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Abstract
Background & Aims: Experimental evidence indicates that systemic inflammation (SI) 
promotes liver fibrogenesis. This study investigated the potential link between SI and 
fibrogenesis in patients with advanced chronic liver disease (ACLD).
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1  |  INTRODUC TION

Fibrosis represents an important pathophysiological feature and 
key prognostic factor in advanced chronic liver disease (ACLD) and 
results from chronic liver injury and activation of hepatic stellate 
cells (HSCs).1,2 HSCs play a central role in the structural remodel-
ling of liver tissue and are the dominant cellular source of extracel-
lular matrix (ECM), that is mainly different types of collagen. Liver 
fibrosis ultimately causes structural disruption and parenchymal 
loss- of- function.3 In addition, HSC activation also promotes their 
vasoconstrictive phenotype.4,5 Concordantly, these structural and 
functional changes contribute to the development of portal hyper-
tension (PH).6 ECM composition is considered to undergo constant 
remodelling and the balance may tip either towards liver fibrosis pro-
gression or regression.7

Experimental studies have indicated that ACLD is accompanied 
by increased bacterial translocation (BT) from the gut into the por-
tal circulation. Bacteria and/or their constituents are recognized 
as pathogen- associated molecular patterns (PAMPs) by several cell 
types such as liver sinusoidal endothelial and innate immune cells, 
HSCs, and hepatocytes.8– 10 In turn, hepatocellular injury leads 
to the release of danger- associated molecular patterns (DAMPs). 

PAMPs, DAMPs and cytokines disseminate into the systemic cir-
culation where they may trigger systemic inflammation (SI). This 
hypothesis is strengthened by the observation that bacterial an-
tigens have been linked to SI in humans with different aetiologies 
and severity of ACLD.11,12 In vitro and in vivo experiments have 
found that a proinflammatory environment promotes the (in- )di-
rect activation of HSCs.13– 15 BT has been described to trigger SI 
and, moreover, SI emerged as an important factor contributing 
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Methods: Serum biomarkers of SI (CRP, IL- 6, procalcitonin [PCT]) and extracellular 
matrix (ECM) turnover (i.e., fibrogenesis/fibrolysis) were analysed in 215 prospectively 
recruited patients with ACLD (hepatic venous pressure gradient [HVPG] ≥6 mm Hg) 
undergoing hepatic vein catheterization. Patients with non- elective hospitalization or 
bacterial infection were excluded. Histological alpha- smooth muscle actin (α- SMA) 
area was quantified on full biopsy scans by automated morphometric quantification in 
a subset of 34 patients who underwent concomitant transjugular liver biopsy.
Results: Histological α- SMA proportionate area correlated with enhanced liver fibrosis 
(ELF) score (Spearman's ρ = 0.660, p < .001), markers of collagen formation (PRO- C3, 
ρ = 0.717, p < .001; PRO- C6, ρ = 0.526, p = .002) and tissue inhibitor of metallopro-
teinases- 1 (TIMP1; ρ = 0.547, p < .001), indicating that these blood biomarkers are 
capable of reflecting the dynamic process of ECM turnover. CRP, IL- 6 and PCT levels 
correlated with ELF, biomarkers of collagen synthesis/degradation and TIMP1, both 
in compensated and decompensated patients. Multivariate linear regression models 
(adjusted for HVPG) confirmed that CRP, IL- 6 and PCT were independently linked to 
markers of liver fibrogenesis and ECM turnover.
Conclusion: Systemic inflammation is linked to both liver fibrogenesis and ECM turno-
ver in ACLD and this association is not confounded by the severity of liver disease, as 
evaluated by HVPG. Our study confirms experimental data on the detrimental impact 
of SI on ECM deposition and fibrosis progression in a thoroughly characterized cohort 
of patients with ACLD.

K E Y W O R D S
bacterial translocation, cirrhosis, extracellular matrix, gut- liver- axis, HSC, portal hypertension

Lay summary

Cirrhosis is caused by chronic liver damage, a process char-
acterized by development of fibrosis (‘fibrogenesis’), which 
describes the scarring of the liver. Systemic inflammation 
is common in patients with cirrhosis and has a detrimental 
impact on disease prognosis. Our study found a link be-
tween liver fibrogenesis and systemic inflammation in pa-
tients with cirrhosis, and thus, supports the concept that 
systemic inflammation promotes liver fibrogenesis in hu-
mans with cirrhosis.
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to the progression of ACLD.16 However, the link between SI and 
the dynamic process of liver fibrogenesis in humans remains to be 
investigated.

Our study aimed to elucidate the association between SI and 
fibrogenesis in prospectively recruited patients with clinically sta-
ble ACLD. Therefore, we determined an advanced blood biomarker 
panel reflecting fibrogenesis and ECM turnover and also provide his-
tological evidence that these biomarkers actually reflect HSC activa-
tion in patients with ACLD.

2  |  PATIENTS AND METHODS

2.1  |  Study design and clinical characterization

Patients with ACLD (defined by a hepatic venous pressure gradi-
ent [HVPG] ≥6 mm Hg) underwent liver vein catheterization be-
tween 01/2017 and 06/2020 at the Medical University of Vienna 
and were included in the Vienna Cirrhosis Study (VICIS). Patients 
with pre−/post- hepatic/non- cirrhotic PH, transjugular intrahepatic 
portosystemic shunt, non- selective betablockers, hepatocellular 
carcinoma beyond Milan criteria, previous liver transplantation, bac-
terial infection or non- elective hospitalization at the time of liver 
vein catheterization, or intake of non−/poorly absorbable antibiotics 
for treatment of hepatic encephalopathy or spontaneous bacterial 
peritonitis prophylaxis were excluded (Figure S1). Patient selection 
was performed by review of prospectively collected data. In the final 
study cohort of 215 patients, serum and plasma biomarkers of SI, 
fibrogenesis and matrix turnover were analysed. Among patients re-
cruited after the first case of COVID- 19 reported in Austria (n = 27), 
no patient had tested positive for SARS- CoV- 2 within 14 days prior 
to HVPG measurement, exhibited COVID- 19 symptoms or fever 
when presenting at our clinic. Furthermore, histological alpha- 
smooth muscle actin (α- SMA) stainings were performed in a subset 
of 34 (16%) patients undergoing concomitant transjugular liver bi-
opsy (TJBX) within the same session (Figure 1). Previous hepatic de-
compensation events were determined according to national17 and 
European guidelines for decompensated cirrhosis.18

The study was conducted in accordance with the principles 
of the Declaration of Helsinki and its amendments, was approved 
by the local ethics committee of the Medical University of Vienna 
(EK1262/2017) and included patients of the prospective VICIS study 
(NCT03267615). All patients provided written informed consent for 
the invasive procedures of hepatic vein catheterization and TJBX.

2.2  |  Measurement of hepatic venous pressure 
gradient and transjugular biopsy

Liver vein catheterization was performed to assess HVPG in all pa-
tients and to undertake TJBX in a subset of patients in accordance 
with a standard operating procedure.19 Detailed descriptions of the 
procedures are delineated in the Supplementary material.

2.3  |  Serum and plasma biomarkers

Blood biomarkers were analysed in samples obtained at the time-
point of HVPG measurement via the catheter introducer sheath. 
C- reactive protein (CRP), interleukin- 6 (IL- 6), procalcitonin (PCT), 
lipopolysaccharide binding protein (LBP) and enhanced liver 
 fibrosis score (ELF; including tissue inhibitor of metalloproteinases-
 1 [TIMP1]) were assessed according to standardized protocols by 
the ISO- certified Department of Laboratory Medicine, Medical 
University of Vienna, following the manufacturers' instructions, and 
as previously published.20,21 The Protein Fingerprint™ biomarkers 
PRO- C3 (released N- terminal pro- peptide of type III collagen), C3M 
(neo- epitope of MMP- 9 mediated degradation of type III collagen) 
and PRO- C6 (C- terminal of released C5 domain of type VI collagen 
α3 chain) were assessed by competitive enzyme- linked immuno-
sorbent assay (ELISA). Further details on biomarker measurements 
are provided in the Supplementary material.

2.4  |  Histological α- SMA staining

Liver tissue was formalin- fixed, paraffin- embedded, cut into 
2- μm- thick slides and mounted on super frost glass slides. For 

F I G U R E  1  Graphical summary of the study design. 
Abbreviations: α- SMA, alpha- smooth muscle actin; HSC, hepatic 
stellate cell; HVPG, hepatic venous pressure gradient.
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assessment of α- SMA proportionate area (%), liver tissue was 
stained using a standardized immunohistochemistry protocol ac-
cording to the manufacturer's instructions (DAKO M851, Denmark). 
Stained proportionate areas of α- SMA were assessed by automated 
quantification using the histomorphometry software Definiens 
TissueStudio® V4.3.1 (Definiens Inc.) on high- resolution 40x slide 
scans of liver biopsy sections (Pannoramic MIDI Slidescanner, 
3DHISTECH, Hungary) (Figure 2). Personnel performing histologi-
cal stainings and proportionate area quantification were blinded to 
other patient characteristics.

2.5  |  External validation cohort

External validation was performed in a patient cohort undergoing 
HVPG measurement at the Hvidovre Hospital, Denmark. Data on 
fibrogenesis and matrix turnover markers have previously been 
reported.22 CRP levels were measured by ELISA as described pre-
viously23 in patients without infection in whom stored (at −80°C) 
femoral artery plasma trazylol samples were available. The re-
ported study was conducted in accordance with the principles of 

the Declaration of Helsinki and its amendments and was approved 
by the local ethics committee (J- No.2008- 41- 2020). Patients gave 
written informed consent to participate in the study.22

2.6  |  Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics 27 
(IBM) or GraphPad Prism 9 (GraphPad Software). Categorical vari-
ables are reported as absolute (n) and relative (%) frequencies, while 
continuous variables are displayed as mean ± standard error of 
the mean or median with interquartile range (IQR), as appropriate. 
Normal distribution was determined by Kolmogorov– Smirnov and 
Shapiro– Wilk tests. Student's t test, Mann– Whitney U test, analy-
sis of variance (ANOVA), or Kruskal– Wallis test were used for group 
comparisons of continuous variables, as applicable. Group compari-
sons of categorical variables were performed using Chi squared or 
Fisher's exact test. Correlations between parameters were assessed 
by calculating Pearson's or Spearman's correlation coefficients (95% 
confidence interval), as appropriate. Linear regression models were 
performed to identify associations between biomarkers of inflamma-
tion (predictor variables) and biomarkers of fibrogenesis and matrix 
turnover (dependent variables). For these analyses, some variables 
(indicated by footnotes) were log- transformed based on the respec-
tive histogram, Q- Q- Plots, Kolmogorov– Smirnov and Shapiro– Wilk 
tests and diagnostic plots. The level of significance was set at a two- 
sided p- value < .05 for all analyses.

3  |  RESULTS

3.1  |  Patient characteristics

In this study, 215 patients with a median age of 69 (51– 67) years, 
67% male sex and predominantly alcohol- related liver disease 
(ALD; 45%) and viral hepatitis (18%) were included (Table 1). 
Clinically significant PH (CSPH) was present in most (n = 188, 87%) 
patients, and 57% had decompensated cirrhosis. Regarding PH/dis-
ease severity, median HVPG was 17 (12– 21) mm Hg, median Model 
for End- Stage Liver Disease (MELD) score was 11 (9– 13) points and 
62%/31%/7% were classified as Child- Turcotte- Pugh (CTP) stage 
A/B/C respectively.

Increasing severity of PH was paralleled by an increasing prev-
alence and severity of ascites, presence and size of oesophageal 
varices and higher CTP and MELD scores (all p < .001) (Table 1). 
White blood cell (WBC) count decreased, while serum levels of 
systemic inflammation continuously increased across HVPG strata 
(6– 9 mm Hg, 10– 19 mm Hg, ≥20 mm Hg): median CRP was 0.14 vs. 
0.23 vs. 0.40 mg/dl (p = .001), IL- 6 was 4.68 vs. 6.46 vs. 8.71 pg/ml 
(p < .001) and PCT was 0.06 vs. 0.08 vs. 0.09 ng/ml (p < .001) re-
spectively. Similarly, serum biomarkers of liver fibrogenesis and ma-
trix turnover exhibited stepwise increases with more severe PH (all 
p < .001; Table 1).

F I G U R E  2  Assessment of α- SMA proportionate area by 
slidescanner and automated quantification with histomorphometry 
analysis. Abbreviations: α- SMA, alpha- smooth muscle actin.
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TA B L E  1  Patient characteristics in the overall cohort and patients stratified by HVPG

Parameter
Overall cohort 
(n = 215)

HVPG 6– 9 mm Hg 
(n = 27)

HVPG 10– 19 mm Hg 
(n = 112)

HVPG ≥20 mm Hg 
(n = 76) p- value

Age (years) 59 (51– 67) 59 (51– 67) 59 (51– 67) 58 (51– 67) .938

Sex (M, %) 144 (67) 22 (82) 73 (65) 49 (65) .229

Aetiology (n, %)

ALD 97 (45) 8 (30) 44 (39) 45 (59) .009

Viral 38 (18) 8 (30) 21 (19) 9 (12)

ALD + Viral 14 (6) 2 (7) 8 (7) 4 (5)

NASH 23 (11) 3 (11) 19 (17) 1 (1)

Cholestatic 8 (4) 0 (0) 3 (3) 5 (7)

Other 35 (16) 6 (22) 17 (15) 12 (16)

cACLD (n, %) 93 (43) 24 (89) 53 (47) 16 (21) <.001

CTP score (points) 6 (5– 7) 5 (5– 5) 6 (5– 7) 7 (6– 8) <.001

MELD score (points) 11 (9– 13) 8 (7– 9) 10 (9– 13) 12 (10– 14) <.001

Varices (n, %)

None 79 (37) 20 (74) 43 (38) 16 (21) <.001

Small 54 (25) 3 (11) 28 (25) 23 (30)

Large 76 (35) 1 (4) 38 (34) 37 (49)

(Unknown) 6 (3) 3 (11) 3 (3) 0 (0)

Ascites (n, %)

None 120 (56) 26 (96) 70 (63) 24 (32) <.001

Mild 82 (38) 1 (4) 39 (35) 42 (55)

Severe 13 (6) 0 (0) 3 (3) 10 (13)

HE (n, %)

None 185 (86) 26 (96) 97 (87) 62 (82) .288

Mild 29 (13) 1 (4) 15 (13) 13 (17)

Severe 1 (1) 0 (0) 0 (0) 1 (1)

BMI 26.7 (23.5– 30.7) 27.2 (25.3– 31.7) 26.7 (23.5– 31.0) 26.2 (22.9– 29.9) .353

WBC (G/L) 4.70 (3.30– 6.14) 5.60 (4.41– 7.00) 4.54 (3.30– 6.22) 4.54 (3.17– 5.85) .021

CRP (mg/dl) 0.25 (0.11– 0.53) 0.14 (0.06– 0.29) 0.23 (0.10– 0.45) 0.40 (0.18– 0.69) <.001

IL- 6 (pg/ml) 7.17 (4.57– 12.2) 4.68 (3.01– 8.46) 6.46 (3.95– 12.2) 8.71 (5.88– 18.1) <.001

PCT (ng/ml) 0.07 (0.05– 0.13) 0.06 (0.03– 0.07) 0.08 (0.05– 0.13) 0.09 (0.06– 0.15) <.001

LBP (μg/ml) 6.89 (5.40– 8.59) 7.31 (5.71– 9.48) 6.92 (5.41– 8.60) 6.54 (5.10– 8.01) .341

ELF score 11.2 (10.3– 12.2) 9.69 (9.07– 10.1) 11.0 (10.4– 12.2) 11.8 (11.2– 12.6) <.001

PRO- C3 (ng/ml) 16.4 (11.4– 25.7) 10.0 (7.40– 13.8) 17.4 (11.7– 28.2) 18.2 (14.2– 33.1) <.001

PRO- C6 (ng/ml) 13.9 (10.6– 19.3) 10.9 (8.91– 12.4) 14.3 (10.7– 19.0) 15.4 (12.0– 21.2) <.001

TIMP1 (ng/ml) 316 (246– 435) 252 (174– 325) 299 (243– 421) 376 (277– 481) <.001

C3M (ng/ml) 13.6 (11.2– 18.0) 11.6 (10.4– 13.2) 13.4 (11.2– 16.7) 16.2 (12.0– 20.8) <.001

Note: Statistical Analysis: Kruskal– Wallis and one- way ANOVA were used to compare continuous variables across HVPG strata. Group comparisons 
of categorical variables were performed using Chi squared or Fisher's Exact test. p- values < .05 are indicated in bold.
Abbreviations: ALD, alcohol- related liver disease; BMI, body- mass index; C3M, neo- epitope of MMP- 9 mediated degradation of type III collagen; 
cACLD, compensated advanced chronic liver disease; CRP, C- reactive protein; CSPH, clinically significant portal hypertension; CTP, Child- Turcotte- 
Pugh; ELF, enhanced liver fibrosis; HE, hepatic encephalopathy; HVPG, hepatic venous pressure gradient; IL- 6, interleukin- 6; LBP, lipopolysaccharide 
binding protein; M, male sex; MELD, Model for End- Stage Liver Disease; NASH, non- alcoholic steatohepatitis; PCT, procalcitonin; PRO- C3, released 
N- terminal pro- peptide of type III collagen; PRO- C6, C- terminal of released C5 domain of type VI collagen α3 chain; TIMP1, tissue inhibitor of 
metalloproteinases- 1; WBC, white blood cell.
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3.2  |  Histological validation of 
fibrogenesis biomarkers

Alpha- SMA proportionate area in liver biopsies was compared 
to serum markers of fibrogenesis and matrix turnover to assess 
whether these parameters represent HSC activation. Importantly, 
patient characteristics in the subset of 34 patients undergoing con-
comitant liver biopsies were not profoundly different, as compared 
to patients without biopsy, thus, excluding major selection bias 

(Table 2). However, a trend towards a discrepancy in the distribution 
of aetiologies between groups was observed and patients undergo-
ing liver biopsy had lower TIMP1 concentrations. Serum biomark-
ers displayed an excellent correlation with α- SMA area (%) on liver 
histology: Spearman's ρ = 0.660 (0.41– 0.82; p < .001) for ELF score, 
ρ = 0.717 (0.49– 0.85; p < .001) for PRO- C3, ρ = 0.526 (0.21– 0.74, 
p = .002) for PRO- C6, ρ = 0.547 (0.25– 0.75, p < .001) for TIMP1 
(Figure 3) and ρ = 0.422 (0.08– 0.67; p = .014) for C3M. Notably, SI 
levels exhibited a significant correlation with α- SMA proportionate 

Parameter
Patients with biopsy 
(n = 34)

Patients without 
biopsy (n = 181) p- value

Age (years) 60 (45– 64) 59 (51– 68) .542

Sex (M, %) 21 (62) 123 (68) .481

Aetiology (n, %)

ALD 14 (41) 83 (46) .068

Viral 2 (6) 36 (20)

ALD + Viral 1 (3) 13 (7)

NASH 6 (18) 17 (9)

Cholestatic 1 (3) 7 (4)

Other 10 (29) 25 (14)

cACLD (n, %) 14 (41) 79 (44) .790

CTP score (points) 6 (5– 7) 6 (5– 7) .659

MELD score (points) 10 (8– 13) 11 (9– 14) .888

CSPH (n, %) 33 (97) 155 (86) .088

HVPG (mm Hg) 17 (13– 19) 18 (12– 21) .711

BMI 27.8 (23.2– 31.6) 26.5 (23.7– 30.6) .439

WBC (G/L) 4.04 (2.74– 5.96) 4.74 (3.38– 6.21) .145

CRP (mg/dl) 0.26 (0.10– 0.53) 0.25 (0.11– 0.54) .837

IL- 6 (pg/ml) 5.65 (3.47– 9.79) 7.29 (4.76– 12.6) .138

PCT (ng/ml) 0.07 (0.05– 0.11) 0.08 (0.05– 0.13) .632

LBP (μg/ml) 6.61 (4.78– 9.52) 6.91 (5.43– 8.37) .892

ELF score 10.9 (10.0– 12.0) 11.3 (10.4– 12.3) .247

PRO- C3 (ng/ml) 14.0 (10.1– 18.6) 17.2 (11.8– 26.0) .115

PRO- C6 (ng/ml) 12.2 (9.19– 16.6) 14.3 (10.8– 19.5) .065

TIMP1 (ng/ml) 268 (196– 438) 328 (252– 434) .049

C3M (ng/ml) 13.2 (11.2– 19.0) 13.6 (11.2– 18.0) .892

Total liver tissue area 
(μm2)

68.55 × 106 
(18.46 × 106– 18.99 × 07)

— — 

α- SMA proportionate 
area (%)

11.2 (6.73– 24.62) — — 

Note: Statistical Analysis: Student's t test or Mann– Whitney U test were used to compare 
continuous variables. Group comparisons of categorical variables were performed using Chi 
squared or Fisher's exact test.
Abbreviations: ALD, alcohol- related liver disease; BMI, body- mass index; C3M, neo- epitope of 
MMP- 9 mediated degradation of type III collagen; cACLD, compensated advanced chronic liver 
disease; CRP, C- reactive protein; CSPH, clinically significant portal hypertension; CTP, Child- 
Turcotte- Pugh; ELF, enhanced liver fibrosis; HVPG, hepatic venous pressure gradient; IL- 6, 
interleukin- 6; LBP, lipopolysaccharide binding protein; M, male sex; MELD, Model for End- Stage 
Liver Disease; NASH, non- alcoholic steatohepatitis; PCT, procalcitonin; PRO- C3, released N- 
terminal pro- peptide of type III collagen; PRO- C6, C- terminal of released C5 domain of type VI 
collagen α3 chain; TIMP1, tissue inhibitor of metalloproteinases- 1; WBC, white blood cell.

TA B L E  2  Clinical characteristics 
and histological readouts of patients 
undergoing transjugular liver biopsy and 
comparison to patients without biopsy
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area, with ρ = 0.444 (0.11– 0.69; p = .009) for CRP, ρ = 0.355 (0.01– 
0.63; p = .040) for IL- 6 and ρ = 0.345 (0.00– 0.62; p = .046) for PCT, 
while LBP showed no relevant association with α- SMA (p = .515) 
(Figure S2).

3.3  |  Relation between fibrogenesis, matrix 
turnover and systemic inflammation

Serum biomarkers of collagen synthesis, degradation and inhibition 
of metalloproteinases were correlated with CRP, IL- 6, PCT and LBP to 
investigate whether increase in SI is linked to increased fibrogenesis. 
Results of correlation analyses are summarized in Table 3 and corre-
lation plots are depicted in the Supplementary material (Figures S3– 
S6). Interestingly, IL- 6 and PCT exhibited the strongest and most 
consistent associations with the biomarker panel, followed by CRP. 
TIMP1 exhibited the strongest link to these SI markers: ρ = 0.446 
(0.33– 0.55, p < .001) for CRP, ρ = 0.554 (0.45– 0.64, p < .001) for IL- 6 
and ρ = 0.500 (0.39– 0.60, p < .001) for PCT. Interestingly, LBP levels 
exhibited no meaningful correlation with markers of collagen forma-
tion and degradation, but a statistically significant positive correla-
tion with TIMP1.

3.4  |  Fibrogenesis in compensated and 
decompensated ACLD

Patients were stratified by compensated (cACLD) and decompen-
sated ACLD (dACLD) to explore whether the observed link between 
SI and fibrogenesis was restricted to one of these stages. As ex-
pected, disease and PH severity, as well as fibrogenesis and SI bio-
markers were significantly higher in patients with dACLD (Table S1). 

Interestingly, SI displayed a consistent significant correlation 
with fibrogenesis and matrix turnover in both cACLD and dACLD 
(Table S2). PCT exhibited the strongest association with these bio-
markers in cACLD, particularly with ELF score (ρ = 0.443, 0.26– 0.60, 
p < .001) and TIMP1 (ρ = 0.440, 0.25– 0.59, p < .001). In dACLD, PCT 
displayed the strongest correlation with ELF score (ρ = 0.509, 0.36– 
0.63, p < .001) and PRO- C3 (ρ = 0.467, 0.31– 0.60, p < .001), and 
PRO- C6 (ρ = 0.426, 0.26– 0.57, p < .001), while IL- 6 was most firmly 
linked TIMP1 (ρ = 0.605, 0.48– 0.71, p < .001). Again, LBP displayed 
a significant correlation with TIMP1 in both cACLD (ρ = 0.241, 0.03– 
0.43, p = .020) and dACLD (ρ = 0.339, 0.17– 0.49, p < .001), but was 
not significantly associated with other fibrogenesis markers in these 
patient strata.

3.5  |  Systemic inflammation is linked 
to fibrogenesis independent from portal 
hypertension severity

Due to the observation that markers of SI and fibrogenesis/ma-
trix turnover increase with portal hypertension/disease severity 
(Table 1), multivariate linear regression models were performed to 
rule- out that the link between SI and fibrogenesis/matrix turnover 
was confounded by the severity of underlying liver disease. Results 
of univariate and multivariate linear regression models are depicted 
in Table 4. After adjustment for HVPG, the multivariate analysis 
confirmed that CRP levels were independently linked to ELF score 
(p = .013), PRO- C3, PRO- C6, TIMP1 and C3M (all p < .001). Similarly, 
IL- 6 was independently associated with ELF score, PRO- C3, PRO- 
C6, TIMP1 and C3M (all p < .001). PCT was an independent predictor 
variable for ELF, the collagen formation markers PRO- C3 and PRO- 
C6 and the matrix turnover biomarker TIMP1 (all p < .001), as well as 

F I G U R E  3  Correlation between  
α- SMA proportionate area and biomarkers 
of fibrogenesis and matrix turnover. 
Statistical analysis: Correlation analyses 
were performed by calculating Spearman's 
ρ with 95% confidence intervals (in 
brackets). Abbreviations: α- SMA, alpha- 
smooth muscle actin proportionate area; 
ELF, enhanced liver fibrosis; TIMP1, 
tissue inhibitor of metalloproteinases- 1; 
PRO- C3, released N- terminal pro- peptide 
of type III collagen; PRO- C6, C- terminal 
of released C5 domain of type VI collagen 
α3 chain.
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the fibrolysis marker C3M (p = .031). Finally, LBP levels were inde-
pendently associated with PRO- C6 (p = .012), TIMP1 (p = .003) and 
C3M (p = .002) but exhibited no association with other biomarkers.

The link between inflammation and fibrogenesis markers was 
also observed in HVPG- adjusted subgroup analyses restricted to 
patients with cACLD or dACLD. Notably, IL- 6 displayed the most 

TA B L E  3  Correlations between systemic inflammation and liver fibrogenesis/matrix turnover

CRP (mg/dl) p- value IL- 6 (pg/ml) p- value PCT (ng/ml) p- value LBP (μg/ml) p- value

ELF score 0.356 (0.23– 0.47) <.001 0.424 (0.30– 0.53) <.001 0.505 (0.39– 0.60) <.001 −0.148 (−0.28- [−]0.01) .030

PRO- C3 (ng/ml) 0.342 (0.21– 0.46) <.001 0.322 (0.19– 0.44) <.001 0.445 (0.33– 0.55) <.001 0.000 (−0.13– 0.13) .999

PRO- C6 (ng/ml) 0.289 (0.16– 0.41) <.001 0.420 (0.30– 0.53) <.001 0.412 (0.29– 0.52) <.001 0.096 (−0.04– 0.23) .161

TIMP1 (ng/ml) 0.446 (0.33– 0.55) <.001 0.554 (0.45– 0.64) <.001 0.500 (0.39– 0.60) <.001 0.265 (0.13– 0.39) <.001

C3M (ng/ml) 0.416 (0.29– 0.52) <.001 0.354 (0.23– 0.47) <.001 0.240 (0.11– 0.37) <.001 0.140 (0.00– 0.27) .041

Note: Statistical Analysis: Correlation analyses were performed by calculating Spearman's ρ with 95% confidence intervals (in brackets). p- values <.05 
are indicated in bold.
Abbreviations: C3M, neo- epitope of MMP- 9 mediated degradation of type III collagen; CRP, C- reactive protein; ELF, enhanced liver fibrosis; IL- 6, 
interleukin- 6; LBP, lipopolysaccharide binding protein; PCT, procalcitonin; PRO- C3, released N- terminal pro- peptide of type III collagen; PRO- C6, 
C- terminal of released C5 domain of type VI collagen α3 chain; TIMP1, tissue inhibitor of metalloproteinases- 1.

TA B L E  4  Univariate and multivariate (adjusted for HVPG) linear regression models to assess the link between systemic inflammation 
(predictor variables) and liver fibrogenesis/matrix turnover (dependent variables)

Parameters Univariate analysis Multivariate analysisa

Dependent variable
Predictor 
variable Estimate 95% CI p- value Estimate 95% CI p- value

ELF score CRPb 0.879 0.51– 1.25 <.001 0.447 0.10– 0.80 .013

IL- 6c 0.063 0.05– 0.08 <.001 0.042 0.03– 0.06 <.001

PCTb 3.500 1.92– 5.08 <.001 7.825 5.21– 10.4 <.001

LBPb −0.062 −0.13– 0.01 .068 −0.059 −0.14 − 0.02 .150

PRO- C3 CRPc 0.207 0.14– 0.28 <.001 0.173 0.10– 0.25 <.001

IL- 6c 0.222 0.13– 0.31 <.001 0.170 0.07– 0.27 <.001

PCTd 1.380 0.66– 2.10 <.001 1.242 0.54– 1.94 <.001

LBPd 0.007 −0.02 to 0.04 0.656 0.014 - 0.02 to 0.04 .344

PRO- C6 CRPc 0.129 0.07– 0.19 <.001 0.105 0.04– 0.17 <.001

IL- 6c 0.224 0.15– 0.30 <.001 0.201 0.12– 0.28 <.001

PCTc 0.295 0.21– 0.38 <.001 0.270 0.18– 0.36 <.001

LBPc 0.188 0.00– 0.37 .045 0.230 0.05– 0.41 .012

TIMP1 CRPc 0.173 0.12– 0.23 <.001 0.139 0.08– 0.20 <.001

IL- 6c 0.286 0.22– 0.36 <.001 0.248 0.17– 0.32 <.001

PCTc 0.263 0.17– 0.35 <.001 0.212 0.12– 0.31 <.001

LBPd 0.029 0.00– 0.05 .025 0.036 0.01– 0.06 .003

C3M CRPc 0.152 0.11– 0.20 <.001 0.125 0.08– 0.17 <.001

IL- 6c 0.178 0.12– 0.24 <.001 0.140 0.08– 0.20 <.001

PCTd 0.605 0.13– 1.08 .013 0.497 0.05– 0.95 .031

LBPc 0.163 0.02– 0.31 .027 0.211 0.08– 0.35 .002

Note: Statistical Analysis: Linear regression models were performed using non- transformed or log- transformed variables as appropriate based on the 
respective histogram, Q- Q- Plot as well as Kolmogorov– Smirnov and Shapiro– Wilk tests (indicated by footnotes). Multivariate models were calculated 
by adjusting for HVPG. p- values <.05 are indicated in bold.
Abbreviations: C3M, neo- epitope of MMP- 9 mediated degradation of type III collagen; CRP, C- reactive protein; ELF, enhanced liver fibrosis; HVPG, 
hepatic venous pressure gradient; IL- 6, interleukin- 6; LBP, lipopolysaccharide binding protein; PCT, procalcitonin; PRO- C3, released N- terminal pro- 
peptide of type III collagen; PRO- C6, C- terminal of released C5 domain of type VI collagen α3 chain; TIMP1, tissue inhibitor of metalloproteinases- 1.
aAdjusted by hepatic HVPG.
bWithout log- transformation of included variables.
cLog- transformation of all included variables (except HVPG).
dLog- transformation of the dependent variable.
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consistent association with fibrogenesis and ECM turnover markers 
in patients with both cACLD and dACLD (Tables S3/S4).

Finally, all inflammation parameters as well as HVPG were en-
tered into multivariate regression models to evaluate which pa-
rameters displayed an independent link with fibrogenesis and ECM 
turnover markers (Table S5). All inflammation parameters except 
CRP exhibited an independent link with ELF (all p < .001). IL- 6 and/
or PCT remained independently associated with other markers of 
fibrogenesis as well as ECM turnover. Again, subgroup analyses 
restricted to patients with cACLD and dACLD were performed. 
Interestingly, HVPG was independently associated with ELF test, 
PRO- C3 and TIMP1 in patients with cACLD, however, only remained 
independently associated with the fibrolysis marker C3M (in con-
trast to fibrogenesis markers) in patients with dACLD.

3.6  |  Confirmation of the link between systemic 
inflammation and fibrogenesis as well as ECM 
turnover in an external cohort

Seventy- three patients served as an external validation cohort. The 
median age was 56 (49– 63) years, the patients were predominantly 
male (n = 57, 78%) and had a median HVPG of 15 (11– 18) mm Hg and 
a median MELD of 15 (11– 19) points (Table S6). CRP levels tended 
to correlate with PRO- C3 (rs = 0.221, −0.02 to 0.43, p = .061) and 
C3M (rs = 0.486, 0.28– 0.65, p < .001) levels in this patient cohort 
(Figure S7), confirming the link between systemic inflammation and 
fibrogenesis as well as ECM turnover.

4  |  DISCUSSION

The present study investigates the interplay between SI and liver 
fibrogenesis as well as ECM turnover in a large cohort of prospec-
tively recruited and extensively characterized patients with clinically 
stable ACLD. Besides the characterization of PH severity by HVPG 
measurement and simultaneous blood sampling for assessment of 
SI levels, we performed an advanced biomarker panel designed to 
reflect key molecules of hepatic ECM formation and degradation. 
Importantly, this study also provides novel histological data in a sub-
set of the patients, confirming that these blood biomarkers reflect 
the dynamic process of fibrogenesis within the liver— considering 
that these patients have already progressed to ACLD. In contrast to 
previous work,24 our patient cohort does not include subjects with 
infections or acute decompensation (AD) but rather clinically stable 
outpatients with ACLD. Accordingly, it captures the steady state of 
liver disease progression.

The study hypothesis is strongly based on the pathophysiologi-
cal ‘gut- liver- axis’ concept that the liver is the first gatekeeper of the 
portal venous circulation and responds to immunological triggers— 
presumably mostly due to BT— by promoting proinflammatory sig-
nals.25,26 Experimental studies have indicated that increased BT in 
cirrhotic animals was linked to an impaired mucosal antimicrobial 

defence in the intestine,9 reduced expression of tight junction pro-
teins (i.e. important barrier proteins) in the intestinal mucosa of 
animals with cirrhosis,27,28 as well as increased permeability of the 
basolateral gut- vascular barrier.29 Previous studies in humans have 
suggested that SI is increased in the distinct clinical settings of AD 
and acute- on- chronic liver failure (ACLF)— which are both condi-
tions associated with a high prevalence of infections.30,31 Similarly, 
we have demonstrated recently that SI levels also predict disease 
progression in compensated and clinically stable decompensated 
patients with ACLD.32 Although we want to acknowledge that our 
study only presents blood markers of SI and does not provide di-
rect markers of BT (LBP is discussed below), previous studies have 
described that BT promotes a systemic proinflammatory response: 
Bacterial DNA in blood and ascitic fluid of rats with CCl4- induced 
cirrhosis were linked to the detection of bacteria in mesenteric 
lymphnodes (indicating BT from the intestines) as well as SI bio-
markers in the blood (e.g. tumour necrosis factor[TNF]- α and 
 IL- 6).10 Similarly, different circulating bacterial antigens reflecting 
both gram- positive and - negative BT in patients with non- alcoholic 
fatty liver disease (NAFLD) were linked to SI11 and serum levels of 
bacterial DNA were strongly associated with serum markers of SI 
in patients with ascites.12 Therefore, biomarkers of SI seem capable 
of reflecting the response to BT in patients with cirrhosis. Finally, 
the release of DAMPs, for example by damaged hepatocytes, may 
also induce SI independently from BT (‘sterile’ inflammation) and 
activate HSCs.33

Direct or indirect activation of HSCs causes transdifferenti-
ation to myofibroblasts, a process accompanied by upregulation 
of α- SMA and induction of ECM formation and fibrogenesis.14,15 
Fibrogenesis is increasingly recognized as a highly dynamic process 
with bidirectional impact of pathological triggers (e.g. alcohol use) 
and therapeutic interventions (e.g. cure of viral hepatitis).7 For exam-
ple, the histological decrease in α- SMA expression on liver biopsies 
after antiviral therapy was reported previously.34 However, due to 
the invasive nature of this procedure, repeated liver biopsies have 
limited utility for assessing the dynamic process of ECM turnover. 
Thus, several blood biomarkers reflecting ECM remodelling have 
been developed: ELF score comprises three different ECM markers 
and is well- validated for the staging of liver fibrosis,35– 38 similar to 
the collagen formation markers PRO- C3 and PRO- C6 and the col-
lagen degradation marker C3M.39– 41 Furthermore, previous studies 
reported that PRO- C3 and ELF score decreased upon therapeutic 
interventions such as antiviral therapy42,43 and that PRO- C3 as well 
as the ratio between PRO- C3 and C3M were linked to AD, ACLF 
and survival.24 To assess whether ELF score and markers of collagen 
formation not only reflect fibrosis, but also the dynamic process of 
fibrogenesis, we compared the area of α- SMA on liver biopsies to 
serum markers of fibrogenesis, and found an excellent correlation 
between histological α- SMA area (i.e. activated HSCs) and the ELF 
score, as well as PRO- C3 and TIMP1 levels. Of note, histological 
data were obtained by scanning the complete liver biopsy slide and 
automated quantitative analysis of the α- SMA proportionate area, 
which minimizes the risk of human bias. Therefore, the significance 
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of ELF and other biomarkers of hepatic ECM formation and turn-
over extends beyond the staging of liver fibrosis, as these markers 
additionally provide valuable information on the activity of hepatic 
fibrogenesis in ACLD patients.

Experimental studies have indicated that activation of inflam-
matory responses (e.g. mediated by immune cells such as Kupffer 
cells) upon exposure to BT may lead to activation of HSCs and ulti-
mately result in promotion of fibrogenesis.26 For example besides 
bacterial toxins like lipopolysaccharide (LPS),44 bacterial cell wall 
components may induce the activation of HSCs in cell culture.45 
Concordantly, in vivo data by Seki et al. showed that LPS- induced 
activation of toll- like receptor- 4 promotes transforming growth 
factor- beta signalling and hepatic fibrosis in mice.13 However, no 
large- scale human study has specifically addressed whether SI 
is connected with liver fibrogenesis in patients with ACLD. The 
present study confirms that fibrogenesis and ECM turnover are 
linked to SI, in particular CRP, IL- 6 and PCT levels. Importantly, 
we performed multivariate linear regression models adjusted by 
HVPG to account for potential confounding effects by the un-
derlying severity of liver disease, which solidified these findings. 
CRP, IL- 6 and PCT displayed a consistent HVPG- independent link 
with markers of fibrogenesis in the overall cohort and moreover 
a significant correlation with α- SMA on liver histology in the sub-
group of patients undergoing concomitant liver biopsy. More spe-
cifically, besides ELF score which comprises three different ECM 
biomarkers, the collagen formation markers PRO- C3 and PRO- C6 
were linked to SI levels. Thus, SI appears to be not only linked to 
liver disease severity (i.e. ‘stage’), but also liver fibrogenesis as a 
dynamic process. Multivariate regression models indicated that 
systemic inflammation and liver fibrogenesis as well as ECM turn-
over (even when adjusting for HVPG) seem to be linked irrespec-
tive of disease stage, i.e. both in patients with cACLD and dACLD. 
However, we found that the link between HVPG and fibrogenesis 
markers was more consistent in patients with cACLD. These data 
suggest that fibrogenesis (responsible for the static component 
of increased intrahepatic resistance) and portal hypertension are 
less tightly interrelated in dACLD, which seems in line with the 
concept that the impact of SI on the progression of ACLD is par-
ticularly strong in the decompensated stage.16 Nonetheless, de-
spite the broad body of experimental evidence discussed above, 
we have to acknowledge that our clinical data cannot proof that 
SI directly causes HSC activation, which represents a limitation 
of this study. Therefore, further studies are warranted. Since in-
terventions modulating SI may not only prevent the development 
of complications that are directly related to SI (e.g. AD, bacte-
rial infections and ACLF), but may also prevent liver fibrosis pro-
gression, the assessment of markers of liver fibrogenesis/ECM 
turnover should be considered when designing clinical trials in-
vestigating disease- modifying treatments that target SI. Of note, 
the potential impact of SI on liver fibrogenesis may also contribute 
to the non- haemodynamic benefits of NSBB treatment.46,47

Interestingly, besides indicators of fibrogenesis, the two mark-
ers reflecting matrix turnover, TIMP1 (also part of ELF score) and 

C3M, were independently associated with CRP, IL- 6 and PCT lev-
els. These biomarkers reflect opposing states of matrix turnover, 
since TIMP1 impedes the degradation of ECM, while C3M indi-
cates fibrolysis, as it depicts collagen type III degradation by mac-
rophages via matrix metalloproteinases.7 We have to acknowledge 
that our study cannot answer whether high absolute serum levels 
of C3M or their balance with PRO- C3 in an individual patient may 
indicate that ECM remodelling tips towards fibrolysis, however, it 
may be speculated that increased liver fibrogenesis is paralleled by 
increased matrix turnover and degradation of collagen by compen-
satory mechanisms, thereby explaining the concordant upregula-
tion of both mechanisms.

LBP levels have been used as surrogate parameter for BT in pre-
vious studies in patients with ACLD.48,49 Controversially, we found 
that LBP levels did not clearly associate with fibrogenesis biomark-
ers in our study: LBP only showed a weak negative correlation with 
ELF, as well as positive association with C3M on multivariate regres-
sion analysis, despite exhibiting significant positive association with 
TIMP1. We can only speculate how to interpret these results, how-
ever, as our study strictly excluded patients with AD and bacterial 
infection at the timepoint of study inclusion, LBP may not represent 
an accurate marker of BT in clinically stable patients with ACLD. 
Similarly, WBC continuously decreased across PH strata, which de-
notes a difference from studies conducted in patients with AD.30 
Again, the selection of a stable patient collective may explain this 
difference, as PH and associated hypersplenism may have a stronger 
impact on WBC counts in these patients as compared to SI.

Finally, we observed a broadly similar picture in regard to the link 
between systemic inflammation (i.e. CRP) and fibrogenesis as well 
as ECM turnover (i.e. PRO- C3 and C3M) markers in a patient cohort 
from Denmark,22 thus, serving as external confirmation of our re-
sults. Previously reported data from this cohort already indicated 
a link between HVPG and different biomarkers of fibrogenesis and 
fibrolysis.22 Of note, the study setup and patient characteristics 
were slightly differed from our study, as evident from the exclusive 
focus on patients with ALD and higher MELD in the Danish cohort. 
Furthermore, CRP levels in this cohort were measured after sub-
stantially longer storage duration, as compared to PRO- C3/C3M. 
All these circumstances may account for differences regarding cor-
relation strength between CRP and PRO- C3 levels as compared to 
our cohort. Nevertheless, the similarities in results as compared 
to our cohort serve as further evidence towards the connection 
between systemic inflammation and liver fibrogenesis in clinically 
stable patients with ACLD. Concordantly, a recent publication also 
reported a link between systemic inflammation, fibrogenesis mark-
ers and α- SMA on liver histology in patients with ACLF.50

In summary, our study demonstrates that SI is linked to the dy-
namic process of fibrogenesis and fibrolysis in patients with ACLD. 
Blood biomarkers of ECM formation accurately reflect the intrahepatic 
activation of HSCs, as demonstrated by the strong correlations of α- 
SMA area on liver histology and the ELF score as well as markers of col-
lagen formation. Research efforts investigating whether therapeutic 
modulation of SI ameliorates liver disease progression are warranted.
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