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ARTICLE INFO ABSTRACT

Keywords: Liver sinusoidal endothelial inflammation/dysfunction and fibrosis are a crucial part of Metabolic Dysfunction
Liver sinusoidal endothelial inflammation Associated Steatohepatitis (MASH) development. TRC105 and M1043 are anti-endoglin (ENG) monoclonal an-
Endoglin tibodies that bind ENG. In this study, we hypothesized that treatment with anti-ENG antibodies would prevent
Anti-endoglin antibody . . . X e L

Fibrosis the progression of LSECs inflammation and fibrosis in vivo and in vitro.

MASH was induced in male C57BL/6 mice fed a choline-deficient L-amino acid-defined high-fat diet (CDAA-
HFD) for 4 or 8 weeks. In the rescue study, mice were divided into three groups: a control group (chow diet), a
MASH group (CDAA-HFD + IgG), and a rescue group (CDAA-HFD + M1043). Later, two groups received rat IgG1
(10 mg/kg) and M1043 (10 mg/kg). In in vitro experiments, inflammation was induced in human LSECs by ox-
LDL (50 pg/mL) and treated with TRC105 (300 pg/mL).

Liver sinusoidal endothelial inflammation/dysfunction in MASH animals was characterized by endothelial
overexpression of ENG, VCAM-1, and ICAM-1 and reduced VE-cadherin and p-eNOS/eNOS expression. M1043
treatment prevented the overexpression of ENG, VCAM-1, and ICAM-1, the progression of liver fibrosis, and the
increase of liver-to-body weight ratio. In vitro experiments with TRC105 confirmed the prevention of LSECs
inflammation development by reduced ENG and VCAM-1 expression, as well as decreased THP-1 monocytic cell
adhesion in ox-LDL activated LSECs.

In conclusion, we demonstrate that anti-ENG antibody treatment can prevent LSECs inflammation and fibrosis
progression in a MASH animal model and LSECs inflammation in vitro. Thus, we propose directly targeted ENG
may represent a promising pharmacological approach for addressing LSECs inflammation and liver fibrosis.

Liver alteration

1. Introduction rapidly growing health problem where reliable therapy is still not
available, which leads to liver cancer and transplantation. Therefore,

Metabolic Dysfunction-Associated Steatohepatitis (MASH (previ- understanding the molecular mechanisms behind this disease and
ously known as non-alcoholic steatohepatitis (NASH)), an advanced developing effective medications is critically important. Liver sinusoidal
form of Metabolic Dysfunction Associated Fatty Liver Disease (MAFLD endothelial cells (LSECs), which encompass the most permeable endo-
(the previous term was non-alcoholic fatty liver disease (NAFLD)), is a thelium in the liver, are highly specialized endothelial cells that form the

* Corresponding author at: Department of Biological and Medical Sciences, Faculty of Pharmacy in Hradec Kralove, Charles University, Heyrovskeho 1203, Hradec
Kralove 500 05, Czech Republic.
E-mail address: petr.nachtigal@faf.cuni.cz (P. Nachtigal).
! These authors contributed equally to the manuscript

https://doi.org/10.1016/j.1fs.2025.123428

Received 11 November 2024; Received in revised form 22 January 2025; Accepted 27 January 2025

Available online 29 January 2025

0024-3205/© 2025 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:petr.nachtigal@faf.cuni.cz
www.sciencedirect.com/science/journal/00243205
https://www.elsevier.com/locate/lifescie
https://doi.org/10.1016/j.lfs.2025.123428
https://doi.org/10.1016/j.lfs.2025.123428
http://creativecommons.org/licenses/by/4.0/

S. Eissazadeh et al.

fenestrated walls of the hepatic sinusoids and represent about 15 %20
% of liver cells despite occupying only 3 % of the total hepatic volume.
They regulate the transfer of molecules and cells between the liver pa-
renchyma and the blood [1]. LSECs exhibit anti-inflammatory and anti-
fibrogenic properties by inhibiting the activation of Kupffer cells and
hepatic stellate cells (HSCs) and regulating intrahepatic vascular resis-
tance and portal pressure [2,3]. During acute or chronic liver injury,
LSECs undergo phenotypic changes (resulting in capillarization), nega-
tively affecting their protective properties and leading to liver sinusoidal
endothelial dysfunction (LSED). Indeed, LSED is represented by
increased expression of cell adhesion molecules, defective vasodilation,
and endothelial inflammation [2-5]. These changes activate neigh-
boring HSCs and promote their differentiation into a profibrotic
phenotype, which is the crucial step from steatosis to fibrosis and the
development of MASH [6].

Our previous papers showed that endoglin (ENG), a co-receptor of
transforming growth factor B, plays an interesting role in liver pathol-
ogies, including MASH [7,8]. ENG, in the liver predominantly expressed
in LSECs near the central vein, has been shown to be essential for
maintaining endothelial function in LSECs through balanced physio-
logical expression in the intrahepatic cholestasis and MASH mouse
model [7] In addition, it has been demonstrated recently that ENG ap-
pears to be a crucial molecule in the development of endothelial
dysfunction (ED), as well as in the adhesion and transmigration of
monocytes through the endothelium [7,9,10]. Moreover, soluble endo-
glin (sENG) is the form of ENG that is cleaved and released into the
bloodstream from the membrane-bound form of ENG, and it has been
proposed as a biomarker of liver injury, including intrahepatic chole-
stasis and MASH [7].

Indeed, having the tool to modulate ENG and its signaling to influ-
ence the progression of MASH would be highly valuable. Interestingly,
TRC105 or carotuximab (chimeric human IgG1) is a human therapeutic
monoclonal antibody (mAb) that can bind human ENG with high avidity
and inhibits BMP-9 binding [11]. It has been studied in several clinical
trials in oncology and age-related macular degeneration [12-14]. It was
demonstrated that TRC105 blocked ENG, resulting in the prevention of
hypercholesterolemia and hyperglycemia-induced ED in human aortic
endothelial cells [8,10]. TRC105 has a lower affinity to mouse ENG,
resulting in less significant inhibition. Thus, a mouse-specific ENG-tar-
geting rat IgG1l antibody, M1043, has been formulated for a specific
application in preclinical studies, and this antibody efficiently inhibits
BMP-9-induced signaling in mice [11].

It is worth mentioning that the BMP-9 signaling pathway activates
the downstream effector inhibitor of differentiation or DNA binding 1
(ID1), which we studied in the context of ENG blockage. ID1 is a member
of the helix-loop-helix family of transcription factors that regulate
angiogenesis and inflammation. Interestingly, BMP-9/SMAD1/5/ID1
signaling has been shown to be responsible for the transdifferentiation
of HSCs into myofibroblasts, a process crucial for liver fibrogenesis [15].
In addition, ID1 expression leads to the upregulation of NF-kB activity,
suggesting a critical role in inflammation [16].

Liver inflammation involves leukocyte transmigration, a well-
organized, multistep process that includes rolling the leukocytes on
the endothelium, activation, firm adhesion to the endothelial wall,
intravascular crawling, and finally, transmigration into the tissue.
Vascular Cell Adhesion Molecule-1 (VCAM-1) and Intercellular Cell
Adhesion Molecule-1 (ICAM-1) are highly expressed in inflamed LSECs
and are essential for leukocyte transmigration into the inflamed liver
tissue [17]. Both VCAM-1 and ICAM-1 were shown to participate in liver
sinusoidal endothelial inflammation development. VCAM-1 has been
identified as a mediator of monocyte adhesion to LSECs. In addition, it
was demonstrated that VCAM-1 was expressed by LSECs, promoting
capillarization during liver impairment and exhibiting a profibrogenic
role in liver fibrosis [18]. Moreover, we showed that VCAM-1 is pre-
dominantly expressed by LSECs in our previous paper [7]. Interestingly,
ICAM-1 was strongly and predominantly expressed by LSECs in our
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previous paper [7]. It has been established that blocking ICAM-1 in
LSECs reduces the adhesion and transmigration of tumor cells through
LSECs both in vitro and in vivo [19]. Similarly, ENG has been shown to be
involved in leucocyte adhesion and transmigration during inflammation
through its interaction, at least with the activated integrin a5p1 [9].

In addition to biomarkers of sinusoidal inflammation associated with
LSED, there are other biomarkers characterizing LSED, including
Vascular Endothelial Cadherin (VE-cadherin) and endothelial Nitric
Oxide Synthase (eNOS). VE-cadherin regulates processes in blood vessel
formation and plays a key role in endothelial cell-to-cell adherent
junctions to maintain vascular integrity, control vascular permeability,
and restrain vascular growth by maintaining endothelial cell junctions
and stabilizing the endothelial monolayer [20]. Moreover, reduced VE-
cadherin disrupts the adherent junctions in LSECs, leading to LSED
characterized by increased permeability and loss of selective barrier
function. eNOS activity plays an important role in regulating endothelial
function and vascular tone through the production of nitric oxide (NO)
[21]. NO produced by activated eNOS regulates the permeability of the
endothelial layer, preventing excessive leakage of plasma components
into the liver parenchyma. In liver diseases such as cirrhosis and MAFLD,
eNOS activity and NO production are often impaired. This promotes the
expression of adhesion molecules and the recruitment of inflammatory
cells, exacerbating LSED [22].

Our previous findings emphasized the importance of maintaining the
physiological expression of ENG for the proper function of LSECs in vivo
[7]. In addition, we showed the crucial impact of possible ENG blocking
in aortic endothelial cells with respect to the progression of ED and
adhesion and transmigration of monocytes in vitro [10,23]. Thus, we
hypothesized that anti-ENG antibody treatment would prevent the
progression of LSECs inflammation and fibrosis in vivo (during MASH
progression) and in vitro.

2. Methods and materials
2.1. In vivo experimental design

The 10-week-old male C57BL/6J mice were used in this study and
were purchased from Velaz company (Prague, Czech Republic). After
two weeks of acclimation, and during the study, the animals were kept in
a temperature-controlled room (22 °C £+ 1 °C) with a 12-h light/dark
cycle and constant humidity. The mice had free access to drinking water
and ad libitum rodent diets throughout the study.

The main study was conducted in two separate parts. In the first
phase, we studied disease progression by inducing MASH in two groups
of mice (n = 7) by feeding them a CDAA-HFD (Choline-Deficient, L-
Amino Acid-Defined, High-Fat Diet With 60 kcal% Fat With 0.1 %
Methionine and No Added Choline) (A06071302, Research Diets, New
Brunswick, NJ, USA) for either four or eight weeks. Age-matched control
groups (n = 7) were fed a standard chow diet (1314-10 mm pellets,
Altromin, Lage, NRW, Germany). Subsequently, the mice were eutha-
nized by anesthetic overdose induced by a combination of xylazine (10
mg/kg, i.p.) and ketamine (100 mg/kg, i.p.), followed by blood collec-
tion from the inferior vena cava for biochemical analysis and harvesting
of the liver for molecular analysis.

In the second part of the study (a rescue study to prove the concept),
twenty-four mice were divided into three groups: a control group (n = 8)
fed a chow diet for 8 weeks, a MASH-diet induced group fed CDAA-HFD
+ IgG (n = 8), and a rescue study group fed CDAA-HFD + M1043 (n =
8), the mAD anti-ENG. After a four-week period of feeding, during which
MASH development was confirmed in the initial study, both CDAA-HFD-
fed groups received intraperitoneal (i.p.) injections of either rat IgG1
(TRACON Pharmaceuticals Inc., San Diego, CA, USA) (10 mg/kg body
weight) or M1043 (TRACON Pharmaceuticals Inc., San Diego, CA, USA)
(10 mg/kg body weight) twice weekly for an additional four weeks.
Upon completion of the 8-week experimental period, mice were eutha-
nized using the same anesthesia overdose method, and blood from the
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inferior vena cava, as well as liver samples, were harvested for further
analysis.

The number of individuals in each group was determined using
Power analysis with the G*Power program, based on the following pa-
rameters: statistical evaluation utilized a non-parametric Mann-Whitney
test between two independent groups, with a set at the 0.05 significance
level. In addition, we followed the 3Rs and the Five Freedom Principles
for animal welfare [24], resulting in a reduced sample size of 7 (during
the progression study) and 8 (during drug administration study) mice
per group in each phase of the study. This adjustment was necessary due
to the increased risk of mortality and variability in liver damage pa-
rameters caused by induction of liver impairment via CDAA-HFD and the
administration of rat IgG1l and M1043.

All animals were taken care of in accordance with the guidelines set
by the Charles University Ethical Committee, Faculty of Pharmacy in
Hradec Kralove, to ensure the welfare of laboratory animals (Project
number MSMT- 5793/2021-2, approval date: 4 May 2021). All planned
experiments were carried out in accordance with Czech Law No. 246/
1992 Sb. In addition, the utilization of experimental animals and the
research protocol have been registered and approved successfully by the
board of the International Register of Preclinical Trial Protocols (http
s://preclinicaltrials.eu) under registration number PCTE0000526.

2.2. In vitro experimental design

An in vitro study was conducted to investigate the mechanistic basis
of LSECs inflammation markers changes and to confirm the therapeutic
efficacy of a mAbD targeted ENG blockade observed in an animal model of
MASH. To achieve this goal, Human Hepatic Sinusoidal Endothelial
Cells (HHSECs, hereafter referred to as LSECs) were treated with the
anti-human ENG mAb TRC105 (TRACON Pharmaceuticals Inc., San
Diego, CA, USA) to determine whether LSECs could be responsible for
effects observed in in vivo study.

LSECs were purchased from Innoprot company (P10652, Derio,
Bizkaia, Spain). The cells were cultured in the gelatin-coated flask in an
endothelial cell medium (P60104, Innoprot, Derio, Bizkaia, Spain) with
corresponding supplements at 37 °C and 5 % COa. Cells were passaged
after reaching 70-90 % confluence, and all experiments were performed
with LSECs passage five. To study LSEC-specific ENG blockade effects
observed in vivo, LSECs inflammation has been induced in vitro by
Oxidized Low-Density Lipoprotein (ox-LDL) (L34357, Thermo Fisher
Scientific, Waltham, MA, USA). Cells were treated with ox-LDL (50 pg/
mL) for 48 h to assess protein expression of ENG and cell adhesion
molecules (VCAM-1, ICAM-1) by multicolor flow cytometry (median
fluorescence intensity: MFI) and cell adhesion of THP-1 monocytic cells.
A rescue study was performed by pre-treatment of LSECs with TRC105
(300 pg/mL) for 3 h prior to the addition of ox-LDL. For the control
group, LSECs underwent the same experimental conditions and media
exchange procedure as the treatment groups but without receiving any
treatment intervention. The concentration and time of ox-LDL and
TRC105 were chosen based on preliminary experiments and previously
published studies [25]. To assess the immediate effect of ENG blockage
in ox-LDL-induced LSECs inflammation, a shorter incubation time of 16
h was chosen for the assessment of SENG, while a 6-h incubation period
was selected for the evaluation of mRNA levels of ENG, VCAM-1, ICAM-1
and ENG transcription factors expression using quantitative real-time
RT-PCR.

The human acute monocytic leukemia cell line (THP-1) (88,081,201,
European Collection of Cell Culture, Salisbury, Wiltshire, UK) cells were
cultured in RPMI 1640 medium (11,875,093, Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with 10 % fetal bovine serum (FBS)
(Biosera, Cholet, France), 1 % penicillin-streptomycin (P0781, Milli-
poreSigma, Burlington, MA, USA), and 2.5 % glutamine (Thermo Fisher
Scientific, Waltham, MA, USA). THP-1 cells were passaged when density
8 x 10° cells/mL was reached, and all experiments were conducted with
cells up to passage twenty-five.
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2.3. Biochemical assays

Fresh blood (100 pL) was applied to the Preventive Care Profile Plus
cartridge test (Abaxis, Griesheim, Hesse, Germany) for the measurement
of liver enzymes and total bilirubin using the VetScan2 device (Abaxis,
Griesheim, Hesse, Germany).

2.4. Quantitative real-time RT-PCR

The expression of mRNA was evaluated by real-time quantitative
reverse transcription-polymerase chain reaction (qQRT-PCR) in the
QuantStudio 6 Flex Real-Time PCR Software in duplicates (Applied
Biosystems, Thermo Fisher Scientific, MA, USA), as previously described
[32]. For the normalization of the data, the mouse Glyceraldehyde 3-
phosphate dehydrogenase (Gapdh) and human GAPDH genes were
used as references for in vivo and in vitro experiments, respectively.
Supplementary Data 1, Table 1 indicates the primers used for the
analysis.

2.5. Western blot analysis

The total and membrane fractions of the liver were prepared from
liver homogenates as previously described [25]. SDS-PAGE separated
homogenates on 6 %, 8 %, 10 %, and 12 % polyacrylamide gels ac-
cording to the molecular weight of the desired proteins and then
transferred to nitrocellulose membranes (Bio-Rad Laboratories, Hercu-
les, CA, USA). Subsequently, the membranes were blocked for 1 to 1.5h
with 5 % non-fat dry milk Bio-Rad Laboratories, Hercules, CA, USA) in
Tris-Buffered Saline containing 0.1 % Tween 20 (MilliporeSigma, Bur-
lington, MA, USA) (TBS-T), and then incubated overnight at 4 °C with
primary antibodies at suitable concentrations (see Supplementary Data
1, Table 2). The membranes were washed six times with TBS-T and then
incubated for an hour at room temperature on a shaker with the
appropriate HRP-conjugated secondary antibodies (see Supplementary
Data 1, Table 2), followed by another round of washing with TBS-T. The
protein bands were visualized using the ChemiDoc™ MP Imaging Sys-
tem (Bio-Rad Laboratories, Hercules, CA, USA). Image Lab software
(version 6.1, Bio-Rad Laboratories, Hercules, CA, USA) was used for
band quantification. The expression levels of proteins were normalized
according to Ponceau S (Serva Electrophoresis GmbH, Heidelberg,
Germany) staining.

2.6. Multicolor immunofluorescence flow cytometry

LSECs were seeded in gelatin-coated plates according to the study
design, followed by washing with phosphate-buffered saline (PBS)
(MilliporeSigma, Burlington, MA, USA) and then detached using Accu-
tase™ (Thermo Fisher Scientific, Waltham, MA, USA). Multicolor flow
cytometry was used to assess the surface expression of ENG, VCAM-1,
and ICAM-1. Cells were blocked and rinsed with PBS containing 2 %
FBS. Subsequently, the cells were incubated with specific fluorophore-
conjugated antibodies (see Supplementary Data 1, Table 3) for 30 min
at 4 °C in the dark. After incubation, the cells were rinsed again with PBS
containing 2 % FBS, and then the cell pellet was resuspended in PBS.
Protein expression was evaluated using a Cytoflex LX Flow Cytometer
(Beckman Coulter, Brea, CA, USA) and analyzed with CytExpert
Acquisition and Analysis Software, version 2.3 (Beckman Coulter, Brea,
CA, USA). For each sample, a minimum of 10,000 events were collected
and analyzed, and the level of MFI was measured and evaluated.

2.7. Cell adhesion assays

LSECs were seeded in gelatin-coated plates and treated according to
the study design. Afterward, THP-1 monocytic cells pre-labeled with
Vybrant-Dio (4 pL/1 million of THP-1, 15 min) were added to LSECs
monolayers for 1 h. Non-adherent cells were removed by washing the
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12-well plates with PBS. LSECs with adherent THP-1 cells were detached
with Accutase™. The Vybrant-Dio positive cells (in combination with
side and forward scatter) were quantified as adherent THP-1 cells using
a flow cytometer.

2.8. sENG protein analysis in mouse plasma and cell culture media

The plasma levels of mouse sENG during the first phase of the in vivo
study were measured using the Mouse Endoglin/CD105 Quantikine
ELISA Kit (MNDGOO, R&D Systems, MN, USA), following the manufac-
turer's instructions, with measurements performed in duplicate. How-
ever, in both in vivo and in vitro rescue studies, to avoid undesirable
cross-reactions between detection antibodies and the ENG-blocking
mAbs (M1043 and TRC105), the method was switched from ELISA to
western blot analysis, a semi-quantitative method.

This change was necessary because the ENG-blocking mAbs could
interfere with antibody detection in ELISA assays, resulting in inaccurate
SsENG measurement. Western blotting, being less prone to such cross-
reactivity, offered a more specific and reliable approach for detecting
SENG levels in mouse plasma and cell culture media.

To ensure sufficient protein content for accurate detection, plasma
and culture media samples were concentrated before western blot
analysis. 100 pL of each sample was transferred to a centrifuge tube and
placed in a Vacufuge Concentrator 5301 (Eppendorf, Hamburg, Ger-
many) set at room temperature for 25 min, followed by an additional
round at 30 °C for another 25 min for mouse plasma and 45 min for
media. The protein concentration of the samples was measured, and
afterward, western blot analysis was performed to compare the levels of
sENG protein among different groups in the mouse plasma and culture
media. The control group was normalized to 100 % for comparison.

2.9. Histological analysis

Liver sections were fixed in 4 % paraformaldehyde, followed by
embedding liver sections in paraffin. Serial cross-sections (4.5 pm of
thickness) were cut and stained with the Sirius Red/Fast Green Collagen
Staining Kit (9046, Chondrex, WA, USA) for histological analysis.
Microscopic pictures were captured by an Olympus AX 70 microscope
with an incorporated Nikon DS-Fi3 high-definition colour microscope
camera and image analysis software NIS (Laboratory Imaging, Czech
Republic). For the Sirius Red/Fast Green Collagen quantification, 4 mice
from CDAA-HFD 4, 8 weeks groups, CDAA-HFD + IgG, and CDAA-HFD
+ M1043 groups were used. Twenty sections from each liver were cut,
and systematic uniform random sampling [26] was used to choose 4
sections from each liver for the quantification by Image Analysis soft-
ware NIS. The results are presented as the percentage of area of Sirius
Red/Fast Green Collagen positivity per section.

2.10. Statistical analysis

The statistical analysis was performed using GraphPad Prism soft-
ware version 10 (GraphPad Software Inc., San Diego, CA, USA). Data are
presented as median with interquartile range. Group-group comparisons
were conducted using the non-parametric Mann-Whitney test. P-values
<0.05 were considered statistically significant.

3. Results
3.1. CDAA-HFD induces liver injury

Although there was a decrease in body weight (Fig. 1A) in both the 4-
week and 8-week CDAA-HFD-fed mice compared to their respective
control groups, no significant difference in body weight was observed
between the 4-week and 8-week MASH mice. Both the 4-week and 8-
week MASH groups showed a significant increase in liver weight
(Fig. 1B) and the liver-to-body weight ratio (Fig. 1C) compared to their
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respective control groups, suggesting liver hepatomegaly in both MASH
groups. Interestingly, the liver-to-body weight ratio was significantly
higher in the 8-week MASH mice compared to the 4-week MASH mice,
suggesting a time-dependent progression of liver impairment.

Additionally, significant elevations were observed in the activity of
alanine transaminase (ALT) (Fig. 1D), aspartate aminotransferase (AST)
(Fig. 1E), and total bilirubin concentration in plasma (Fig. 1F) in both
the 4-week and 8-week mouse models of MASH compared to their
respective control groups, confirming liver injury induced by CDAA-
HFD.

Notably, total bilirubin levels were significantly higher in the 8-week
CDAA-HFD group compared to the 4-week MASH animals, indicating
mild progression of liver alteration after 8 weeks of feeding with CDAA-
HFD.

3.2. MASH diet induces LSECs inflammation and increases sENG levels

The protein expression of ENG (Fig. 2A) and sENG levels (Fig. 2B)
showed a significant increase in both the 4-week and 8-week mice
compared to their respective control groups. Furthermore, plasma sENG
levels in the 8-week MASH animals were significantly elevated
compared to the 4-week MASH animals, which might be related to the
upregulated hepatic protein expression of ENG in the 8-week MASH
mice compared to the 4-week MASH mice, suggesting a worsening of
LSECs inflammation. Immunohistochemical analysis (IHC) confirmed
the western blot results and showed ENG positivity primarily in LSECs
near the central vein (Supplementary Data 2).

Interestingly, ENG was not detected in hepatocytes or cholangiocytes
and was very weak in endothelial cells in arterioles and venules in the
portal triad area (Supplementary Data 2).

VCAM-1 (Fig. 2C) and ICAM-1 (Fig. 2D) protein expressions were
significantly increased in both 4- and 8-week MASH mice compared to
their respective control groups. In addition, both VCAM-1 and ICAM-1
protein expressions were significantly upregulated in 8-week MASH
animals, demonstrating aggravation of LSECs inflammation. In addition,
IHC analysis of VCAM-1 followed its protein expression profile (Sup-
plementary Data 2). The CDAA-HFD significantly increased VCAM-1
protein expression, predominantly in LSECs in MASH mice. Although
western blot analysis showed a significant increase in ICAM-1 in MASH
mice and an upregulation from 4 weeks to 8 weeks, the staining intensity
and pattern of ICAM-1 were similar across all groups. IHC analysis
revealed that ICAM-1 expression was mostly detected in endothelial
cells in sinusoids, the central vein, portal triad venules, and arterioles
area (Supplementary Data 2).

Furthermore, protein expressions of VE-cadherin (Fig. 2E) and p-
eNOS/eNOS (Fig. 2F) showed a significant reduction in both MASH
animal groups, supporting LSED development in all MASH mice. How-
ever, the expression of VE-cadherin and p-eNOS/eNOS proteins in 8-
week mice did not reach statistical significance when compared to the
4-week MASH animals, indicating that continued progression of MASH
in our mouse model does not result in further downregulation of VE-
cadherin and p-eNOS/eNOS protein expression.

3.3. MASH diet induces liver fibrosis

While a significant increase in the liver protein expression of alpha-
smooth muscle actin (a-SMA) (Fig. 3A) was observed in both MASH
groups compared to their respective control groups, the expression of
a-SMA in 8-week MASH mice did not reach statistical significance when
compared to 4-week MASH mice. Indeed, qRT-PCR analysis of Acta2
(Fig. 3B) supported the finding from western blot results. Moreover,
mRNA expression of Collal (Fig. 3C) was significantly elevated in both
MASH mice groups compared to their respective control groups. How-
ever, no significant differences were observed between CDAA-fed ani-
mals at 4- and 8-weeks.

Sirius Red/Fast Green staining for the detection of collagen showed a
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0.05, ** p < 0.01, *** p < 0.001; 7 animals per group.
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Fig. 2. Biomarkers of sinusoidal endothelial inflammation/dysfunction in the liver. Protein expression of ENG (A) and sENG levels in plasma (B) measured by ELISA.
Protein expression of VCAM-1 (C), ICAM-1 (D), VE-cadherin (E), and p-eNOS/eNOS (F). Data are presented as median with interquartile range. Mann-Whitney test,
ns (not significant), * p < 0.05, ** p < 0.01, *** p < 0.001; 7 animals per group. Complete western blot results and Ponceau S staining are available in Supplementary

Data 3.
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Green quantification of fibrosis (D). Collagen (black arrows) and steatosis (red arrows) stained by Sirius Red/Fast Green in control liver and CDAA-HFD fed mice (E).
Scale bar 100 pm, 100x magnification. Data are presented as median with interquartile range. Mann-Whitney test, ns (not significant), * p < 0.05, ** p < 0.01, *** p
< 0.001; 7 animals per group. Complete western blot results of a-SMA and Ponceau S staining are available in Supplementary Data 3.

reaction only in the wall of the central vein and the control group's ar-
terioles and venules in the portal area (Fig. 3E). CDAA-HFD (both 4 and
8 weeks) resulted in liver steatosis and increased collagen deposition in
liver periportal and perisinusoidal areas, suggesting the development of
liver fibrosis. Interestingly, analysis of collagen deposition using Sirius
Red staining showed a significantly higher level in 8-week-old mice
(Fig. 3E), suggesting the progression of fibrosis and MASH, despite the
fact that HSCs activation slowed down or reached a plateau after the
initial 4 weeks in this particular MASH mouse model.

3.4. The effect of M1043 antibody treatment on liver injury parameters in
the MASH animal model

In this part of the study, we focused on the impact of the M1043 anti-
ENG antibody on MASH progression.

Although our results did not show a significant effect of M1043 after
a 4-week treatment on body weight (Fig. 4A) in MASH animal models,
liver weight (Fig. 4. B), and the ratio of liver-to-body weight (Fig. 4C)
were significantly decreased in M1043-treated animals compared to the
IgG-injected group. The activity of ALT (Fig. 4D) and AST (Fig. 4E), as
well as total bilirubin levels (Fig. 4F) in plasma, did not show statistical
significance between IgG- and M1043-injected MASH mouse models.

3.5. M1043 antibody treatment prevented the progression of MASH diet-
induced LSECs inflammation in vivo

Although the mRNA expression of ENG (Fig. 5A) did not show any
significant changes after M1043 treatment, it significantly prevented the
increase in ENG protein expression (Fig. 5B) compared to IgG-injected
mice, confirming a successful blocking effect of ENG following a 4-
week treatment period. This is also supported by the fact that plasma
levels of SENG (Fig. 5C) were significantly elevated in the MASH animal
model treated with M1043 compared to both the control and MASH IgG-
injected mice, suggesting that M1043 treatment may lead to shedding of
membrane-bound ENG and its release into the bloodstream. This idea
was supported by the detection of three distinct bands (approximately
65 kDa to 95 kDa) of ENG in the CDAA-HFD + M1043 group (Fig. 5C).
Moreover, M1043 treatment significantly prevented p-SMAD1/5 (D)
and ID1 (E) protein expression increase compared to IgG-injected MASH
animals. This suggests that M1043 blockage affects BMP-9 binding to
ENG and inhibits SMAD1/5/ID1 signaling.

Interestingly, protein expression of VCAM-1 (Fig. 5D) and ICAM-1
(Fig. 5E) increase was prevented in M1043-injected mice compared to
those injected with IgG, suggesting a beneficial effect of M1043 in
alleviating LSECs inflammation in MASH after a 4-week treatment
period.

On the other hand, M1043 treatment did not significantly alter the
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protein expression of VE-cadherin (Fig. 5F) and p-eNOS/eNOS (Fig. 5G)
compared to IgG-injected MASH mice.

3.6. TRC105 treatment prevents the development of LSECs inflammation
in vitro

To find mechanistic details of the in vivo observation, we simulated
the conditions induced by the CDAA-HFD mouse model in LSECs. Both
mRNA and protein expression of ENG (Fig. 6A, F), VCAM-1 (Fig. 6D, H),
and ICAM-1 (Fig. 6E, I) were significantly increased in LSECs induced by
ox-LDL compared to the control group. Additionally, levels of SENG
(Fig. 6G) were also significantly elevated. Due to ENG shedding induced
by TRC105, two distinct bands (approximately 50 kDa to 100 kDa) of

ENG have been detected in the oxLDL+TRC105 group (Fig. 6G). All
these changes indicate a successful induction of LSECs inflammation.
Furthermore, these findings are supported by elevated mRNA levels of
transcription factors regulating ENG protein levels (RELA (Fig. 6B) and
KLF6 (Fig. 6C)) and VCAM-1 and ICAM-1 protein levels (RELA (Fig. 6B).

TRC105 treatment significantly reduced the ENG (Fig. 6F) and
VCAM-1 (Fig. 6H) protein expression compared to both the control and
ox-LDL groups, suggesting a potential effect of TRC105 on LSECs
inflammation. Moreover, sENG levels (Fig. 6G) were significantly
elevated after TRC105 treatment, suggesting the shedding of membrane-
bound ENG and its release into the media. However, ICAM-1 protein
expression did not reach statistical significance after TRC105 treatment
(Fig. 6I).
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Additionally, ox-LDL induction significantly increased the adhesion
of THP-1 monocytic cells to the endothelial monolayer compared to the
control group, which was significantly reduced by TRC105 treatment
(Fig. 6J), suggesting the potential effect of anti-ENG treatment on LSECs
inflammation.

10

3.7. M1043 antibody treatment prevented the liver fibrosis progression in
the MASH animal model

A significant increase in a-SMA protein expression (Fig. 7A), Acta2
mRNA expression (Fig. 7B), and mRNA expression of Collal (Fig. 7C)
was observed in mice fed with the CDAA-HFD compared to the control
groups. M1043 treatment did not significantly affect the protein
expression of a-SMA (Fig. 7A), Acta2 mRNA expression (Fig. 7B), and
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Fig. 6. Impact of TRC105 treatment on LSECs inflammation induced by ox-LDL in LSECs and THP-1 monocytic cell adhesion. mRNA expression of ENG (A), RELA
(B), KLF6 (C), VCAM-1 (D), and ICAM-1 (E) Protein expression of ENG (F) and sENG levels (G) were measured by western blot. Protein expression of VCAM-1 (H) and
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experiments). Mann-Whitney test, ns (not significant), * p < 0.05, ** p < 0.01. The complete western blot result is available in Supplementary Data 3.

Collal mRNA expression (Fig. 7C). Despite that, M1043 treatment
significantly prevented fibrosis progression compared to IgG-treated
mice measured by Sirius Red/Fast Green staining (Fig. 7D, E).

4. Discussion

In this study, we demonstrate for the first time that anti-ENG treat-
ment with a monoclonal antibody prevents the progression of liver si-
nusoidal endothelial inflammation and fibrosis during MASH
progression.

Our previous study showed that cholestatic liver injury and MASH
lead to altered ENG expression, predominantly in LSECs. We suggested
the importance of balanced physiological levels of ENG protein
expression in LSECs for maintaining endothelial function [7]. However,
the precise impact of potential anti-ENG treatment on LSECs inflam-
mation and the development/progression of MASH has not been eluci-
dated so far.

Thus, in this study, we hypothesized that blocking ENG with an anti-
ENG antibody would prevent the progression LSECs inflammation and
fibrosis during MASH development. In order to address this, we used the
CDAA-HFD mouse model, which effectively induces rapid development
of MASH-associated fibrosis [27].

Indeed, the CDAA-HFD diet resulted in liver impairment, as
demonstrated by a higher liver-to-body weight ratio (indicating liver
steatosis, hepatomegaly, inflammation, and fibrosis) and elevated liver
enzyme activity (ALT and AST) and total bilirubin levels in plasma.
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Additionally, liver weight, liver-to-body weight ratio, and total bilirubin
levels significantly increased in 8-week MASH animals compared to
those in 4-week MASH mice, whereas body weight and ALT, AST did
not. In addition, we found fibrosis development after 4 weeks of the
CDAA-HFD diet represented by increased expression of a-SMA protein
expression and Acta, Collal mRNA expression, and increased collagen
deposition. Indeed, 8 weeks of diet administration resulted in fibrosis
progression without further activation of HSCs. The induction of MASH
in a mouse model using CDAA-HFD was previously reported in two
separate studies, each involving feeding periods of 4 and 12 weeks
[7,27]. Therefore, we propose a partial progression of liver impairment
observed after eight weeks on the CDAA-HFD compared to the four-
week induction.

However, in this study, we mainly focused on elucidating the role of
ENG in the progression of LSECs inflammation and fibrosis in the MASH
mouse model. The induction of MASH led to increased expression of
ENG, predominantly in LSEC, as previously demonstrated in the same
animal model [7]. These results were corroborated by Vicen et al. and
Tripska et al., who established the essential role of ENG in ED triggered
by 7-ketocholesterol and/or high glucose [10,23]. Moreover, ENG
expression was significantly elevated in the 8-week MASH mice
compared to the 4-week CDAA-HFD-fed mice in this study. Thus, we
propose the potentially important role of ENG in promoting LSECs
inflammation and fibrosis. These findings support the notion that ENG
might be a key player in exacerbating LSECs inflammation and fibrosis,
suggesting ENG as a promising target for potential therapeutic
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Fig. 6. (continued).

strategies, which we further explored in the next part of this study.

Elevated SENG levels in plasma have been detected in various
pathological conditions associated with ED, such as atherosclerosis and
type 2 diabetes mellitus [28-30], as well as different types of liver injury
[7,8]. Consistent with these previous findings, we detected elevated
SENG levels in the plasma of MASH mice, with a significant increase in
the 8-week mice compared to the 4-week group. This suggests that the
progression of liver impairment leads to further exacerbation of LSECs
inflammation and fibrosis, as evidenced by the higher sENG levels in the
more advanced stage of liver alteration, proposing the potential of SENG
as a biomarker for monitoring the progression of LSECs inflammation
and fibrosis in liver damage and emphasizing the importance of tar-
geting ENG as a therapeutic strategy.

To further confirm the induction of LSECs inflammation, we
analyzed the expression of VCAM-1 and ICAM-1. The elevated expres-
sion of these molecules promotes the infiltration of inflammatory cells
into the liver, thereby contributing to the progression of liver impair-
ment [31-33]. Indeed, we demonstrated previously that both VCAM-1
and ICAM-1 are predominantly expressed by LSECs, supporting the
idea they are biomarkers of LSECs inflammation in this model [7]. The
analysis revealed significant upregulation in the protein expression of
both adhesion molecules in MASH mice compared to controls.
Furthermore, their expression was notably higher in the 8-week MASH
animals compared to those fed the CDAA-HFD for 4 weeks. These
findings confirm LSECs inflammation over time in the MASH mouse
model in this study.
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In the second part of the study, we aimed to target ENG to affect LSEC
inflammation and fibrosis in the MASH model using anti-ENG mAb. We
used the M1043 antibody for in vivo experiments in mice [34] and
TRC105 for in vitro study in human LSECs [10]. As demonstrated pre-
viously, both M1043 and TRC105 competitively inhibit BMP binding,
preventing SMAD 1/5 phosphorylation [11].

The role of BMP-9 in liver alterations has been discussed previously,
with some conflicting results. For instance, BMP-9 plays a critical role in
vascular quiescence and is a key paracrine regulator controlling LSECs
fenestration and protecting against perivascular hepatic fibrosis [35].
On the contrary, the important role of BMP-9/SMAD1/5/ID1 signaling
as a profibrotic pathway in the liver has been demonstrated [35,36]. ID1
plays an important role in the transformation of HSCs into fibroblasts
and in the epithelial-to-mesenchymal transition of HSCs [37]. Interest-
ingly, it has been shown that ID1 activates the NF-kB signaling pathway
through its physical and functional interaction with the p65 subunit
[16], suggesting an impact on inflammation and the expression of
VCAM-1, ICAM-1 [38]. Taken together, ID1 inhibition can be proposed
as a target of the BMP-9//ENG/SMAD1/5 signaling pathway, which is
associated with sinusoidal inflammation and fibrosis in the liver.

In this study, M1043 treatment prevented the increase of SMAD1/5/
ID1 expression, suggesting that M1043 blockage affects the ENG/BMP9
interaction. Moreover, M1043 treatment prevented the increase of ENG,
VCAM-1, and ICAM-1 in LSECs in vivo, suggesting reduced progression of
LSECs inflammation in MASH mice, as LSECs predominantly express all
these proteins in our study. In addition, M1043 treatment significantly
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prevented liver fibrosis progression (collagen amount) and liver-to-body
weight ratio (which reflects fibrosis as well), suggesting an antifibrotic
effect of ENG blockage as well.

Thus, we propose that blocking the BMP-9/ENG/SMAD]1 signaling
cascade, including the SMAD1/5/ID1 pathway, with an anti-ENG anti-
body would prevent LSECs inflammation and fibrosis progression during
MASH development.

Interestingly, M1043 and TRC105 treatment resulted in increased
SsENG levels without any significant changes in ENG gene expression,
suggesting cleavage of ENG following treatment with both antibodies, as
was shown previously [34]. This may be important for mitigating ENG-
related effects on LSECs inflammation due to the fact that it has been
demonstrated that SENG might antagonize ENG function in relation to
adhesion, and transmigration of monocytes [9] and thrombus formation
[39]. Moreover, high sENG levels are recognized as biomarker of MASH
[7,8], and it is associated with MASH progression in this study. It is
possible to suggest that the increased shedding of membrane-bound ENG
may act as a defense mechanism by interfering with its role in the TGF-p
and integrin signaling pathways. Shedding of overexpressed membrane-
bound ENG after treatment with M1043 and TRC105 could potentially
disrupt the interaction between ENG and integrins, particularly a5p1, as
well as its involvement in TGF-f signaling [40,41]. This disruption might
contribute to mitigating ENG-mediated inflammatory and fibrotic
signaling, as indicated by reduced LSECs inflammation and fibrosis in
MASH models and decreased inflammation in human LSECs in vitro.
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However, the precise mechanisms underlying the increase in SENG after
M1043 and TRC105 treatment remain to be further elucidated, and
additional studies are required to fully clarify these effects.

In addition, we aimed to determine whether human LSECs in in vitro
conditions can mimic the LSECs inflammation observed in the in vivo
study. Ox-LDL treatment induced mRNA expression of ENG and
respective transcription factors (RELA, KLF6) accountable for regulating
ENG protein expression, as shown previously [10,23]. Moreover, we
demonstrated that TRC105 prevented the increase in ENG and VCAM-1
protein expression and reduced THP-1 monocytic cells adhesion to the
endothelium, suggesting reduced LSEC inflammation as demonstrated in
vivo. It is noteworthy that preventing ENG overexpression through
antibody treatment may reduce monocyte adhesion to the endothelium,
as ENG interacts with the a5p1 integrin, a fibronectin receptor abun-
dantly expressed on most leukocyte populations, including lymphocytes,
monocytes, and granulocytes [42,43].

5. Conclusion

In conclusion, we demonstrate for the first time that anti-ENG anti-
body treatment can prevent LSECs inflammation and fibrosis in a MASH
animal model, as well as reduce inflammation in LSECs in vitro. We
propose that targeting ENG might represent an interesting pharmaco-
logical approach concerning LSECs inflammation and fibrosis in MASH.
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