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ABSTRACT—Background and Aims: Elevated markers of cholestasis are common in response to critical iliness, and
associated with adverse outcome. The role of illness duration and of nutrient restriction on underlying molecular pathways of
such cholestatic responses have not been thoroughly investigated. Methods: In a mouse model of surgery- and sepsis-
induced critical illness, molecular pathways of cholestasis were investigated up to 7 days. To assess which changes are
explained by iliness-induced lack of feeding, nutrient-restricted healthy mice were studied and compared with ad libitum fed
healthy mice. Furthermore, serum bile acid (BA) concentrations were quantified in 1,114 human patients with either short or
long intensive care unit (ICU) stay, matched for type and severity of iliness, up to ICU-day-7. Results: In critically ill mice,
either evoked by surgery or sepsis, circulating and hepatic BA-levels progressively increased with time from day-3 onward,
preceded by unsuppressed or upregulated CYP7A1 and CYP27A1 protein expression. From 30h onward, nuclear
farnesoid-X-receptor-retinoid-X-receptor staining was significantly suppressed in both critically ill groups, followed from
day-3 onward by decreased gene expression of the apical exporter BA-specific export pump and increased expression of
basolateral exporters multidrug resistance-associated protein 3 (MRP3) and MRP4. Nutrient restriction in healthy mice only
partly mirrored illness-induced alterations in circulating BA and BA-transporters, without changing nuclear receptors or
synthesis markers expression. Also in human critically ill patients, serum BA increased with time in long-stay patients only,
similarly for patients with or without sepsis. Conclusions: Circulating BA concentrations rose days after onset of sepsis-
and surgery-induced, critical illness, only partially explained by lack of feeding, preceded by suppressed nuclear feedback-
sensors and ongoing BA synthesis. Expression of transporters suggested ongoing reversed BA-flow toward the blood.
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ABBREVIATIONS—ALP—alkaline phosphatase; ALT—alanine aminotransferase; AST—aspartate aminotransferase;
BA—bile acids; CRP—C-reactive protein; FXR—Farnesoid-X-Receptor; gGT—gamma-glutamyltranspeptidase; ICU—

intensive care unit; RXR—retinoid-X-receptor

INTRODUCTION

Abnormal cholestatic liver test results are frequently
observed in patients treated in the intensive care unit (ICU),
traditionally labeled as critical illness-associated cholestatic
liver dysfunction. The development of hyperbilirubinemia is
associated with a more complicated course of critical illness, a
longer duration of ICU stay, and a higher risk of death (1, 2).
However, while increased levels of cholestatic markers can
point to liver dysfunction, this may be an epiphenomenon. Vice
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versa, increased markers of cholestasis could also reflect an
adaptive and favorable response to severe illness if increased
amounts of bilirubin and bile acids (BA) in the circulation exert
beneficial systemic effects (3). Such a possibility was recently
suggested by findings from a large randomized controlled trial
(EPaNIC) (4). The EPaNIC trial investigated the impact of
delaying initiation of parenteral nutrition to beyond the first week
of critical illness and found fewer infections, less organ failure,
and faster recovery (4, 5). Intriguingly, throughout the 7-day
intervention window, plasma bilirubin levels were significantly
higher in patients who did not get parenteral nutrition, whereas
biochemical markers of hepatocyte lysis and cholestasis peaked
to significantly lower levels in these patients (6). These findings
suggested that mild hyperbilirubinemia in response to critical
illness may not necessarily reflect true cholestasis but instead
could be part of the adaptive stress response.

The underlying metabolic pathways of critical illness-
induced hyperbilirubinemia, and the role herein of illness
duration are currently not well characterized. Although
impaired bile formation/flow can be due to extrahepatic bile
duct obstruction, intrahepatic nonobstructive cholestasis seems
to dominate during critical illness (3). In liver biopsies har-
vested from prolonged critically ill patients who died in the
ICU, it has been shown that expression of hepatic BA
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transporters is altered to promote export of bilirubin and BA
back to the systemic circulation (7). Surprisingly, while circu-
lating BA levels were 11-fold higher than normal in these
patients, expression of the main BA synthesis enzyme,
CYP7A1, was not suppressed. Furthermore, hepatocytic
nuclear content of the Farnesoid-X-Receptor (FXR) and the
Retinoid-X-Receptor (RXR), the key sensors and transcrip-
tional regulators of BA synthesis and intrahepatic transport,
were remarkably low in the patient biopsies (7). Inevitably, the
results of this post-mortem study apply only to the most severe
phenotype of critically ill patients. It is not clear whether such
ongoing BA production and reversal of BA transport is a
general phenomenon occurring in all types of critical illness.
Also, although cholestatic alterations have been studied in
animal models of acute inflammation and sepsis, the time
course of cholestatic alterations during prolonged critical ill-
ness remains unclear (3). Furthermore, cholestatic alterations
could partially be triggered by the lack of feeding, which also
hallmarks critical illness. While the effect of short-term fasting
on bile acid homeostasis has been investigated (8), the impact
of extended nutrient restriction on the underlying molecular
pathways remains poorly characterized.

This study aimed to analyze the role of illness duration and of
nutrient restriction on critical illness-induced cholestatic alter-
ations in an animal model of prolonged critical illness evoked
either by surgery or sepsis. Since systemic BA are affected by
both BA synthesis and intrahepatic transport, we first investi-
gated bile acid synthesis enzymes and regulating nuclear
receptors, followed by a characterization of hepatic transporters
expression. To assess whether any observed changes are
explained by illness-induced lack of feeding, partial nutrient
restriction matching the lack of feeding with illness was studied
in healthy mice over time and compared with ad [libitum
feeding. In addition, we examined liver histology for signs
of liver damage and regeneration. As a partial human correlate,
alterations over time in circulating BA levels were documented
in human patients suffering from brief or prolonged critical
illness either evoked by sepsis or other causes.

MATERIALS AND METHODS
Mice study

To study changes over time, 24-week-old male C57BL/6J mice (mature
adult) (Janvier Labs, Le Genest-Saint-Ilse, France) were randomly allocated to
“healthy control” or “critically ill”” groups (Fig. 1). We used only male mice to
avoid the cyclic influence of estrogens. Mice were made critically ill either by
extensive surgery (“‘surgical critical illness’) or by extensive surgery and cecal
ligation and puncture (CLP)-induced sepsis (“‘septic critical illness™”) and
sacrificed after 30h, 3 days, 5 days, or 7 days of critical illness (Fig. 1).
The Animal Ethics Committee of the KU Leuven approved the protocol for the
mouse study (P134-2013). The study adheres to the European Union concerning
the welfare of laboratory animals as declared in Directive 2010/63/EU.

Both surgical and septic critically ill animals underwent extensive surgery, in
which a central venous catheter was placed in the left jugular vein, as reported
previously (9). Mice allocated to “‘surgical critical illness” received a combi-
nation of the placement of a central venous catheter, which is an extensive
surgical procedure that requires prolonged anesthesia, and a sham laparotomy
for which the abdomen is opened, the cecum is manipulated, but not punctured.
Mice allocated to the ““septic critical illness’ group additionally received CLP
with an 18-gauge needle to induce a polymicrobial sepsis (9). All critically ill
mice received intravenous fluid resuscitation (colloids/crystalloids 1:4 at
0.3mL/h) for 24 h, from then onward intravenous partial parenteral nutrition
at 0.2mL/h (Oliclinomel N7E, Baxter, Braine-1’Alleud, Belgium) via the
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Fic. 1. Design of the time course mouse study and cumulative
survival. A, Experimental setup of the study groups. a: nutrient restriction
in healthy animals was paired with caloric intake in critically ill animals. b:
number of animals/group: Healthy ad libitum fed: 30 h: n=15, Day-3: n=15,
Day-5: n=15, Day-7: n=15. Healthy caloric restricted: 30 h: n=15, Day-3:
n=15, Day-5: n=15, Day-7: n=15. Surgical critical illness: 30h: n =16, Day-
3:n=16, Day-5: n =16, Day-7: n = 18. Septic critical illness: 30h: n =15, Day-
3: n=16, Day-5: n=16, Day-7: n=15. B, Cumulative survival of the mouse
study. Cl indicates critical illness.

central venous catheter (9). To match the human intensive care setting of
reduced nutrient intake, we used mixed parenteral nutrition instead of normal
chow to allow careful control of the nutritional intake. Administered nutrients
were restricted in calories to 45% (5.8 kcal/24 h) of the normal daily intake to
mimic illness- induced lack of feeding. Furthermore, mice received postopera-
tive broad-spectrum antibiotics (imepenem + clilastatin) and pain medication
(buprenorphine). If the central venous catheter was accidently dislocated,
animals were excluded from the study. Animals were housed in individual
house-made transparent swivel cages and placed in a temperature-controlled
(27°C) animal cabinet with 12h light and dark cycles (9).

Since nutrient restriction by itself can alter BA regulation, healthy mice that
received restricted access to chow (ssniff R/M-H, ssniff Spezialdidten GmbH,
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Soest, Germany) to match the caloric intake of the critically ill groups served as
the control group (“‘nutrient-restricted healthy controls”). To assess the impact
of prolonged nutrient restriction, nutrient-restricted animals were compared
with healthy ad libitum fed animals (‘‘healthy-fed controls’). All animals had
ad libitum access to chow and water before the start of the experiment.

The study was continued until 15 surviving animals were obtained for each
study group and each time point (16 groups).

Quantification of BA concentrations in mice plasma and
liver

Plasma BA concentrations were measured with the use of liquid chroma-
tography tandem-mass spectrometry as described in the online supplement,
Supplemental Digital Content 1, http:/links.lww.com/SHK/A656. Total BA
were extracted from whole liver tissue by homogenizing 50 mg liver tissue in
75% ethanol and heated to 50°C for 2 h. The suspension was centrifuged, after
which BA were quantified in the supernatant. Total hepatic BA were measured
enzymatically using the enzyme cycling total BA kit (Diazyme Laboratories,
Poway, Calif).

Quantification of gene and protein expression in mice liver

Total RNA was isolated from snap frozen liver tissue using Qiazol and the
RNAeasy isolation kit (Qiagen, Venlo, The Netherlands). RNA was reverse
transcribed and cDNA was quantified in real time as reported previously (10)
with commercial TagMan Assays (Applied Biosystems) (Sup. Table 3, http://
links.lww.com/SHK/A656). For the relative expression of genes, healthy-fed
control animals of the respective day were set as 1. Immunoblots with CYP7A1
(Santa Cruz Biotechnologies, Dallas, Tex) and CYP27A1 (Thermo Fisher,
Aalst, Belgium) antibodies were performed as described in the online supple-
ment, Supplemental Digital Content 1, http://links.lww.com/SHK/A656.

(Immuno)Histological analyses

Liver histological structure was analyzed on digital microscopy images of
hematoxylin and eosin stained 5 wm formalin-fixed paraffin sections. Slides
were scored semiquantitatively for sinusoidal dilatation, feathery appearance of
cytoplasm, ballooning, and accumulation of inflammatory cells by two inde-
pendent observers. Average nuclear size, as a marker of cellular stress, was
quantified using an in house made automated image analyzing program
(Supplemental methods, http://links.lww.com/SHK/A656).

For immunohistochemistry (IHC), paraffin sections were incubated with
primary antibodies against CK7 (Abcam, Cambridge, UK) and the nuclear
receptors FXR and RXR (Santa Cruz Biotechnologies) overnight at 4°C and
subsequently with HRP linked secondary antibodies (Dako, Glostrup, Denmark)
for 30 min and visualized with DAB (Dako). A machine learning classifier was
developed to identify which of the automatically identified nuclei were stained for
FXR and RXR (Supplemental methods, http://links.lww.com/SHK/A656).

Patients and controls

The human study was a secondary analysis of the randomized controlled
EPaNIC trial that investigated the impact of early parenteral nutrition (11). The
study protocol and consent forms were approved by the institutional ethical review
boards (ML4190). The detailed study protocol and primary results have been
published elsewhere (5, 6, 11). In brief, patients were randomized to receive
parenteral supplementation in addition to insufficient enteral nutrition to reach
their caloric goal either within 48 h (early) or after 7 days when still in ICU (late).
Written informed consent was obtained from all patients or next-of-kin. To
compare the course of BA over time in patients with a brief or protracted critical
illness, 557 short-stay patients (<3 days in ICU) and 557 long-stay patients (>3
days in ICU) were matched with propensity scores obtained by logistic regression
(one-to-one nearest neighbor matching without replacement and with a caliper of
0.0005) for demographics, patient history markers, severity of illness scores,
admission features, trial features, and nutritional intake (Sup. Fig. 1, http://
links.lww.com/SHK/A656 for a complete list of matching criteria and consort
diagram and Sup. Fig. 2, http://links.lww.com/SHK/A656). Based on previously
published data, we calculated that to detect a difference of 0.75 uM in circulating
BA with o of 4.4 uM (effect size of 17%) with a statistical power >80% and
a<0.05, aminimum of 543 patients per arm was required. To account for possible
dropout because of insufficient sample availability, we matched 557 patients per
group. In addition, 44 overnight fasted, volunteers matched for age, gender, and
BMI were analyzed to generate healthy reference values.

Human serum analyses

For all patients (n=1,114), total BA were quantified in serum samples
collected upon admission and the third day (or last day for those patients who
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were discharged earlier) and additionally on day-7 in the subgroup of patients
with an ICU>7 days (n=254). Total BA were measured using the total BA
assay (NBT method, Diazyme Laboratories, Poway, Calif). Plasma concen-
trations of bilirubin, gamma-glutamyltranspeptidase (gGT), alkaline phospha-
tase (ALP), alanine aminotransferase (ALT), aspartate aminotransferase (AST),
and C-reactive protein (CRP) had been measured as part of the routine
laboratory tests performed in the participating ICUs.

Statistical analysis

All statistical analyses were performed with SPSS (IBM, North Castle, NY)
including the R-based plugin of propensity score matching, JMP (SAS Institute,
Cary, NC), MATLAB 2014b (The MathWorks, Natick, Mass) and the Gaussian
Process library (12). Student ¢ test, Mann—Whitney U tests, and Chi-square or
Fisher exact tests were used as appropriate. Repeated measures ANOVA were
used to analyze the time and group effect on the changes in BA of the human
patients. Correlations were determined using Pearson correlation coefficient.
Data are represented as either mean = SEM or median and IQR (25th—75th
percentile) as indicated in the figure legends. For all tests, a P value <0.05 was
considered significant.

RESULTS

Bile acid synthesis and feedback regulation in critically ill
mice

Cumulative mortality at 7 days was 0% in healthy nutrient-
restricted and healthy ad libitum fed controls, 11% for the
surgical critically ill group (P =0.036) and 31% for the septic
critically ill group (P <0.001) (Fig. 1). Septic critically ill
animals had a significantly higher mortality than surgical
critically ill animals (P =0.043).

Plasma total BA concentrations in both surgical critically ill
mice and septic critically ill mice were comparable at baseline
to those in healthy nutrient-restricted controls and increased
over time both in critically ill animals and in healthy nutrient-
restricted controls when compared with healthy-fed controls
(Fig. 2A). While the increase in plasma total BA concentrations
was mainly due to a rise in conjugated BA in surgical critically
ill mice and healthy nutrient-restricted mice, septic critically ill
mice displayed an overall elevation in unconjugated BA (Sup.
Table 5, http://links.Iww.com/SHK/A656). This coincided with
a decrease in mRNA expression of the conjugating enzymes
BACS and BAAT in septic, but not in surgical critically ill mice
(Sup. Fig. 3, E and F, http://links.Iww.com/SHK/A656). In
critically ill animals, BACS expression correlated inversely
with both interleukin 13 (IL-1B) (R=-0.232, P=0.01) and
tumor necrosis factor a (TNFa) (R=-0.238, P=0.009).
Indeed, hepatic gene expression of cytokines TNFa and
IL1B was only increased in the septic critically ill group
(Sup. Fig. 4, http://links.lww.com/SHK/A656). Both critically
ill groups showed signs of impaired secondary BA transforma-
tion, as the main secondary BA (deoxycholic acid) decreased
over time in surgical and septic critically ill animals, but not in
healthy nutrient-restricted and healthy-fed animals. In contrast
to plasma BA concentrations, intrahepatic BA content was
significantly increased to a similar extent in both critically
ill groups from day-3 onward, while there was no effect of
restricted nutrient intake in healthy mice on hepatic BA content
(Fig. 2B).

Despite elevated intrahepatic BA levels, protein content of
CYP7Al, the rate limiting enzyme in BA synthesis, was
maintained and even acutely elevated in both critically ill
groups compared with healthy nutrient-restricted mice. Protein
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Number of animals/group B to F as stated in Figure 1.

content of CYP27A1, the key enzyme in the alternative BA
synthetic pathway, was higher in healthy nutrient-restricted
animals compared with both critically ill groups. However,
compared with healthy-fed mice, levels were maintained or
increased in healthy nutrient-restricted animals and in both
critically ill groups, except for a downregulation on day-7 in
the septic critically ill group (Fig. 2, C and D). Gene expres-
sion of these enzymes was acutely downregulated at 30h in
both critically ill groups, but normalized thereafter (Sup. Fig. 3,
A and B, http://links.lww.com/SHK/A656). CYP8B1 gene

expression displayed an acute increase at 30h in the surgical
critically ill group, but was downregulated thereafter in both
critically ill groups (Fig. 2E). Gene expression of CYP7AL,
CYP27A1, and CYP8B1 did not differ between healthy
nutrient-restricted animals and healthy ad libitum fed mice.
The maintained to high protein content of enzymes that play a
key role in BA synthesis in the critically ill mice was in line with
an acute reduction in the gene expression of small heterodimer
partner (SHP), a protein that suppresses BA synthesis (Fig. 2F).
The synthesis of BA is normally mainly regulated by a network of
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nuclear receptors, of which the FXR-RXR heterodimer is con-
sidered the mostimportant BA sensor and regulator. Remarkably,
despite elevated intrahepatic BA levels compared with healthy
nutrient-restricted controls, FXR and RXR immunostaining was
clearly decreased in the hepatocytic nuclei of both critically ill
groups already in the acute phase of critical illness (Fig. 3).
Nutrient restriction in healthy mice did not affect nuclear FXR
and RXR immunostaining. Gene expression of RXR and FXR
was generally unaffected by critical illness and nutrient-restric-
tion (Sup. Fig. 3, C and D, http://links.lww.com/SHK/A656).

Expression of hepatic bile acids transporters in critically
ill mice

In normal, healthy conditions, BA are taken up from the
intestine in the portal circulation and enter the hepatocyte via
the basolateral situated influx pumps Na-taurocholate
cotransporting polypeptide (NTCP) and several isoforms of
the organic anion transporting polypeptide (OATP) family.
Compared with nutrient-restricted healthy controls, gene
expression of NTCP and OATP’s was acutely downregulated
in both critically ill groups (Fig. 4, A and B). In the prolonged

phase of critical illness, at day-7, gene expression of NTCP
normalized, but OATPlal and OATP1b2 mRNA expression
remained lower (Fig. 4, A and B and Sup. Fig. 5A, http://
links.lww.com/SHK/A656). Nutrient restriction in healthy
mice only partly mimicked alterations in hepatic BA uptake
transporter expression observed in critically ill animals (Fig. 4
and Sup. Fig. 5, http://links.Iww.com/SHK/A656).

BA are normally excreted toward the bile canaliculi via the
BA-specific export pump (BSEP) and the less specific multi-
drug resistance-associated protein 2 (MRP2). In addition to BA
export, the multidrug resistance protein 2 (MDR2) adds phos-
pholipids and the anion exchanger 2 (AE2) adds bicarbonate to
the excreted bile. In both critically ill groups, mRNA of BSEP
was acutely downregulated as compared with healthy nutrient-
restricted controls and healthy-fed animals. During the course
of critical illness, mRNA of BSEP increased, but remained
significantly lower compared with healthy nutrient restricted
animals (Fig. 4C). Only in septic critically ill mice, MRP2
mRNA levels were acutely decreased compared with healthy-
fed and healthy-nutrient restricted animals, but increased to
normal levels thereafter. Healthy nutrient-restricted animals
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mean + SEM. The mean + SEM of the healthy-fed controls as average over all days are shown with the gray dashed lines. "P<0.05 compared with healthy-fed
controls, TP<0.05 compared with healthy nutrient-restricted animals, ¥p<0.05 compared with surgical critical iliness, §P§0.05 compared with healthy-fed controls,
healthy nutrient-restricted animals, and surgical critical illness. Number of animals/group as stated in Figure 1. BSEP indicates bile acid-specific export pump;
MRP, multidrug resistance-associated protein; NTCP, Na-+-taurocholate co-transporting polypeptide; OATP, organic anion transporting polypeptide.
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had higher MRP2 mRNA levels than healthy-fed controls at all
time-points (Fig. 4D). In contrast, expression of the phospho-
lipid export pump MDR?2 acutely increased and maintained
thereafter at normal levels in surgical critically ill animals and
healthy nutrient-restricted mice as compared with healthy-fed
controls. Septic critically ill mice showed an overall decreased
expression of MDR2. Overall, AE2 mRNA was maintained in
both critically ill groups compared with nutrient-restricted
animals, except for a transient decrease on day-3, and no effect
of nutrient restriction was observed in healthy mice (Sup Fig. 5,
B and C, http://links.lww.com/SHK/A656).

As an alternative to the normal canalicular export, BA can
also be excreted toward the systemic circulation via the baso-
lateral located efflux transporters multidrug resistance-associ-
ated protein 3 and 4 (MRP3, MRP4) and the Organic Solute
Transporter (OST). MRP3, MRP4, and OST( mRNA was
comparable to normal healthy-fed animals in the acute first
days of critical illness, except for a transient decrease on day-1
(MRP3) and day 3 (MRP4) in the septic critically ill mice, and
on day 1 (OSTP) for the surgical critically ill mice. Expression
of MRP3, MRP4, and OSTf increased over time in both
critically ill groups, an increase that was also observed in
healthy-nutrient-restricted animals (Fig. 4, E and F and Sup
Fig. 5D, http://links.lww.com/SHK/A656).

Healthy ad libitum fed

Glycogen storage Sinusoidal dilatation

Ductular reaction
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Macroscopic and microscopic characteristics of liver
damage and regeneration in critically ill mice

The total wet liver weight decreased from day-3 onward in
both critically ill groups and in nutrient-restricted animals, but
this was most pronounced in the surgical critically ill animals.
This was in line with the change in total body weight during the
study period. In contrast, total dry weight of the liver was not
affected by critical illness or nutrient restriction (Sup. Fig. 6,
http://links.lww.com/SHK/A656). The basic microscopic
structure was analyzed for signs of hemodynamic impairment,
inflammation, and cell damage. We observed significantly
more sinusoidal dilatation, indicating hypoperfusion, in both
critically ill groups compared with healthy nutrient-restricted
or fed controls (Fig. SA—C and Sup. Fig. 7A, http://links.
Iww.com/SHK/A656). No difference in sinusoidal dilatation
was observed between healthy-fed and healthy nutrient-
restricted mice. Feathery appearance of hepatocyte cytoplasm
can indicate the presence of intracellular glycogen storages.
Compared with healthy nutrient-restricted animals, both criti-
cally ill groups showed a trend toward less feathery appearance,
which was much more pronounced compared with healthy-fed
animals (Fig. 5, D—F and Sup. Fig. 7B, http://links.lww.com/
SHK/A656). Monocyte infiltration was rarely observed (data
not shown). No overt signs of cell stress or cell damage,

Fic. 5. Representative histological images of healthy ad libitum fed and critically ill animals. A—C, x100 H&E-staining showing increased dilatation of
sinusoids in critically ill mice (C), but not in ad libitum healthy-fed control animals (A) and healthy nutrient-restricted animals (B). D—F: x400 H&E-staining, showing
normal glycogen storages (black arrows) in ad libitum healthy-fed control mice (D), a mild decrease in healthy nutrient-restricted animals (E) and an extensive
decrease in glycogen storages in critically ill animals (F). G-I, x400 CK7-staining, showing increase in ductular reaction (black arrows) in critically ill animals (1)
compared with healthy-fed control mice (G) and to a lesser extent in healthy nutrient-restricted animals (H). All images reflect animals sacrificed at day 3. Both
septic and surgical critically ill animals showed similar histological changes, and are shown as one “critically ill group.” Semiquantitative scoring of these features is
shown in SFig. 7, http:/links.lww.com/SHK/A656. CV indicates central vein; HA, hepatic artery; PV, portal vein. Number of animals/group as stated in Figure 1.
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quantified by nuclear size and cellular ballooning, were
observed in critically ill animals (data not shown).

CK-7 staining, indicating ductular reaction, was increased in
both critically ill groups compared with healthy nutrient-
restricted controls from day-3 onward, and was much more
pronounced compared with healthy-fed animals from day-5
onward (Fig. 5, G-I and Sup. Fig. 7C, http://links.Iww.com/
SHK/A656). This was in line with the gene expression of
augmenter of liver regeneration (ALR) and hepatic growth
factor (HGF), which are involved in cell growth and liver
regeneration. In both critically ill groups, mRNA expression
of ALR and HGF acutely increased, but then decreased again
to or below levels observed in healthy nutrient-restricted
and healthy-fed animals (Sup. Fig. 8, A and C, http://links.
Iww.com/SHK/A656). Expression of epidermal growth factor,
also involved in hepatocyte growth and liver regeneration, was
similarly elevated in both critically ill groups and healthy
nutrient-restricted animals from 30h onward (Sup. Fig. 8B,
http://links.lww.com/SHK/A656). In contrast, mRNA expres-
sion of transforming growth factor 3, a potent growth inhibitor,
remained low in surgical critically ill animals, but increased
during the course of septic critical illness, except for a transient
decrease on day 3 (Sup. Fig. 8D, http://links.lww.com/SHK/
A656).

Human study: serum bile acid concentrations and other
cholestatic markers in short- and long-stay critically ill
patients evoked by sepsis or other causes

We studied a mixed ICU population of 1,114 patients with
either short (<3 days) or long (>3 days) ICU stay. With this
population, we addressed whether admission values and early
course of circulating BA levels differ between short- and long-
stay critically ill patients.

Short-stay (n=557) and long-stay (n=1557) patients were
well matched for baseline risk factors and admission severity of
illness markers and nutritional intake (Table 1 and Sup. Fig. 2,
http://links.lww.com/SHK/A656). Although ICU and in hospi-
tal mortality was similar, the outcome factors indicating the
degree of complicated ICU stay (new infections, requirement of
hemodynamic support and renal replacement therapy, duration
of hospital stay) were significantly better in short-stay than in
long-stay patients (Table 1).

Admission serum BA concentrations were significantly
higher (P=0.001) in short-stay patients compared with
long-stay patients (Fig. 6A). However, the progression of
BA over time differed significantly between the two groups:
where BA gradually increased in long-stay patients, they
decreased over time in short-stay patients (P =0.001)
(Fig. 6A). In patients who stayed in the ICU for at least 7
days, circulating BA increased further (Fig. 6B). In both short-
stay and long-stay patients, a similar course in BA values was
observed for patients with and without sepsis at ICU admission
(data not shown).

During the first week in ICU, plasma bilirubin and the other
markers of cholestasis, GGT, and ALP peaked significantly
lower in short-stay than in long-stay patients, whereas markers
of hepatocyte lysis, ALT and AST were not different (Table 1).

JENNISKENS ET AL.

DISCUSSION

We demonstrated in both mice and humans with sepsis and
other types of critical illness a progressive increase in total BA
over time in ICU. Despite increased circulating and hepatic BA
levels, BA synthesis was maintained in both surgical and septic
critically ill animals. The nuclear RXR-FXR system, which
senses and controls BA synthesis, appeared to be switched off
already in the early phase of critical illness. In addition,
analysis of expression of BA transporters clearly suggested
activation of alternative BA flow toward the systemic circula-
tion during critical illness. No microscopic signs of hepatocel-
lular stress or damage were observed, while signs of
hypoperfusion and of ductular regeneration were clearly pres-
ent during critical illness. Also, healthy nutrient-restricted
animals showed higher circulating BA levels, and revealed
similar hepatocellular transport alterations and histological
alterations when compared with healthy ad libitum fed controls.
In humans, while BA decreased after admission in short-stay
patients, levels of BA increased with time in long-stay patients,
this both in septic and in non-septic patients.

In our validated mouse model of acute and prolonged critical
illness (9), we documented in detail the time course of circu-
lating and hepatic BA levels, key enzymes in BA synthesis and
regulation and BA transporters during critical illness of surgical
and combined surgical and septic origin. Both circulating and
intrahepatic BA increased over time in critically ill animals.
However, conjugation of BA appeared to be lost in septic
critical illness while still intact in surgical critical illness.
Conversely, in a detailed analysis of the BA pool of critical
ill patients, intact conjugation has been documented during
septic shock and in postoperative patients and appears to
remain intact (13). Surprisingly, even while intrahepatic and
circulating BA increased above healthy reference values in
critically ill animals, overall protein expression of rate-limiting
enzymes involved in BA production was maintained or high. In
parallel, gene expression of SHP, the main suppressor of
CYP7A1 transcription, was low throughout critical illness.
Similar changes have been reported to occur in non-surviving
critically ill patients (7). Also, mainly primary BA were
increased in the circulation, whereas circulating secondary
BA decreased, suggesting that resorption and recirculation in
the intestine is reduced.

This study indicates that an at least partial suppression of the
negative feedback system, which regulates BA production,
occurs early during both surgical and septic critical illness.
The central cellular regulators in BA feedback are the nuclear
receptors FXR and its obligatory heterodimer partner RXR. We
observed a distinct reduction of FXR and RXR in the hepato-
cytic nucleus, where they normally exert their regulatory
function via direct binding to DNA. As the nuclear decrease
of FXR and RXR was already clearly evident on the first day of
critical illness, this might explain the lack of suppression of
BA synthesis. This observation was in line with in vitro studies
showing a rapid reduction in nuclear abundance of RXR upon
LPS or IL1B treatment with a concurrently transient appear-
ance in the cytosolic compartment (14, 15). Also gene expres-
sion of nuclear receptors has shown to be decreased after
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TasLe 1. Baseline and outcome characteristics for the propensity matched short stay (<3 days) and long stay (>3 days) patients

Short stay (n=557) Long stay (n=557) P-value

Baseline characteristics
Gender—male (n, %) 364 (50.6%) 355 (49.6%) 0.6
Age—years (median + IQR) 65.1+13.8 64.8+14.4 0.7
BMI—kg/m? (median + IQR) 25.8 [22.8-28.8] 25.8 [23.0-29.1] 0.6
History diabetes (n, %) 96 (17.2%) 101 (18.1%) 0.7
History malignancy (n, %) 91 (16.3%) 102 (18.3%) 0.4
Pre-admission dialysis (n, %) 6 (1.1%) 5 (0.9%) 0.8
Emergency admission (n, %) 188 (33.8%) 198 (35.5%) 0.5
Apache-Il score admission (median + IQR) 21.1+9.4 21.0+8.9 0.8
SOFA score 1st ICU day (median + IQR) 7.7+20 7.6+£2.0 0.5
Randomization early parenteral administration (n, %) 281 (50.4%) 279 (50.1%) 0.9
Diagnostic category (n, %) 0.9

Complicated abdominal/pelvic surgery 30 (5.4%) 30 (5.4%)

Other 13 (2.3%) 15 (2.7%)

Cardiac surgery 386 (69.3%) 382 (68.6%)

Cardiovascular disease 2 (0.4%) 1 (0.2%)

Gastroenterological or hepatic disease 7 (1.3%) 10 (1.8%)

Hematological or oncological disease 2 (0.4%) 2 (0.4%)

Metabolic disorder 0 (0%) 0 (0%)

Neurological disease 0 (0%) 0 (0%)

Complicated neurosurgery 12 (2.2%) 15 (2.7%)

Neurological presentation of medical disease 2 (0.4%) 6 (1.1%)

Renal disease 2 (0.4%) 0 (0%)

Respiratory disease 12 (2.2%) 13 (2.3%)

Complicated pulmonary or esophageal surgery 13 (2.3%) 14 (2.5%)

Transplantation 46 (8.3%) 36 (6.5%)

Trauma, burns or reconstructive surgery 15 (2.7%) 18 (3.2%)

Complicated vascular surgery 15 (2.7%) 15 (2.7%)
Sepsis (n, %) 71 (12.7%) 79 (14.2%) 0.5
Infection (n, %) 77 (13.8%) 88 (15.8%) 0.4
CRP 1st day—mg/L (median+ IQR) 56.40 [36—84] 59.60 [34—-88] 0.4
blood glucose admission—mg/dL (median + IQR) 139 [112-167] 136 [112-161] 0.3
Outcome characteristics

ICU mortality (n, %) 19 (3.4%) 21 (3.8%) 0.7

ICU length of stay (median+ IQR) 2[1-3] 6 [4-12] <0.001

Hospital mortality (n, %) 39 (7.0%) 42 (7.5%) 0.7

Hospital length of stay (median + IQR) 11 [8-18] 20 [13-32] <0.001

New infection (n, %) 7 (1.3%) 236 (42.4%) <0.001

Ventilator support needed (n, %) 538 (96.6%) 540 (96.6%) 0.7

Hemodynamic support needed (n, %) 437 (78.5%) 492 (88.3%) <0.001

Renal replacement therapy needed (n, %) 11 (2.0%) 41 (7.4%) <0.001
Other liver parameters (median + IQR)

Bilirubin max 1st week—mg/dL 0.85 [0.59—-1.33] 1.04 [0.74-1.68] <0.001

ALT max 1st week—IU/L 19 [12-42] 21 [14-40.75] 0.2

AST max 1st week—IU/L 46 [32—-89] 50 [32—-80] 0.7

GGT max 1st week—IU/L 25 [14-56] 39 [21-81] <0.001

ALP max 1st week—IU/L 119 [86—-167.25] 159.50 [111-261] <0.001

Data are represented as median with IQR (25th—75th percentiles) or number + percentage as appropriate.

CRP indicates C-reactive protein; ICU, intensive care unit.

LPS and cytokine challenge (16, 17). In our experiments, gene
expression of RXR and FXR were not or only slightly
affected by critical illness. Whether cytokines played an
import role in our experiment is unclear, as we only observed
increase in the hepatic TNFa and ILIf gene expression
in septic critical illness but not in surgical critically ill mice.
Also, we did not measure circulating cytokines. However,
the observation that both surgical and septic critically ill
animals overall displayed very similar changes in BA synthesis
and feedback mechanisms suggests that these alterations are
part of a general stress-induced response. Also in a human study
on post-mortem liver biopsies of a mixed medical-surgical
ICU population of which 50% was diagnosed with sepsis,

markers of cholestasis were not associated with markers of
inflammation (7).

In addition to the loss of feedback regulation, alterations in
hepatic BA transporter expression also appear to contribute to
the elevated circulating BA levels. First, the basolateral uptake
transporters NTCP and OATPs were decreased. The marked
downregulated expression of the canalicular export pump
BSEP in both acute and protracted critical illness suggests a
decrease in BA excretion toward the canalicular system and
intestine. If BA secretion is reduced via the BSEP export pump,
also bile flow through the other export transporters might
be hampered. The observation that both AE2 and MDR2
expression were not decreased during surgical critical illness,
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Fic. 6. Serum total bile acid concentrations of 1,114 critically ill patients with either short- or long-stay in ICU, matched for baseline risk factors.
Left panel: black dots represent values of patients with an ICU stay <3 days (n =557), whereas gray squares are presenting values from patients with an ICU stay
>3 days (n=557). Right panels: dark gray diamonds represent data from patients with an ICU >7 days (n =254). Data are represented as mean + SEM. Dashed
gray lines show the mean + SEM of healthy control subjects (n = 44) for total bile acids. ‘indicates P<0.05 between patients with a length of stay <3 days and a
length of stay >3 days. findicates P<0.05 between to sequential time points within a specific group. ICU indicates intensive care unit; ns, non-significant.

suggests that protective mechanisms remain intact. Indeed, the
canalicular transporters AE2 and MDR2 normally excrete a
protective HCO3 -film and phospholipids to protect the cana-
licular membrane and biliary epithelium against the potentially
toxic biliary content. However, as MDR2 expression was
overall decreased in septic critically ill mice, it suggests that
this protective layer might be comprised during severe sepsis.
Basolateral efflux pumps MRP3 and MRP4 were expressed at
normal or high levels during the course of critical illness,
implying that the alternative export route toward the systemic
circulation was maintained. This was in line with previous
studies of obstructive cholestasis (18), endotoxemia (19), and
lethal critical illness (7), in which the basolateral efflux trans-
porters are normal or even elevated in response to the induced
cholestatic state. As we did not measure BA flux, we could not
draw firm conclusions on the altered direction of the BA flow.

Despite elevated BA levels, no overt histological sings of
liver injury were observed. Nevertheless, markers of liver
growth and regeneration were acutely upregulated. Also, from
day 3 onward, CK-7 staining increased in critical animals,
indicating an increase in ductular reaction, which might indi-
cate the formation of new bile canaliculi to facilitate canalicular
bile flow (20, 21).

Importantly, the observed cholestatic alterations in critically
ill animals were in part mimicked by a similar degree of
nutrient restriction in healthy animals. The observed increase
in circulating BA in prolonged nutrient-restriction was surpris-
ing, as one would rather expect a reduction due to reduced BA
re-uptake in the intestine. Such a decrease in circulating BA was
indeed observed in humans with life-style-induced weight loss
(22). However, reduced intestinal BA re-uptake might also have
reduced the expression of intestinal FGF15/19, a potent stimu-
lator of bile acid homeostasis (23). In addition, the changes in
circulating BA could be explained by variation in diurnal
rhythm and timing of nutritional intake (8, 24). However,

the increase in BA corresponded to an increased expression
of basolateral export pumps. In contrast to circulating BA,
nutrient restriction did not alter hepatic bile acid content.
Markers of BA synthesis and of the RXR-FXR-feedback
system were also not affected by nutrient restriction in healthy
animals. This suggests that only a small part of the cholestatic
alterations observed in critically ill patients, in particular the
reversed BA transport, could be due to restricted nutrient
intake. Also in human patients, reduced nutritional intake by
withholding parenteral nutrition and tolerating a large caloric
deficit during the first week in the ICU has shown to increase
circulating bilirubin levels, similarly in septic and non-septic
patients (6).

Despite the association of critical illness-induced cholestasis
with poor outcomes, it remains unclear whether hyperbiliru-
binemia during critical illness is causally linked with adverse
outcome. In fact, an association between mild hyperbilirubi-
nemia and better clinical outcome has also been described (6).
Notably, the current study demonstrated a more pronounced
increase in circulating total BA in long-stay human patients
only, whereas BA levels in short-stay patients decreased over
time. In addition, in our animal study, we observed very similar
changes in markers of BA synthesis, feedback receptors, and
transport in both surgery-induced critical illness and in the
more severe sepsis-induced critical illness, without overt his-
tological sings of liver injury. Combined, these findings suggest
that a maintained BA synthesis together with a reversed BA
transport back toward the systemic circulation during critical
illness might be a general and possibly beneficial process
during critical illness to increase the circulating availability
of bilirubin and BA. Moreover, BA or BA kinetics could
potentially be useful as disease severity marker as it appears
to reflect the underlying molecular alterations in the liver.
Indeed, total bile acids predicted 28-day mortality indepen-
dently of sex, age, serum bilirubin, and severity of illness (13).
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Undeniably, BA have a more broad role than merely to function
in dietary lipid digestion and absorption, as they have shown to
impact metabolism via affecting lipid and cholesterol regula-
tion, glucose homeostasis, energy expenditure, and inflamma-
tion (25). While BA are currently explored as promising new
drug targets for metabolic diseases, their role and regulation in
the course of critical illness is not well investigated (26, 27). In
addition, a mild elevation in circulating bilirubin, although
known as a marker of liver dysfunction, may exert protective
organ protective properties (28, 29). Indeed, via a positive feed-
forward mechanism, even small amounts of bilirubin may exert
known anti-inflammatory and anti-oxidative effects (30). Bili-
rubin has shown to be protective in various animal models
including sepsis, by reducing intracellular metabolic and oxi-
dative stress (29-32).

Alternatively, a diverted bile acid transport could be inter-
preted as a protective attempt of the hepatocyte to avoid
excessively high intracellular levels of BA. High intracellular
BA levels may cause cellular stress and cell death (33, 34). We
observed significantly more ductular reaction in prolonged
surgical and septic critically ill animals, suggesting increasing
need for cellular regeneration. Also, higher peak ALP and GGT
in human patients with prolonged ICU stay might indicate that
ongoing critical illness could be harmful for the liver micro-
environment. Indeed, elevated liver parameters might reflect
ongoing hepatocyte injury that can progress in severe second-
ary liver pathology (35). Upregulating basolateral export trans-
porters facilitates excretion of toxic compounds and could
therefore be a protective response, as is seen in animal models
of obstructive cholestasis (36). Disruption of the transport
machinery leads to decreased excretion of waste products
and hepatocellular accumulation of xenobiotics (37). Also
absence of nuclear receptor FXR or RXR protects animals
against cholestatic liver injury by altering BA synthesis and
changing the hepatic transporter profile toward the systemic
circulation (38—40). In contrast, while FXR absence might be
protective in initial cholestatic disease, prolonged FXR absence
is associated with the development of cell loss, lobular inflam-
mation, and steatosis (41).

With this study, we have generated important new insights
into the time course of cholestatic alterations induced by both
septic and non-septic critical illnesses, both in the acute and
prolonged phase of critical illness. However, an important
limitation of the current study is its observational design.
Importantly, our data indicate that these mouse models can
be used to further investigate underlying mechanisms that are
relevant for the human condition. Additional intervention
studies or transgenic/knockout animal models will be required
to provide detailed information on the exact—potential bene-
ficial—role of the observed alterations in bile acid synthesis,
transport, and nuclear feedback regulation. Importantly,
although mice models are frequently used in critical care
research, translation to the human setting should be done with
caution, as the murine metabolic response to severe stress and
illness can be quite different (42, 43). In our model of critical
illness, animals were fluid-resuscitated and received antibiot-
ics, pain medication, and partial nutritional support, but were
not mechanically ventilated or hemodynamically supported
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with vasopressors. Also, although mature adult mice were used,
we only studied male mice without visible comorbidities,
which decreases generalizability to the human setting. Circu-
lating BA levels increased much quicker in critically ill humans
compared with mice, possibly also explained by a more pro-
longed disease onset in humans before admission to the ICU,
whereas animals were healthy up until the start of the experi-
ment. Additionally, of the studied human ICU patients, 69%
were admitted to the ICU after cardiac surgery, which might
prevent extrapolation of our findings to more mixed patient
populations, although similar findings were observed in
patients with and without sepsis.

In conclusion, in critically ill mice, hepatic and circulating
BA levels increased already at an early stage of critical illness.
In critical illness, whether evoked by surgery or sepsis, BA
synthesis enzymes CYP7A1 and CYP27A1 were maintained
or elevated, accompanied by a decrease in SHP. These changes
were preceded by nuclear scarcity of the BA sensing nuclear
receptors FXR and RXR. Apparently, already in the acute
phase of critical illness, hepatocytes appear to rapidly switch
off the BA sensors and regulating mechanisms. Simulta-
neously, the BA transport machinery in the hepatocyte
appeared to be altered, with less expression of basolateral
influx and canalicular efflux transporters and maintained or
increased expression of basolateral efflux pumps. This sug-
gests an overall BA transport toward the systemic circulation.
These alterations were in part mimicked by nutrient restriction
during health, which induced a similar increase as critical
illness in circulating but not hepatic BA, corresponding to an
increased expression of basolateral export pumps only and
unaltered markers of BA synthesis and of the RXR-FXR-
feedback system. These findings thus suggest a partial role
of illness-induced lack of feeding in critical illness-induced
cholestatic alterations. The increase in circulating BA over
time was also observed in human ICU patients. Remarkably,
patients with an early increase and higher admission BA
were those who needed a shorter ICU stay. However,
whether increased hepatic and circulating BA availability
reflects a biochemical epiphenomenon or indicates an early
adaptive and beneficial response to critical illness remains to
be investigated.
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