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ABSTRACT

Protein disulfide isomerases (PDIs) are involved in many intracellular and extracellular processes, including cell adhesion and cytoskeletal reorganisation, but their
contribution to the regulation of fenestrations in liver sinusoidal endothelial cells (LSECs) remains unknown. Given that fenestrations are supported on a cytoskeleton
scaffold, this study aimed to investigate whether endothelial PDIs regulate fenestration dynamics in primary mouse LSECs.

PDIA3 and PDIA1 were found to be the most abundant among PDI isoforms in LSECs. Taking advantage of atomic force microscopy, the effects of PDIA1 or PDIA3
inhibition on the fenestrations in LSECs were investigated using a classic PDIA1 inhibitor (bepristat) and novel aromatic N-sulfonamides of aziridine-2-carboxylic
acid derivatives as PDIA1 (C-3389) or PDIA3 (C-3399) inhibitors. The effect of PDIA1 inhibition on liver perfusion was studied in vivo using dynamic contrast-
enhanced magnetic resonance imaging. Additionally, PDIA1 inhibitors were examined in vitro in LSECs for effects on adhesion, cytoskeleton organisation, bio-
energetics, and viability.

Inhibition of PDIA1 with bepristat or C-3389 significantly reduced the number of fenestrations in LSECs, while inhibition of PDIA3 with C-3399 had no effect.
Moreover, the blocking of free thiols by the cell-penetrating N-ethylmaleimide, but not by the non-cell-penetrating 4-chloromercuribenzenesulfonate, resulted in
LSEC defenestration. Inhibition of PDIA1 did not affect LSEC adhesion, viability, and bioenergetics, nor did it induce a clear-cut rearrangement of the cytoskeleton.
However, PDIA1-dependent defenestration was reversed by cytochalasin B, a known fenestration stimulator, pointing to the preserved ability of LSECs to form new
pores. Importantly, systemic inhibition of PDIA1 in vivo affected intra-parenchymal uptake of contrast agent in mice consistent with LSEC defenestration.

These results revealed the role of intracellular PDIA1 in the regulation of fenestration dynamics in LSECs, and in maintaining hepatic sinusoid homeostasis.

1. Introduction

The functioning of cells is highly dependent on the regulatory
mechanisms responsible for the correct folding and conformational
changes of proteins that lead to the activation or deactivation of bio-
logical pathways. Among this molecular machinery, the protein disul-
fide isomerase (PDI) family is considered to be one of the most abundant
and critical biocontrollers. PDIs catalyze the formation, breakage and
rearrangement of disulfide bonds, making them crucial to cysteine-
based redox protein folding in the endoplasmic reticulum [1]. Howev-
er, since the folding function of PDIs was first described nearly 60 years
ago, knowledge of the various roles of PDIs in both physiological and

pathological processes has expanded significantly and includes the
regulation of angiogenesis and thrombus formation, as well as their
involvement in the pathogenesis of cardiovascular disease and cancer
[1,21.

Interestingly, several studies have underlined the PDIs’ contribution
to cytoskeleton rearrangement by regulating cell adhesion or directly
affecting cytoskeletal organisation. This activity of PDIs is related to the
reversible modifications of cysteines in redox-sensitive proteins, which
affect their function [3-5]. The best-known example of this type of
regulation refers to thiols in alIbp3 platelet receptors. The activity of
PDIs supports platelet aggregation and thrombosis by reduction of di-
sulfide bonds in allbp3, resulting in conformational changes and
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integrin activation [4]. A similar type of regulation catalyzed by extra-
cellular PDIs was also reported for other integrins, including aVp3 and
allpl receptors [6,7]. On the other hand, in response to outside-in
integrin activation, intracellular PDIs were shown to form a complex
directly with p-actin and modify its structure through Cys 374 oxidation,
repositioning the cytoskeleton during megakaryocyte adhesion [5].
Moreover, total silencing of the intracellular PDIA1 isoform in vascular
smooth muscle cells (VSMC) contributed to cytoskeletal disruption
through altered NADPH-derived reactive oxygen species (ROS) genera-
tion and downregulation of the RhoA/Rac1 pathway [8], underscoring a
possible involvement of intracellular PDIs in the regulation of cyto-
skeletal rearrangement.

The organisation of the cytoskeleton is of particular importance for
liver sinusoidal endothelial cells (LSECs) to maintain their unique
fenestrated structure. Fenestrations represent a special type of trans-
cellular nanopore (50-350 nm in diameter) organized in sieve plates,
which are fundamental to the LSECs’ function: the bidirectional trans-
port of macromolecules, especially lipoproteins, between the blood and
the liver parenchyma. Fenestrated endothelium opens access to the
underlying space of Disse, which additionally expands hepatic micro-
vascular perfusion volume [9]. The size of the perfusion area regulated
by LSEC porosity determines blood flow velocity and maintains ho-
meostasis of hepatic sinusoids responsible for proper liver function [10,
11]. The presence of fenestrations is a characteristic feature of healthy
LSECs, while their loss is associated with ageing and various liver dis-
eases, such as nonalcoholic fatty liver disease, nonalcoholic steatohe-
patitis, liver fibrosis, cirrhosis, and hepatitis C [12-17]. Moreover, LSEC
defenestration was correlated with reduced hepatic uptake of chylomi-
cron remnants resulting in elevated levels of circulating lipids and
hyperlipidemia [18]. Therefore, maintaining fenestrated endothelial
barrier as a part of the communication and filtration system between the
liver and circulation is essential for proper liver physiology and
homeostasis.

The structure of fenestrations is supported on the actin/spectrin
scaffold, which allows active regulation of their size and number [19].
However, the mechanisms behind the dynamics of fenestrations are still
not fully understood. A recent study has demonstrated that the diamide
or iodoacetic acid caused destabilisation of the cytoskeleton and sig-
nificant changes in the number of fenestrations, that were attributed to
the oxidation of thiol groups of spectrin [19]. These results suggest that
the thiol-dependent mechanisms of cytoskeleton rearrangement might
play an important role in the regulation of fenestration dynamics in
LSECs. However, it is not known whether PDIs, the major oxidoreduc-
tase enzymes responsible for disulfide exchange reactions that modulate
the function of multiple proteins, including the cytoskeleton [5,20], are
involved in the redox-dependent regulation of fenestrations.

Therefore, the present work aimed to investigate a possible contri-
bution of the most abundant endothelial PDI isoforms — PDIA1 and
PDIA3 [21] - in regulating fenestration dynamics in primary mouse
LSECs. Comprehensive studies of the porosity, function and organisation
of the LSEC cytoskeleton in response to the inhibition of PDIA1 and
PDIA3 revealed that intracellular PDIA1, but not PDIA3, plays an
important role in regulating fenestrae. Furthermore, in vivo experiments
confirmed that PDIA1-dependent defenestration impairs the sinusoidal
perfusion capacity and thus disturbs hepatic sinusoid homeostasis.

2. Experimental protocols
2.1. Reagents

2.1.1. PDI inhibitors and thiol agents

Bepristat 2a hydrochloride (bepristat) used as a reference inhibitor
against PDIA1, was obtained from Sigma-Aldrich (Saint Louis, MO,
USA). Additionally, the recently developed aromatic N-sulfonamides of
aziridine-2-carboxylic acid derivatives, C-3389 and C-3399, were used
as pharmacological tools for PDIA1 and PDIA3 inhibition [22].
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Previously performed an insulin turbidimetric assay revealed that
C-3389 was a potent and selective PDIA1 inhibitor, while C-3399 was a
PDIA3 inhibitor with a much weaker inhibitory effects on PDIA1 as
compared with C-3389 (Table S1) [22].

N-ethylmaleimide (NEM) (Sigma-Aldrich, Saint Louis, MO, USA) and
4-Chloromercuribenzenesulfonate (pCMBS) (Toronto Research Chem-
icals, Toronto, Canada) were used as reference tools to confirm the role
of thiols and to distinguish whether intracellular or extracellular sulf-
hydryl groups are involved. pCMBS is a membrane-impermeant reagent
acting on sulfhydryl groups of the membrane surface while NEM is a
cell-penetrating thiol-alkylating agent.

2.1.2. Other reagents

Cytochalasin B (CytB), ML171 and Poloxamer 407 were obtained
from Sigma-Aldrich (Saint Louis, MO, USA). Y27632 dihydrochloride
(Y27632) and PF573228 were purchased from Tocris Bioscience (Bris-
tol, UK). Primary antibodies anti-pMLC (Ser19) (3671 S) and anti-ppMLC
(Thr18/Ser19) (95777 S) were from Cell Signalling Technology (Dan-
vers, MA, USA), while anti-P4HB (PDIA1; ab137110) and anti-ERp57
(PDIA3; ab13506) were purchased from Abcam (Cambridge, UK). The
secondary antibodies goat anti-rabbit Alexa Fluor 647-conjugated, goat
anti-rabbit Cy3-conjugated and goat anti-mouse Cy3-conjugated were
produced by Jackson Immuno Research Labs (Baltimore Pike, PA, USA).
The fluorescent indicators: CM-H;DCFDA, Alexa Fluor 488 Phalloidin,
DAPI and Hoechst came from Invitrogen (Waltham, MA, USA). Dimethyl
sulfoxide (DMSO) (Sigma-Aldrich, Saint Louis, MO, USA) and POLIkol
300 (Polikol 300) (PCC Exol, Poland) were used as solvents for com-
pounds insoluble in water.

2.2. LSEC isolation

The primary LSECs were isolated from C57BL/6 mice (Medical
University of Bialystok, Poland) according to the protocol presented by
Smedsrgd and Pertoft (1985) [23] with further modifications [24].
Briefly, blood was washed out from the livers through the portal vein
with perfusion buffer (37°C) and connective tissue was digested with
buffered collagenase (Liberase TM, Roche, Switzerland). Next, the cell
suspension was differentiated by a series of low-speed centrifugations
followed by gradient density sedimentation in 25-50 % Percoll (Cytiva)
to obtain the non-parenchymal cell fraction. In the final step, LSECs
were purified by immunoseparation using LSEC-specific CD146 mag-
netic MicroBeads (MACS, Miltenyi Biotec, Germany). Prior to the ex-
periments, freshly isolated LSECs were incubated overnight in EGM-2
medium (Lonza, Switzerland) supplemented with 2 % FBS under 37°C
and 5 % CO; conditions. All experimental procedures, except adhesion
studies, were performed within 12-18 h after cell seeding, as this
approach was shown to preserve fenestrations in primary LSECs [19,25].

2.3. Identification and quantification of PDI and integrin isoforms in
primary mouse LSECs using a proteomic approach

LSEC lysates were prepared according to the protocol by Sitek et al.
(2012) [26] Briefly, cell pellets were lysed in lysis buffer containing 7 M
urea (BioShop, Canada), 2 M thiourea (BioShop, Canada), and 30 mM
Tris-HCI (pH 8.0) (BioShop, Canada), sonicated on ice and centrifuged
(16,000 g, 15 min, 4 °C). The total protein content in each sample (su-
pernatant) was measured with Bradford assay-Quick Start Bradford 1x
Dye Reagent (Bio-Rad, CA, USA). Proteins were reduced, alkylated and
digested. The resulting peptides were analysed using LC-MS/MS and
acquired data were processed as described previously [27-29]. The
repertoires of PDI and integrin isoforms were semiquantified using the
exponentially modified protein abundance index (emPAI) normalised to
the overall protein composition (emPAI %) [30,31].
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2.4. Quantification of fenestrations, evaluation of cell morphology, and
determination of Young’s (elastic) modulus by atomic force microscopy
(AFM)

The AFM measurements were conducted using Nanowizard 4
(Bruker-JPK Instruments, Germany), and part of the morphological
analysis of bepristat-treated cells was performed based on data recorded
using Nanowizard 3 (JPK Instruments, Germany). Determination of
fenestration number was performed according to previously described
protocols [19,32]. Briefly, freshly isolated LSECs were cultured for 8-20
h and fixed using 1 % (v/v) glutaraldehyde for 2 min prior to mea-
surements. Detailed images of cell morphology were collected in
Quantitative Imaging (QI) mode with a point-to-point resolution of <90
nm. SCM-PIC-V2 (Bruker, Germany) cantilevers were used with the
loading force ranging from 0.2 to 0.3 nN adjusted to the scanning con-
ditions. Obtained images of topography and stiffness were used for
further analysis.

The number of fenestrae per area (defined as fenestrae frequency,
fen./pm?) in each image was quantified based on the automatic and
precise approach using a neural network algorithm described previously
[33]. Cell height was calculated using cross-sections of the topography
images of fixed cells. The maximal observed values were compared
between groups. Young’s (elastic) modulus values were determined in
live LSECs within 8-24 h. Two types of measurements were performed.
The first method, based on force-distance curves, was applied. Maps of 6
x 6 pm? were collected with 6 x 6 force-distance curves. MLCT-BIO-DC
(Bruker) were selected for the measurements (k = 0.1 N/m, loading
force of 1.0 nN, acquisition speed 8 pm/s, z length 5 pm). 15-20 cells per
group per animal were measured and analysed. Young’s modulus was
calculated based on the Hertz-Sneddon model, assuming that a cone can
approximate the tip apex. Commercial software JPKSPM Data Process-
ing was used. The QI mode provided elasticity maps of whole cells
(Fig. S2 A-C). A loading force of 0.3 nN was applied to minimize the
effect of the glass substrate and visualise the cortical cytoskeleton [25].
Force curves collected in each pixel-point were analysed, and recon-
structed images of topography and elastic modulus were presented.

2.5. Assessment of microvascular liver perfusion using dynamic contrast-
enhanced magnetic resonance imaging (DCE-MRI)

MRI measurements were performed using a commercial small-
animal MRI 9.4 T scanner (Bruker BioSpec, Ettlingen, Germany)
equipped with a 36 mm T/R RF coil (Department of Magnetic Resonance
Tomography at the Institute of Nuclear Physics of the Polish Academy of
Sciences in Krakow). The experimental procedure was adapted from Byk
et al. (2016) [34]. For imaging, animals were sedated using inhalation
anaesthesia with isoflurane in a mixture of oxygen and air (1:2 ratio), 3
% isoflurane was used to induce anaesthesia and 1.5 %-1.75 % iso-
flurane was used to maintain anaesthesia inside the scanner.
Throughout the measurement, mice were housed in a dedicated mea-
surement bed equipped with a heating system. Body temperature, heart
function (ECG) and respiration were continuously monitored. The
heating system and the intensity of anaesthesia were adjusted accord-
ingly to achieve stable body temperature (36-37 °C) and stable respi-
ration (50-70 breaths per minute). Bepristat (10 or 30 mg/kg b. w. [35])
was injected intravenously 20 min before DCE-MRI measurements.
Poloxamer 407 (1 g/kg b. w.), a surfactant that induces extensive
defenestration of LSECs both in vivo and in vitro, was used as a positive
control and was administered i. p. 24 h before the experiment, according
to a previously published protocol [36].

A hepatocyte-specific contrast agent, administered via a tail vein
catheter at a dose of 10 pL/1 g b. w. 0.0025 mmol (Primovist, Bayer
Schering Pharma AG, Germany), was used to assess liver perfusion. DCE-
MRI was performed using a retrospectively gated IntraGateFLASH
sequence (ParaVision 6.0.1, Bruker, Ettlingen, Germany) with the
following parameters: TE 2.23 ms, TR 6.60 ms, number of repetitions per
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image 42, number of dynamic images = 252, flip angle 18°, FOV 30 x
30 mm?, image size 128 x 128, slice thickness = 1 mm. The imaging
slice was placed along the transverse axis of the body and rotated at an
angle of 15-30° to avoid the stomach and maximize the area of the liver
in the field of view. The navigator layer was placed in the short axis of
the heart with the layer thickness = 8 mm and RF flip angle = 45°. The
total DCE-MRI measurement time was 42 min.

For data analysis, the reconstructed MR images were loaded into the
Matlab environment (Mathworks, USA). To obtain the amplitude of the
MRI signals in the liver microcirculation and respective changes after
contrast administration, an image mask was created that contained only
the liver parenchyma, without the large vessels, muscle, fat, and gall
bladder. For this purpose, the outer contour of the liver was outlined
manually. Then, the signal level was tresh-holded so that no large blood
vessels were visible. The obtained mask was applied to all the dynamic
images resulting in the mean MRI signal in the liver parenchyma for
each time frame. The obtained signal enhancement versus time curves
were analysed quantitatively. The total area under the curve and
maximum enhancement were determined.

Procedures involving animals were performed in accordance with
the Guide for the Care and Use of Laboratory Animals Directive 2010/
63/EU of the European Parliament) and approved by the 2nd Local
Institutional Animal Care and Use Committee in Krakow (agreement no.
183/2023).

2.6. Immunocytochemistry of primary mouse LSECs

To evaluate the PDIA1 and PDIA3 distribution in primary mouse
LSECs as well as the degree of myosin phosphorylation and quality of
actin filaments in response to PDIA1 inhibition, the immunocytochem-
istry technique was applied. First, LSECs were treated with PDI and
actomyosin inhibitors or their combinations in an EGM-2 medium for 2
h at 37°C. Then, cells were washed with warm DPBS (Gibco) with cal-
cium and magnesium, fixed with 4 % (w/v) paraformaldehyde (PFA)
and permeabilized with either 0.1 % or 0.5 % (v/v) Triton X-100 solu-
tion for PDI and actin or p-MLC and pp-MLC staining, respectively.
Before primary antibody incubation, nonspecific binding was blocked
with 1 % (w/v) BSA solution in PBS (for pp-/p-MLC) or 5 % (v/v) normal
goat serum (for PDIs) for 1 h at room temperature (RT). The primary
antibodies anti-pMLC (Ser19) 1:100, anti-ppMLC (Thr18/Ser19) 1:50,
anti-P4HB (PDIA1) 1:100 and anti-ERp57 (PDIA3) 1:100 were applied
overnight at 4°C followed by 1 h incubation with goat anti-rabbit Alexa
Fluor 647 (1:300), goat anti-rabbit Cy3 (1:300) or goat anti-mouse Cy3-
conjugated secondary antibody (1:300) at RT. Actin filaments were
stained independently with Alexa Fluor™ 488 Phalloidin (5:1000) for
30 min at RT. DAPI (1:2000) was used for nuclei counterstaining. The
degree of myosin phosphorylation was assessed using a CQ1 imaging
cytometer and Columbus v.2.4.2 software (PerkinElmer, Waltham, MA,
USA). Pictures for qualitative analysis of PDIA1, PDIA3, actin, and
myosin filaments were taken with either an Axio Imager. A2 fluorescent
microscope (Carl Zeiss) or a Leica TCS SP8 WLL confocal microscope.
For data presentation, images were post-processed with ImageJ 1.53q
software using the Gaussian Blur filter with a value of 1.0 and correction
of the minimum and maximum values of individual channels.

2.7. Western blotting analysis of spectrin pII expression in isolated mouse
LSECs

LSEC samples containing 5 pg of total protein were loaded into a 7.5
% SDS-PAGE gel, followed by the protocol described in detail previously
[19]. B-actin was used as a loading control.

2.8. Assessment of the cytotoxicity of the compounds

The impact of the studied compounds on LSEC viability was deter-
mined using a commercially available colorimetric assay: CellTiter 96®
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AQueous Non-Radioactive Cell Proliferation Assay (MTS) (Promega, WI,
USA), according to the manufacturer’s instructions. Primary mouse
LSECs were pre-incubated in the EBM-2 medium (Lonza, Switzerland)
with the compounds for 2 h, followed by 1 h incubation in the presence
of MTS reagents under 37°C and 5 % CO5 conditions. After that time, the
absorbance of the reduced MTS reagent was measured at 490 nm.

2.9. LSEC adhesion assay

To assess the effect of PDI inhibition on cell adhesion, freshly isolated
LSECs were pre-incubated in suspension in EBM-2 medium containing
the inhibitors for 30 min at RT. LSECs were then seeded at a density of 1
x 10° cells/well on differently coated surfaces: collagen I (10 pg/cm?),
fibronectin (1 pg/cm?) and uncoated to verify the different adhesion
pathways. For the next 2 h, the seeded LSECs remained exposed to the
compounds at 37°C and 5 % CO,. After that time, LSECs were washed
with warm DPBS with calcium and magnesium to remove unattached
cells and fixed with 4 % (w/v) PFA. To quantify the number of cells
adhered to the surface, LSEC nuclei were stained with Hoechst (1:2000)
and visualized using a CQ1 image cytometer (Yokogawa, Japan). The
number of LSECs was calculated using Columbus v.2.4.2 software
(PerkinElmer, Waltham, MA, USA).

2.10. Assessment of LSECs bioenergetics

The effects of PDIAL1 inhibition on the metabolism of isolated LSECs
were evaluated using a Seahorse XFe 96 Analyzer (Agilent Technologies,
USA), which enables simultaneous real-time measurements of oxygen
consumption (OCR) and extracellular acidification (ECAR), which
reflect mitochondrial respiration and glycolysis, respectively. Briefly,
LSECs were preincubated for 2 h with 10 pM bepristat or C-3389, fol-
lowed by Seahorse Mitochondrial Stress Test (MST) and Glycolysis
Stress Test (GST) as previously described [24].

2.11. Measurements of ATP production

The effects of 2 h of PDIA1 inhibition on ATP production in primary
mouse LSECs were studied with the ATPlite 1 step Luminescence Assay
System (PerkinElmer, Waltham, MA, USA) according to the manufac-
turer’s instructions.

2.12. Detection of reactive oxygen species

The intracellular ROS generation was detected using CM-H2DCFDA
fluorescent probe. Prior to the assay LSECs were serum starved over-
night in EBM-2 medium. Next, cells were treated with bepristat (10 pM),
ML171 (5 pM), and apocynin (100 pM) for 2 h at 37°C, followed by
loading with DCF probe (10 pM) in HBSS for 30 min at 37°C. ROS
generation was assessed by measurements of the fluorescence intensity
obtained with the CQ1 imaging cytometer (Yokogawa, Japan). Image
analysis was performed using Columbus v.2.4.2 software (PerkinElmer,
Waltham, MA, USA).

2.13. Statistical analysis

Results are presented as mean values with standard deviation unless
otherwise stated. Shapiro-Wilk and Levene’s tests were used to examine
data distribution normality and variance homogeneity. Based on the
variable properties and the nature of the comparison, Student’s t-test,
two-way ANOVA followed by Tukey post-hoc test or the non-parametric
Kruskal-Wallis were used to assess statistical significance between
experimental groups. P-values less than 0.05 were considered signifi-
cant. Statistical verification was performed using Statistica 13.3.
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3. Results

3.1. The proteomic-detected repertoire of PDI isoforms and different
distributions of PDIA1 and PDIA3 in the primary murine LSECs

Using a proteomic approach, the repertoire of 10 PDI isoforms was
identified in LSEC lysates, among which PDIA3 and PDIA1 were found to
be the most abundant, reaching 0.96 and 0.65 emPAI %, respectively
(Fig. 1A). Interestingly, immunostaining revealed a different cellular
distribution of these two major isoforms of PDI in primary mouse LSECs.
While PDIA3 occurrence was limited to the perinuclear zone, PDIA1
distribution pattern extended from the perinuclear area to the cell pe-
riphery (Fig. 1B and C), which may indicate distinct functions of these
two isoforms in LSECs.

3.2. Inhibition of PDIA1 reduced the number of fenestrations in the
primary mouse LSECs

To distinguish whether PDIA1 or PDIA3 might be involved in regu-
lating LSEC porosity, the novel aromatic N-sulfonamide of aziridine-2-
carboxylic acid derivatives with an increased selectivity towards
PDIA1 (C-3389) and with relative selectivity towards PDIA3 (C-3399)
were used (see Experimental Protocols section). Additionally, to
confirm the involvement of PDIA1, a selective reference inhibitor,
bepristat, was used to block PDIA1 activity.

The AFM measurements in fixed LSECs revealed that inhibition of
PDIA1 with both C-3389 and bepristat resulted in a significant reduction
in the number of fenestrations after 2 h of drug treatment compared to
the untreated cells (Fig. 2A and B, E-G). The effect of bepristat was dose-
dependent and slightly less pronounced than C-3389. This difference in
potency was further confirmed by real-time measurements in living
cells, demonstrating the acute effects of PDIA1 inhibitors on LSEC fen-
estrations. As shown in Figs. S1A and C and Movie S1, administration of
bepristat (10 pM) caused a gradual decrease in the number of fenestrae
in living LSECs over the course of approximately 1 h, while effects of C-
3389 (10 pM) were already clearly visible after ca. 30 min (Figs. S1B and
D, Movie S2). Stronger and faster effects of the novel C-3389 compound
in closing fenestrations were consistent with the higher potency of C-
3389 to inhibit PDIA1 in the isolated enzyme assay (Table S1) [22].
Interestingly, neither bepristat nor C-3389 completely blocked the for-
mation of fenestrations, as new pores were still observed, suggesting
impaired dynamics of fenestrae formation and closure.

Supplementary video can be found at https://doi.org/10.1016/].
redox.2024.103162

In contrast to the clear-cut effects of PDIA1 inhibition, the relative
blockage of PDIA3 by C-3399 did not alter LSEC porosity (Fig. 2H and 1),
pointing to a distinct role of PDIA3 and PDIA1 in LSEC functioning and
inability to compensate for each other in the regulation of fenestration
dynamics.

3.3. Inhibition of PDIA1 alters the in vivo dynamics of contrast agent
uptake in the liver parenchyma

Given that fenestrated endothelium constitutes the liver ultrafiltra-
tion system [18,36-38], it was investigated whether inhibition of PDIA1
has physiological consequences resulting in changes in sinusoidal
perfusion capacity. Alternations in the dynamics of hepatocyte-specific
contrast agent uptake through the liver microcirculation were exam-
ined using DCE-MRI. A single administration of bepristat, at a dose of 30
mg/kg b. w., significantly limited the uptake of the contrast agent into
the liver and the effect was comparable to the effect of the poloxamer
407 pre-treatment (Fig. 3). Lower dose of bepristat (10 mg/kg b. w.)
tended to decrease maximum contrast enhancement although it was
statistically insignificant (P = 0.0679). These results indicate that PDIA1
inhibition impaired sinusoidal perfusion, which largely depends on
LSEC fenestrations and function [18,34,36].
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Fig. 1. Repertoire and localisation of PDI isoforms in primary mouse LSECs. Levels of PDI enzymes detected with proteomic analysis (A) and cellular distri-
bution of PDIA1 (B) and PDIA3 (C) visualized by confocal microscopy. ND — not detected. Red fluorescence — PDIA1 or PDIA3; green fluorescence — actin. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

3.4. Modulation of intracellular rather than extracellular thiols affected
fenestration dynamics in primary mouse LSECs

Given that PDIs might be involved in integrin-dependent outside-in
signalling in response to the adhesion of cells to the extracellular matrix
[5], the proteomic-detected repertoire of integrins in LSECs was inves-
tigated, as well as their possible involvement in the regulation of LSEC
adhesion and fenestration dynamics. The LSEC proteome displayed
seven integrin isoforms, of which the -1 and a-1 integrins were the most
highly expressed (Fig. 4A). However, despite a wide range of
proteomic-detected integrins, inhibition of PDIA1 by either bepristat or
C-3389 did not affect LSECs’ ability to adhere to collagen I, fibronectin
or uncoated surface as compared to the untreated cells (Fig. 4B-D)
suggesting integrin-independent mechanisms of adhesion and fenestrate
regulation in isolated murine LSECs. PF573228 (1 pM), the focal adhe-
sion kinase (FAK) inhibitor, used as a positive control, also did not
diminish LSEC adhesion to collagen I, fibronectin or uncoated surface,
which may indicate extremely strong attachment of LSECs in this
experimental setup and the involvement of other integrin-dependent
mechanisms in LSEC surface adhesion.

To further confirm that intracellular, but not extracellular, mecha-
nisms are primarily involved in regulating fenestration dynamics, LSECs
were treated either with pCMBS, acting on the sulfhydryl groups of the
membrane surface, or NEM, a cell-penetrating thiol-alkylating agent.
The number of fenestrations was visibly decreased in the presence of low
micromolar concentrations of NEM in a dose-dependent manner (Fig. 5A
and B), while LSECs incubated with the high concentration of pCMBS
(100 pM) had fully preserved porosity as compared to untreated cells
(Fig. 5C and D). Moreover, the elasticity of the LSECs treated with NEM
(3 uM) was significantly impaired (increased Young’s modulus in com-
parison to the control), indicating cell stiffening (Figs. S2C and D).

3.5. PDIA1 inhibition did not affect LSEC viability and bioenergetics

To exclude a possible involvement of toxic effects on LSEC function
in PDIA1-mediated regulation of fenestration dynamics, LSEC viability
and bioenergetics in response to PDIA1 inhibition were assessed. Neither
bepristat nor C-3389 given at a concentration that induced substantial
defenestration (see Fig. 2) decreased the LSEC viability or altered basal
ATP production (Fig. 6A-C). Mitochondrial respiration and glycolysis
were also preserved in LSECs treated with bepristat (10 pM) for 2 h,
confirming a lack of effect of PDIA1 inhibition on bioenergy metabolism.
However, administration of C-3389 (10 pM) for 2 h moderately
decreased basal respiration (by reducing OCR related to ATP produc-
tion), maximal respiration (under the condition of energy stress induced
by FCCP) and spare respiratory capacity. Simultaneously, a transient
increase in basal glycolysis in LSECs, at the expense of glycolytic reserve,
was observed during the first hour after the administration of C-3389
(10 pM) (Fig. 6D and E).

3.6. Lack of effects of NADPH oxidase inhibition on LSEC fenestrations

Since PDIA1 has been shown to be essential for vascular smooth
muscle cell migration by regulating NADPH oxidase 1 (NOX1) activity
[8], the effect of NOX inhibition on LSEC porosity was investigated. As
shown in Figs. S3A and C and Movie S3 the inhibition of NOX with
ML171 (5 pM) did not alter the number of fenestrae as compared to the
control in both fixed and living cells. Moreover, DCF-based ROS detec-
tion revealed a decrease in ROS generation in LSECs in response to
ML171, but not in response to bepristat (Fig. S3B), indicating that PDIA1
regulates LSEC porosity by a NOX-independent pathway. A similar trend
was observed for another NOX inhibitor — apocynin, however, the effect
was not significant.

Supplementary video can be found at https://doi.org/10.1016/j.
redox.2024.103162
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Fig. 2. The effects of PDIA1 and PDIA3 inhibition on fenestrations in primary mouse LSECs. The number of fenestrae (A, B), maximum cell height (C, D), and
representative images of morphological changes in primary LSECs (E, F, G) in response to increasing concentrations of the PDIA1 inhibitors, bepristat and C-3389,
assessed in vitro by AFM. The LSEC porosity after inhibition of PDIA3 with 10 pM C-3399 (H, I). The scale bars refers to the sample height, where range between 0 and
2.5 pm corresponds to the surface (glass coverslip) and to the highest point of the cell (nucleus), respectively. Fenestrae (white arrows) are visible as dark spots

organized in sieve plates at the height corresponding to the surface.

Scale bars — 10 pm. The graphs show the mean values + SD of individual AFM images (n = 11-38) corresponding to 3—4 biological replications. *P < 0.05, **P < 0.01

significantly different vs control group, ns — not statistically significant.

3.7. The effect of PDIA1 inhibition on LSEC fenestrations was not
associated with a significant cytoskeleton reorganisation and was
completely overcome by cytochalasin B-induced actin depolymerisation

To verify whether PDIA1-dependent defenestration was linked to
reorganisation of the cytoskeleton, spectrin f I expression, the degree of
the myosin (di)phosphorylation and actin polymerisation were exam-
ined. Additionally, the impact of PDIA1 inhibition on actomyosin in

LSECs was compared with the effects of the reference cytoskeletal
agents: Y27632 (the ROCK inhibitor limiting myosin phosphorylation)
and cytochalasin B (the gold standard for stimulating LSEC porosity), as
well as the cell-penetrating thiol exchange inhibitor, NEM. In contrast to
the previously described effects of diamide [19], bepristat (10 pM) did
not alter spectrin f II expression in primary mouse LSECs compared to
the untreated cells (Fig. 7A) indicating a distinct mechanism of action.
The degree of myosin phosphorylation also remained unchanged after
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Fig. 3. The effect of PDIA1 inhibition on the in vivo dynamics of contrast agent uptake in the liver parenchyma. The readout of magnetic resonance imaging
with dynamic contrast enhancement (DCE-MRI) was based on contrast enhancement time-dependent curves (A), calculated area-under-the-curve (AUC) (B) and
maximal contrast enhancement (C). Results were obtained from the whole livers in control animals, pre-treated with poloxamer 407 (1 g/kg b. w.) and after single

administration of bepristat (10 or 30 mg/kg b. w.) (n = 6).

Data are presented as mean values + SD. *P < 0.05, **P < 0.01, ***P < 0.001 significantly different vs control group.
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PF573228 (FAK inhibitor). Adhesion experiments were performed in n = 3 biological repeats.
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PDIAL1 inhibition, regardless of the presence of Y27632, implying that
the effects of bepristat were independent of ROCK-mediated myosin
phosphorylation (Fig. 7B, C, S4). In contrast to NEM or cytochalasin B,
which clearly affected the organisation of the actin filaments in LSECs,
there were no visible changes in the actin cytoskeleton in response to

C-3389 or bepristat as compared to the untreated cells (Fig. 7D). Of note,
the increase in cell stiffness was visible after C-3389, but not after
bepristat treatment (Figs. S2A, B, D), which could suggest actin poly-
merisation and formation of stress fibres induced by C-3389.
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Fig. 5. The effects of modifications of extracellular and intracellular thiol groups on fenestrations in primary mouse LSECs. The mean number of fenes-
trations and representative images of LSEC topography in response to the cell-permeable NEM (A, B) and cell-impermeable sulfhydryl reagent pCMBS (C, D)

measured in vitro by AFM.

The graphs show the mean values + SD for individual AFM images: n = 10-11 for pCMBS and n = 9-15 for NEM, corresponding to two and three biological
replicates, respectively. *P < 0.05, significantly different vs control group, ns — not statistically significant.

Importantly, blocking PDIA1 with bepristat did not prevent actin
depolymerisation induced by Y27632 (10 pM) or cytochalasin B (21 pM)
in LSECs (Fig. 7D). These results are highly consistent with the real-time
AFM analysis, which showed that LSEC defenestration induced by
bepristat (10 pM) was rapidly reversed upon stimulation with cytocha-
lasin B (21 pM) (Fig. 7E, Movie S4). Despite PDIA1 inhibition, the po-
tential of actin reorganisation in LSECs associated with fenestration
formation was fully preserved, which confirms the regulatory role of
PDIA1.

Supplementary video can be found at https://doi.org/10.1016/j.
redox.2024.103162

4. Discussion

The present study identified the repertoire of PDIs in primary murine
LSECs proteome and provided strong evidence for the role of intracel-
lular PDIA1 in regulating fenestration dynamics. It was demonstrated
that inhibition of PDIA1 induced significant defenestration of primary
LSECs in vitro, but did not affect LSEC adhesion, viability, and bio-
energetics. PDIA1-dependent LSEC defenestration was not associated
with major rearrangement of the actin cytoskeleton, was independent of
ROCK-mediated myosin phosphorylation, but was reversible by cyto-
chalasin B - a well-known actin-depolymerising agent and stimulator of
LSEC fenestrations. Given the canonical function of PDIs as thiol-
disulfide isomerase and oxireductase, it can be concluded that the
fenestration dynamics was modulated by PDIA1-dependent intracellular
modification of disulfide bonds, although the type of reaction (reduc-
tion, oxidation or isomerization) and direct target remain to be identi-
fied. Importantly, systemic inhibition of PDIAl affected intra-

parenchymal uptake of contrast agent in mice consistent with LSEC
defenestration. Altogether, this work revealed PDIA1 contribution to the
physiological regulation of porosity in primary mouse LSECs, which
translates into the regulation of hepatic sinusoid perfusion capacity and
liver homeostasis in vivo.

The key finding of the study was the demonstration of the involve-
ment of PDIA1, but not PDIA3, in maintaining LSEC porosity, even
though the expression of the A1l isoform was lower than the A3 isoform
in isolated LSECs. In consequence, despite belonging to one enzyme
family, both isoforms seemed to be unable to compensate for each other,
which proves isoform-specific regulation of fenestrations. Given
increasing evidence linking cellular distribution of PDIs and their
function [39], the difference in the cellular localisation between PDIA1
and PDIA3 in primary mouse LSECs shown here remains consistent with
their distinct activities.

The different roles of PDIA1 and PDIA3 have been previously
described in platelet function and have been proposed to result from
targeting either intra- or extracellular disulfide exchange mechanisms
[4,27]. Similarly, in LSECs, the blockage of intracellular and surface
thiols with NEM or pCMBS, respectively, caused distinct effects on
fenestrations. pCMBS is a well-known membrane-impermeant inhibitor
of disulfide exchange, often used as a reference in PDI studies [5,6,21,
40,411, while NEM penetrates cells and alkylates free intracellular thiols
making them inaccessible. Many reports investigating PDI-dependent
regulation showed the inhibitory effects of pCMBS on platelet aggre-
gation and cancer cell adhesion through irreversible binding to sulfhy-
dryl groups of surface proteins [6,21,41,42]. In primary murine LSECs,
modification of extracellular thiols by pCMBS did not affect the number
of fenestrations, while treatment with NEM induced a significant
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Fig. 6. The effects of PDIA1 inhibition on primary mouse LSEC viability and bioenergetics. LSEC viability (A, B) (n = 3-7) and ATP production (C) measured in
the luminescence test (n = 3-6), after 2 h treatment with increasing concentrations of bepristat and C-3389. Mitochondrial (D) and Glycolysis Stress Tests (E)
evaluated in vitro in primary mouse LSECs in response to bepristat or C-3389 in 10 uM concentrations (n = 4).

Data are presented as mean values £ SD. *P < 0.05, **P < 0.01, ***P < 0.001 significantly different vs control group, ns — not statistically significant.

defenestration. This result indicates that intra- but not extracellular
target(s) are involved in the fenestration dynamics, suggesting that
intracellular PDIA1-dependent disulfide exchange contributes to the
regulation of fenestrations.

The involvement of extracellular disulfide exchange in regulating
fenestrations through the modulation of cellular adhesion and integrin
outside-in signalling was also excluded. Neither inhibition of PDIA1 nor
blockade of the surface sulfhydryls with pCMBS disturbed LSEC

adhesion to collagen I, fibronectin, or uncoated surface. These results
suggest that in cultured primary mouse LSECs, extracellular disulfide
exchange does not regulate cellular adhesion and fenestration dynamics,
in opposition to platelets, leukocytes or tumour cells, where extracel-
lular, PDIA1-dependent modification of integrin p1 is involved in the
regulation of cell adhesion [3,5,6,21,41,43]. Furthermore, the selective
inhibition of FAK, a key signalling molecule responsible for the regula-
tion of integrin function and cellular adhesion, did not affect LSEC
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adhesion. The lack of changes in LSEC adhesion after FAK inhibition
may result from impaired mechanotransduction due to LSECs seeding on
a stiff surface that does not correspond to the physiological microenvi-
ronment [44-46]. On the other hand, during adhesion to collagen I,
LSECs were shown to form integrin-independent linear invadosomes
[47], which could mask an effect of PDIA1 inhibition on LSEC attach-
ment. Nevertheless, the data provided here suggest that
PDIA1-dependent regulation of LSEC fenestrations cannot be attributed
to the extracellular PDIAl function and the regulation of
integrin-mediated adhesion or outside-in signalling, although LSECs
displayed a wide range of integrins, including the most abundant p1
isoform.

In the present work, a number of other possible mechanisms, such as
NOX-derived ROS signalling [8], bioenergetics [48] or substantial
structural cytoskeleton rearrangements [19] were also excluded.

Indeed, the interplay between NOX1 and PDIA1 was shown to have a
functional role in platelets and VSMC [8,27], and intracellular ROS
produced by NADPH oxidases, were reported to act as signalling mole-
cules mediating Rho/ROCK-dependent reorganisation of the
acto-myosin cytoskeleton [49,50]. Due to the limited availability of
isoform-specific pharmacological tools for NOX inhibition, the study
was performed using relatively selective ML171. Despite its strong
preference towards NOX1, this compound can still show activity to-
wards other isoforms, as well as glucose oxidase and xanthine oxidase
[51]. In contrast to PDIA1 inhibition, even unspecific blocking of mul-
tiple NOX isoforms did not affect LSEC porosity, although it effectively
inhibited ROS formation. Distinct effects of bepristat and ML171 suggest
that the function of PDIA1 in maintaining fenestrations in LSECs was not
related to NOX-mediated ROS signalling and was different from mech-
anisms described for PDI-dependent and ROS-dependent regulation in
platelets or VSMC [8,27].

It also seems unlikely that the PDIA1 target responsible for the
regulation of fenestrations in LSECs is located in the mitochondria.
Although PDIA1 was found to protect endothelial cells from excess ROS
and its negative effect through the control of mitochondrial fusion and
fission [52], PDIA1 inhibitors inducing defenestration were not associ-
ated with significant changes in LSEC bioenergetics. This result indicates
that the regulation of fenestrations by PDIA1 is independent of mito-
chondrial respiration.

On the other hand, it can be speculated that PDIAl-dependent
regulation of fenestration dynamics in LSECs could be linked to the
cytoskeleton remodeling, however not through the direct modifications
of the major structural proteins of the cytoskeleton, but rather by subtle
redox-dependent regulation of ancillary actin protein(s) or upstream
signalling. In fact, the effect of PDIA1 inhibition on fenestration dy-
namics in LSECs was not associated with clear-cut changes in actin
polymerisation, myosin phosphorylation, or spectrin disruption. In
contrast, modification of sulfhydryls by NEM or with diamide [19]
resulted in actin and spectrin destabilisation, respectively. Different
patterns of LSEC responses may suggest that the potential mechanism of
PDIAL1 action is distinct as compared with previously reported mecha-
nisms demonstrating cytoskeleton rearrangement via sulthydryl modi-
fications [5,8,53].

In this context, it was an important finding of this work to demon-
strate that stimulation with cytochalasin B reversed LSEC defenestration
after bepristat treatment. Cytochalasins — actin-depolymerising gold
standards — induced fenestrations in dedifferentiated LSECs after six
days of culturing [12,54], but did not increase LSEC porosity after
irreversible cytoskeletal changes, such as microtubule disruption
induced by paclitaxel [55] or inhibition of myosin light chain (MLC)
phosphorylation by ML-7 [56]. Moreover, treatment of primary LSECs
with either colchicine or taxol, both tubulin-disrupting agents, did not
affect LSEC porosity despite significant loss of microtubules [55]. The
intact architecture of the cytoskeleton is, therefore, critical to preserving
the ability of the LSEC to form fenestrations in response to cytochalasin.
Thus, the lack of changes in the cytoskeleton structural proteins after
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PDIALI inhibition together with the preserved ability to form new pores
in response to cytochalasin B points to a regulatory role of PDIA1 and
targeting of a distinct redox-regulated protein, important for maintain-
ing fenestration dynamics in LSECs.

In fact, many redox-sensitive proteins have been identified in the
cytoskeleton regulatory network, although the role of the oxidation of
these proteins on cellular functions remains largely to be determined
[57]. Several targets including regulatory and anchor proteins of the
cytoskeleton could therefore interact with the multidomain thioredoxin
structure of PDIA1. Susceptibility to redox status has, for example, been
shown for cofilin, an actin-binding protein disassembling actin fila-
ments. Oxidative modifications of cysteine residues of cofilin resulted in
its inactivation and impaired cell motility in mesenchymal cells, car-
diomyocytes, and T-cells [58-60], which may also be relevant for LSEC
porosity. Moreover, extensive studies on red blood cell (RBC) mecha-
noproperties and deformability revealed that ankyrin might represent
another molecular target regulated by cysteine redox switches in addi-
tion to the direct oxidation of spectrin [61,62]. Ankyrin binds spectrin to
the cell membrane, facilitating rapid changes of RBC morphology during
squeezing through the capillaries [62,63], which, to some extent, might
resemble the rapid dynamics of fenestrations in LSECs. Apart from
cofilin, and ankyrin, there are other possible targets for PDIA1 in the
actin-regulatory network or in the signalling pathways mediating cyto-
skeleton rearrangement such as Cdc 42, Src, or PKC [57], however, their
involvement in LSEC porosity is still not fully understood. Of note, the
activities of PDI family members have been shown to be
calcium-dependent [64]. Therefore, a possible target of PDIA1 action on
LSEC fenestrations might also be related to calmodulin and calcium
homeostasis. Previously, an inhibitor of calmodulin-dependent protein
kinase II (KN93) was shown to decrease LSEC porosity with no alter-
ations in actin or myosin structures, as the calcium-independent myosin
phosphorylation pathway was still active [56]. Moreover, defenestra-
tion was reversed by cytochalasin B, providing a phenotypically similar
response to that reported here for PDIA1 inhibition. Taken together,
current knowledge about the mechanisms regulating fenestrations is still
very limited [49], and this work has identified a new player involved —
PDIA1, which had not previously been taken into consideration in this
complex machinery. However, the molecular mechanism of
PDIA1-dependent regulation of fenestration dynamics in LSECs remains
to be determined.

Currently, targeting PDIs sets a new direction in therapeutical ap-
proaches to cancer and thrombosis. In particular, PDI inhibitors are
considered promising pharmacological tools as they have been shown to
effectively suppress ovarian tumour growth or reduce colorectal cancer
malignancy [65,66]. Unfortunately, most available compounds are
non-selective or cell-penetrating, modifying intracellular PDI function
and thus affecting other intracellular mechanisms. The key finding of
this study, demonstrating PDIA1-dependent LSEC defenestration, is a
striking example of the physiological consequences of intracellular
PDIA1 inhibition. On the other hand, given that the inhibition of
extracellular PDIs is also effective in limiting cancer cell and leukocyte
adhesion, as well as platelet adhesion and aggregation [3,21,27], the
pharmacology of platelets or tumour metastasis should be targeted to
extracellular rather than intracellular PDIs to avoid disrupting fenes-
tration dynamics.

It is well established that maintaining the correct fenestration dy-
namics is crucial for liver function and the defenestration of LSECs is an
early hallmark of impaired hepatic microcirculation [37,38]. Hepatic
perfusion capacity consists mainly of the sinusoid lumen and space of
Disse separated by the fenestrated endothelial layer [9]. This unique
morphology determines the volume of perfusion, blood flow velocity
and blood-liver homeostasis [10,11]. Efficient fenestrations are
responsible for the filtration properties of LSECs ensuring bidirectional
transport of fluids and substances, especially lipoproteins, between liver
sinusoids and hepatocytes. Lack of fenestrations may result in profound
hyperlipoproteinemia and liver steatosis as demonstrated in
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plasmalemma vesicle-associated protein (PLVAP) deficient mice [18].
DCE-MRI, commonly used in the clinic to assess liver status, was used
here to demonstrate alterations in the sinusoidal perfusion after PDIA1
inhibition in vivo. In this method, the intensity of the registered signal
depends on the perfusion, vascular permeability, and the size of the
extravascular and extracellular space, which are partially maintained by
LSEC porosity [18,34,36]. The systemic inhibition of PDIA1 was
accompanied by significant impairment in contrast agent uptake in the
liver parenchyma consistent with PDIA1-dependent LSEC defenestration
in vitro. The observed changes were rather not related to cardiac
dysfunction or hepatocyte damage, as was the case in a murine model of
chronic heart failure [67] or concavalin A-induced hepatocyte damage
[34]. The most likely cause was direct inhibition of PDIA1 resulting in
LSEC defenestration, thus limiting the sinusoidal perfusion volume. The
comparable effects of the poloxamer 407 pre-treatment on DCE-MRI
readout, seem to support this hypothesis. It can therefore be
concluded that pharmacological inhibition of intracellular PDIA1 in vivo
leads to compromised sinusoidal perfusion and disturbances of hepatic
sinusoidal homeostasis.

This study has several limitations that need to be highlighted.
Although an attempt was made to gain insight into the molecular
mechanisms of PDIA1-dependent defenestration, and NOX-mediated
ROS signalling, bioenergetics, or cytoskeleton rearrangement were
excluded, in the latter aspect this work focused exclusively on the major
structural proteins of the cytoskeleton, which were previously linked to
the fenestration dynamics and their structure [49]. However, many
anchor and regulatory proteins play a role in cytoskeleton reorganisa-
tion, and could constitute a potential target for PDIA1 action as dis-
cussed above. Moreover, the current study did not determine what type
of PDI-dependent reaction maintains LSEC fenestrations (reduction,
oxidation or isomerization) and whether one or multiple cysteine resi-
dues of a target protein were involved. Therefore, further studies with
different experimental approaches [5] are needed to reveal details of the
mechanism by which PDIA1 inhibition induces LSEC defenestration.
Finally, although two inhibitors of PDIA1, with different chemical
structure and different mechanisms of action [22,68], showed concor-
dant results regarding the involvement of PDIA1 in the regulation of
LSEC fenestrations, additional studies using gene silencing approach or
tissue-selective mouse knockout models could further support this
conclusion.

Despite these limitations, the presented results extend the knowledge
of the mechanisms responsible for maintaining LSEC porosity, showing
that intracellular PDIA1 regulates fenestration dynamics and maintains
homeostasis of hepatic sinusoids. The PDIA1-mediated mechanism of
action appears to be independent of integrins and ecto-sulfhydryls, NOX,
or mitochondrial ROS signalling, and did not involve robust alterations
in cytoskeleton organisation. Most likely, the function of PDIA1 in
maintaining LSEC porosity involves subtle regulation of the redox-
sensitive cytoskeletal microarchitecture. Importantly, the presented re-
sults have not only pathophysiological significance and foster further
studies on redox-dependent regulation of fenestrations, but also have
clinical relevance due to the growing interest in novel therapeutic
strategies targeting PDIA1. Given the fundamental role of intracellular
PDIA1 in maintaining fenestrations in LSECs, targeting extracellular
PDIs appears to be a safer therapeutic approach to avoid defenestration
after PDIA1 inhibition in the liver.
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