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ABSTRACT

Background & Aims: Endothelial cell (EC) activation is a critical driver of disease progression in cirrhosis, contributing to
acute decompensation (AD) and acute-on-chronic liver failure (ACLF). Although human albumin administration improves EC
function in cirrhotic patients with hypoalbuminemia, its direct effects on ECs remain unclear. This ex vivo study investigates the
impact of albumin on EC morphology and mitochondrial function upon exposure to plasma from patients with decompensated
cirrhosis (DC).

Methods: Human umbilical vein ECs were exposed to plasma from patients with DC and hypoalbuminemia (albumin <30g/L,
n=20), compensated cirrhosis (CC, >30g/L, n=20), or healthy controls (HC, n=20). Albumin was added to DC and HC plasma
to reach physiological (~40g/L) or supraphysiological levels. Mitochondrial function was assessed by measuring oxygen con-
sumption rate (OCR) and reactive oxygen species (ROS) production. The effects of albumin on EC activation were tested using
circulating factors elevated in DC (lipopolysaccharide (LPS), tumour necrosis factor-a (TNFa), bilirubin).

Results: Mitochondrial morphology distinguished ECs exposed to DC plasma from those exposed to CC or HC plasma. Albumin
supplementation shifted EC morphology towards a healthier phenotype. ECs exposed to DC plasma showed increased mito-
chondrial respiration without a concomitant increase in ROS production, which was normalised by albumin. Albumin had no
significant effects on EC activation induced by circulating factors.

Conclusions: Plasma from patients with DC and hypoalbuminemia induces EC morphological changes, particularly in mito-
chondria. Albumin mitigates these effects, suggesting a direct modulatory role on mitochondrial function and supporting its
therapeutic potential in vascular dysfunction in cirrhosis.

Abbreviations: ACLF, Acute-on-Chronic Liver Failure; AD, Acute Decompensation; ATP, Adenosine Triphosphate; BSA, Bovine Serum Albumin; CaCl,, Calcium
Dichloride; CC, Compensated Cirrhosis; CLIF-AD, Chronic Liver Failure Consortium Acute Decompensation; DAMPs, Damage-Associated Molecular Patterns; DC,
Decompensated Cirrhosis; EBM, Endothelial Cell Basal Medium; EC, Endothelial Cell; ECAR, Extracellular Acidification Rate; EDTA, Ethylenediaminetetraacetic
Acid; EF-CLIF, European Foundation for the Study of Chronic Liver Failure; EGM, Endothelial Cell Growth Medium; FCCP, Carbonyl cyanide-4-(trifluoromethoxy)
phenylhydrazone; FCS, Fetal Calf Serum; HBSS, Hanks' Balanced Salt Solution; HC, Healthy Control; HE, Hepatic Encephalopathy; HUVEC, Human Umbilical Vein
Endothelial Cell; IQR, Interquartile Range; ITS, Insulin Transferrin Selenium; LDA, Linear Discriminant Analysis; LPS, Lipopolysaccharide; LUMC, Leiden
University Medical Centre; LUVDS, Leiden University Medical Centre Volunteer Donor Service; MELD, Model for End-Stage Liver Disease; OCR, Oxygen
Consumption Rate; PAMPs, Pathogen-Associated Molecular Patterns; PBS, Phosphate-Buffered Saline; PCA, Principal Component Analysis; PDP, Patient-Derived
Plasma; ROS, Reactive Oxygen Species; Rot/AA, Rotenone/Antimycin A; SBP, Spontaneous Bacterial Peritonitis; SPSS, Statistical Package for the Social Sciences;
TNFa, Tumour Necrosis Factor Alpha; vVWF, von Willebrand Factor.
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Lay Summary

This study demonstrates that plasma from patients with de-
compensated cirrhosis induces significant endothelial cell
activation and mitochondrial alterations, which are partially
restored by albumin supplementation. These findings are
important to understand the cellular mechanisms driving
complications in advanced cirrhosis and identify potential
therapeutic targets beyond simply correcting hypoalbumin-
emia. Our ex vivo model may help identify patients who are
most likely to benefit from albumin therapy and guide per-
sonalised treatment strategies. Future research is needed to
identify the specific circulating factors driving mitochon-
drial damage and validate these findings in clinical studies.

Key Points

» Plasma from patients with decompensated cirrhosis
and hypoalbuminemia induces changes in endothelial
cell morphology.

« Albumin administration restores EC morphological
changes, specifically mitochondrial morphology and
function.

» Targeting endothelial dysfunction may help mitigate
complications in advanced liver disease.

1 | Introduction

Cirrhosis is a chronic and progressive liver disease which arises
from various etiological factors and is associated with a range
of systemic manifestations [1]. Cirrhosis causes increased intra-
hepatic vascular resistance and, ultimately, portal hypertension.
Decompensated cirrhosis is characterised by systemic inflam-
mation and circulatory dysfunction, which affect multiple or-
gans and systems and lead to complications including ascites,
bacterial infections, gastrointestinal haemorrhages and hepatic
encephalopathy (HE) [2].

As a result of impaired hepatocellular function, albumin syn-
thesis by the liver is reduced in cirrhosis [3]. In advanced
stages, hypoalbuminemia is further aggravated by ascites
and renal dysfunction. Ascites develops in response to portal
hypertension-induced splanchnic vasodilation and subsequent
sodium and water retention, contributing to dilutional hypoal-
buminemia through plasma volume expansion and fluid shifts
[4, 5]. Concurrently, renal dysfunction, often secondary to circu-
latory disturbances in advanced cirrhosis, can lead to increased
urinary albumin losses and impaired tubular reabsorption, fur-
ther lowering serum albumin levels [6].

Beyond its role in maintaining colloid osmotic pressure, albumin
exerts a wide range of non-oncotic functions that are essential to
physiological homeostasis. These include antioxidant activity,
scavenging of reactive species, immune modulation, binding
and transport of endogenous and exogenous substances, and
preservation of endothelial integrity [5-8]. Previous studies have
shown that serum albumin levels greater than 30g/L are associ-
ated with a reduced inflammatory response in acute decompen-
sation (AD) and acute-on-chronic liver failure (ACLF) [7].

Endothelial cell (EC) dysfunction is a critical driver of disease
progression in patients with liver cirrhosis, contributing to
acute decompensation (AD) and acute-on-chronic liver failure
(ACLF). Endothelial cells (EC) line the lumen of the blood- and
lymphatic vessels and act as a barrier that separates the blood
from the interstitium, regulate vessel permeability, vascular
tone, and the diapedesis of immune cells during inflammation
[9-11]. In response to inflammatory and hemodynamic stress-
ors, ECs can become activated, resulting in the loss of the EC
barrier integrity and EC glycocalyx, coupled with upregulated
expression of adhesion molecules, cytokines, and procoagulant

factors [11, 12]. In advanced stages of cirrhosis, systemic EC ac-
tivation is driven by pro-inflammatory circulating factors such
as pathogen-associated molecular patterns (PAMPs) from bac-
terial translocation from the intestines, damage-associated mo-
lecular patterns (DAMPs) from damaged, apoptotic, necroptotic
or necrotic hepatocytes, and reactive oxygen species (ROS) and
other toxins [12-15]. This activated endothelial phenotype has
been identified as a significant contributing factor to circula-
tory alterations in cirrhosis, resulting in the progression of por-
tal hypertension and increased intrahepatic resistance [9, 16].
Furthermore, the severe EC activation driven by the systemic
inflammation in decompensated cirrhosis and ACLF is thought
to be a key driver for the progression into organ failure [17, 18].

Albumin deficiency further aggravates systemic EC activation
driven by inflammatory mediators in advanced stages of cir-
rhosis. Experimental studies in cirrhotic rat models have shown
that hypoalbuminemia has detrimental effects on EC function
[19]. Conversely, human albumin showed to have protective
effects on cultured human ECs upon lipopolysaccharide (LPS)
activation by albumin endocytosis, thereby potentially acting as
an intracellular ROS scavenger [19].

Recently, we developed a high-throughput, image-based assay
to assess morphological responses of ECs to patient-derived
plasma (PDP) exposure [20]. Our previous findings indicated
that peripheral plasma from cirrhotic patients triggers EC acti-
vation, and that the degree of EC activation and mitochondrial
stress are closely correlated with the severity of the disease. In
the current study, we aim to use this methodology to study the
effects of albumin supplementation on EC morphological re-
sponse to patient-derived plasma exposure. We hypothesise that
EC activation and mitochondrial stress will be decreased by the
addition of albumin to reach physiological levels.

2 | Methods
2.1 | Patient Cohort

Patients were enrolled at the Leiden University Medical Centre
(LUMC), a tertiary referral centre with liver transplantation
facilities. Patients were eligible for inclusion if they had a con-
firmed diagnosis of cirrhosis based on histology, imaging, and/
or laboratory results. Twenty consecutive patients with compen-
sated cirrhosis and serum albumin levels >30g/L, and twenty
consecutive patients with decompensated cirrhosis and hy-
poalbuminemia (serum albumin levels <30g/L) and without
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prior albumin suppletion in the 7days prior to sampling were
included. Decompensation was defined as having one or more
of the following symptoms: Overt HE, gastrointestinalhaemor-
rhage, clinically manifest ascites grade 2 or 3 (according to the
International Ascites Club) [21] or spontaneous bacterial perito-
nitis (SBP). Patients were excluded if they had received albumin
within the 7days prior to sampling.

EDTA plasma samples were collected from all included patients,
and plasma samples from twenty healthy controls (HCs) were
obtained by the Leiden University Medical Centre Volunteer
Donor Service biobank (LUVDS). All patients and donors pro-
vided written informed consent. The study protocol conformed
to the ethical guidelines of the 1975 Declaration of Helsinki and
was approved by the local ethics committee (registration num-
ber RP24.019).

Clinical data were extracted from electronic patient medical re-
cords. Baseline characteristics regarding the aetiology of cirrho-
sis, comorbidities and use of medication were collected. Disease
severity data were collected on the presence of infection, labora-
tory findings, Model for End-Stage Liver Disease (MELD) score,
Child Pugh class, Chronic Liver Failure Consortium Acute
Decompensation (CLIF-AD) score, and decompensating events
as defined above, and laboratory values were collected. ACLF
was defined according to EF-CLIF criteria [22]. Infection was
defined by one or more of the following criteria: A polymorpho-
nuclear cell count in ascitic fluid of > 250/mm?3, a positive ascitic
fluid culture, a positive blood culture, a positive urine culture or
lesions on chest radiography suggestive of pneumonia.

2.2 | Cell Culture

Human Umbilical Vein Endothelial Cells (HUVECs) were ac-
quired from Lonza (C2517A). HUVECs were thawed and cul-
tured in Endothelial cell growth medium 2 (EGM-2) (PromoCell
C-22111) supplemented with 1% Penicillin/Streptomycin (Gibco
15070-063) in a gelatin (1% in PBS, Merck; 104078) coated T75
flask 3days prior to seeding in a gelatin-coated 96-wells plate
(PerkinElmer PhenoPlate, 6055300). Twenty thousand cells
were seeded in each well, and cells were maintained in EGM-2
for 5days until plasma/cytokine exposure to allow a cobblestone-
like monolayer to form.

2.3 | Plasma Exposure

Low passage (p=2), single-donor, confluent HUVEC mono-
layers were exposed to 25% recalcified K,EDTA plasma de-
rived from either patients or HCs for 18 h. K,EDTA plasma
was stabilised and recalcified by adding 0.5uM recombinant
Hirudin (ABCAM ab201396), 25 ug/mL Corn trypsin inhibitor
(HTI CTI-01), and 1.85mM calcium-dichloride (CaCl2) (Merck
1.02381) to a K,EDTA plasma volume equaling 25% of the total
volume [20]. Endothelial cell basal medium (EBM) (PromoCell
C-22211) containing 1:100 insulin transferrin selenium supple-
ment (ITS) (Gibco 41400) was added to obtain the 90% of the
volume. 37.5g/L of a human albumin solution (200g/L in 0.6%
NacCl, Baxalta) or an equal volume 0.6% NaCl(Sigma Aldrich
S9888) in water was added to the basal medium, and added in

a 1:10 ratio to the plasma mix. Salt controls were added to all
samples. Albumin solution was added to decompensated pa-
tient plasma to reach physiological albumin concentrations and
to healthy volunteer plasma samples to reach supraphysiologi-
cal levels. Three replicate wells were exposed for each plasma
sample.

2.4 | LPS, Bilirubin, and TNFa Exposure

Low passage (p =2), single-donor, confluent HUVEC monolay-
ers were exposed to a titration series of LPS from Escherichia
coli O111:B4 (Sigma Aldrich L4391-1MG) (2 000ng/mL, 200ng/
mL, 20ng/mL, 2ng/mL), TNFx (Sigma Aldrich H8916-10UG)
(Ing/mL, 0.1ng/mL, 0.01ng/mL), or bilirubin (Sigma Aldrich
14370-250MG) (0.13mg/mL, 0.013mg/mL, 0.0013mg/mL) in
EBM + 1% Pen/Strep +5% FCS + 1:100 ITS supplement. Albumin
in different concentrations: 20g/L, 4g/L, 0.8g/L, and 0g/L was
added to the 200ng/mL LPS condition, the 0.1ng/mL TNF«x
condition, and the 0.013mg/mL bilirubin condition. These con-
ditions were chosen as previous experiments showed these con-
centrations were around the halfway point on the morphological
dose response curves. The other conditions were not studied
with exogenous albumin exposure.

2.5 | Immunofluorescent Staining and Imaging

Cells were stained according to the previously published pro-
tocol, modified to include a staining for von Willebrand fac-
tor [20]. Cells were incubated with MitoTracker Deep Red FM
(InVitrogen M22426) 1:2000 for 30 min, followed by incubation
with 4% paraformaldehyde (Alfa Aesar J61899) for 10 min, and
30min incubation with blocking buffer (2% (w/v) BSA+0.5%
Glycine (Merck 1.04201)+1% (v/v) Triton X-100 in PBS).
Afterwards, wells were incubated with primary antibodies
against VE-Cadherin (BD 555661, 2ug/mL) and vWF (DAKO
a0082, 1:1000) in PBS with 2% BSA for one hour, followed by
incubation with 488 Alexa-fluorophore labelled Donkey anti-
mouse antibody (Invitrogen A-11001, 2pg/mL), Qdot 625 la-
belled Goat anti-rabbit antibody (Invitrogen A-10194, 1:500),
1:500 Rhodamine Phalloidin (Invitrogen R415), and 1:1000
HOECHST 33258 (Molecular Probes) in 50mM Borate Buffer,
pH =8.3 with 2% BSA 4 0.05% Glycine for one hour. Wells were
washed with borate buffer and stored under borate buffer for
imaging. Max-projections of 9 z-steps with 0.7 um step size were
acquired using a high content confocal microscope (Molecular
Devices, ImageXpress Micro Confocal) at 20x magnification
(Nikon Plan Apo Lambda; NA=0.75), using a 60 um pinhole.
Six sites without overlap were imaged per well.

2.6 | Image Analysis

Single-cell morphological profiles were extracted from the im-
ages using R (version 4.1.1) [23], the R-package EBImage (ver-
sion 4.29.2) [24], and in-house scripts. In short, individual nuclei
were identified from DAPI-channel images and used as seeds to
identify the cell borders using the VE-Cadherin signal. To filter
out debris, upper and lower thresholds were applied for the nu-
clei size. R-package EBImage “compute” functions were used to
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compute morphological features. Functions to extract distribu-
tion and colocalisation were based on the procedure by Verbeek
et al. [25].

2.7 | Mitochondrial Mass, Membrane Potential,
Superoxide Production, and Respiration

Mitochondrial mass, membrane potential, and superox-
ide production were determined with the fluorescent dyes
MitoTracker Green FM, MitoTracker Red FM, and MitoSOX
red, respectively. HUVECs were cultured, seeded into a 96-
well plate, and exposed to 25% pooled plasma from either
healthy controls or patients with decompensated cirrhosis as
described above. Following overnight incubation, wells were
washed with warm HBSS (Gibco 14025-050) and incubated
for 45min with HBSS containing 1:20000 MitoTracker Deep
Red FM (InVitrogen M22426), 1:2000 MitoTracker Green
(InVitrogen M7514), and 2.5uM MitoSOX Red (InVitrogen
M36008). After incubation, wells were washed 3 times with
warm EBM +2% FCS and incubated with EBM + 2% FCS for
45min. Mitochondria were imaged using max-projections
of 5 z-steps with 0.7um step size on a high content micro-
scope (Molecular Devices, ImageXpress Micro Confocal) at
40x magnification (NA=0.95), using a 60um pinhole and
a heated, CO2- enriched, and humidified sample stage. The
MitoSOX signal was normalised to the Mitochondrial poten-
tial as measured by the MitoTracker Red FM signal. Four sites
without overlap were imaged per condition.

Mitochondrial respiration was measured using the Agilent
Seahorse XF Cell Mito Stress assay. Six thousand HUVECs
were seeded per well in a gelatin-coated 96-well Seahorse XF
Cell Culture Microplate and cultured for 2days in a humid-
ified incubator at 37°C. Cells were then exposed to patient-
derived plasma from either healthy controls or patients
with decompensated cirrhosis for 18h as described above.
Afterwards, the Seahorse XF Cell Culture Microplate was
placed in the Agilent SeahorseAnalyser. Cells were exposed
to 6mM Glucose, 1.5uM Oligomycin, 1 uM FCCP, and 0.5uM
Rot/AA. Oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) were measured during the course
of the experiment. Results were normalised to the number of
cells present in the wells.

2.8 | Data Analysis

Data analysis of the morphological data was performed in
Python version 3.7.6, using functions from the Scikit-learn
package [26]. The approach was as follows: Z-score normali-
sation was applied to the single-cell data of each plate dataset
separately [27]. Afterwards, datasets were combined. Single-cell
profiles were reduced in dimension by factor analysis [28], cap-
turing about 80% of total variance, resulting in 11 factors. Mean
profiles were created by averaging the cells per well for each pa-
tient/time point in the reduced subset. Resulting profiles were
scaled to 0-mean and unit variance.

Resulting profiles were further reduced in dimension by linear
discriminant analysis by computing a model on the non-albumin

supplemented conditions, followed by scoring of the entire data-
set. The conditions were compared by an independent t-test.
Conditions were compared for each Factor using the Wilcoxon
signed-rank test with FDR correction.

Statistical analyses of the clinical data were performed with
IBM SPSS Statistics (Statistical Package for the Social Sciences,
version 29.0). Baseline characteristics were presented as me-
dian and interquartile range (IQR) for continuous variables,
and as frequencies and percentages for categorical variables.
Differences between groups for continuous variables were as-
sessed using the Mann-Whitney U test due to the non-normal
distribution of the data. Categorical variables were analysed
using the Chi-square test or Fisher's exact test when expected
cell counts were less than five. A p-value <0.05 was considered
statistically significant.

3 | Results
3.1 | Patient Characteristics

Patient characteristics are summarised in Table 1. The ma-
jority of patients in both groups were female 55% in the com-
pensated cirrhosis (CC) group and 60% in the decompensated
cirrhosis (DC) group. The median age was 57years in the CC
group and 62years in the DC group. There were no signifi-
cant differences in cirrhosis aetiology between the two groups
(p=0.483). Patients with DC had significantly higher MELD
and AD scores compared to those with CC (MELD 19 [13-24]
vs. 7 [7-9]; AD-score: 52 [47-61] vs. 40 [37-44]; p<0.001). In
the DC group, ascites was the most common decompensating
event (75%), followed by HE (50%). ACLF was reported in 20%
of the decompensated patients. Serum albumin levels were
significantly lower in the DC cohort, with a median concen-
tration of 25g/L [23-28], compared to 42 g/L [39-44] in the CC
group (p <0.001).

3.2 | Modulatory Effect of Albumin on EC
Response

ECs were exposed to plasma derived from patients with de-
compensated cirrhosis, compensated cirrhosis, and healthy
controls. Multivariate analysis by the LDA model of the re-
sulting morphological profiles showed that plasmas from dif-
ferent clinical groups elicit distinct morphological responses
in the ECs (Figure 1A). To observe the effects of albumin in
a diseased and non-diseased state, albumin was added to the
plasma from patients with DC and to the plasma from HC,
reaching supraphysiological levels. 1D and 2D LDA models
computed only on the EC responses to plasmas without added
albumin were used to score the EC responses to plasmas with
added albumin (Figure 1A,B). A large shift in EC morphology
towards the healthy phenotype was observed for the patients
with DC with added albumin, but no shift was observed for
the HC upon the addition of albumin.

To link cellular components responsible for the observed shift
in ECs exposed to plasma from patients with DC towards the
healthier phenotype upon albumin supplementation, all Factors

40f 10

Liver International, 2026

85U8017 SUOWILLOD 3A1I1D) 3ot [dde au Ag peusenob a1e Sspoile YO ‘8sN JO S8|ni o} Akeid18uljuQ AB|IM UO (SUOPUOD-PUE-SWLBH W00 A8 1M ARe.q) U UO//:SdnL) SUORIPUOD pue swe | 8y} 885 *[9202/70/Tz] uo AridiTauluo AW * Ariqi AiseAIUN Uepe - BUdSH '3 Ueshs A £590."AIl/TTTT OT/I0pW00 A8 | Akeid1jpuluo//:sdny wouy pepeojumod ‘G ‘920z ‘TEZE8LYT



TABLE 1 | Patient characteristics.

Baseline characteristics Compensated (n=20) n (%) Decompensated (n=20) N (%) p
Age (median - IQR) 57 [50-64] 62 [56-67] 0.527
Gender 1.000
Male 9 (45) 8(40)
Female 11 (55) 12 (60)
Aetiology cirrhosis 0.483
Alcoholic related 2(10) 6 (30)
MASLD 6 (30) 6 (30)
Viral hepatitis 1(5) 2(10)
A1lATdeficiency 1(5) 1(5)
ATH/PSC/PBC 9 (45) 5(25)
Cryptogenic/other 1(5) 0(0)
Previous AD 0(0) 14 (70) <0.001
Child Pugh Class <0.001
A 20 (100) 0(0)
B 0(0) 7(35)
C 0(0) 13 (65)
MELD score (median - IQR) 7[7-9] 19 [13-24] <0.001
Medical history
HCC 4(20) 1(5) 0.235
Diabetes Mellitus 8 (40) 7(35) 1.000
Cardiovascular disease 8 (40) 10 (50) 0.041
Chronic Kidney disease 1(5) 0(0) 1.000
IBD 2(10) 0(0) 0.487
Medication
Diuretics 0(0) 15(75) <0.001
OAC 2(10) 11 (55) 0.006
Betablockers 10 (50) 6 (30) 0.333
Statins 6 (30) 6 (30) 1.000
PPI 12 (60) 15 (75) 0.501
Corticosteroids 6 (30) 3(15) 0.451
Immunosuppressants 6(30) 1(5) 0.091
Antibiotics 0(0) 8(40) 0.003
Albumin 0(0) 0(0) 1.000

Decompensating events

Ascites 0(0) 15(75) <0.001
SBP/bacterial infection 0(0) 7 (35) 0.008
Overt Hepatic Encephalopathy 0(0) 10 (50) 0.003
GI-bleed 0 (0) 2(10) 0.487
CLIF-C AD score (median - IQR) 52.4 [46.5-60.7]
ACLF 0 (0) 3(20) 0.106

Laboratory values (median - IQR)

INR 1.1[1.0-1.1] 1.6 [1.4-1.8] <0.001
Creatinine (mmol/L) 62 [54-71] 69 [49-94] 0.752
Albumin (g/L) 42 [39-44] 25 [23-28] <0.001
Bilirubin (mmol/L) 13 [11-26] 100 [30-214] <0.001
WBC (10°/L) 5.4[4.3-7.3] 6.3 [4.7-7.4] 0.343

Note: Statistically significant values are shown in bold.

Abbreviations: A1ATD, Al-antitrypsin deficiency; ACLF, acute-on-chronic liver failure; AD, acute decompensation; ATH, autoimmune hepatitis; HCC, hepatocellular
carcinoma; IBD, inflammatory bowel disease; INR, international normalised ratio; IQR, interquartile range; MASLD, metabolic dysfunction-associated steatotic liver
disease; MELD, Model For End-Stage Liver Disease; OAC, oral anticoagulants; PBC, primary biliary cholangitis; PPI, proton pump inhibitors; PSC, primary sclerosing
cholangitis; SBP, spontaneous bacterial peritonitis; WBC, white blood count.
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FIGURE 1 | Supervised multivariate analysis of patient morphological profiles before and after albumin supplementation. (A) 2D LDA model
score plot, fitted using the datapoints without albumin supplementation (round dots), and then used to score datapoints with added albumin (cross-
es). (B) Boxplot of the first component of the LDA model presented in A. (C) Regression coefficients for each factor are visualised to determine
which cellular component was important in the construction of that Factor. More intense colours mean more weight in the construction of that
Factor. (D-H) Factor values are plotted as boxplots for Factors that showed a significant difference between the groups. (I) Representative image of
mitochondrial morphology of ECs exposed to plasma from decompensated patients without albumin supplementation. (J) Representative image of
mitochondrial morphology of ECs exposed to plasma from the same patient as presented in E, with albumin supplementation. (K) Mitochondrial
respiration changes measured by the Seahorse XF Cell Mito Stress assay. (L) Basal respiration rates of ECs exposed to plasma from the four groups.
(M) ATP-linked oxygen consumption rate (OCR). (N) Maximal respiration rates of ECs exposed to plasma from the four groups. (O) Superoxide pro-
duction in the mitochondria of ECs after exposure to pooled patient plasma. Alb, albumin; comp, compensated cirrhosis; decomp, decompensated
cirrhosis; LDA, linear discriminant analysis; VE-Cad, VE-cadherin; Mitoch, mitochondria; vVWF, von Willebrand factor; F-Actin, filamentous actin;
ATP, adenosine triphosphate; OCR, oxygen consumption rate; ns, not significant.
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were investigated (Figure 1C-H). Information represented by the
Factors can be traced back to the original cellular component,
thereby aiding in biological interpretation (Figure 1C). Factor 1
was highly significant for the shift of patients with DC towards a
healthy phenotype upon albumin supplementation (Figure 1E).
This Factor contained morphological information about the mi-
tochondria, as the regression coefficients were almost exclusively
highest for mitochondrial features. Factor 2, representing infor-
mation about vWF and Weibel-Palade bodies, was found to be
significant for effects by the albumin treatment itself (Figure 1F).
Visual inspection of mitochondrial morphology further showed
that ECs exposed to plasma from patients with DC suggested
more fragmented mitochondria with increased signs of fission
and a more pronounced perinuclearlocalisation, which ap-
peared to be partially restored upon albumin supplementation
(Figure 11,J). OCR was increased for ECs exposed to plasma from
patients with DC compared to HC (Figure 1K). Maximum respi-
ration and basal respiration significantly decreased upon addi-
tion of albumin (Figure 1L,N). However, ATP production did not
significantly decrease upon addition of albumin to plasma from
patients with DC (Figure 1M). Most importantly, the addition of
albumin to plasma from patients with DC lowered OCR to rates
comparable with HC. Notably, the increase in mitochondrial res-
piration did not lead to a statistically significant increase in ROS
production (Figure 10).

3.3 | Albumin Has No Modulatory Effect On EC
Responses To TNF« or Bilirubin

The modulatory effects of albumin on the EC responses were
tested for well-described circulating factors present in the

plasma from patients with DC: TNFa, Bilirubin, and LPS. A ti-
tration series of these compounds was performed, with increas-
ing albumin concentrations for a set concentration of TNF«,
Bilirubin, or LPS. A PCA model was computed for the conditions
without added albumin (Figure 2A). Clear dose-dependent ef-
fects could be observed for TNFa and LPS; however, stimulation
by bilirubin did not result in a different EC phenotype compared
to unstimulated controls, as a clear overlap in the score plot is
observed between this condition and the unstimulated. Scoring
of the conditions with added albumin using this PCA model,
Figure 2B, showed that no significant effect was observed for
TNFa, bilirubin, or LPS supplemented with albumin.

4 | Discussion

Our study demonstrates that plasma from patients with DC with
hypoalbuminemia induces significant EC activation, charac-
terised by alterations in cellular morphology, particularly mi-
tochondrial morphology. Albumin supplementation mitigates
these deleterious effects, restoring EC phenotype and mitochon-
drial morphology towards a healthier phenotype.

Mitochondrial morphology was significantly altered in response
to stimulation by plasma from patients with DC compared to
both CC and HC. This observation aligns with our previous
work, showing mitochondrial fragmentation as a key mor-
phological feature distinguishing advanced cirrhosis (CP-C)
from earlier cirrhosis stages (CP-A and CP-B) and healthy con-
trols [20]. Mitochondrial dysfunction has emerged as a central
component of systemic inflammation and disease progression
in decompensated cirrhosis, contributing to impaired energy
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6 " 6
[ 1] - L]
n
41 4 41 m.
", [}
+ Unexposed -..u
5] 2] TNFa n
0.01 ng/ml
® 0.1 ng/ml
~ Unexposed ~ 1.0 ng/ml
g 01 ™ g %1 ps o
© 0.01 ng/ml [ ] 2ng/ml
)
@ 0.1 ng/ml L] 20 ng/ml PY
iy 1.0 ng/ml : x 2 3200 ng/ml
LPS x 2000 ng/ml (.. ®
3 2ng/ml Bilirubin .O
3¢ 20 ng/ml ()] % 0.0013 mg/ml [ ]
=49 %200ng/ml =41  ®m0013mg/ml L
% 2000 ng/ml x % 0.13 mg/ml Xx
Bilirubin % * Added Albumin € xg(x‘xx
_64 ®0.0013mg/ml x —6 ® Omg/ml
m 0.013 mg/ml % " x “ @® 08mg/ml x X
0.13 mg/ml xx . 4 mg/ml "x
20 mg/ml
-8 -8 . . . : .
-20 -15 -10 -5 0 5 10 -20 -15 -10 -5 0 5 10
PC1 PC1
FIGURE 2 | TNF-a, LPS and bilirubin stimulation. (A) PCA score plot of the morphological profiles of ECs exposed to different concentrations

of TNFa, LPS, and Bilirubin. (B) The model in A is used for scoring the effect of adding different concentrations of albumin to the LPS 200ng/mL,

TNFa 0.1ng/mL, and the bilirubin 0.013 mg/mL conditions. All conditions with albumin supplementation show no shift in position in the PCA score

plot compared to the baseline position (without added albumin). TNFa, tumour necrosis factor alpha; LPS, lipopolysaccharide; PCA, principal com-

ponent analysis.
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metabolism, oxidative stress, and organ failure [17]. However,
its role in ECs has not been wellcharacterised. In the present
study, we demonstrate that ECs exposed to plasma from patients
with DC exhibit both morphological alterations and increased
mitochondrial respiration, without a concomitant increase in
ROS production. These findings suggest a state of increased mi-
tochondrial activity rather than overt dysfunction, which may
reflect an adaptive mitochondrial response to stressors present
in PDP, such as pro-inflammatory cytokines, metabolites and
other factors. It would of interest to investigate whether pro-
longed or repeated exposure results in mitochondrial exhaus-
tion and impaired function, although this was not assessed in
the current experiment.

Multivariate analysis revealed that EC morphology is shifted to-
wards a healthier phenotype upon albumin treatment for the de-
compensated group, and that this shift was strongly associated
with the restoration of mitochondrial morphology. Importantly,
cytoskeleton reorganisation and EC border remodelling were
not restored by the albumin treatment, indicating that mito-
chondria are the key cellular component restored by albumin
supplementation, and not the reduction of EC activation. These
findings further support the hypothesis that mitochondrial dys-
function is not only a marker of disease severity but also a poten-
tial therapeutic target [29]. Mitochondrial fission phenotypes,
commonly reported in systemic diseases such as cardiovascular
conditions and diabetes mellitus, are associated with increased
inflammatory responses, ROS production, and sustained NF-xB
activation [30, 31]. In the context of cirrhosis, this maladaptive
response may exacerbate endothelial activation and contribute
to disease progression [32].

Mitochondrial restoration by albumin treatment is likely
due to its antioxidant properties, including its ability to act
as an intracellular ROS scavenger and its capacity to mod-
ulate mitochondrial function [19, 33]. In our model, these
effects occurred without a significant change in ROS pro-
duction, suggesting that albumin may exert direct effects
on mitochondrial function independent of ROS modulation.
Garcia-Martinez et al. demonstrated that albumin exerts di-
rect protective effects on ECs by reducing ROS production and
reducing LPS-induced activation [19]. They identified both
extracellular mechanisms—such as binding LPS by albu-
min—and intracellular mechanisms via albumin endocytosis
and antioxidant activity. Notably, albumin's beneficial effects
were independent of oncotic pressure, pointing towards its
non-oncotic, pleiotropic functions in maintaining endothelial
integrity. Considering the multiple biological actions of albu-
min, disentangling the mechanisms underlying the observed
beneficial morphological and functional effects on endothelial
cells is an important direction for future research, including
studies comparing non-oxidised and oxidised albumin to bet-
ter define the contribution of its antioxidant properties.

Interestingly, while albumin supplementation showed a signifi-
cant restorative effect on EC morphology in our patient plasma
experiments, it had no significant effects against single in-
flammatory mediators such as LPS, TNFa, or bilirubin. These
findings suggest that albumin's restoring effects are likely not
by binding LPS or TNFa in plasma and preventing EC activa-
tion in this manner, but rather by restoring mitochondria from

unknown toxic circulating factors. Despite observing low infec-
tion rates in the decompensated cirrhosis cohort, albumin sup-
plementation improved endothelial and mitochondrial function,
suggesting that albumin's mechanisms of action extend beyond
infection control and likely involve direct modulation of cellular
processes.

Previous clinical trials have investigated long-term albumin ad-
ministration in patients with decompensated cirrhosis, aiming to
prevent complications and improve survival 7, 34, 35]. However,
differences in study design and conflicting results suggest that not
all patients are likely to benefit from albumin therapy. Our find-
ings support this hypothesis, highlighting the need for a person-
alised approach based on biomarker-driven patient stratification to
identify those most likely to respond to treatment. In this context,
the use of ex vivo EC-based assays to stratify patients may have
important implications for personalised medicine. Albumin sup-
plementation could be a valuable therapeutic strategy to improve
endothelial function and reduce the risk of complications in se-
lected patients with decompensated cirrhosis.

4.1 | Limitations and Future Perspectives

This study has some limitations that can be addressed in
future research. First, the sample size was relatively small,
which may limit the generalisability of the findings. The pre-
dictive accuracy of the assays can be refined in larger cohorts.
Second, the utility of these assays for monitoring disease pro-
gression and response to therapy should be explored in future
longitudinal studies. Third, although alterations in mitochon-
drial morphology and function were assessed, the underlying
mechanisms and circulating factors driving mitochondrial
dysfunction in decompensated liver cirrhosis remain to be
elucidated and are areas for future research.

In conclusion, our study demonstrates that plasma from pa-
tients with decompensated cirrhosis induces significant EC
activation, characterised by alterations in cellular morphol-
ogy, particularly mitochondrial morphology and function.
Albumin supplementation mitigates these deleterious effects,
restoring EC phenotype towards a healthier state. However,
further clinical trials are needed to definitively establish the
efficacy and safety of albumin therapy in this patient popu-
lation. Additionally, our in vitro model contributes to the
identification of therapeutic targets and holds potential for
predicting treatment responses in the context of endothelial
activation in cirrhosis.

Author Contributions

S.E.F.,, R.J.P, A.Jv.Z., and M.J.C. conceptualised and designed the
study. R.J.P. conceptualised and performed the experimental meth-
odology and data analysis. Patient selection, plasma collection, and
clinical data analysis were performed by S.E.F. S.E.F. and R.J.P. con-
tributed to the experiments, acquisition of data, interpretation of the
data, and drafting the manuscript. A.J.C.K. and R.B. participated in the
critical revision of the paper for important intellectual content. M.J.C.
and A.Jv.Z. participated in the interpretation of the data, critical re-
vision of the manuscript for important intellectual content, and study
supervision.

8 of 10

Liver International, 2026

85U8017 SUOWILLOD 3A1I1D) 3ot [dde au Ag peusenob a1e Sspoile YO ‘8sN JO S8|ni o} Akeid18uljuQ AB|IM UO (SUOPUOD-PUE-SWLBH W00 A8 1M ARe.q) U UO//:SdnL) SUORIPUOD pue swe | 8y} 885 *[9202/70/Tz] uo AridiTauluo AW * Ariqi AiseAIUN Uepe - BUdSH '3 Ueshs A £590."AIl/TTTT OT/I0pW00 A8 | Akeid1jpuluo//:sdny wouy pepeojumod ‘G ‘920z ‘TEZE8LYT



Funding

MC and SF received funding from the European Union's Horizon 2020
research and innovation program for MICROB-PREDICT (project ID
825694). The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

Disclosure

The authors have nothing to report.

Ethics Statement

All ethical standards were followed according to the revised Helsinki
declaration. This study was ethically approved by the Medical Ethical
Committee of the Leiden University Medical Centre (RP24.019). All pa-
tients and donors provided written informed consent.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

References

1. European Association for the Study of the Liver, “EASL Clinical Prac-
tice Guidelines for the Management of Patients With Decompensated
Cirrhosis,” Journal of Hepatology 69, no. 2 (2018): 406-460.

2.]J. Claria, R. E. Stauber, M. J. Coenraad, et al., “Systemic Inflamma-
tion in Decompensated Cirrhosis: Characterization and Role in Acute-
On-Chronic Liver Failure,” Hepatology 64, no. 4 (2016): 1249-1264.

3. R. E. Stauber, M. Paar, 1. Balazs, et al., “Effect of Albumin Infusion
on Oxidative Albumin Modification and Albumin Binding Capacity in
Chronic Liver Failure,” Basic & Clinical Pharmacology & Toxicology
134, no. 3 (2024): 375-384.

4.S. Moller and F. Bendtsen, “The Pathophysiology of Arterial Vasodila-
tation and Hyperdynamic Circulation in Cirrhosis,” Liver International
38, no. 4 (2018): 570-580.

5. M. Bernardi, R. Moreau, P. Angeli, B. Schnabl, and V. Arroyo, “Mech-
anisms of Decompensation and Organ Failure in Cirrhosis: From Pe-
ripheral Arterial Vasodilation to Systemic Inflammation Hypothesis,”
Journal of Hepatology 63, no. 5 (2015): 1272-1284.

6. M. Bernardi, P. Angeli, J. Claria, et al., “Albumin in Decompen-
sated Cirrhosis: New Concepts and Perspectives,” Gut 69, no. 6 (2020):
1127-1138.

7.L. China, “Albumin Counteracts Immune-Suppressive Effects of
Lipid Mediators in Patients With Advanced Liver Disease,” Clinical
Gastroenterology and Hepatology 16, no. 5 (2018): 738-747.e7.

8. J. Fernandez, J. Acevedo, R. Wiest, et al., “Effects of Albumin Treat-
ment on Systemic and Portal Hemodynamics and Systemic Inflamma-
tion in Patients With Decompensated Cirrhosis,” Gastroenterology 157,
no. 1(2019): 149-162.

9.Y. Iwakiri, “Endothelial Dysfunction in the Regulation of Cirrhosis
and Portal Hypertension,” Liver International 32, no. 2 (2012): 199-213.

10. B. E. Sumpio, J. T. Riley, and A. Dardik, “Cells in Focus: Endothe-
lial Cell,” International Journal of Biochemistry & Cell Biology 34, no. 12
(2002): 1508-1512.

11.J. K. Hennigs, C. Matuszcak, M. Trepel, and J. Korbelin, “Vascular
Endothelial Cells: Heterogeneity and Targeting Approaches,” Cells 10,
no. 10 (2021): 2712.

12.J. S. Bajaj, D. M. Heuman, P. B. Hylemon, et al., “Altered Profile of
Human Gut Microbiome Is Associated With Cirrhosis and Its Complica-
tions,” Journal of Hepatology 60, no. 5 (2014): 940-947.

13. A. Albillos, A. de Gottardi, and M. Rescigno, “The Gut-Liver Axis in
Liver Disease: Pathophysiological Basis for Therapy,” Journal of Hepa-
tology 72, no. 3 (2020): 558-577.

14. A. Shah, E. Shanahan, G. Macdonald, et al., “Systematic Review and
Meta-Analysis: Prevalence of Small Intestinal Bacterial Overgrowth
in Chronic Liver Disease,” Seminars in Liver Disease 37, no. 4 (2017):
388-400.

15. H. Han, R. Desert, S. das, et al., “Danger Signals in Liver Injury and
Restoration of Homeostasis,” Journal of Hepatology 73, no. 4 (2020):
933-951.

16. Y. Iwakiri and R. J. Groszmann, “Vascular Endothelial Dysfunction
in Cirrhosis,” Journal of Hepatology 46, no. 5 (2007): 927-934.

17. C. Engelmann, J. Claria, G. Szabo, J. Bosch, and M. Bernardi, “Patho-
physiology of Decompensated Cirrhosis: Portal Hypertension, Circulatory
Dysfunction, Inflammation, Metabolism and Mitochondrial Dysfunc-
tion,” Journal of Hepatology 75 Suppl 1, no. Suppl 1 (2021): S49-S66.

18. V. Arroyo, P. Angeli, R. Moreau, et al., “The Systemic Inflammation
Hypothesis: Towards a New Paradigm of Acute Decompensation and
Multiorgan Failure in Cirrhosis,” Journal of Hepatology 74, no. 3 (2021):
670-685.

19. R. Garcia-Martinez, F. Andreola, G. Mehta, et al., “Immunomodula-
tory and Antioxidant Function of Albumin Stabilises the Endothelium
and Improves Survival in a Rodent Model of Chronic Liver Failure,”
Journal of Hepatology 62, no. 4 (2015): 799-806.

20.R. J. Postma, A. G. C. Broekhoven, H. W. Verspaget, et al., “Novel
Morphological Profiling Assay Connects Ex Vivo Endothelial Cell Re-
sponses to Disease Severity in Liver Cirrhosis,” Gastro Hepatology Ad-
vances 3, no. 2 (2024): 238-249.

21. International Ascites Club, “Definition and Diagnostic Criteria of
Refractory Ascites and Hepatorenal Syndrome in Cirrhosis,” Hepatol-
ogy 23, no. 1 (1996): 164-176.

22. R. Moreau, “Acute-On-Chronic Liver Failure Is a Distinct Syndrome
That Develops in Patients With Acute Decompensation of Cirrhosis,”
Gastroenterology 144, no. 7 (2013): 1426-1437.

23. R Core Team, R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing; 2021.

24. G. Pau, F. Fuchs, O. Sklyar, M. Boutros, and W. Huber, “EBImage -
An R Package for Image Processing With Applications to Cellular Phe-
notypes,” Bioinformatics 26, no. 7 (2010): 979-981.

25.E. M. M. Manders, F. J. Verbeek, and J. A. Aten, “Measurement of
Co-Localization of Objects in Dual-Colour Confocal Images,” Journal
of Microscopy 169, no. 3 (1993): 375-382.

26. F. Pedregosa, “Scikit-Learn: Machine Learning in Python,” Journal
of Machine Learning Research 12, no. 85 (2011): 2825-2830.

27.M. A. Bray, S. Singh, H. Han, et al., “Cell Painting, a High-Content
Image-Based Assay for Morphological Profiling Using Multiplexed Flu-
orescent Dyes,” Nature Protocols 11, no. 9 (2016): 1757-1774.

28.D. W. Young, A. Bender, J. Hoyt, et al., “Integrating High-Content
Screening and Ligand-Target Prediction to Identify Mechanism of Ac-
tion,” Nature Chemical Biology 4, no. 1 (2008): 59-68.

29. P. Chen, L. Yao, M. Yuan, et al., “Mitochondrial Dysfunction: A
Promising Therapeutic Target for Liver Diseases,” Genes Dis 11, no. 3
(2024): 101115.

30. P. Fu, Y. Epshtein, R. Ramchandran, et al., “Essential Role for Pax-
illin Tyrosine Phosphorylation in LPS-Induced Mitochondrial Fission,
ROS Generation and Lung Endothelial Barrier Loss,” Scientific Reports
11, no. 1 (2021): 17546.

Liver International, 2026

9 0f 10

85U8017 SUOWILLOD 3A1I1D) 3ot [dde au Ag peusenob a1e Sspoile YO ‘8sN JO S8|ni o} Akeid18uljuQ AB|IM UO (SUOPUOD-PUE-SWLBH W00 A8 1M ARe.q) U UO//:SdnL) SUORIPUOD pue swe | 8y} 885 *[9202/70/Tz] uo AridiTauluo AW * Ariqi AiseAIUN Uepe - BUdSH '3 Ueshs A £590."AIl/TTTT OT/I0pW00 A8 | Akeid1jpuluo//:sdny wouy pepeojumod ‘G ‘920z ‘TEZE8LYT



31.S. J. Forrester, K. J. Preston, H. A. Cooper, et al., “Mitochondrial
Fission Mediates Endothelial Inflammation,” Hypertension 76, no. 1
(2020): 267-276.

32. P. Angeli, P. Ginés, F. Wong, et al., “Diagnosis and Management of
Acute Kidney Injury in Patients With Cirrhosis: Revised Consensus
Recommendations of the International Club of Ascites,” Journal of
Hepatology 62, no. 4 (2015): 968-974.

33. R. Garcia-Martinez, P. Caraceni, M. Bernardi, P. Gines, V. Arroyo,
and R. Jalan, “Albumin: Pathophysiologic Basis of Its Role in the Treat-
ment of Cirrhosis and Its Complications,” Hepatology 58, no. 5 (2013):
1836-1846.

34. P. Caraceni, O. Riggio, P. Angeli, et al., “Long-Term Albumin Ad-
ministration in Decompensated Cirrhosis (ANSWER): An Open-Label
Randomised Trial,” Lancet 391, no. 10138 (2018): 2417-2429.

35. E. Sola, “Midodrine and Albumin for Prevention of Complications
in Patients With Cirrhosis Awaiting Liver Transplantation. A Random-
ized Placebo-Controlled Trial,” Journal of Hepatology 69, no. 6 (2018):
1250-1259.

10 of 10

Liver International, 2026

85U8017 SUOWILLOD 3A1I1D) 3ot [dde au Ag peusenob a1e Sspoile YO ‘8sN JO S8|ni o} Akeid18uljuQ AB|IM UO (SUOPUOD-PUE-SWLBH W00 A8 1M ARe.q) U UO//:SdnL) SUORIPUOD pue swe | 8y} 885 *[9202/70/Tz] uo AridiTauluo AW * Ariqi AiseAIUN Uepe - BUdSH '3 Ueshs A £590."AIl/TTTT OT/I0pW00 A8 | Akeid1jpuluo//:sdny wouy pepeojumod ‘G ‘920z ‘TEZE8LYT



	Albumin Restores Endothelial Cell Mitochondrial Morphology in Patients With Decompensated Cirrhosis
	ABSTRACT
	Key Points
	1   |   Introduction
	2   |   Methods
	2.1   |   Patient Cohort
	2.2   |   Cell Culture
	2.3   |   Plasma Exposure
	2.4   |   LPS, Bilirubin, and TNFα Exposure
	2.5   |   Immunofluorescent Staining and Imaging
	2.6   |   Image Analysis
	2.7   |   Mitochondrial Mass, Membrane Potential, Superoxide Production, and Respiration
	2.8   |   Data Analysis

	3   |   Results
	3.1   |   Patient Characteristics
	3.2   |   Modulatory Effect of Albumin on EC Response
	3.3   |   Albumin Has No Modulatory Effect On EC Responses To TNFα or Bilirubin

	4   |   Discussion
	4.1   |   Limitations and Future Perspectives

	Author Contributions
	Funding
	Disclosure
	Ethics Statement
	Conflicts of Interest
	Data Availability Statement
	References


