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Abstract

High-density lipoproteins (HDL) are important endogenous inhibitors of inflammatory responses.
Functional impairment of HDL might contribute to the excess mortality experienced by patients
with liver disease, but the effect of cirrhosis on HDL metabolism and function remain elusive. To
get an integrated measure of HDL quantity and quality, we assessed several metrics of HDL
function using apolipoprotein (apo) B-depleted sera from patients with compensated cirrhosis,
patients with acutely decompensated cirrhosis and healthy controls. We observed that sera of
cirrhotic patients showed reduced levels of HDL-cholesterol and profoundly suppressed activities
of several enzymes involved in HDL maturation and metabolism. Native gel electrophoresis
analyses revealed that cirrhotic serum HDL shifts towards the larger HDL, subclass. Proteomic
assessment of isolated HDL identified several proteins, including apoA-I, apoC-I11, apoE,
paraoxonase 1 and acute phase serum amyloid A to be significantly altered in cirrhotic patients.
With regard to function, these alterations in levels, composition and structure of HDL were
strongly associated with metrics of function of apoB-depleted sera, including cholesterol efflux
capability, paraoxonase activity, the ability to inhibit monocyte production of cytokines and
endothelial regenerative activities. Of particular interest, cholesterol efflux capacity appeared to be
strongly associated with liver disease mortality. Our findings may be clinically relevant and
improve our ability to monitor cirrhotic patients at high risk.
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Introduction

Methods

Subjects

Alterations in serum lipids and lipoproteins in cirrhotic patients are secondary to complex
abnormalities in lipoprotein synthesis, secretion and catabolism [1, 2]. A decrease below the
normal level of serum cholesterol is often observed in advanced liver disease or in severe
acute liver disease [3]. Alterations in lipid metabolism were shown to promote
inflammation, fibrosis and proliferation in a mouse model of chronic cholestatic liver injury
[4]. Interestingly, high-density lipoprotein (HDL)-cholesterol levels predict mortality in
cirrhotic patients [5], suggesting that HDL particles modulate inflammatory responses [6].
However, steady-state assessment of circulating HDL concentrations may incompletely
reflect /n vivo functionality; therefore, direct measures of HDL function are needed [6-9].
Strategies to measure cholesterol efflux capacity have been used successfully in clinical
studies, revealing inverse correlations between cholesterol efflux capacity and prevalent
coronary artery disease, independently of the HDL-cholesterol levels [10, 11]. Moreover,
recent data have clearly shown that inflammation markedly modifies composition and
function of HDL, generating dysfunctional or even pro-inflammatory forms of HDL [7, 9,
12-14]. Dysfunctional HDL might contribute to the serious complications experienced by
patients with acute and chronic liver disease. In the present study, we investigated whether
cirrhosis affects HDL composition, structure and metabolism and whether these changes
translate into impaired cholesterol efflux capability, anti-inflammatory and endothelial
protective activities of apoB-depleted serum.

The study population of this explorative cross sectional study comprised 59 consecutive
patients with clinical and radiological evidence of cirrhosis, and/or biopsy proven cirrhosis.
Patients with a Child-Pugh score > 11, abstinence from alcohol for < 2 weeks, clinical
evidence of active infection, antibiotic treatment within 7 days prior to enrolment (except for
primary or secondary prophylaxis of spontaneous bacterial peritonitis), gastrointestinal
hemorrhage within the previous 2 weeks, use of immune modulating agents within one
month (steroids etc.), renal failure (such as hepatorenal syndrome), creatinine >1.5x ULN,
hepatic encephalopathy 1l to 1V, pancreatitis, other organ failure, hepatic or extra-hepatic
malignancy, and pregnancy were excluded. In addition, 21 age- and sex-matched consecutive
cirrhotic patients who were admitted with acute decompensation of their liver disease were
included. There were no restrictions regarding etiology of cirrhosis or reason for
decompensation. Furthermore, 20 sex-matched healthy controls were included after they
passed following exclusion criteria: any history of cardiovascular disease, pregnancy,
obesity, dyslipidemia, liver disease, renal disease, diabetes or clinical signs of inflammation.
Control subjects were free of lipid-lowering medication and anti-inflammatory drugs. Blood
was sampled from patients and healthy volunteers in serum tubes (Greiner, Kremsminster,
Austria) after obtaining written informed consent. The study protocol was approved by the
Ethics Committee of the Medical University of Graz and informed consent was obtained in
accordance with the Declaration of Helsinki (No. 23-056 ex. 10/11, No. 23-285 ex 10/11 and
No. 21-523 ex. 09/10).
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Determination of serum lipid composition

Levels of total cholesterol and phospholipids (Diasys, Holzheim, Germany) were measured
enzymatically. Low-density lipoprotein (LDL) cholesterol was calculated according to the
Friedewald equation using HDL cholesterol values measured in the supernatant of the
phosphotungstic acid/MgCl, precipitation.

Preparation of apolipoprotein B (apoB)-depleted serum

ApoB-depleted serum was prepared by addition of 40 uL polyethylenglycol (20% in 200
mmol/L glycine buffer) to 100 pL serum [15]. Serum was incubated at room temperature for
20 minutes and the supernatant recovered after centrifugation (10.000 rpm, 20 minutes,
4°C).

Serum enzyme activities

Commercial kits were used to assess phospholipid transfer protein (PLTP) (Eubio, Vienna,
Austria), cholesteryl-ester transfer protein (CETP) (Eubio, Vienna, Austria), lecithin-
cholesterol acyltransferase (LCAT) (Merck, Darmstadt, Germany) and SN1-lipolytic activity
(Cayman Europe, Tallinn, Estonia) in sera according to the manufactures instructions.

HDL particle size analysis

ApoB-depleted serum (2 L) was separated by native gradient gel electrophoresis (4-16%
NativePage; Life Technologies, Vienna, Austria). Gels were run for 120 min at constant
voltage of 150 V, in NativePage running buffer (Life Technologies, Vienna, Austria). Gels
were subsequently either fixed (with 25% isopropanol/10% acetic acid for 10 min) and
neutral lipids stained with Sudan black (Thermo Scientific, Rockford, USA), or proteins
were blotted onto a polyvinylidene difluoride (PVDF) membrane (for 45 min at 100 V).
Membranes were probed using a primary monoclonal apoA-I antibody (Novus Biologicals,
Littleton, USA) overnight at 4°C and secondary goat anti-mouse 1gG (Thermo Fischer,
Waltham, USA) for 120 min at room temperature. Size distribution of HDL was analyzed
using ImageJ software. Intensity blots of individual samples were obtained and the peak
areas of HDL,, HDL3 and small HDL 3 particles identified using standard proteins
(NativeMark, Life Technologies, Vienna, Austria).

HDL cholesterol efflux capability

Cholesterol efflux capacity was assessed using an established assay [11, 16]. RAW264.7
macrophages, maintained in DMEM with 10% fetal bovine serum were plated on 48-well
plates (300.000 cells/well). Cells were labeled for 24 hours with 1 pCi/mL [3H]-cholesterol
(Perkin Elmer, Boston, MA, USA). To upregulate ATP-binding cassette transporter Al
(ABCAL), cells were stimulated for 6 hours with serum-free DMEM containing 0.3 mmol/L
8-(4-chlorophenylthio)-cyclic AMP (Sigma, Darmstadt, Germany). After labeling, cells
were washed and [3H]-cholesterol efflux was determined by incubating cells for 4 hours
with 2.8 % apoB-depleted serum or 50 pg/mg HDL protein. Cholesterol efflux was
expressed as the radioactivity in the medium relative to total radioactivity in medium and
cells. All steps were performed in the presence of 2 pg/mL of the acyl coenzyme A
cholesterol acyltransferase inhibitor Sandoz 58-035 (Sigma, Darmstadt, Germany).
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Paraoxonase activity

Arylesterase activity was determined with a photometric assay using phenylacetate as
substrate as described [15, 17, 18].

Determination of nuclear factor-xB (NF-xB) expression and cytokine releases

U937 monocytic cells containing a 5x NF-xB green fluorescence protein reporter cassette
[19] were cultivated in RPMI 1640 containing 7.5% fetal bovine serum. The cells were
pretreated for 1 % hours with reconstituted HDL (1-50 pg/mL), lipoprotein deficient serum
or 7% apoB-depleted serum. Subsequently, the cells were stimulated for 24 hours with
lipopolysaccharide (LPS) (50 ng/mL) (Sigma, Darmstadt, Germany), collected by
centrifugation at 400 g for 7 minutes and fixed with 100 uL BD CellFIX solution (BD
Biosciences, Franklin Lakes, NJ, USA). The expression of NF-xB was assessed by flow
cytometry and cytokines were quantified using a multiplex bead-based immunoassay
(eBioscience, San Diego, CA, USA).

Endothelial barrier measurements

Impedance measurements at 4,000 Hz were performed using the Electric Cell-substrate
Impedance Sensing system (Applied Biophysics, Troy, NY) as described [20]. Human
coronary artery endothelial cells (Lonza, Basel, Switzerland) (25,000 cells per chamber)
were grown to confluence on 1% gelatin-precoated 96W1E+ polycarbonate arrays
containing gold microelectrodes (Applied Biophysics, Troy, NY). Cells were serum starved
for 2 hours, subsequently electrically wounded (4 seconds at 2,400 pA and 48 kHz) and
incubated with HDL (50 pg/mL), 3% apoB-depleted serum or 3% lipoprotein deficient
serum (LPDS) to assess repopulation of the wound and barrier promoting capability.
Impedance was continuously monitored.

Isolation of HDL and lipoprotein deficient sera

Serum density was adjusted with potassium bromide (Sigma, Vienna, Austria) to 1.24 g/ml,
and a two-step density gradient was generated in centrifuge tubes (16 x 76 mm, Beckman)
by layering the density-adjusted serum underneath a NaCl density solution (1.063 g/ml) as
described [21]. Tubes were sealed and centrifuged at 60.000 rpm for 5 h in a 90Ti fixed
angle rotor (Beckman Instruments, Krefeld, Germany). After centrifugation, the HDL-
containing band and the lipoprotein deficient sera (bottom fraction) were collected, and
desalted via PD10 columns (GE Healthcare, Vienna, Austria).

LC-MS/MS Analysis

Proteomic profiling of HDL was performed as previously described with minor
modifications [17, 21, 22]. HDL was digested with trypsin, and the resulting peptides were
separated after online desalting by nano-HPLC (Dionex Ultimate 3000, Thermo Scientific,
Waltham, MA) using a flow rate of 300 nl/min and a 2 hour gradient. The samples were
ionized in the nanospray source equipped with nanospray tips and analyzed in an Orbitrap
velos pro mass spectrometer (Thermo Scientific, Waltham, MA) in positive ion mode,
applying alternative full scan MS (m/z 380-2000) at 60000 resolution and MS/MS by
collision induced dissociation of the 20 most intense peaks in the ion trap with dynamic
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exclusion enabled. Data were analysed by searching the human SwissProt public database
downloaded on Jul. 13, 2012, with Proteome Discoverer 1.4 (Thermo Scientific, Waltham,
MA) and Mascot 2.3 (Matrixscience, London, UK). Detailed search criteria were as follows:
trypsin; maximum missed cleavage sites = 2; fixed modification = carbamidomethylation at
cysteine; variable modification = oxidized methionine; precursor mass tolerance = +£0.05 Da;
and product mass tolerance = +0.7 Da. Protein hits were subjected to automatic validation
by Mascot using a decoy search and an FDR of 1%. Changes in HDL proteome (by
comparison of relative protein abundances of the same protein between groups) were
evaluated by label free quantitation from areas under the curve of precursor ions (i.e. mean
areas of extracted ion chromatograms of the individual peptides matched to a protein)
normalized to the total area under the curve of all proteins in each sample.

Statistical analysis

Results

Comparison of normal distributed groups was performed with One-Way ANOVA and
Bonferroni post-hoc test and non-parametric groups were compared with Kruskal-Wallis
test. Correlations were determined using the Pearson product-moment estimates. Group
differences were considered statistically significant for *£< 0.05, **P< 0.01 and ***P<
0.001. statistical analyses were performed using GraphPad Prism (Version 4.0, GraphPad
Software) or SPSS Statistics Version 20.

Clinical characteristics

The clinical characteristics of study subjects are given in Table 1. Patients with acutely
decompensated cirrhosis (n = 21) showed significantly decreased levels of total cholesterol,
low-density lipoprotein cholesterol, HDL-cholesterol and apolipoprotein A-1 (apoA-I),
whereas C-reactive protein levels were increased. Compensated cirrhotic patients (n = 59)
exhibited diminished HDL-cholesterol and apoA-I levels when compared to controls (n =
20).

Cirrhosis affects HDL metabolism and subclass distribution

We first assessed activities of serum enzymes modulating HDL maturation and metabolism.
CETP (Fig. 1A), SN1-lipolytic (Fig. 1C) and LCAT (Fig. 1D) activities were all
significantly decreased in sera of patients with compensated cirrhosis and even more
profoundly reduced in patients with acute decompensation. PLTP activity was significantly
reduced in patients with acute decompensation, and tended to be lower in compensated
cirrhotic patients (Fig. 1B). Native gel analysis revealed a marked shift towards the larger
HDL, subclass in compensated as well as in acutely decompensated patients, resulting in an
increased HDL,/HDL 3 ratio (Fig. 1E, 1F, 1G). Additionally, we observed a significant
decrease of small HDL3 content in cirrhotic patients (Fig. 1E, 1F, 1H).

Sera of cirrhotic patients display an impaired ability to suppress the production of
cytokines by lipopolysaccharide (LPS) stimulated monocytes

Several lines of evidence suggest that HDL acts as an endogenous inhibitor of inflammatory
responses [6]. Therefore, we assessed the capacity of sera to inhibit LPS induced activation
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of the pro-inflammatory transcription factor NF-xB in monocytes. Addition of reconstituted
HDL (containing human apoA-1 and phosphatidylcholine as sole constituents) effectively
and dose-dependently inhibited LPS induced NF-xB activation (Fig. 2A) whereas
lipoprotein deficient serum showed no inhibitory activity (Fig. 2B). These data clearly
suggest that HDL is required to suppress LPS-induced activation of NF-xB in monocytes. In
the majority of cases, apoB-depleted serum of cirrhotic patients showed a reduced ability to
suppress LPS-induced activation of NF-xB, when compared to controls (Fig. 2C). In good
agreement with the NF-xB inhibitory activity, apoB-depleted sera of cirrhotic patients
showed impaired ability to reduce production of the inflammatory cytokines interleukin-6
(IL-6) (Fig. 2D) and tumor necrosis factor-a (TNF-a) (Fig. 2E).

Sera of patients with acute decompensation depict severely impaired endothelial
regenerative activities

HDL is known to promote endothelial regenerative activities [23]. We assessed whether
endothelial regenerative and barrier promoting activities of cirrhotic sera were affected using
an electric cell-substrate impedance sensing system. As expected, addition of HDL
effectively promoted barrier function as compared to vehicle treated cells (Fig. 3A).
Lipoprotein deficient serum (LPDS) was generally less effective in promoting endothelial
barrier function and similar across groups (Fig. 3C). Strikingly, apoB-depleted sera of
cirrhotic patients with acute decompensation showed a significantly impaired endothelial
regenerative activity (Fig. 3B, 3D).

HDL efflux capacity and liver disease mortality

Remaoving excess membrane cholesterol from monocytes, lipid laden macrophages or
endothelial cells is considered to be a main protective activity of HDL. Cholesterol efflux
capacity of apoB-depleted serum using CAMP stimulated macrophages (to induce ABCA1
expression) inversely predicts the risk of coronary artery disease [10, 11]. We observed that
the efflux potential of apoB-depleted serum was lower in compensated cirrhotic patients and
was profoundly decreased in patients with acute decompensation (Fig. 4A, Fig. 4C). ApoB-
depleted sera of controls showed the highest ABCA1 mediated efflux (44 % of total efflux),
whereas sera of compensated and decompensated showed suppressed ABCA1 dependent
efflux capacity (26 % and 23 % of total efflux) (Fig 4A). Interestingly, cholesterol efflux
capacity of isolated HDL from liver disease patients was not altered (Fig. 4B). ABCA1
mediated efflux of isolated HDL was very low, in line with the notion that a large fraction of
pre-beta HDL is stripped of during the ultracentrifugation procedure to isolate HDL.
Prompted by the marked cirrhosis-induced alterations in the functionality of apoB-depleted
serum, we tested whether metrics of function associate with survival of cirrhotic patients
(Table 2). We observed that all metrics of HDL-mediated function significantly associated
with one-year liver disease mortality. After adjustment for LDL-cholesterol, total
cholesterol, triglycerides, age and sex, and further adjustment for HDL-cholesterol,
cholesterol efflux capability remained significantly associated with 1-year mortality (Table
2). Receiver operating characteristics (ROC) analysis revealed excellent diagnostic accuracy
of cholesterol efflux capacity to predict one-year mortality (area under ROC curve = 0.89)
(Fig. 4D).
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HDL from cirrhotic patients carries a distinct protein cargo

It is now well accepted that inflammation markedly alters HDL composition and function [7,
12]. Therefore, we also assessed possible alterations in the HDL protein composition of
cirrhotic patients. HDL was digested and the resulting peptides were analyzed by tandem
mass spectrometry. A list of identified proteins is shown in the Supplementary Table 1; all
major HDL associated apolipoproteins that were significantly altered in cirrhotic patients are
depicted in Figure 5. As expected, the most abundant proteins on HDL particles from
healthy controls and cirrhotic patients were apoA-I and apoA-I1 (Fig. 5). After statistical
analysis, we identified apoC-I1 and apoC-I1I to be significantly decreased on HDLs of
patients with compensated cirrhosis when compared to healthy controls. We observed a
significant decrease of apoA-I, apoA-I1, apoC-1, apoC-111 and PON1 while apoE, serum
amyloid A1 (SAA1) and SAA2 were significantly increased on HDLs of patients with
decompensated cirrhosis (Fig. 5A-1). In line with the reduced levels of HDL associated
PONL1 identified by mass spectrometry (Fig. 51), we observed that arylesterase activity of
isolated HDL was significantly lower in decompensated cirrhotic patients when compared
with controls (Fig. 5J). Arylesterase activity of apoB-depleted sera was even more
profoundly suppressed, which is explained by low levels of HDL seen in cirrhotic patients,
especially in acutely decompensated patients (Fig. 5K).

To gain further insight into the relationship between HDL protein composition and serum
HDL-mediated functions, a detailed correlation analysis was performed (Tab. 3). We
observed that those proteins that were significantly altered in cirrhotic patients, such as
apoA-Il, apoE, apoC-I1l and SAA, were the strongest predictors of functionality of apoB-
depleted sera, suggesting that HDL composition is linked to functionality of apoB-depleted
serum. We found that HDL associated apoA-1 and PON-1 strongly associated with
functionality of apoB-depleted sera, whereas HDL associated SAAL, SAA2 and apoE were
linked to impaired functionality of sera. Interestingly, we found a negative correlation
between the HDL,/HDL 3 ratio and the paraoxonase activity as well as anti-inflammatory
capacity of apoB-depleted sera. In line with a previous study showing that small HDL3
particles are major acceptors of ABCA1 mediated efflux [24], we found that small HDL3
particle content correlated strongly with the cholesterol efflux potential, but also with
paraoxonase activity and the anti-inflammatory capacity of apoB-depleted sera. As expected,
levels of HDL (apoA-I and cholesterol) strongly correlated with metrics of function of
apoB-depleted sera.

Discussion

The liver plays a central role in several stages of lipid synthesis, transport and metabolism.
In the present study, we observed that activities of enzymes involved in HDL maturation and
metabolism, such as PLTP, LCAT, CETP and serum SN1-lipolytic activity are markedly
reduced in cirrhotic patients. Native gel analysis revealed a marked shift towards the larger
HDL, subclass in cirrhotic patients and a marked reduction in small HDL 3 particles. Based
on previous results we assume that low CETP as well as SN1 lipase activities appear to
hinder the formation of small HDL3 [25]. This may be of critical importance, given that
certain HDL subspecies play distinct functional roles, not only in lipid homeostasis but also
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in innate immunity [7, 12]. Small, dense HDL subfractions are evidenced by relatively low
lipid/cholesterol content but are superior in mobilizing cellular cholesterol [24]. In line with
that concept, we observed that low levels of small HDL 3 particles in liver disease subjects
were associated with decreased cholesterol efflux capacity and anti-inflammatory activities
of apoB-depleted serum. Pre-B-HDL (lipid-poor HDL) acts as an efficient initial acceptor of
cholesterol in an ABCA1 dependent pathway. We observed that ABCA1 mediated
cholesterol efflux was severely suppressed in cirrhotic patients. ABCA1 mediated about

44 % of total cholesterol efflux of apoB-depleted serum of controls, whereas only 26 % and
23 % of total cholesterol efflux was mediated by ABCAL in compensated and
decompensated liver disease patients, respectively. Interestingly, liver disease did not alter
cholesterol efflux capacity of isolated HDL, which is largely ABCAL independent [26],
given that a large fraction of lipid-poor HDL is stripped off during the ultracentrifugation
procedure required to isolate HDL. Summing up, our data clearly suggest that the formation
of lipid-poor HDL is profoundly suppressed in liver disease. Cholesterol efflux capacity of
apoB-depleted serum, an integrated measure of HDL quantity and quality, has been shown to
be inversely related to both atherosclerotic burden and, more recently, incident
cardiovascular events in multiple cohorts independent of circulating HDL-cholesterol levels
[10, 11]. A very interesting finding of our study is that cholesterol efflux capacity predicted
1-year mortality in cirrhotic patients, even after adjustment for LDL-cholesterol, total-
cholesterol, triglycerides, age, sex and HDL-cholesterol. Although our data suggest an
inverse relationship between cholesterol efflux capacity and mortality, the causal nature of
this relationship is uncertain. HDL regulates the plasma membrane cholesterol content
through the ability to remove cholesterol and other lipid species from cells, thereby
dampening inflammatory receptor signaling [27]. Therefore, functional HDL is thought to
be an important endogenous inhibitor of inflammatory responses. This might be of
relevance, given that patients with liver cirrhosis are highly susceptible to bacterial
infections that are the most common event of acute-on-chronic liver failure [28]. Previous
studies reported that LPS-induced overproduction of pro-inflammatory cytokines by
monocytes can be abolished by incubation of whole blood with reconstituted HDL [29, 30].
HDL was found to promote endothelial cell motility, a process that relates to endothelial
barrier function in the context of vascular injury [31]. Up to date, no therapeutics has
sufficiently addressed the vascular leak of fluid and immune cells from plasma to interstitial
space caused by a loss of endothelial barrier function. Of particular interest, we observed
that cirrhosis markedly impaired the ability of apoB-depleted serum to suppress NF-kB
activation and cytokine production. Moreover, our data indicate that cirrhosis reduces the
ability of apoB-depleted serum to promote endothelial regeneration. These are novel and
important observations and might explain, at least in part, why cirrhotic patients are highly
susceptible to bacterial infections. Recent proteomic studies provided convincing evidence
that inflammation alters the protein composition of HDL thereby rendering it dysfunctional
[12]. Using shotgun proteomics, we observed that isolated HDL from cirrhotic patients,
especially from patients with decompensated cirrhosis, contains a distinct protein cargo,
with reduced levels of apoA-1, apoA-I1, apoC-1, apoC-Il, apoC-111 and PON1 whereas apoE,
and the pro-inflammatory acute phase proteins SAA1 and SAA2 were markedly enriched.
Of particular importance, we found significant correlations of HDL associated proteins and
apoB-depleted serum functionality. SAA1 and SAA2 are well known pro-inflammatory
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mediators that suppress cholesterol efflux capability of HDL and render HDL pro-
inflammatory [7, 32-34]. It is well known that in the circulation SAA associates with HDL
particles causing HDL remodeling with displacement of apoA-I [33, 35-37]. In line with
these previous observations, both, HDL associated SAAL and SAA2 were negatively
associated with cholesterol efflux capacity of apoB-depleted serum whereas apoA-1 was
strongly positively associated. Interestingly, we found that HDL associated apoE showed a
strong negative correlation with cholesterol efflux capacity and was associated with a poor
ability of apoB-depleted serum to suppress LPS induced NF-kB activation in monocytes.
Our observations are in line with a recent study demonstrating that apoE suppresses
ABCAL1-specific cholesterol efflux capacity [38]. Another finding of particular interest is
that HDL-associated PONL1 levels and activities are reduced in cirrhotic patients. There is
strong evidence for a mechanistic link between activity of PON1 with systemic oxidative
stress and prospective cardiovascular risk, indicating a potential mechanism for the
atheroprotective function of PON1 [39]. A reduction of HDL associated PON1 activity as
observed in cirrhotic patients is therefore expected to alter antioxidant and cardioprotective
properties of HDL. In line with a previous study showing that small HDL 3 particles are
major acceptors of ABCA1 mediated efflux [24], we found that small HDL 3 particle content
correlated strongly with the cholesterol efflux potential, but also with paraoxonase activity
and the anti-inflammatory capacity of apoB-depleted sera. As expected, levels of HDL
(cholesterol and apoA-I) strongly correlated with metrics of function of apoB-depleted sera.
Thus, our data provide strong evidence that low HDL quality and quantity impair the
functionality of apoB-depleted serum in cirrhotic patients.

This study has limitations. We cannot exclude that other serum components in addition to
HDL contribute to some effects observed of apoB-depleted serum. Therefore additional
studies are required to establish final evidence.

In conclusion, our studies demonstrate that liver disease alters cholesterol efflux capacity,
paraoxonase activity as well as anti-inflammatory and endothelial regenerative activities of
apoB-depleted serum. Cholesterol efflux capacity of apoB-depleted serum, an integrated
measure of HDL level and quality, appears to be related to liver disease mortality.
Consequently, such alterations in HDL levels, structure, metabolism, composition and
function may be clinically relevant and improve our ability to monitor cirrhotic patients at
high risk.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Liver disease suppresses several enzymes involved in HDL maturation and
metabolism
. Cirrhosis alters composition and structure of HDL, the formation of lipid-
poor HDL is profoundly suppressed in liver disease.
. Anti-inflammatory activity of apoB-depleted serum is linked to low HDL
levels and compositional alterations of HDL
. Cholesterol efflux capability of apoB-depleted serum, an integrated measure
of HDL quantity and quality, predicts liver disease mortality.
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Figure 1. Cirrhosis alters serum enzymes involved in HDL metabolism.
Sera of healthy subjects (control, n = 20), patients with compensated (comp., h = 59) and

acutely decompensated (decomp., n = 21) cirrhosis were examined for activities of (A)
cholesteryl ester transfer protein (CETP), (B) phospholipid transfer protein (PLTP), (C)
SN1-lipolytic activity and (D) lecithin-cholesterol acyltransferase (LCAT). (E)
Apolipoprotein B (apoB)-depleted sera were separated by native gradient gel electrophoresis
and lipids were stained with Sudan Black. (F) Western Blot analysis of apoB-depleted sera.
Pooled apoB-depleted sera were separated by native gradient gel electrophoresis and blotted
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onto a PVDF membrane. ApoA-1 was detected using a monoclonal apoA-I antibody. (G,H)
Intensity blots of individual samples were obtained and HDL,/HDL 3 ratios (G) and small
HDL 3 content (H) were calculated.
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Figure 2. Cirrhosis is associated with reduced anti-inflammatory capacity of serum and a
reduced ability to suppress the production of inflammatory cytokines.

Apolipoprotein B (apoB)-depleted sera of healthy subjects (control, n = 20), of patients with
compensated (comp., n = 59) cirrhosis and of cirrhotic patients with acute decompensation
(decomp., n = 21) were analyzed for their ability to inhibit lipopolysaccharide (LPS)-
induced nuclear factor-xB (NF-xB) activation in monocytes. U937 monocytes containing a
reporter cassette for NF-xB, were pretreated with (A) increasing concentrations (1-50
ug/mL) of reconstituted HDL (rHDL), (B) 10% lipoprotein deficient sera (LPDS) or (B,C)
7% apoB-depleted sera. After 1 ¥ hours cells were stimulated with LPS (50 ng/mL) for 24
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hours, followed by assessment of GFP expression by flow cytometry. (D,E) The
supernatants of LPS stimulated monocytes which were pretreated with 7% apoB-depleted
sera of patients or controls were analyzed for (D) interleukin-6 (IL-6) and (E) tumor necrosis
factor-a (TNF-a) concentrations using flow cytometry. All values shown represent means
of two independent experiments measured in duplicates. RFU, relative fluorescence units.
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Figure 3. Apolipoprotein B-depleted sera of patients with acute decompensation show impaired
endothelial regenerative activities.

Human coronary artery endothelial cells were serum-starved for 2 hours and a stable
baseline (8-10 kQ) for normalization was recorded. Cells were electrically wounded using
the electric cell-substrate impedance sensing system. Immediately after wounding, cells
were treated with (A) HDL (50 pg/mL), (B) 3% apolipoprotein B (apoB)-depleted sera of
healthy subjects (control, n = 18), patients with compensated (comp., n = 52) and acutely
decompensated (decomp., n = 18) cirrhosis or (C) 3% of lipoprotein deficient sera (pooled
fractions) of healthy subjects (n = 5), compensated (n = 5) and decompensated (n = 5)
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cirrhotic subjects. Re-endothelialization was monitored over time. (D) Scatter blot of apoB-
depleted sera induced re-endothelialization at 6 ¥ hours. Values shown represent means of
two individual experiments measured in duplicates. *~ < 0.05 vs. control, T/7< 0.001 vs.
control.
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Figure 4. HDL cholesterol efflux potential and 1-year mortality.
Pooled fractions of sera of healthy subjects (control, n = 10), patients with compensated

(comp., n = 10) and acutely decompensated (decomp., n = 10) cirrhosis were used to isolate
HDL and to generate apolipoprotein (apo) B-depleted sera. ApoB-depleted sera (A) or HDL
(B) were examined for their ability to promote [3H]-cholesterol efflux from macrophages.
[3H]-cholesterol-labeled RAW?264.7 macrophages were incubated, in the absence and
presence of cCAMP, with either 2.8% apoB-depleted sera (A) or 50 pg/mL HDL-protein (B)
for 4 hours. Cells were either exposed to 2.8% apoB-depleted sera (A) or 50 ug/mL HDL-
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protein (B) for 4 hours. ABCAL mediated efflux was calculated by subtracting effluxed
[3H]-cholesterol of macrophages not exposed to cAMP from effluxed [3H]-cholesterol of
cAMP stimulated cells. Cholesterol efflux is expressed as radioactivity in the supernatant
relative to total radioactivity (in supernatant and cells). The values represent means of two
independent experiments measured in duplicates. T2< 0.05, TT/£< 0.01 vs. control.
ApoB-depleted sera of healthy subjects (control, n = 20), patients with compensated (comp.,
n = 59) and acutely decompensated (decomp., n = 21) cirrhosis were examined for their
ability to (C) promote [3H]-cholesterol efflux from macrophages. [3H]-cholesterol-labeled
and cAMP stimulated RAW?264.7 macrophages were exposed to 2.8% apoB-depleted sera
for 4 hours. Cholesterol efflux is expressed as radioactivity in the supernatant relative to total
radioactivity (in supernatant and cells). The values represent means of two independent
experiments measured in duplicates. (D) Receiver operating characteristics (ROC) curves
illustrating the performances of [3H]-cholesterol efflux capability of apoB-depleted sera of
patients with compensated (n = 59, 5 deceased) and acutely decompensated cirrhosis (n =
21, 11 deceased) for prediction of one-year mortality. AUROC, area under ROC curve.
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Figure 5. Identification of proteins in HDL isolated from healthy subjects and patients with

cirrhosis.
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(A-1) HDL was isolated from healthy subjects (control, n = 22), patients with compensated
(comp., n = 20) and acutely decompensated (decomp., n = 22) cirrhosis. The HDL proteome

was analyzed on a LC-MS/MS system. Data were analyzed by searching the human

SwissProt public database with Proteome Discoverer 1.4 (Thermo Scientific) and Mascot 2.3
(MatrixScience) and label free quantitation of precursor ion chromatograms. Values shown
represent percentage of total peptide sum. (J) HDL-associated PON activity of healthy
subjects, patients with compensated and acutely decompensated cirrhosis. (K) PON activity
of apolipoprotein B-depleted sera of healthy subjects (control, n = 20), patients with
compensated (comp., n = 59) and acutely decompensated (decomp., n = 21) cirrhosis.
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Paraoxonase activity was measured using phenylacetate as a substrate and was calculated
from the slope of the kinetic chart of two independent experiments.
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Table 1

Clinical characteristics of study subjects

cirrhosis
control compensated  decompensated
n 20 59 21
Age (y) 67 (66-69) 58 (53-64) 58 (50-66)
Male/female 15/5 42/17 16/5

Total cholesterol (mg/dL)
Triglycerides (mg/dL)
LDL-cholesterol (mg/dL)
HDL-cholesterol (mg/dL)
Apolipoprotein A-1 (mg/dL)
CRP (mg/L)
Child-Pugh Score
MELD Score
Etiology of liver disease (%)
Alcohol
Viral infection
Other
Albumin® (g/dL)
Bilirubin® (mg/dL)

Creatinine$(mg/dL)

169 (152-188)
103 (70-145)
78 (60-102)

65 (55-80)
79 (57-113)
2(1-3)

09+0.3

173 (134-209)
81 (60-105)
107 (72-133)
44 (25-61)

37 (27-52) 7

3(1-5)
5 (5-6)
10 (8-14)

49.1

211

29.8
40+0.6

86 (64-123) 7T
77 (62-123)

63 (42-74)77
10 (6-19) "7
17 (15-24) 1

25 (12-46) 7T
10 (8-12)
17 (15-19)

95.2
4.8

29+0.77

53+477
1.0+0.6
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Values are given as medians with the interquartile range. $Values are given as mean = SD. CRP, C-reactive protein. *£< 0.05, ***P < 0.001 vs.

control. TP< 0.01, HP< 0.001 vs. compensated.
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Correlation of one-year mortality and metrics of HDL function

Table 2

One-year mortality

adj usted™ adj usted

r p r p r p
Cholesterol efflux -0.458 <0.001 -0.456 <0.001 -0.321 0.010
Paraoxonase activity -0.382 <0.001 -0.273 0.020 -0.210 0.076
NF-xB expression 0.290 0.009 0.161 0.204 0.107  0.403
Barrier regenerative activity -0.344  0.004  -0.268 0.032 -0.242 0.056
Small HDL3 particle content  -0.255  0.022  -0.227  0.053 -0.171 0.150
HDL,/HDL; ratio 0.148 0.192 0.204  0.107 0.196 0.124

*
adjusted for LDL-cholesterol, total-cholesterol, triglycerides, age and sex.

fadjusted for LDL-cholesterol, total-cholesterol, triglycerides, age, sex and HDL-cholesterol.
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apoB-depleted serum

Table 3
Correlation of HDL-composition, -distribution and -levels with metrics of function of

Page 26

Cholesterol efflux

Paraoxonase activity

NF-xB expression

Barrier regenerative activity

r p r p r p r p

HDL-composition

apoA-1 0.629  <0.001 0.565 <0.001 -0.240 0.070 0.381 <0.01
apoE -0.519  <0.001 -0.484 <0.001 0.362 <0.01 -0.142 0.310
apoC-111 0.337 0.010 0.323 0.015 -0.565  <0.001 0.145 0.301
SAA1l -0.495  <0.001 -0.480 <0.001 0.122 0.363 -0.218 0.117
SAA2 -0.524  <0.001 -0.508 <0.001 0.156 0.243 -0.240 0.083
PON1 0.395 <0.01 0.468 <0.001 -0.089 0.507 0.211 0.129
HDL-distribution

HDL,/HDL ratio -0.160 0.114 -0.329 0.001 -0.352  <0.001 -0.100 0.358
small HDL particles 0.371  <0.001 0.432 <0.001 -0.449  <0.001 0.106 0.329
HDL-levels in apoB-depleted serum

HDL-cholesterol 0.874  <0.001 0.590 <0.001 -0.506  <0.001 0.293 <0.01
apoA-1 0.678  <0.001 0.569 <0.001 -0.597 <0.001 0.219 0.073

apo, apolipoprotein; SAA, serum amyloid A; PON1, paraoxonase 1
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