorzaak, of bij aanwezigheid van 

meerdere jeukgeassocieerde ziekten. Niettemin was de ATX activiteit ten opzichte van 

gezonde controles ook (licht) verhoogd in patiënten met atopische dermatitis en Hodgkin-

lymfoom. Een lokale overproductie van ATX en LPA bijvoorbeeld in de huid of tumor zou 

dus aan de jeuk kunnen bijdragen. Verder konden wij in dit hoofdstuk duidelijk aantonen 

dat verschillende thans toegepaste behandelingen zoals de galzoutbinder colesevelam, de 

enzyminductor rifampicine bij milde tot gematigde vormen van jeuk of het uitvoeren van 

de albuminedialyse MARS of nasobiliaire galdrainage bij patiënten met onbehandelbare en 

ondraaglijke pruritus de ATX activiteit en de jeuk navenant konden verminderen. Wanneer 

de pruritus in de weken na de behandeling met MARS of nasobiliaire drainage terugkomt, 

raakt ook de ATX activiteit weer verhoogd.11 Autotaxine en haar enzymproduct LPA lijken 

kortom centrale spelers in de etiologie van cholestatische jeuk.   
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Naast chronische cholestatische ziekten kunnen ook zwangere vrouwen aan 

leverziekten en/of jeuk leiden. Verschillende ziekten zijn hiervoor verantwoordelijk, zoals 

zwangerschapsziekten geassocieerd met jeuk, intrahepatische zwangerschapscholestase 

(ICP) of pre-eclampsia gecompliceerd door het HELLP-syndroom. In hoofdstuk 5 konden 

wij aantonen, dat de ATX activiteit uitsluitend in patiënten met intrahepatische 

zwangerschapscholestase is verhoogd. Een longitudinale analyse van ICP patiënten liet zien 

dat het serum ATX duidelijk stijgt na het opkomen van jeuk. Gezonde vrouwen die orale 

anticonceptiemiddelen slikken, hebben een hogere ATX activiteit dan vrouwen zonder 

anticonceptie of mannen. Vrouwelijke hormonen zouden dus een andere inductor kunne 

zijn voor verhoogd circulerend ATX in cholestatische patiënten. Serum ATX spiegels laten 

geen circadiaans ritme zien en worden niet beïnvloed door voedselopname. Verhoogde 

ATX activiteit in het serum is dus een zeer sensitieve en specifieke marker voor 

intrahepatische zwangerschapscholestase.  

In hoofdstuk 6 wordt beschreven hoe kinderen met cholestatische 

leveraandoeningen werden onderzocht, waaronder kinderen met Alagille-syndroom, biliaire 

atresie, neonataal scleroserende cholangitis, progressieve familiaire intrahepatische 

cholestase en galzoutsynthesedefecten. Terwijl kinderen met galzoutsynthesedefecten een 

ernstig cholestatisch beeld ontwikkelen zonder dat dit tot jeuk leidt, veroorzaken de andere 

cholestatische ziektebeelden vaak wel pruritus. In deze kinderen zijn dan ook de ATX 

spiegels verhoogd. De jeukintensiteit correleerde ook in pediatrische leverziekten met de 

ATX activiteit in het serum. In vitro konden wij geen direct inducerend effect van 

galzouten aantonen op de expressie van ATX.  

In hoofdstuk 7 werd het effect van rifampicine op ernstige persisterende 

hepatocellulaire secretiedefecten geanalyseerd. Dertien patiënten met een dergelijk 
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secretiedefect met duidelijk verhoogde bilirubinewaarden en jeuk werden voor een periode 

van maximaal tien weken met rifampicine behandeld, uiteraard na het verhelpen van de 

oorzakelijke factoren zoals medicatie, toxinen of galgangobstructie. Deze behandeling met 

rifampicine liet de serumbilirubine spiegels duidelijk dalen of zelfs normaliseren en de jeuk 

verdwijnen. In vitro induceerde rifampicine op een PXR-afhankelijke wijze enzymen and 

transporters zoals CYP3A4, UGT1A1, MRP2 and OST, wat aan het anticholestatische 

effect bijdroeg. Rifampicine zou dus in patiënten met persisterende hepatocellulair 

sectretorische defecten een therapeutisch optie kunnen zijn.  

De huidige standaard voor behandeling van cholestatische jeuk berust op de 

galzoutbinder cholestyramine, enzyminductie door rifampicine, de opioïd-antagonist 

naltrexon en de selectieve serotonine-opname remmer (SSRI), sertraline. Experimentele 

behandelingen zoals UV-lichttherapie, nasobiliaire drainage en MARS-behandeling kunnen 

in bijzondere gevallen ondraaglijke jeuk (tijdelijk) verminderen.3 Als in de toekomst de rol 

van ATX en lysofosfatidezuur verder kan worden ontrafeld behoort het medicinaal 

blokkeren van specifieke LPA-receptoren en het remmen van ATX misschien ook tot de 

mogelijkheden.  
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