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Abstract

critically ill patients and 19 controls.

was seen in patients suffering from septic shock.

Background: Jaundice and cholestatic hepatic dysfunction are frequent findings in critically ill patients associated
with increased mortality. Cholestasis in critically ill patients is closely associated with stimulation of pro-inflammatory
cytokines resulting in impaired bile secretion and subsequent accumulation of bile acids.

Aim of this study was to evaluate the clinical role of circulating bile acids in critically ill patients.
Methods: Total and individual serum bile acids were assessed via high-performance liquid chromatography in 320

Results: Total serum bile acids were threefold higher in septic than cardiogenic shock patients and sixfold higher
than in post-surgical patients or controls (p < 0.001). Elevated bile acid levels correlated with severity of illness, renal
dysfunction and inflammation (p < 0.05). Total bile acids predicted 28-day mortality independently of sex, age, serum
bilirubin and severity of illness (HR 1.041,95% CI 1.013-1.071, p < 0.005). Best prediction of mortality of total bile acids

Conclusions: Individual and total BAs are elevated by various degrees in different shock conditions. BAs represent an
early predictor of short-term survival in a mixed cohort of ICU patients and may serve as marker for early risk stratifi-
cation in critically ill patients. Future studies should elucidate whether modulation of BA metabolism and signalling
influences the clinical course and outcome in critically ill patients.
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Background

Jaundice and cholestatic liver dysfunction are found in
10-20% of critically ill patients and are associated with
markedly increased mortality [1-6]. Cholestasis in criti-
cally ill patients is associated with the presence of shock,
sepsis, major surgery, hepatotoxicity of drugs and paren-
teral nutrition [4, 6—8]. While no universal definition of
cholestasis has been established [1, 6, 7, 9, 10], the com-
plexity of cholestasis, characterized by impaired bile for-
mation and flow and subsequent bile acid (BA) retention,

*Correspondence: v.fuhrmann@uke.de

"Thomas Horvatits and Andreas Drolz contributed equally to the work
2 Department of Intensive Care Medicine, University Medical Center
Hamburg-Eppendorf, Martinistral3e 52, 20246 Hamburg, Germany

Full list of author information is available at the end of the article

@ Springer Open

and indicate if changes were made.

may not be sufficiently reflected by bilirubin [6, 11].
Although hyperbilirubinemia and accumulation of serum
BAs are frequent findings in critically ill patients, under-
lying molecular pathways and clinical implications are
still poorly understood. The clinical impact of serum BAs
in critically ill patients has been assessed in a few studies
focusing on sepsis [2, 6, 12, 13].

Cholestasis and sepsis are closely connected as expres-
sion of pro-inflammatory cytokines results in impaired
bile secretion [1, 3, 13—15]. BAs are primarily synthesized
in the liver out of cholesterol undergoing enterohepatic
circulation (biliary excretion/ileal reabsorption) and
then converted to secondary BAs by the gut microbiota
[15-24] BA’s metabolic (regulation of lipid and energy
homeostasis) and signalling properties are regulated
via a complex network of nuclear receptors (NRs) such
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farnesoid-X-receptor (FXR) and G-protein-coupled BA
receptor (TGR5) [17, 22—24]. BAs are directly vasoactive
mediators and furthermore are capable of stimulating
hepatocytes’ production of proinflammatory cytokines
[25-29]. Furthermore, BAs directly influence cardiac
function (myocardial contractility and relaxation) [30,
31]. Whether BA retention is a distinct pathophysiologi-
cal entity or a biochemical epiphenomenon of severity of
critical illness or even a compensatory mechanism with
potential beneficial (e.g. metabolic or even anti-inflam-
matory) effects remains unclear [6].

Aim of this study was to assess the clinical relevance of
circulating BAs in a large cohort of critically ill patients.

Patients and methods

Patients and serum analysis

Serum samples were taken from ICU patients (n = 320),
enrolled in a prospective observational study performed
at the University Hospital of Vienna [32]. For reasons of
comparison, 19 controls undergoing elective restorative
rectal surgery (matched to a general ICU population)
were included [2]. The study was approved by the ethics
committee of the Medical University of Vienna. Patients’
informed consent was obtained.

ICU patients were classified in four groups based on
admission diagnoses (cardiogenic shock, septic shock,
post-surgical admission and others). Inclusion criteria
were ICU admission and age >18 years. Patients with
liver cirrhosis and primary cholestatic disorders were
excluded from the study.

Data collection was performed on a daily basis. Sim-
plified Acute Physiology Score 2 (SAPS2) [33], as well as
Acute Physiology And Chronic Health Evaluation Score
2 (APACHE2) [34], was calculated on admission. Clini-
cal characteristics as well as 28-day mortality and ICU-
survival were recorded.

Bile acids
Serum BAs were measured in samples obtained from
patients on admission and 48 h thereafter. BAs (as listed
below) were assessed as unconjugated acids and taurine
and glycine conjugates by tandem mass spectrometry.
Free BAs and conjugates were detected by three mul-
tiple reaction monitoring (MRM) experiments, within
one high-performance liquid chromatography (HPLC)
run, due to variable ionization and fragment properties.
HPLC was performed on a reversed phase (C;g) column
using a methanol-water gradient for chromatographic
solution of isobaric BA. Quantification was done using
deuterated internal standards and correlation of peak
area ratios in linear regression.

TUDC (tauroursodeoxycholic acid); TC (tauro-
cholic acid); TDC (taurodeoxycholic acid); TCDC
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(taurochenodeoxycholic acid); TLC (taurolithocholic
acid); GCDC (glycochenodeoxycholic acid); GC (glyco-
cholic acid); GDC (glycodeoxycholic acid); GUDC (gly-
coursodeoxycholic acid); GLC (glycolithocholic acid);
UDC (ursodeoxycholic acid); CL (cholic acid); CDC (che-
nodeoxycholic acid); DC (deoxycholic acid); LC (litho-
cholic acid); and TBA (total bile acids) were determined.

Fasting TBAs range between 1.5 and 3.1 umol/l [35, 36].

Definitions

Cardiogenic shock was defined by (1) low systolic blood
pressure (<90 mmHg) without use of inotropes/vaso-
pressors, (2) decreased cardiac output assessed by any
method, reduced mixed or central venous oxygen satu-
ration, (3) absence of hypovolemia, (4) signs of organ
malperfusion (oliguria, lactate-acidosis, cyanosis, cen-
tralization, changes in mental status) [37, 38].

Septic shock was defined as sepsis (suspected/pre-
sent source of infection) and >2 systemic inflammatory
response syndrome (SIRS) criteria: tachycardia (>90
beats per minute); tachypnea (>20 breaths/minute or par-
tial pressure of carbon dioxide < 32 mmHg); temperature
(>38.3/<36 °C); white blood cell count (>12/<4 x 10°/1)
plus hypotension [39, 40].

Management

Patients with cardiogenic or septic shock were treated
according to standardized protocols [37, 39]. Intravenous
fluid administration as well as vasopressor therapy was initi-
ated in patients meeting shock criteria aiming to maintain
a mean arterial blood pressure of >65 mmHg. Early initia-
tion of broad-spectrum antibiotic treatment was performed
according standardized protocols [39]. Antimicrobial ther-
apy was adapted to culture results. Dialysis was performed
in patients with renal failure and/or metabolic acidosis.

Statistical analysis

Continuous variables were described as median and
25-75% interquartile range (IQR), and for categori-
cal variables absolute and relative parameters were pre-
sented. Correlation analysis was performed using
Spearman’s correlation. Continuous variables were com-
pared using Mann—Whitney U test, and categorical vari-
ables were compared using Chi square tests. A forward
stepwise procedure was used to identify most potent
predictors of outcome variable. The overall diagnostic
test accuracy of BAs was assessed by receiver operating
characteristics expressed as their area under the receiver
operating characteristics curve (AUROC). For data man-
agement and analyses, we used MS Excel 2008 for Mac
(Microsoft Corp., Redmond, WA, USA), SPSS 17 for Mac
(SPSS, Inc. Chicago, IL). All p values reported are two-
sided, and p < 0.05 was considered as significant.
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Results

Baseline characteristics

Three hundred and twenty ICU patients and 19 con-
trols undergoing elective restorative rectal surgery were
included in this prospective observational cohort-type
study.

One hundred and forty-six (46%) patients were admit-
ted due to cardiogenic shock, 56 patients (18%) following
cardiothoracic surgery, 43 patients (13%) due to septic
shock and 75 patients (23%) due to other diagnoses, such
as non-infection related respiratory, neurological or hae-
matological and/or oncological disorders. One hundred
and seventeen patients were female (35%), and median
age was 66 years (IQR 56-75). Median SAPS2-score was
49 (IQR 33-67), and median APACHE2-score was 21
(IQR 15-30).

Cardiogenic shock occurred due to myocardial infarc-
tion (38%), decompensation of congestive heart failure
(24%), valvular heart disease (11%), and others (27%)
such as pericardial effusion or myocarditis. Most com-
mon causes of sepsis were pneumonia (46%), urogenital
tract infection (12%), catheter or blood stream infection
(12%) and others (30%), such as endocarditis, meningitis
or infectious complications following surgery.

Detailed patients’ characteristics are provided in Table 1.

Table 1 Patient characteristics
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Total serum bile acids and individual composition

TBAs on admission were significantly higher in ICU
patients compared to controls (p < 0.05). TBAs were
threefold higher in septic than cardiogenic shock patients
and sixfold higher than in surgical patients and controls
(p < 0.001) as shown in Table 2. TBAs, CL, GCDC, GC
and bilirubin were significantly higher in cardiogenic
shock patients compared to patients following surgery
(p < 0.05). GCDC was threefold higher in septic com-
pared to cardiogenic shock patients and ninefold higher
than in those after cardiothoracic surgery (p < 0.05).
Hyperbilirubinemia (serum bilirubin > 2 mg within 48 h
of admission) was observed more often in patients with
septic shock (33%) compared to cardiogenic shock (21%)
and patients after surgery (5%) (p < 0.05).

On admission, individual and TBAs correlated with bili-
rubin in the overall cohort (TC, TCDC, TUDC, GCDC,
GC, TBA) as shown in Additional file 1: Table S1. We
observed a correlation of TUDC and TC and direct bili-
rubin (r 0.36, p = 0.001, r 0.32, p < 0.001). Best correlation
was seen 48 h after admission (p < 0.05), as shown in Fig. 1.

Serum BAs (TC, TCDC, GC, GCDC, GLC, CL, TBA)
correlated with APACHE2-score and SAPS2-score, as
shown in Additional file 1: Table S3. Furthermore, GC
and GDC correlated with arterial serum lactate (» 0.19,

Parameter Cardiogenic shock Septic shock Post-surgery Others

n (%) 146 (46) 43(13) 56 (18) 75 (23)
Female (%) 50 (34) 8(42) 33(39) 27 (36)

Age (years) 66 (57-73) 64 (60-73) 69 (56-77) 62 (52-76)
APACHE2 25 (17-34) 28 (21-36) 15 (10-19) 16 (12-26)
SAPS2 56 (41-77) 62 (44-74) 38 (27-51) 37 (27-53)
Vasopressor (%) &f 146 (100) 43 (100) 53 (95) 31 (41)
Mechanical ventilation (%) <% &f 92 (63) 26 (61) 47 (34) 23 (31)

RRT (%) < ¢ 34(25) 0(25) 3(6) 6(10)
28-day mortality (%)> 9 ¢ 3021 1(26) 2(4) 3(4)

Serum laboratory parameters

CRP (mgy/dly®bd-ef 5(1.5-83) 114(45 24.1) 2(0.6~ 5) 5(2-83)
Creatinine (mg/dl)> < d¢ 4(09-2) V(RS 34) 1(08-1.2) 1(0.9-16)
WBC (G/)*&f 103(76 13) 119( 9.6) 113 (8.8-15) 1(75-11.8)
Fibrinogen (mg/di)» 9. f 418(318 529) 489 (417- 647) 277 (216 387) 392 (246 479)
AST (U/I)© 8(30-153) 41 (26~ 84) 0 (32-69) 0 (20-58)
Bilirubin (mg/dl)®< e 8(0.5-12) 8(06-13) (05 0.8) (05 0.9)

Data are shown as median and IQR

RRT renal replacement therapy

2 p <0.05 cardiogenic shock versus septic shock
b p < 0.05 cardiogenic shock versus post-surgery
¢ p <0.05 cardiogenic shock versus others

4 p < 0.05 septic shock versus post-surgery

€ p < 0.05 septic shock versus others

f p < 0.05 post-surgery versus others



Horvatits et al. Ann. Intensive Care (2017) 7:48 Page 4 of 10

Table 2 Serum levels of individual bile acids in critically ill and control patients

Parameter Cardiogenic shock Septic shock Post-surgery Controls
TCcodef 5(0.09-0.49) 0.25(0.11-0.73) 0.12(0.08-0.32) 0.02 (0.02-0. 02)
TCpCe e f 0.27 (0.1-0.79) 5(0.08-1.83) 0.11 (0.05-0.54) 01 (0.01-0.01)
TDCef 9(0.03-0.49) 0.13(0.01-052) 0.12(0.03-052) 0.03 (0.03~ 003)
TLCodef 0.07 (0.05-0.11) 0.06 (0.03-0.08) 0.05 (0.03-0.07) 01 (0.01-0.01)
TUDCY e 0.09 (0.07-0.12) 0.11 (0.07-0.17) 0.08 (0.07-0.3) 0.01(0.01-0.01)
Gerbedef 0.35 (0.24~ 071) 061(0.32-2.3) 0.26 (019-0.37) 0.03 (0.03-0.1)
GCDCrbedef 0.34(0.12-1.29) 0.96 (0.21-2.5) 0.11 (0.05-0.7) 0.05 (0.05-0.36)
Gbcdef 0.29 (0.07~ 058) 0.56 (0.11-1.03) 0.22 (0.06-0.97) 0.01(0.01-0.01)
GLC 0.09 (0.06-0.19) 0.09 (0.07-0.13) 0.13(0.11-0.15)

GUDC&f 0.06 (0.04-0.11) 0.09 (0.04-0.13) 0.05 (0.04-0.1) 0.02 (0.02-0.02)
upcdef 0.04 (0.03-0.07) 0.07 (0.02-0.13) 0.03 (0.02-0.14) 01 (0.01-0.07)
cLoe 0.04 (0.03-0.05) 0.04 (0.03-0.17) 0.03 (0.02-0.04) 0.04 (0.01-0.05)
CDC 0.09 (0.05-0.29) 0.22 (0.05-09) 1(0.06-0.21) 1 (0.09-0.15)
pDcaef 1 (0.08-0.18) 0.09 (0.07-0.25) 0.09 (0.07-0.17) 0.05 (0.05-0.08)
Lcod 0.05 (0.04-0.06) 0.04 (0.03-0.06) 0.04 (0.03-0.05) 0.04 (0.04-0.04)
TRAXPCde 8 (0.63-4.08) 4.28 (1.15-6.96) 0.68 (0.38-1.51) 0.62 (0.41-0.92)

Bile acids on admission are shown as median and IQR; bile acids (umol/l)

TC taurocholic acid, TCDC taurochenodeoxycholic acid, TDC taurodeoxycholic acid, TLC taurolithocholic acid, TUDC tauroursodeoxycholic acid, GCDC
glycochenodeoxycholic acid, GC glycocholic acid, GDC glycodeoxycholic acid, GLC glycolithocholic acid, GUDC glycoursodeoxycholic acid, UDC ursodeoxycholic acid,
CL cholic acid, CDC chenodeoxycholic acid, DC deoxycholic acid, LC lithocholic acid, TBA total bile acids

2 p <0.05 cardiogenic shock versus septic shock
b p < 0.05 cardiogenic shock versus post-surgery
¢ p <0.05 septic shock versus post-surgery

4 p < 0.05 cardiogenic shock versus controls

€ p <0.05 septic shock versus controls

f p < 0.05 post-surgery versus controls

p <0.005; 70.22, p < 0.05). TCDC, TC, GC, LC and TBAs
correlated inversely with mean arterial blood pressure
(r —0.15, p < 0.05; r —0.18, p < 0.05; r —0.13, p < 0.05; r
—0.16, p < 0.05; r —0.15, p < 0.01).

Individual and TBAs correlated with parameters of inflam-
mation by means of CRP, white blood count and fibrinogen
(p < 0.05), as illustrated in Additional file 1: Table S4.

Circulating BAs correlated significantly with markers
of kidney function like creatinine and blood urea nitro-
gen (p < 0.05), as shown in Additional file 1: Table S5.
Furthermore, patients undergoing renal replacement
therapy had significantly higher levels of TC, GC and
TBAs (p < 0.05).

Bile acids in septic and cardiogenic shock

Individual as well as TBAs on admission sharply
increased in patients with septic or cardiogenic shock
compared to controls, as shown in Table 2.

Highest levels of TBAs were observed in patients
with urosepsis, increasing by the half in comparison
with catheter and blood stream infection and almost
fourfold higher than in pneumonia. TCDC was 42-fold
increased in patients with blood stream infection com-
pared to those with pneumonia as source of septic shock
(p < 0.05). In patients with cardiogenic shock, TBAs were
threefold higher in decompensated heart failure com-
pared to acute myocardial infarction (p < 0.001) and two-
fold higher than in valvular heart disease.

Individual and TBAs correlated with serum bilirubin
levels in cardiogenic and septic shock on admission and
48 h thereafter as shown in Additional file 1: Table S2.
Best correlation with serum bilirubin was seen in septic
shock 48 h after admission, TC (r 0.6, p = 0.005), as illus-
trated in Fig. 1.

In cardiogenic shock, circulating BAs correlated signif-
icantly with arterial serum lactate (GC: r 0.31, p < 0.005)

(See figure on next page.)

Fig. 1 Correlation of serum bile acids and bilirubin. Correlation Log-TC and Log-bilirubin in all patients on admission (a); in all patients 48 h after
admission (b); in cardiogenic shock patients on admission (c); in cardiogenic shock patients 48 h after admission (d); in septic patients on admission

(e); in septic patients 48 h after admission (f)
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and pro-BNP levels (TC: r 0.62, p < 0.05; GCDC: r 0.66,
p = 0.005; GUDC: r 0.683, p < 005; CL: r 0.58, p < 0.05;
TBA: r 0.59, p < 0.05). There was no significant correla-
tion of BAs and cardiac enzymes, such as myocardial
muscle creatine kinase and troponin T (p = n.s.). GLC
was significantly elevated in patients undergoing cardio-
pulmonary resuscitation (p < 0.05).

Bile acids and 28-day mortality

TBAs, individual GCDC, GC and serum bilirubin on
admission were significantly higher in 28-day non-survi-
vors (p < 0.05).

TBAs on admission predicted 28-day mortality with
an AUROC of 0.63 (p < 0.01) followed by bilirubin (0.62,
p <0.05), GCDC (0.6, p < 0.05) and delta TBAs (as differ-
ence from baseline to 48 h) (0.55, p < 0.05). Best predic-
tion of 28-day mortality was seen in GC (AUROC 0.64,
p < 0.005), as illustrated in Fig. 2.

Univariate cox hazard regression showed a significant
association of baseline TBAs with 28-day mortality (HR
per increase of TBAs 1 pmol/I 1.033, 95% CI 1.018-1.049,
p < 0.001). TBAs remained associated with 28-day mor-
tality after correction for sex, age, bilirubin and severity
of critical illness via APACHE2 score (HR 1.041, 95% CI
1.013-1.071, p < 0.005), as show in Table 3.

Youden index revealed TBAs on admission >5.2 pmol/l
as best cut-off for discriminating between survivors and
non-survivors. 28-day survival rate was significantly
lower in patients with TBAs >5.2 umol/l compared to
TBAs < 5.2 pumol/l (72 vs. 89%, p < 0.001). Kaplan—Mei-
er’s plot of 28-day survival is shown in Fig. 3.

An increase of delta TBAs (as difference from baseline
to 48 h) of >10 pumol/l was associated with significantly
higher mortality rates (50 vs. 13%, p < 0.05).

Discussion

Early hepatic dysfunction is a frequent finding in criti-
cally ill patients [6, 7]. Prolonged length of stay as well as
worse outcome has been reported to be strongly associ-
ated with cholestatic impairment [1, 3, 5, 6]. However,
there is lack of data regarding the clinical relevance of
early hepatic dysfunction by means of altered serum BA
levels and composition in different disease entities in
critically patients. Therefore, we aimed to describe the
clinical impact of circulating serum BAs and individual
composition in a cohort of critically ill patients, mainly
suffering from cardiogenic and septic shock.

Our results demonstrate an elevation of individual as
well as TBAs in a heterogeneous group of critically ill
patients compared to controls. Notably, the highest lev-
els of BAs were found in patients with septic shock. In
patients with cardio-circulatory disorders, serum BA
levels were still significantly higher than in patients
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Fig. 2 Total and individual serum bile acids predicting 28-day
mortality. ROC analysis for prediction of 28-day mortality of TBA (total
bile acids), GC (glycocholic acid) and serum bilirubin on admission.
AUROC of GC: 0.64, p = 0.005; TBA: 0.62, p < 0.05; bilirubin: 0.61,
p <005

Table 3 Cox hazard regression analysis of baseline TBA
and bilirubin associated with 28-day mortality

Parameter HR (95% Cl) p value
TBA 1.033 (1.018-1.049) <0.001
TBA (age)® 1.033 (1.017-1.049) <0.001
TBA (age, sex)? 1.033 (1.017-1.049) <0.001
TBA (age, sex, bilirubin)? 1.044 (1.014-1.075) <0.005
TBA (age, sex, bilirubin, APACHE2)? 1.041 (1.013-1.071) <0.005

Cl confidence interval

@ Corrected for covariates in brackets, HR, hazard ratio per increase of TBA
1 umol/l or bilirubin 1 mg/dI

following cardiothoracic surgery or controls. Severity of
underlying disease did not differ in patients with septic or
cardiogenic shock or those following surgery or others.
Potentially toxic conjugates of unconjugated primary BAs
CL and CDC were highest in accordance with previous
reports [2]. The lack of difference of primary BAs (e.g.
CDC) in between groups may reflect the organisms’ abil-
ity of enhanced conjugation of probably toxic BAs under
condition of critical illness. However, both increasing
conjugated and unconjugated BAs during critical illness
have been reported [3, 6]. BAs are known for cytotoxic
effects, in particular hydrophobic BAs are capable of
inducing irreversible cell damage [41]. A change in hydro-
philic-hydrophobic balance towards hydrophobicity in
ICU patients compared to controls may be assumed. In
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Fig. 3 Kaplan—-Meier’s plot of 28-day survival. 28-day survival rate
was significantly lower in patients with TBA (total bile acids) on
admission > 5.2 umol/l compared to patients < 5.2 umol/I (72 vs.
89%, p < 0.001)

our cohort, highly hydrophobic LC and DC were signifi-
cantly higher in patients with cardiogenic shock than in
controls. Best correlation of BAs and severity of disease
(SAPS2 score) was seen in glycine conjugates of toxic LC.
Additionally, we observed a significant correlation of GC
and GDC with arterial serum lactate levels.

BAs correlated with markers of inflammation like
C-reactive protein, leucocytes and fibrinogen. Hydro-
phobic taurine conjugates of CDC were more than
40-fold higher in blood stream infection compared to
pneumonia. The highest TBA levels were seen in uro-
sepsis, followed by catheter and blood stream infec-
tion and pneumonia. Common pathogens of urosepsis
as well as hospital-acquired pneumonia are gram-neg-
ative bacteria (e.g. Escherichia coli, Pseudomonas aer-
uginosa, Haemophilus influenzae) which are known to
predominantly repress hepatobiliary transporter expres-
sion and subsequently BA retention in vivo [13, 15, 42,
43]. BAs are important signalling molecules interacting
between liver, bile and gut and are involved in lipid and
energy homeostasis [17]. They are a major regulator of
the gut microbiota and directly interact with gut bacte-
ria. It has been suggested that intestinal microorganisms
benefit from metabolizing BAs as they acquire glycine/
taurine [44]. Elevated intake of BAs results in changes
of the gut microbiota by means of inhibition of Actino-
bacteria and Bacteroidetes [22, 44]. Altered gut integrity
due to increased intestinal permeability and bacterial
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translocation represent important triggers of sepsis and
sepsis-related organ dysfunction [45]. Serum BA levels
are able to directly trigger inflammatory processes via
cytokine expression [25-27]. Conversely, BA also have
anti-inflammatory and immunosuppressive properties
mediated by FXR and TGR5 via modulating anti-inflam-
matory gene expression [17, 46, 47] Thus, BAs may have
both pro- and anti-inflammatory actions depending on
the time course and concentrations of serum BA levels
during sepsis [48].

Sepsis-related volume disturbances and subsequent
hemodynamic changes seem to be relevant triggers
of multifactorial genesis of renal failure in critically ill
patients with cholestatic dysfunction [5]. Interestingly,
we found a clear association of serum BA retention and
need of RRT as well as serum markers of kidney dys-
function. Oxidative stress has been postulated as cen-
tral mechanism inducing cholestasis associated renal
impairment [49]. Recently, BAs have been implicated in
kidney injury due to longstanding jaundice. Cholemic
nephropathy represents typical histopathological altera-
tions including tubular epithelial cell injury and intratu-
bular cast formation in patients with cholestasis [50, 51].
In addition, solubility of BAs is increased in acidic milieu
such as metabolic acidosis, which may reflect another
factor for urinary cast formation and interstitial tubular
damage [52].

BAs have directly vasoactive properties, inducing
peripheral vasodilation via relaxing smooth muscle cells.
Furthermore, alterations of BA metabolism have been
found in cardiac disease and heart failure [30, 31, 53].
Recently, G-protein-coupled BA receptor-1 has been
identified as central pathway in BA-mediated hemody-
namic alterations [28, 29]. We observed a significant cor-
relation of TC and TCDC with arterial blood pressure in
our cohort. Valvular heart disease and subsequent con-
gestive heart failure, chronic cardiac disorders, frequently
lead to backward right ventricular heart failure with con-
secutive congestive hepatopathy and concomitant jaun-
dice [5, 54]. Bilirubin and low serum albumin levels have
been reported to be associated with elevated mortality
rates in patients hospitalized for heart failure [55]. BAs
impact on cardiac function as they modulate myocardial
contractility and relaxation [30, 31]. They reduce dura-
tion of ventricular myocytes’ action potential and have
proarrhythmogenic properties [30]. In our cohort, TBAs
were significantly higher critically ill patients with cardio-
genic shock compared to surgical patients and controls.
Highest levels of serum BAs were seen in valvular heart
disease and decompensated heart failure. Individual and
TBAs correlated significantly with pro-BNP levels.

Serum BAs correlated with bilirubin in our heter-
ogenous collective of critically ill patients. Strongest
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correlation was seen in septic patients, which even
increased during course of time. The underlying mecha-
nism of hyperbilirubinemia in critically ill patients is not
fully understood. Whether cholestasis during critical ill-
ness is merely a biological epiphenomenon of the failing
organ or even has protective effects remains unclear [2,
6, 56]. However, several factors influence bilirubin levels,
such as infections of the liver, transfusion of red blood
cells and/or hemolysis [6]. Therefore, bilirubin may not
represent the ideal parameter for assessing hepatic organ
dysfunction in the ICU [6]. In our cohort, both BAs and
bilirubin were elevated in patients that died within the
first 28 days. However, serum BAs showed better predic-
tive properties than bilirubin.

Our data demonstrated that an early increase of circu-
lating BAs in a heterogeneous collective of critically ill
patients is associated with increased 28-day mortality.
TBAs predicted short-term mortality independently of
serum bilirubin levels and severity of critical illness. BA’s
predictive properties seem to be higher than bilirubin’s in
accordance with another recent publication [3]. Best pre-
diction of mortality was observed in patients with sep-
tic shock. As TBAs can easily be measured in standard
hospital laboratories, available at manageable costs BAs
could represent an early non-invasive marker for predict-
ing outcome and serve as a new tool for early risk stratifi-
cation in critically ill patients.

Apart from its prognostic implications, future stud-
ies should clarify if modulation of BA levels has clinical
implications on new onset of organ failure and outcome.
Advanced dialysis systems like liver support devices are
capable of eliminating albumin bound substances (such as
serum BAs) [57, 58]. Furthermore, several drugs can mod-
ify BA levels and signalling. BA sequestrants such as non-
absorbed resins lower BA levels via binding and removing
them from enterohepatic circulation [16]. Intestinal inter-
ception in BA transport and signalling may prevent sys-
temic side effects while restoring BA homeostasis and gut
integrity [47, 59, 60]. Future studies should clarify whether
device-based or medication-based BA modifications
including ligands for FXR and TGR5 may have an impact
on clinical course and outcome of critically ill patients.

Conclusion

To conclude, our study demonstrates that circulating
individual and total BAs are elevated by various degrees
in different shock conditions. BAs represent an early
predictor of short-term survival in a mixed cohort of
ICU patients and may serve as a novel marker for early
risk stratification in critically ill patients. Future studies
should elucidate whether modulating BA metabolism or
elimination of BAs by extracorporeal devices influences
clinical course and outcome.
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of serum bile acids and inflammation parameters on admission.

Abbreviations

BA: bile acid; TBA: total bile acid; NRs: nuclear receptors; FXR: farnesoid-X-
receptor; TGR5: G-protein-coupled BA receptor; ICU: intensive care unit; SAPS2:
Simplified Acute Physiology Score 2; APACHE2: Acute Physiology And Chronic
Health Evaluation Score 2; MRM: multiple reaction monitoring; mmHg: mil-
limeter per mercury; HPLC: high-performance liquid chromatography; SIRS:
systemic inflammatory response syndrome; IQR: interquartile range; AUROC:
area under the receiver operating characteristics curve.

Authors’ contributions

HT, DA were involved in conception and design, performing measurements,
drafting manuscript, statistical analysis and interpretation of data; RK, RK,

LL, MB, FG took measurements, acquired data, drafted the manuscript; LL,
VBG, HM, HG drafted the manuscript and critically revised the manuscript for
important intellectual content; TM was involved in conception and design,
drafting manuscript, interpretation of data, critical revision of the manuscript;
FV contributed to conception and design, performing measurements, drafting
manuscript, statistical analysis and interpretation of data, critical revision of the
manuscript. All authors read and approved the final manuscript.

Author details

! Division of Gastroenterology and Hepatology, Department Internal Medicine
3, Medical University of Vienna, Vienna, Austria. 2 Department of Intensive

Care Medicine, University Medical Center Hamburg-Eppendorf, Martinistral3e
52, 20246 Hamburg, Germany. > Clinical Division and Laboratory of Intensive
Care Medicine, Department of Cellular and Molecular Medicine, KU Leuven,
Louvain, Belgium. * Clinical Institute of Medical and Chemical Laboratory Diag-
nostics, Medical University of Graz, Graz, Austria. > 5th Medical Department,
Kaiser Franz Josef Spital - SMZ Sud, Vienna, Austria. % Division of Cardiology,
Department Internal Medicine 2, Medical University of Vienna, Vienna, Austria.

Acknowledgements
No financial support has been received for conducting this study.

Competing interests
The authors declare that they have no competing interests

Ethics approval and consent to participates
Statement included in the “Methods” section.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 4 December 2016 Accepted: 20 April 2017
Published online: 02 May 2017

References

1. Kramer L, Jordan B, Druml W, Bauer P, Metnitz PG. Incidence and prog-
nosis of early hepatic dysfunction in critically il patients—a prospective
multicenter study. Crit Care Med. 2007,35(4):1099-104. doi:10.1097/01.
CCM.0000259462.97164.A0.

2. Vanwijngaerden YM, Wauters J, Langouche L, Vander Perre S, Liddle
C, Coulter S, et al. Critical illness evokes elevated circulating bile acids


http://dx.doi.org/10.1097/01.CCM.0000259462.97164.A0
http://dx.doi.org/10.1097/01.CCM.0000259462.97164.A0
http://dx.doi.org/10.1186/s13613-017-0272-7

Horvatits et al. Ann. Intensive Care (2017) 7:48

20.

21

22.

23.

24,

25.

related to altered hepatic transporter and nuclear receptor expression.
Hepatology. 2011;54(5):1741-52. doi:10.1002/hep.24582.

Recknagel P, Gonnert FA, Westermann M, Lambeck S, Lupp A, Rudiger A,
et al. Liver dysfunction and phosphatidylinositol-3-kinase signalling in
early sepsis: experimental studies in rodent models of peritonitis. PLoS
Med. 2012;9(11):21001338. doi:10.1371/journal.omed.1001338.

Mesotten D, Wauters J, Van den Berghe G, Wouters PJ, Milants |, Wilmer
A.The effect of strict blood glucose control on biliary sludge and choles-
tasis in critically ill patients. J Clin Endocrinol Metab. 2009;94(7):2345-52.
doi:10.1210/jc.2008-2579.

Jager B, Drolz A, Michl B, Schellongowski P, Bojic A, Nikfardjam M, et al.
Jaundice increases the rate of complications and one-year mortality

in patients with hypoxic hepatitis. Hepatology. 2012;56(6):2297-304.
doi:10.1002/hep.25896.

Jenniskens M, Langouche L, Vanwijngaerden YM, Mesotten D, Van

den Berghe G. Cholestatic liver (dys)function during sepsis and other
critical ilinesses. Intensive Care Med. 2016;42(1):16-27. doi:10.1007/
500134-015-4054-0.

Horvatits T, Trauner M, Fuhrmann V. Hypoxic liver injury and cholestasis in
critically ill patients. Curr Opin Crit Care. 2013;19(2):128-32. doi:10.1097/
MCC.0b013e32835ec9e6.

Padda MS, Sanchez M, Akhtar AJ, Boyer JL. Drug-induced cholestasis.
Hepatology. 2011;53(4):1377-87. doi:10.1002/hep.24229.

Brienza N, Dalfino L, Cinnella G, Diele C, Bruno F, Fiore T. Jaundice in criti-
cal illness: promoting factors of a concealed reality. Intensive Care Med.
2006,32(2):267-74. doi:10.1007/500134-005-0023-3.

Drolz A, Horvatits T, Roed! K, Fuhrmann V. Shock liver and cholestatic liver
in critically ill patients. Med Klin Intensivmed Notfmed. 2014;109(4):228—
34, doi:10.1007/500063-013-0320-5.

. Horvatits T, Drolz A, Roed| K, Rutter K, Ferlitsch A, Fauler G, et al.

Serum bile acids as marker for acute decompensation and acute-on-
chronic liver failure in patients with non-cholestatic cirrhosis. Liver Int.
2017;37(2):224-31.doi:10.1111/1iv.13201.

De Luca D, Minucci A, Zecca E, Piastra M, Pietrini D, Carnielli VP, et al.
Bile acids cause secretory phospholipase A2 activity enhancement,
revertible by exogenous surfactant administration. Intensive Care Med.
2009;35(2):321-6. doi:10.1007/500134-008-1321-3.

Geier A, Fickert P Trauner M. Mechanisms of disease: mechanisms and
clinical implications of cholestasis in sepsis. Nat Clin Pract Gastroenterol
Hepatol. 2006;3(10):574-85. doi:10.1038/ncpgasthep0602.

Moseley RH. Sepsis-associated cholestasis. Gastroenterology.
1997;112(1):302-6.

Trauner M, Fickert P, Stauber RE. Inflammation-induced cholestasis. J
Gastroenterol Hepatol. 1999;14(10):946-59.

Staels B, Fonseca VA. Bile acids and metabolic regulation: mecha-
nisms and clinical responses to bile acid sequestration. Diabetes Care.
2009;32(Suppl 2):5237-45. doi:10.2337/dc09-5355.

LiT, Chiang JY. Bile acids as metabolic regulators. Curr Opin Gastroenterol.

2015;31(2):159-65. doi:10.1097/MOG.0000000000000156.

Halilbasic E, Claudel T, Trauner M. Bile acid transporters and regulatory
nuclear receptors in the liver and beyond. J Hepatol. 2013;58(1):155-68.
doi:10.1016/j.jhep.2012.08.002.

Trauner M, Meier PJ, Boyer JL. Molecular pathogenesis of cholestasis. N
Engl J Med. 1998;339(17):1217-27. doi:10.1056/NEJM199810223391707.
Anwer MS. Cellular regulation of hepatic bile acid transport in health and
cholestasis. Hepatology. 2004,;39(3):581-90. doi:10.1002/hep.20090.
Kakiyama G, Pandak WM, Gillevet PM, Hylemon PB, Heuman DM, Daita
K, et al. Modulation of the fecal bile acid profile by gut microbiota in cir-
rhosis. J Hepatol. 2013;58(5):949-55. doi:10.1016/j.jhep.2013.01.003.
Ridlon JM, Kang DJ, Hylemon PB, Bajaj JS. Bile acids and the gut
microbiome. Curr Opin Gastroenterol. 2014;30(3):332-8. doi:10.1097/
MOG.0000000000000057.

Ridlon JM, Alves JM, Hylemon PB, Bajaj JS. Cirrhosis, bile acids and

gut microbiota: unraveling a complex relationship. Gut Microbes.
2013;4(5):382-7. doi:10.4161/gmic.25723.

Kakiyama G, Hylemon PB, Zhou H, Pandak WM, Heuman DM, Kang

DJ, et al. Colonic inflammation and secondary bile acids in alcoholic
cirrhosis. Am J Physiol Gastrointest Liver Physiol. 2014;306(11):G929-37.
doi:10.1152/ajpgi.00315.2013.

Allen K, Jaeschke H, Copple BL. Bile acids induce inflammatory

genes in hepatocytes: a novel mechanism of inflammation during

26.

27.

28.

29.

30.

31.

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Page 9 of 10

obstructive cholestasis. Am J Pathol. 2011;178(1):175-86. doi:10.1016/j.
ajpath.2010.11.026.

Gujral JS, Liu J, Farhood A, Hinson JA, Jaeschke H. Functional impor-
tance of ICAM-1 in the mechanism of neutrophil-induced liver injury

in bile duct-ligated mice. Am J Physiol Gastrointest Liver Physiol.
2004;286(3):G499-507. doi:10.1152/ajpgi.00318.2003.

Raevens S, Coulon S, Van Steenkiste C, Colman R, Verhelst X, Van
Vlierberghe H, et al. Role of angiogenic factors/cell adhesion markers in
serum of cirrhotic patients with hepatopulmonary syndrome. Liver Int.
2015;35(5):1499-507.

Fryer RM, Ng KJ, Nodop Mazurek SG, Patnaude L, Skow DJ, Muthuku-
marana A, et al. G protein-coupled bile acid receptor 1 stimulation
mediates arterial vasodilation through a K(Ca)1.1 (BK(Ca))-dependent
mechanism. J Pharmacol Exp Ther. 2014;348(3):421-31. doi:10.1124/
jpet.113.210005.

Dopico AM, Walsh JV Jr, Singer JJ. Natural bile acids and synthetic ana-
logues modulate large conductance Ca?*-activated K+4(BKCa) channel
activity in smooth muscle cells. J Gen Physiol. 2002;119(3):251-73.
Khurana S, Raufman JP, Pallone TL. Bile acids regulate car-

diovascular function. Clin Transl Sci. 2011;4(3):210-8.
doi:10.1111/j.1752-8062.2011.00272.X.

Ferreira M, Coxito PM, Sardao VA, Palmeira CM, Oliveira PJ. Bile acids are
toxic for isolated cardiac mitochondria: a possible cause for hepatic-
derived cardiomyopathies? Cardiovasc Toxicol. 2005;5(1):63-73.

Meyer B, Huelsmann M, Wexberg P, Delle Karth G, Berger R, Moertl D, et al.
N-terminal pro-B-type natriuretic peptide is an independent predictor of
outcome in an unselected cohort of critically ill patients. Crit Care Med.
2007;35(10):2268-73. doi:10.1097/01.CCM.0000284509.23439.5B.

Le Gall JR, Lemeshow S, Saulnier F. A new Simplified Acute Physiology
Score (SAPS 1) based on a European/North American multicenter study.
JAMA. 1993;270(24):2957-63.

Markgraf R, Deutschinoff G, Pientka L, Scholten T, Lorenz C. Performance
of the score systems acute physiology and chronic health evaluation Il
and Il at an interdisciplinary intensive care unit, after customization. Crit
Care. 2001;5(1):31-6.

Jonsson G, Hedenborg G, Wisen O, Norman A. Serum concentra-

tions and excretion of bile acids in cirrhosis. Scand J Clin Lab Invest.
1992,52(7):599-605.

Neale G, Lewis B, Weaver V, Panveliwalla D. Serum bile acids in liver
disease. Gut. 1971;12(2):145-52.

Werdan K, Russ M, Buerke M, Delle-Karth G, Geppert A, Schondube FA.
Cardiogenic shock due to myocardial infarction: diagnosis, monitor-

ing and treatment: a German-Austrian S3 Guideline. Dtsch Arztebl Int.
2012;109(19):343-51.

Goldberg RJ, Spencer FA, Gore JM, Lessard D, Yarzebski J. Thirty-year
trends (1975 to 2005) in the magnitude of, management of, and hospital
death rates associated with cardiogenic shock in patients with acute
myocardial infarction: a population-based perspective. Circulation.
2009;119(9):1211-9. doi:10.1161/CIRCULATIONAHA.108.814947.
Dellinger RP, Levy MM, Rhodes A, Annane D, Gerlach H, Opal SM, et al.
Surviving Sepsis Campaign: international guidelines for management of
severe sepsis and septic shock, 2012. Intensive Care Med. 2013;39(2):165—
228.doi:10.1007/500134-012-2769-8.

Thomas BS, Jafarzadeh SR, Warren DK, McCormick S, Fraser VJ, Marschall
J.Temporal trends in the systemic inflammatory response syndrome,
sepsis, and medical coding of sepsis. BMC Anesthesiol. 2015;15:169.
doi:10.1186/512871-015-0148-z.

Perez MJ, Briz O. Bile-acid-induced cell injury and protection. World J
Gastroenterol. 2009;15(14):1677-89.

Dreger NM, Degener S, Ahmad-Nejad P, Wobker G, Roth S. Urosepsis-eti-
ology, diagnosis, and treatment. Dtsch Arztebl Int. 2015;112(49):837-48.
doi:10.3238/arztebl.2015.0837.

Russell CD, Koch O, Laurenson IF, O'Shea DT, Sutherland R, Mackintosh CL.
Diagnosis and features of hospital-acquired pneumonia: a retrospective
cohort study. J Hosp Infect. 2015. doi:10.1016/j,jhin.2015.11.013.
Dawson PA, Karpen SJ. Intestinal transport and metabolism of bile acids. J
Lipid Res. 2015;56(6):1085-99. doi:10.1194/jIr.R054114.

Klingensmith NJ, Coopersmith CM. The gut as the motor of multiple
organ dysfunction in critical illness. Crit Care Clin. 2016;32(2):203-12.
doi:10.1016/j.ccc.2015.11.004.


http://dx.doi.org/10.1002/hep.24582
http://dx.doi.org/10.1371/journal.pmed.1001338
http://dx.doi.org/10.1210/jc.2008-2579
http://dx.doi.org/10.1002/hep.25896
http://dx.doi.org/10.1007/s00134-015-4054-0
http://dx.doi.org/10.1007/s00134-015-4054-0
http://dx.doi.org/10.1097/MCC.0b013e32835ec9e6
http://dx.doi.org/10.1097/MCC.0b013e32835ec9e6
http://dx.doi.org/10.1002/hep.24229
http://dx.doi.org/10.1007/s00134-005-0023-3
http://dx.doi.org/10.1007/s00063-013-0320-5
http://dx.doi.org/10.1111/liv.13201
http://dx.doi.org/10.1007/s00134-008-1321-3
http://dx.doi.org/10.1038/ncpgasthep0602
http://dx.doi.org/10.2337/dc09-S355
http://dx.doi.org/10.1097/MOG.0000000000000156
http://dx.doi.org/10.1016/j.jhep.2012.08.002
http://dx.doi.org/10.1056/NEJM199810223391707
http://dx.doi.org/10.1002/hep.20090
http://dx.doi.org/10.1016/j.jhep.2013.01.003
http://dx.doi.org/10.1097/MOG.0000000000000057
http://dx.doi.org/10.1097/MOG.0000000000000057
http://dx.doi.org/10.4161/gmic.25723
http://dx.doi.org/10.1152/ajpgi.00315.2013
http://dx.doi.org/10.1016/j.ajpath.2010.11.026
http://dx.doi.org/10.1016/j.ajpath.2010.11.026
http://dx.doi.org/10.1152/ajpgi.00318.2003
http://dx.doi.org/10.1124/jpet.113.210005
http://dx.doi.org/10.1124/jpet.113.210005
http://dx.doi.org/10.1111/j.1752-8062.2011.00272.x
http://dx.doi.org/10.1097/01.CCM.0000284509.23439.5B
http://dx.doi.org/10.1161/CIRCULATIONAHA.108.814947
http://dx.doi.org/10.1007/s00134-012-2769-8
http://dx.doi.org/10.1186/s12871-015-0148-z
http://dx.doi.org/10.3238/arztebl.2015.0837
http://dx.doi.org/10.1016/j.jhin.2015.11.013
http://dx.doi.org/10.1194/jlr.R054114
http://dx.doi.org/10.1016/j.ccc.2015.11.004

Horvatits et al. Ann. Intensive Care (2017) 7:48

46.

47.

48.

49.

50.

51

52.

53.

Inagaki T, Moschetta A, Lee YK, Peng L, Zhao G, Downes M, et al. Regula-
tion of antibacterial defense in the small intestine by the nuclear bile
acid receptor. Proc Natl Acad Sci U S A. 2006;103(10):3920-5. doi:10.1073/
pnas.0509592103.

Chiang JY. Bile acid metabolism and signaling. Compr Physiol.
2013;3(3):1191-212. doi:10.1002/cphy.c120023.

Zhu C, Fuchs CD, Halilbasic E, Trauner M. Bile acids in regulation of inflam-
mation and immunity: friend or foe? Clin Exp Rheumatol. 2016;34(4 Suppl
98):25-31.

Holt S, Marley R, Fernando B, Harry D, Anand R, Goodier D, et al. Acute
cholestasis-induced renal failure: effects of antioxidants and ligands

for the thromboxane A2 receptor. Kidney Int. 1999;55(1):271-7.
doi:10.1046/j.1523-1755.1999.00252.x.

Fickert P, Krones E, Pollheimer MJ, Thueringer A, Moustafa T, Silbert D,

et al. Bile acids trigger cholemic nephropathy in common bile-duct-
ligated mice. Hepatology. 2013;58(6):2056-69. doi:10.1002/hep.26599.
Krones E, Wagner M, Eller K, Rosenkranz AR, Trauner M, Fickert P. Bile
acid-induced cholemic nephropathy. Dig Dis. 2015;33(3):367-75.
doi:10.1159/000371689.

Hofmann AF, Mysels KJ. Bile acid solubility and precipitation in vitro

and in vivo: the role of conjugation, pH, and Ca®* ions. J Lipid Res.
1992;33(5):617-26.

von Haehling S, Schefold JC, Jankowska EA, Springer J, Vazir A, Kalra

PR, et al. Ursodeoxycholic acid in patients with chronic heart failure: a
double-blind, randomized, placebo-controlled, crossover trial. J Am Coll
Cardiol. 2012;59(6):585-92. doi:10.1016/}jacc.2011.10.880.

55.

56.

57.

58.

59.

60.

Page 10 of 10

Poelzl G, Ess M, Mussner-Seeber C, Pachinger O, Frick M, Ulmer H.

Liver dysfunction in chronic heart failure: prevalence, characteristics

and prognostic significance. Eur J Clin Invest. 2012;42(2):153-63.
doi:10.1111/j.1365-2362.2011.02573 x.

Ambrosy AP, Vaduganathan M, Huffman MD, Khan S, Kwasny MJ, Fought
AJ, et al. Clinical course and predictive value of liver function tests in
patients hospitalized for worsening heart failure with reduced ejection
fraction: an analysis of the EVEREST trial. Eur J Heart Fail. 2012;14(3):302-
11. doi:10.1093/eurjhf/hfs007.

Baranano DE, Rao M, Ferris CD, Snyder SH. Biliverdin reductase: a major
physiologic cytoprotectant. Proc Natl Acad Sci U S A. 2002;99(25):16093—
8.doi:10.1073/pnas.252626999.

Sponholz C, Matthes K, Rupp D, Backaus W, Klammt S, Karailieva D, et al.
Molecular adsorbent recirculating system and single-pass albumin dialy-
sis in liver failure—a prospective, randomised crossover study. Crit Care.
2016;20:2. doi:10.1186/513054-015-1159-3.

Drolz A, Saxa R, Scherzer T, Fuhrmann V. Extracorporeal artificial liver
support in hypoxic liver injury. Liver Int. 2011;31(Suppl 3):19-23.
doi:10.1111/j.1478-3231.2011.02583 x.

Sinha L, Liston R, Testa HJ, Moriarty KJ. Idiopathic bile acid malabsorption:
qualitative and quantitative clinical features and response to cholesty-
ramine. Aliment Pharmacol Ther. 1998;12(9):839-44.

Wang WW, Smith DL, Zucker SD. Bilirubin inhibits iNOS expression

and NO production in response to endotoxin in rats. Hepatology.
2004;40(2):424-33. d0i:10.1002/hep.20334.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Immediate publication on acceptance

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



http://dx.doi.org/10.1073/pnas.0509592103
http://dx.doi.org/10.1073/pnas.0509592103
http://dx.doi.org/10.1002/cphy.c120023
http://dx.doi.org/10.1046/j.1523-1755.1999.00252.x
http://dx.doi.org/10.1002/hep.26599
http://dx.doi.org/10.1159/000371689
http://dx.doi.org/10.1016/j.jacc.2011.10.880
http://dx.doi.org/10.1111/j.1365-2362.2011.02573.x
http://dx.doi.org/10.1093/eurjhf/hfs007
http://dx.doi.org/10.1073/pnas.252626999
http://dx.doi.org/10.1186/s13054-015-1159-3
http://dx.doi.org/10.1111/j.1478-3231.2011.02583.x
http://dx.doi.org/10.1002/hep.20334

	Circulating bile acids predict outcome in critically ill patients
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Patients and methods
	Patients and serum analysis
	Bile acids
	Definitions
	Management
	Statistical analysis

	Results
	Baseline characteristics
	Total serum bile acids and individual composition
	Bile acids in septic and cardiogenic shock
	Bile acids and 28-day mortality

	Discussion
	Conclusion
	Authors’ contributions
	References




