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“The purpose of a system is what it does.”
S. Beer

“The story so far: In the beginning the Universe was created. This has made a lot of people very angry
and been widely regarded as a bad move.”

D. Adams
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Summary

The sinusoids (specialized small blood vessels) of the liver are covered by endothelium (blood vessel
wall cells) with open transcellular pores (holes that go from one side to the other) called fenestrations.
This allows for efficient bidirectional transfer of solutes between the blood and the hepatocytes (main
metabolic liver cell). These fenestrations can disappear or reduce in number and size in disease states or
in ageing. We therefore sought to map the literature on compounds, that affect these fenestrations, and
to hypothesize how the mechanism regulating them operates.

The fenestrations are unevenly distributed along the sinusoid, with there being a greater fraction of the
cell surfaces covered by these pores towards the end (the pericentral area) compared with the start of
the vessel (the periportal area). There are also lymphatic vessels in the periportal area, in a space behind
the portal vein and hepatic artery, which is often omitted from consideration in anatomical illustrations
and flow models of the liver. We therefore sought to make a digital model at the single sinusoid level,
including these ultrastructural details, to assess their influence on fluid flow parameters.

The liver endothelium is a scavenging endothelium, that is to say high capacity waste removal cells
specialized in macromolecular and nanoparticle sized waste from the blood stream. Albumin is the
single most abundant protein in blood, with chemically modified forms of it being found in several
pathologies, especially diabetes or liver disease. It was found by a Japanese research group, Iwao et al.,
that when albumin is highly oxidized, it is rapidly removed from the blood stream, mainly by the liver.
The properties of the liver sinusoidal endothelium as a scavenger endothelium, and the clearance kinetics
led us to believe this was done by the liver sinusoidal endothelium and its stabilin receptors, because of
the functions of these in respect to other modified albumins. We indeed found that this was the case.

The analysis of fenestrations from microscopy images is a laborious process, and contains the possibility
of introducing user bias into quantifications. We assessed three different methods of image analysis for
the purpose of quantifying fenestration parameters. These were manual, semi-automated/thresholding
based, and fully automated/neural network based approaches. The manual classification method had
little bias with regards to number, whilst showing significant user bias for diameter/size of fenestration.
The semi-automated was the least biased with regard to diameter/size, but significantly biased with
regards to number. The fully automated also showed considerable user bias for all parameters, however
it can be used for batch processing. The methods are roughly ordered by speed (manual, semi-automated,
fully automated), with regards to larger data sets.
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1 Introduction

1.1 The liver

The liver is the largest of the internal organs, coming in at around 2% of total body weight in
the normal healthy adult. The perfused colour of the liver is burgundy/red, indicative of its
extensive vascularization, and a light shade of brown when washed free of blood. It is situated
at the top of the peritoneum in the right hypochondrial, a space of which it occupies the majority
of, and epigastric regions. To retain its elevated position it is secured in place by a number of
ligaments, attaching the organ to its surrounding and the venous attachments to the inferior vena
cava. The liver extends from the fifth intercostal to just before the costal margin, its surface
covered by a connective tissue layer named Glisson’s capsule with convex upper and concave
lower surfaces. The functional anatomy of the liver subdivides the organ in ways that are not
readily observable from the surface. Subdivisions are in accordance with blood and biliary
vasculature, the first level of subdivision divides the liver into two hemi-livers, the second
divides these into four sections and these further into a total of 8 segments. The segments have
their own blood-supply and biliary drainage, allowing for isolated resections of these. The
liver’s blood supply - the portal vein and hepatic artery - together with the bile-duct and nerves
enter into the liver from its hilus the porta hepatis, with blood outflow draining into three main
separate hepatic veins and further into the inferior vena cava. The liver’s lymphatics drain
through several different routes, some adjacent to the hepatic veins, and some through the porta
hepatis, all eventually draining into the thoracic duct. The liver’s blood supply consists of 70-
80% venous low oxygenated blood, from the portal vein, and 20-30% highly oxygenated
arterial blood from the hepatic artery. In the normal healthy adult approximately 1.5L of blood
circulates through the liver every minute, constituting about a quarter of cardiac output [!, 2, 3].

1.1.1 Main functions of the liver

The canonical main functions of the liver, are metabolic, performed by its parenchymal cells
the hepatocytes. These include:

Bile formation: bile acids which aid lipid absorption by emulsifying lipids in the small intestine,
are formed from cholesterol by hepatocytes and secreted into bile canaliculi, which drain into
bile ducts which drain into the gall bladder and from there is secreted into the small intestine.
Bilirubin formed by the metabolism of heme is excreted through this route, it reaches the liver
conjugated to albumin, and is converted into its soluble form by the hepatocytes before
excretion via the biliary system.

Protein synthesis: hepatocytes synthesize the major plasma proteins, save for immunoglobulins,
such as albumin, fibrinogen, prothrombin, transferrin and lipoproteins.

Glucose homeostasis: hepatocytes synthesize or break into glucose their glycogen storage in
response to pancreatic hormones insulin and glucagon. Further the hepatocytes can also form
glucose out of other carbohydrates, and from amino acids.

Lipid metabolism: oxidation of triglycerides for energy, synthesizing plasma lipoproteins and
cholesterol and phospholipids.

Drugs and xenotoxins: hepatocytes metabolize a wide host of exogenous compounds, such as
drugs and toxicants, largely via cytochrome complexes [*,3,°].

1



1.1.2 Microanatomy and ultrastructure of the liver

The liver vasculature branches out extensively, into a tortuous network of special capillaries
dubbed sinusoids. The terminal parts of the portal veins and hepatic arteries drain into the
sinusoids, which in turn drain into the central vein, flowing out of the liver into the inferior
vena cava [*,].
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Figure 1.1: A Schematic of liver architecture with classical lobules, example indicated by red
dashed line, and example of liver acinus indicated by black dashed line. Portal vein and
sinusoids in purple, hepatic artery in red, central vein blue, and bile ducts in green (lymphatics
omitted). (Schema created using BioRender.com) B Schematic of a single liver sinusoid
showing direction of flow from portal vein (PV) and hepatic artery (HA) to central vein (CV).
SoD=Space of Disse, KC=Kupffer cell, hsc=Hepatic Stellate cell, SoM=Space of Mall,
hep=Hepatocytes, BD=Bile Duct, LV=Lymphatic Vasculature. Illustration from Paper II.

The sinusoids form a complex three dimensional network, best appreciated by observing
vascular corrosion casts under scanning electron microscopy (SEM) or micro computed
tomography (u-CT) [%,7,8,%]. These are often divided into structurally repeating segments, such
as classical hepatic lobules, consisting of a central vein, and the surrounding sinusoids and
portal triads (portal vein, hepatic artery, bile duct) flowing into it, these have the appearance of
repeating hexagons. Alternatively, the liver can be divided into functional units, the more
modern concept of the hepatic acini. The acinus lies between two or more venules, with blood
flowing from portal tracts through sinusoids towards the venules. This functional unit is
somewhat more difficult to discern in histological preparations, but is more accurate in regard

to the perfusion of the liver sinusoids [°].

1.2 Fenestrations, what they are and where they are found

1.2.1 What fenestrations are

Fenestrations (trans-cellular pores) are not uncommon in the body with sites of absorption,
excretion or endocrine glands being sites with fenestrations. There are other definitions of
transcellular pores, where fenestrations are considered but one type of these, however as this is



not fully standardized terminology, for the purpose of this introduction all transcellular channels
shall be considered ‘fenestrations’.

£t
N
Figure 1.2: Fenestrations are transcellular pores, connecting the luminal to abluminal sides
of a cell, typically an endothelial cell. (Created with BioRender.com)

The existence of such structures had been theorised on account of permeabilities of fluids and
certain solutes in capillaries [!°]. However being structures smaller than the diffraction limit of
visible spectrum light [!!], they could not be observed directly until the development of super-
resolved microscopies (those that can resolve finer details than diffraction limited visible light
microscopies), the first of which was the electron microscope ['?].

The confirmation of the existence of these structures was only possible with advances in tissue
preservation and sectioning for transmission electron microscopy (TEM)['?] which occurred in
the late 1940’s and early 1950’s ['3,14,15 16 1] Prior to the advances in sample preparation, while
the electron microscope possessed the necessary resolution, the tissue sections were of too poor
quality or too thick to correctly identify ultrastructural details such as fenestrations [!%].

1.2.2 Where fenestrations are found

The following section will describe the different organs, tissues and vascular beds where fenestrations
have been found.

Endocrine / hormone secreting glands

Hormone secreting glands mostly contain fenestrated endothelium, presumably to allow more
rapid distribution to the bloodstream of hormones from the secretory cells. The anterior

pituitary gland [>,'°,%], the adrenal gland [°], including the adrenal cortex [*!,%%,%’] and adrenal

medulla [**], the pineal gland [*°], thyroid gland [*®,>’,23,%], parathyroid [*°], pancreatic island
capillaries [*!], neurohypophysis [*2,%], corpus luteum [**] have fenestrated endothelial beds.

Testicular endothelium likewise is fenestrated [*], specifically type IV endothelium [*].

Other vascular beds

The choriocapillaris (capillaries in the eyes, over the retinal pigment epithelium) endothelium
is fenestrated [*®,3”]. Synovial membrane (in bone) endothelium is described as fenestrated
[*,%,%]. Bone marrow sinusoidal endothelium forms large fenestrations to allow the passage of
blood cells, and there are also occasionally smaller fenestrations vaguely similar to that in other
fenestrated endothelium, though this form is very rarely observed [experimental and reviewed
in *°]. Senior angioma (aka cherry angiomas) were found to contain fenestrated capillaries
[*!,42]. Tongue endothelium was found to be fenestrated in frogs [*]. Gingival terminal vascular
bed capillaries of rabbits are 30% fenestrated [**]. The splenic sinusoids are notable for having
very large open fenestrations on the reticular/rod cells [*'], as well as intercellular gaps between
endothelia of the vascular sinus, which are presumed to filter out rigid red blood cells [*°]. In

the lymph nodes it has been theorized there are also fenestrations on account of permeabilities



of certain solutes [reviewed in *’], and larger fenestrations allowing macrophages behind to
access the lumen [*].

Mesentery/Peritoneum

The human parietal and rabbit diaphragmatic peritoneum contain fenestrated capillaries [*'].

Mesentery capillaries are 26.6% of the fenestrated type [*°].

Muscle capillaries

The soleus muscle capillaries were found to be fenestrated, though to a lesser extent than other
fenestrated capillaries, with 1 in 60 ultra-thin sections showing fenestrations [*!']. The number
of fenestrations was found significantly increased in animals with immobilized hind-legs in a
SEM study [*?], indicating they may be induced in instances of remodelling or atrophy. Indeed
it was found that the capillaries of the extensor digitorum longus became increasingly
fenestrated with increasing age in rats [**,>*]. The atrioventricular node (AV-node) in the heart,
confirmed in rats, cats, mice, rabbit, primates also possesses fenestrated endothelium [>°,%¢],
which Shimada et al. [*®] take to be in connection with the heart’s lymphatic vasculature, and
connected with signalling to the node.

Skin

The terminal capillaries of rat skin exhibit fenestrated endothelium [’], this is another area in
which fenestrated endothelium is in proximity to lymphatic vasculature, as distribution studies
on LPS have shown, the murine footpad extracellular extravascular space drains into proximal
lymph nodes [**]. This may differentiate the interstitial spaces [*°] in different anatomical
locations, as the presence of fenestrated endothelium suggests a greater localized flow-rate in
certain areas, which should have nowhere else to go than into the lymphatic vasculature, except
in secretory organs or glands, and these fenestrations may be inducible under different
conditions, as was found for muscle tissue [>*%4].

Absorption / excretion related

Kidney glomerular capillaries [>,°,°!], capillaries of the lamina propria of the intestinal villi
[62], lymphatic endothelium below enterocytes [°], the intestinal villi epithelial basal lamina
[62,64] are fenestrated. Last but not least, the sinusoids of the liver are lined with fenestrated
endothelium [%°,%6,67 62 68 69] The liver being one of the more fragile organs with respect to
fixation artefacts and perfusion pressure ["°], was only observed in a well preserved manner
from Yamagishi’s 1959 [®*] paper onwards, with earlier work showing extensive tissue damage,
which made interpretations substantially more difficult. Unified nomenclature and
standardization of fixation pressures and technique were introduced by Wisse in his 1970 paper
[6°]. There exists some confusion in literature, as nomenclature was not standardized early on,
and still misleading terminology such as “discontinuous endothelium” “intercellular gaps™ are
used about fenestrations. This confusion is likely a holdover from the aforementioned poor
fixation and tissue preparation, indeed it was found that immersion fixation of blocks of liver
tissue showed examples of this very artefact [*°], though perfusion pressures also greatly affect

tissue preservation [*,7!].



Open or diaphragmed fenestrations

Fenestrations can further be diaphragmed or un-diaphragmed and have dense or sparse
glycocalyx depending on the tissue and function. However, not all fenestrated tissues have been
investigated this thoroughly.

The endothelium of the pituitary [2,73,’*] is an example of diaphragmed fenestrated
endothelium, with a PLVAP (Plasmalemma vesicle associated protein) “plug” and diaphragm
across its fenestrations. The endothelium of the choriocapillaris is plugged by a PLVAP
membrane. Glomerular endothelium, and exocrine pancreatic endothelium likewise are
diaphragmed fenestrated endothelium, with PLVAP associated diaphragms. Knock out models
(PLVAP -/-) showed there were still endothelial fenestrations but now without diaphragms, and
of less uniform sizes [°]. Solus muscle and AV-node fenestrations also contain diaphragms [*'].

Function of fenestration diaphragms

The diaphragm of fenestra serves a role in restricting the size of solutes passing through, as was
found for the endothelium of the choriocapillaris, where tracers above a certain size were
excluded, horseradish peroxidase (Einstein-Stokes Radius (ESR): 30A, MW: 44kDa) could
cross while haemoglobin (ESR: 32A, MW: 64.5kDa) and lactoperoxidase (ESR: 40A, MW:
78kDa) could not [7®]. This shows that diaphragmed fenestrations are not permeable to many
serum proteins, albumin for example (ESR: 35A) [7”]. Diaphragms are found also in caveola
[7°,7%], suggesting a size exclusion mechanism for caveola mediated uptake.

The endothelium of the liver sinusoids is the preeminent example of completely open pores,
that is un-diaphragmed fenestrations that allow completely free passage to fluid, solutes,
particulates and colloids [*°]. However the fenestrations of the liver may obtain diaphragms
under diseased conditions [’!], this would greatly limit the access of solutes to the space of
Disse compared with the normal healthy state, and presents the aberrant transformations of
fenestrations as a mechanism of disease.

In summary, there are numerous sites in the body possessing fenestrations, even in non-
endothelial cells, such as the epithelial cells of the intestinal villi. The formation of fenestrations
in endothelial cells seems to follow an underlying ‘program’ independent of which ‘type’ of
endothelial fenestration, certainly with regards to glomerular/pituitary/liver sinusoidal
endothelial cell fenestrations, which seem differentiated only by the expression of PLVAP with
regard to their structures. Their induction may be through similar stimuli from their underlying
parenchyma or vessel flow characteristics and oxygen tensions. The presence of fenestrations
can also be pathological, or the result of degeneration related as shown in ageing and
immobilization experiments.

1.3 LSEC and fenestrations

Evolutionary conservation of fenestrated liver sinusoids

The fenestrations of the liver sinusoid are a highly evolutionarily conserved feature, having
been found in seemingly all species examined that have livers. Of the following (non-
exhaustive) list; mammals such as humans [”°, 8, 1], macaques [*?], rabbits [%], rats [*°], bats
[®3] and even more evolutionarily distant species such as chickens [*¥], quail, pigeons, society
finches [*°], soft shelled turtles [*°], Japanese grass lizards, tiger keelback snakes [*7] carps [**],



flatfish [*], grass-puffer fish, Tana lungfish, Japanese eels [*°] Atlantic croakers [°!], and all the
way down to Atlantic hagfish [°?] and sea lamprey [**], have fenestrated liver sinusoids. The
fenestrated endothelium appears to be an integral part of the functional vertebrate liver and
seem to be found in all species examined. Presumably fenestrations do not occur in
invertebrates, as these lack proper endothelium [*4].
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igure 1.3: Left panel: Scanning electron micrograph of in vitro cultured rat LSEC,
fenestrations in sieve plate (SP) indicated by dashed line, nuc.=nucleus. Right panel:
Scanning electron micrograph of freeze fracture of rat liver, showing a liver sinusoid, dashed
line indicates fenestrations in sieve plate, HC=Hepatocyte, SD=Space of Disse. Image
reproduced from Paper I (courtesy of Prof. Karen K. Serensen).

Nature and distribution of fenestrations in liver sinusoids

The fenestrations of the liver sinusoids are non-diaphragmed fenestrations, with diameters in
the order of 0.05-0.3um with most being around 0.075-0.15pum in diameter [®,%%].
Importantly the type of microscopy used and the tissue preparation, or cell preparation for in
vitro, does affect the size distributions of fenestrations in a systematic way [¢,”’], such that
comparisons should be made between the same mode of imaging.

Fenestrations are modified by numerous stimuli, such as drugs, hormones, toxins but also
pathological conditions and ageing [**]. The changes in fenestrations, opening and closing of
the pores, was in recent studies by a Krakow group, using live-cell atomic force microscopy
(AFM), found to be a very rapid process, in the order of seconds. The cells will even to some
extent cycle fenestrations through open and closed states in the absence of any obvious stimuli
[*9-191]. This dynamic nature raises interesting questions with regard to how and why they are
thus regulated, rather than being more static structures.

Function of liver sinusoidal fenestrations, chylomicron sieving and size
exclusion

The size range of fenestrations directly affect the sizes of solutes that can access the space of
Disse and hepatocytes, ['°2,19%], this is likely a critical component of liver function, especially
given its very high degree of evolutionary conservation (reviewed in the previous section).
Electron microscopic observations by Naito and Wisse on the size distribution of chylomicrons
present in the space of Disse and the diameters of fenestrations in suckling neonatal rats, which
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are naturally rich in serum chylomicrons, showed the distributions overlapped to a great extent
['%4]. A repeat study on adult rats given corn-oil showed the same tendency ['%].
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Figure 1.4: Relationship between fenestra diameters and chylomicron access to the space of Disse,
and hepatocytes. Left panel: Illustration of section through sinusoidal wall, and of relation between
fenestration size and lipoprotein size. Right panel: Graph of overlap in size distribution between
chylmicrons found in Space of Disse and fenestration diameters (adapted from Naito et al., 1978, De
Zanger et al., 1982). (Created with BioRender.com)

Distribution of fenestrations along the sinusoids and fluid flow within the
sinusoids

The liver sinusoids expand gradually along their length starting with diameters of about 4, 6.4,
8.8 um (as measured by SEM, TEM, p-CT) and terminating with diameters of about 5.7, 7.6,
13.7um (as measured by SEM, TEM, p-CT) [%5,1%] (likely the p-CT method adds the Disse
space to the sinusoidal diameter).

Fenestrations are unequally distributed along the sinusoids, with higher porosity (% of area that
is fenestrations) towards the ends/ pericentral area compared with the periportal region, the
pericentral area having either 33% more according to Wisse et al., or 2-3X the porosity of the
periportal area, according to Vidal-Vanaclocha & Barbera-Guillem ['°7,!%]. The exact reason
for this is not yet known, though we aim to investigate the influence of porosity on pressure
and fluid velocity in Paper II.

Pathological alterations to LSEC fenestrations/ sinusoidal porosity

‘Pseudocapillarization’ is the loss of/or great reduction in number of fenestrations, of the
sinusoidal lining of the liver, the term ‘capillarization’ has also been used for this phenomenon,
usually in the more extreme cases, as in cirrhosis models. Hepatic pseudocapillarization, a term



coined by Le Couteur, is a notable effect of ageing, where the liver sinusoidal endothelium loses
fenestrations and grows thicker [!%°]. It is observed in seemingly all mammalians investigated,
such as rat [!'°], mouse ['!!, '?], non-human primate (baboon) [!!*], and human ['!*].

Loss of fenestrations has been observed in numerous models of cirrhosis/fibrosis, including
thioacetamide models [''°], CCls [''®], dimethyl nitrosamine ['!'"], N-diethyl nitrosamine ['!%],
and cross species serum injection [!!°]. Mouse hepatitis virus 3 infection was also found to
cause loss of fenestrations ['2], it would stand to reason other liver pathogens may elicit similar
changes, though this is not well described. Moreover, loss of fenestrations was observed in
livers of alcoholics ['?!,'??], being found to happen prior to connective tissue deposition.

Importantly some of these effects are likely at least partially mediated by Kupffer cell
activation, as demonstrated by GdCl3/Glycine mediated killing/inactivation of Kupffer cells. It
was found that the effect of bacterial LPS (overload) on liver sinusoidal vasculature was
effected by Kupffer cells, by ablating these with gadolinium chloride ['**] and the toxic effect
of traditional medicine plant Piper methysticum active ingredient kvalatone on sinusoidal
endothelium was similarly ameliorated by GdCls ['24].

The involvement of LPS and Kupffer cell activation provides a plausible intersection of the
endocytic/clearance function of LSEC with inflammation and loss of fenestrations. The
mechanism would likely be either loss of LSEC endocytic ability or inhibition by ligand
overload leads to an accumulation of noxious ligands that stimulate immune cell and Kupfter
cell activation. The release of cytokines and reactive oxygen species from activated Kupffer
and other immune cells subsequently injure or signal to LSEC to close their fenestrations.
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Figure 1.5: Pathological alterations to liver sinusoidal endothelium. Left panel:
Normal/healthy/young morphology, endothelium is well fenestrated, allowing efficient
exchange between sinusoid and the space of Disse (SoD) and hepatocytes (Hep.), Kupffer
cells (KC) and stellate cells (SC) are quiescent. Right panel: Sinusoidal endothelium is
thickened, with fewer and smaller fenestrations than in the healthy/normal case, impairing
exchange between the sinusoid and the space of Disse/hepatocytes. Kupffer cells and stellate
cells are shown as activated here, and collagen deposition (Coll.) in the space of Disse further
impairs exchange. (Created with BioRender.com)

Connections to dyslipidaemia, atherosclerosis, fibrosis, glucose
transport and insulin sensitivity

The young or healthy liver has rapid and efficient transport across open fenestrations, intuitively
a reduction or loss of these would impede liver function, and indeed this has been found.



The diameters of fenestrations were by Fraser et al. suggested to be a driver of atherosclerosis
and dyslipidaemia ['*%], based upon their findings of species susceptibility compared with
LSEC fenestration diameters. For example chickens ['?°] and rabbits ['26] were prone to
developing atherosclerosis under high cholesterol diets, while rats, having wider fenestrations,
were not, but could be made prone by nicotine treatment which reduced their fenestration
diameters ['?7]. Pseudocapillarization was also proposed as the mechanism for ageing related
dyslipidaemia ['2%].

Beyond the impairment of lipoprotein uptake by hepatocytes, reduction or loss of fenestrations
also impairs vitamin-A transport, as the hepatic stellate cells residing in the space of Disse no
longer can be reached. This was confirmed experimentally in a rat cirrhosis model, where
hepatic retinol uptake was impaired [!?°]. Vitamin-A deficiency activates stellate cells, and
induces fibrosis on its own [30,131].

Furthermore the loss of fenestrations impairs glucose transport [!*?], reduces hepatic insulin

sensitivity ['**], and reduces hepatic extraction of drugs such as; diazepam ['**] and
acetaminophen ['*°]. Hepatic extraction of other drugs is impaired as well, as pharmacological
kinetics of hepatically converted drugs in ageing individuals can be notably altered [°].

Computational models of the liver sinusoids

As the pressure of individual sinusoids cannot be measured directly, and flow velocity only
with great difficulty by intravital microscopy [**"], modelling the fluid flow in the liver has been
of great interest.

However the majority of models tend towards modelling larger areas of the liver in more
generalized ways and those at single sinusoid level scale tend to not fully incorporate

ultrastructural detail [**314°], such as the gradient of porosity that is found in liver sinusoids
[107,108].

Incorporating these structural details; porosity, geometry and lymphatic drainage into a model
of the liver sinusoid in order to evaluate their influence on flow-parameters is the rationale for
Paper I1.

1.4 The Reticuloendothelial system and the scavenger endothelium
concept

The reticuloendothelial system can be said to consist of two distinct cell populations specialized
in distinct but overlapping clearance functions. The divide between functions is specialization
either towards phagocytosis or pinocytosis. In mammals the RES consists of mononuclear
phagocytes, the macrophages, and the scavenger endothelium, found in liver sinusoids, but also
bone marrow sinusoids, spleen, choriocapillaris, lymph nodes and other sites [!, 13!152] In
fish the scavenger endothelia are found in several other anatomical locations, such as
endocardium, or head kidney depending on the species. In calliphora (blowflies) the system
appears to be split into haemocytes and nephrocytes ['*!]. The most prominent receptors for
endocytosis in LSEC (stabilin-1 & -2 and the mannose receptor) are also highly conserved in
vertebrates, with stabilin-2 ['*!] and the mannose receptor [**] being found in cod endocardium.



Both in cod ['**] and in mice [!3°] the SEC, in cod endocardium, in mice as in other mammals
the liver sinusoidal endothelium, removed bacterial lipopolysaccharide from circulation.

A brief history of the discovery of the RES/ SEC

The cells of the “reticuloendothelium” were originally observationally characterized as the cells
taking up the dye lithium-carmine (a vital-stain) in vivo [1>%] The concept the reticuloendothelial
system (RES) was developed from these observations ['*7].

The subdivision of RES cells of the liver by their size range preferences was detailed by Lison
& Smulders in 1948, where they found that what they termed G-cells, have a preference for
electronegative dyes with larger diameters - they used Prussian blue (228A) - whilst smaller
diameter dye ammonium carmine (20.5A) distributed to what they termed F-cells ['3*]. A source
of future confusion can be seen here, as they call all ‘athrocytic’ (historic term for endocytic)
cells in the liver “Kupffer cells” (G-type and F-type Kupffer cells). The heterogeneity of
nomenclature came to have downstream effects once it was standardized later, and attributes
from different classifications migrated to contemporary definitions.

The term RES fell out of favour towards the later part of the 20" century, much due to van Furth
and associates ['*°], who argued in favour of the term “mononuclear phagocyte system” and
insisted it only include the Kupfter cells of the liver. This term is still in use, with many medical
textbooks and pharmacological research articles ascribing most non-hepatocyte liver uptake to
the MPS/ liver macrophages /Kupffer cells/ liver “white blood cells”.

A repeat of the lithium carmine injection experiment found that in the liver the LSEC took up
the majority of the dye, more than Kupffer cells per cell and in total, as determined by
histological examination, colocalization with denatured collagen (a known LSEC ligand), and
electron microscopic evaluation ['%°]. The concept of the scavenger endothelial cell (SEC) was
launched around this time, at the 9" Kupffer cell symposium.

The confusion seems in large part to have originated in the uncertainty in the original
nomenclature, where subsequent authors were uncertain about which cell type was which and
whereby they were characterized [Reviewed in Wisse 1970%]. Confusion with regards to the
nomenclature was not only in regards to which were the endocytic cells of the liver, or the
nature of the lining, but also what was originally meant by von Kupffer by “sternzellen” (stellate
cells), referring to either Kupffer cells or stellate cells (the confusion originating from von
Kupffer himself), with the term Kupfferian stellate cells having being used at a time
(Kupffersche sternzellen) ['¢!]. The old terminology has bled over into some of modern research
and literature and continues to be a source of misunderstanding.

Impairment of RES function in disease states

Impaired RES clearance of damaged erythrocytes occurs in active rheumatoid arthritis patients
['62], based upon that stabilins clear damaged red blood cells (RBCs)/cell corpses ['¢*,!%] this
implies a sensitivity to ligand overload /competitive inhibition of the system ['®*,'%]. Similarly
whole body irradiation diminished the clearance of damaged RBCs ['¢7].

The uptake of colloidal albumin ['®®] which was used historically to assess RES function in
vivo, even clinically [reviewed in '%°,!°°] has later identified as a ligand of the LSEC ['7°], hence
this particular probe was in fact an LSEC test primarily. (The RES was not originally considered
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to consist of functionally distinctive cell populations; therefore caution is required when
reviewing older publications on the subject matter. These publications do however still contain
useful data if one accounts for this.)

AGE-modified proteins are taken up by the choriocapillaris in the eye [!"'], this is suggested as
a possible mechanism for diabetic blindness, either directly from AGE accumulation, or from
the impaired scavenging AGE-albumin causes ['®].

Similarly hyaluronan clearance (principally by lymph nodes, liver, spleen (in this order of
importance)) ['72,!7] is impaired by rheumatoid arthritis, cirrhosis, and is a symptom of
impending liver transplant rejection [174].

1.5 Endocytosis, focus on clathrin/receptor mediated
endocytosis, and LSEC

In addition to clathrin and caveolin mediated endocytosis, other forms of endocytosis can be
further classified by dynamin dependence. RhoA regulated endocytosis is an example of
dynamin dependent endocytosis, while ARF6 regulated and CDC42 regulated endocytosis, are
examples of dynamin independent endocytosis ['7°].

Phagocytosis

Phagocytosis was coined and first described by Metchnikoff in 1883, his later work on
phagocytosis in infection and immunity ['7%,'7"] leading to his 1908 Nobel prize in Medicine
and Physiology. Phagocytosis is qualitatively described as the engulfment of larger particulate
matter, such as bacteria ['78,!”°].

Macropinocytosis, pinocytosis or cell drinking was first observed by time-lapse microscopy in
the 1930s [!8°,'81], being first discovered in macrophages. Pinocytosis came to be the term for
fluid phase endocytosis, compared to phagocytosis for particulate uptake ['].

Clathrin-Coated Pits / Coated Vesicles

Coated pits/vesicles were first described by electron microscopic observations [!**], and from
the beginning were believed to be sites of protein internalization, which was indeed confirmed
shortly thereafter ['%4,!85]. Coated pits are known to be sites of receptor mediated endocytosis
and were found in nearly all types of cells studied ['*°]. The earliest evidence of such trafficking
by coated vesicles, was the finding that ferritin was taken up in neurons in such a manner ['¥7].
The structure of clathrin coated vesicles, and their conformational change on internalization
were first described by Kanaseki and Kadota ['®%], describing a basket like pattern of repeating
pentagons and hexagons. The principal protein of clathrin coated vesicles, namely clathrin, was
isolated and characterized by Pearse in the following decade [!*]. Clathrin coated pits and
caveola were originally/ alternatively referred to as bristle coated pits, coated pits and uncoated
pits, or non-coated membrane invaginations ['*°] based upon their appearance in electron
micrographs.
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Caveola

Caveola were, as clathrin coated vesicles, first observed by electron microscopy [*°!,'%?] these
were found to be related to uptake of several ligands, notable ones include simian virus 40
(SV40) ['3], cholera and tetanus toxin ['°°]. Caveolae are formed by/through the actions of the
associated proteins; caveolins, mainly caveolin-1 [°*]. Caveolins were discovered considerably
later than clathrins, most likely on account of their being much less visible in electron
micrographs (therefore caveola were often described as “uncoated vesicles”). Caveolae are
often found to be bridged by a diaphragm, similar to how fenestrations in many fenestrated
endothelial capillary beds are [%,'%°].

Receptor cycling vs activated internalization

There are two ways in which cell surface receptors for endocytosis can cycle, either
constitutively or by ligand activation, this was first found by Hopkins et al. in the 1980’s using
the examples of the receptor systems for endocytosis of transferrin and EGF ['*°]. The process
of caveola mediated endo/transcytosis is noted to be triggered, as opposed to being constitutive,
which characterizes clathrin-mediated processes [!°*]; gp60/albondin mediated albumin
transcytosis for example is caveola mediated, and tyrosine kinase dependent ['°7].

Dynamin Constriction

The GTPase dynamin is required for the pinching off of endocytotic vesicles from the cell
membrane, presenting a rate limiting step, in clathrin- and caveolin-mediated, and likely other
endocytic processes [!**]. Dynamin localizes to the neck of caveolae and mediates their budding
off [1*°]. Antibodies to dynamin inhibited clathrin-mediated and caveolae-mediated endocytosis
when micro-injected into cultured hepatocytes [2%].

1.6 LSEC mediated uptake

The LSEC are cells specialized in clathrin mediated endocytosis [reviewed in 1!, 201 202] and
thus with constitutively cycling cell surface receptors. That the cell surface of LSEC are covered
by bristle covered micropinocytotic vesicles (clathrin-coated pits) was described by Wisse in
his seminal 1970 electron microscopy study of the rat liver sinusoids [*'] and in later EM studies
as well [293,204 205 1891 ' SEC contain relatively high amounts of the clathrin endocytosis related
machinery proteins compared with other cell types, such as Rabs 5&7, a&[p-adaptin and
rabadaptin [>°°]. In general LSEC express high levels of genes associated with endocytosis,
internalization, and vesicle transport [2°7], indicative of their scavenger cell function.

The tubulin cytoskeleton of LSEC is the transport ‘high way’ for endocytosed ligands, with
clathrin heavy chains distributing along continuous microtubules in the cells. The tubulin
network of LSEC is visually distinctive compared with other cell types, indicating its part in
the functional specialization of LSEC as scavenger cells [2%°].

LSEC are responsible for the clearance from systemic circulation of a wide range of
macromolecules, especially connective tissue components and denatured serum proteins.
Studies on clearance where cellular distribution was performed showed the often predominant
involvement of the LSEC in uptake.
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Table 1.1: A non-exhaustive list of ligands of receptors LSEC express:

Receptor

Ligands

References

Stabilin-1 (MS-1, CLEVER-I,
Feel-1, SR-H1)

FSA, AcLDL, oxLDL (EC-LDL),
AGE-BSA, nidogen, LPS, oxHSA,
phosphatidyl ~ serine,  bacteria
(e.coli, s.aureus), phosphorothioate
antisense oligonucleotides,
SPARC, Placental  lactogen,
heparin, GDF-15

Nagelkerke 1983,1984208.209 Blomhoff
1984219, Van Berkel 19912!!, Smedsrod
1997212,  Hansen 200223, Adachi
200224 Tamura 20032, Malovic
2010216, Kzhyshkowska 2006217218
200821, Li 2011229, Lee 201122,
Schledzewski 2011222, Pempe 2012223,
Miller 2016%%*, Cabral 2021'5%, Holte
2023166

Stabilin-2  (HA/S-R, MS-2,
CLEVER-2, Feel-2, HARE, SR-
H2)

Hyaluronan, chondroitin sulfate,
nidogen, heparin,  N-terminal
propeptides of procollagen (I, III),
oxLDL (EC-LDL), AGE-BSA,
FSA, Ac-LDL, LPS, oxHSA,
phosphatidyl serine, VWF-FVIII,

Nagelkerke 19832%, Blomhoff 1984210,
Smedsred 1984225, Van Berkel 1991211,
Melkko 1994726, Smedsred 1997212
McCourt 1999727, Gynebraten 2000228,
Tamura 20032'%, Harris 20042%,
Harris& Weigel 20082%°, @ie 20087,
Malovic 2010%'6, Li 2011220, Lee

phosphothioate antisense 2011221, Schledzewski 2011222, Miller
oligonucleotides, GDF-15, 201624, Swystun 2018232, Cabral
serglycine 202155, Holte 2023166,

Mannose Receptor (Mrcl, SR-
E3, CD-206)

Collagen alpha chains (I, II, I1L, TV,
V, XI), C-terminal propeptide of

procollagen  type I,  tissue
plasminogen activator, lysosomal
enzymes, salivary amylase,
invertase, mannan, terminal

mannose/L-fucose/GlcNAc,
ovalbumin, ricin, horseradish
peroxidase, agalacto-orsomucoid,
ahexosamino-orsomucoid,
lutropin, bacteria and yeast,
influenza, herpes, HIV

Hubbard 1979233, Isaksson 198324
Smedsred 1985235, 1988236, 1990a237,
1990b2%8, Eskild 19862%°, Praaning-van
Dalen 1987*°, Magnusson&Berg
1989241.1993242 Ezekowitz 1990%*3,
Taylor 19922, Asumendi 1996°%,
Stahl&Ezekowitz 199824,
Milone&Fitzgerald-Bocarsly 1998247,
Roseman&Baenziger 2000%*, Reading
200024, Gordon 2002%°, Turville
200225 Allavena 200422, Malovic
2007253, Elvevold 2008%*, Brocheriou
20112%

Fc Gamma RIIb2 IgG immune complexes Mousavi 20072
SR-A1 AcLDL, oxLDL, B-amyloid fibrils, Hampton 19917, Dunne 19942,
AGEs, LPS, lipoteichoic acid, Araki 19957, EI Khoury 1996°%,
MDA -albumin Suzuki 1997%¢!, Kunjathoor 2002262
SR-B1 LDL, oxLDL, VLDL, HDL, VitE, Acton 1996%%, Kozarsky 19972%,
Carotenoids, silica Varban 1998265, During 2005266,
Reboul 200627, Brundert 2011268,
Tsugita 2017%%°

LOX-1 (SR-E1)

oxLDL, apoptotic bodies, CRP,

Oka 199827, Li&Mehta 2000?”!, Chen

bacteria, platelets, anionic  2001a?72,2001b*7, Shih 20097
phospholipids, MAA-albumin

LSIGN (CD209L) HIV, SARS-CoV, SARS-CoV2, Gardner 2003?75, Jeffers 2004276,
HCV, VWF-FVIII Boily-Larouche 2012?77,  Swystun

2019?78 Kondo 2021%7°

LSECTIN (CLEC4G) Mannose oligosaccharides, Feinberg 2001%%, Liu 2004%!
terminal GIcNAc, mannose, fucose

LRP-1 ApoE, tissue plasminogen Hussain 1999282,  Herz&Strickland
activator, receptor  associated 2001°%, Prasad 2016**, Salama
protein, a2M, lactoferrin, FVIII 20197

LYVE-1 Hyaluronan Banerji 199928

CD-36 HDL, LDL, VLDL, anionic Tandon 1989%%, Savill 19912%, Rigotti
phospholipids, apoptotic bodies, 1995*, Calvo 1998%,  Duryee
collagen, aldehyde  modified 2005*', Brundert 20112%%
proteins
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Hubbard et al. in 1979 [***] describe the liver carbohydrate recognition system, using '*°I

labelled ligands and autoradiographic electron microscopy, and oligosaccharide terminating
proteins. Those terminating in galactose were found to be taken up predominantly by
hepatocytes, while those terminating in N-acetyl-glucosamine (agalacto-orsomucoid), mannose
(a-hexosamino-orsomucoid), preputial B-glucoronindase, mannobiosaminated RNase A were
taken up predominantly by the sinusoid lining cells (LSEC and Kupffer cells), with LSEC
taking up 2-6 times more per cell. Competition studies showed the N-acetyl-glucosamine and
mannose terminating proteins competed with one another, indicating a common receptor [>*].
This was the first study on what became known as the mannose receptor. The mannose receptor
binds and enables internalization of mannose, fucose [**?], the LSEC mannose receptor takes
up a wide host of ligands including ovalbumin [**!], tissue plasminogen activator [>*®] and
lutropin hormone [*%3,%4].

Lysosomal enzymes, mannose receptor

Macrophages internalize lysosomal enzymes via their mannose receptor [*°,2%2,2], in the liver
however it was found that sinusoidal endothelial cells are the most active in uptake of mannose
receptor ligands [**%,7]. Indeed the LSEC take up, and are dependent upon the mannose
receptor mediated uptake of, lysosomal enzymes for proper catabolic function, as found by the
use of mannose receptor knock out mice by Elvevold et al. LSEC MR ligands cathepsin-D, a-
mannosidase, a-hexosaminidase and aryl-sulphatase were confirmed totally dependent on
mannose receptor activity [>*4].

Connective tissue ligands

Soluble collagen alpha chains were found to be cleared by the liver, with uptake predominantly
by LSEC [*]. The receptor for endocytosis for denatured collagen on LSEC was subsequently
found to be the mannose receptor (Mrcl) [*°*]. The mannose receptor and collagen receptor
were previously thought to be separate entities, one may come across this nomenclature in
articles predating this discovery.

Hyaluronan was found to be cleared extremely rapidly (2.5-4.5 minutes) from systemic
circulation by mainly the liver with contribution by the spleen, (a pattern we shall see recurring).
The non-parenchymal cells were further found to be the site of uptake, with virtually nothing
taken up in hepatocytes [>*®]. In vitro studies confirmed the uptake was by LSEC [*?,22° 2%,
The uptake receptor for hyaluronan was definitely described by McCourt et al. in 1999, as being
what is now known as stabilin-2 [**7,3%°]. Studies on the uptake of hyaluronate (= hyaluronan)
in LSEC further demonstrated their rapidly cycling cell surface receptors [*°']. Laminin,
nidogen and laminin-nidogen complexes were found to be cleared by the liver, most was taken
up by LSEC, but Kupffer cells had a higher per cell uptake for laminin and laminin-nidogen
complexes [**?]. Chondroitin sulphate proteoglycan was similarly found to be taken up by
LSEC [**®], with EM studies of this uptake demonstrating the kinetics of LSEC endocytosis,
with internalization occurring in the range of 1 minute, and transfer to lysosomal compartments
after a 40-60 minute lag [***]. The receptor for serglycin, a form of chondroitin sulphate
proteoglycan, was found to also be stabilin-2 [**°, 228]. Amino-terminal propetides of type I and
III procollagen, are cleared by the liver with a t12 of 0.6 minues, the majority (78%) is taken up
by LSEC. Cross competition in vitro showed inhibition of PINP or PIIINP by formaldehyde
treated serum albumin (FSA), acetylated LDL (AcLDL) and poly-I, but not hyaluronan [3%].
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The non-overlap of ligand binding domains made certain identification fraught, with stabilin-2
being originally considered as several receptors.

Modified protein ligands

It was discovered early that in vivo Ac-LDL was taken up mostly by LSEC, with uptake 4X
higher per mg cell protein than in Kupffer cells, this was confirmed in vitro as well [2°8,21°].
Uptake of modified LDLs was shown by KO-studies to be independent of SR class A, but
susceptible to competitive inhibition by poly-I [**’]. The uptake of oxLDL is via the receptors
stabilin-1 and -2, was later shown by Li et al. in 2011 [*%°].

FSA now a canonical model ligand of the LSEC, was found to be taken up by LSEC by Eskild
etal. in 1984 [3%%], the same group also found that Ac-LDL, endothelial cell modified LDL, and
FSA were taken up by the same receptor(s) by competitive inhibition studies [>*°].

Advanced glycation end-product BSA (AGE-BSA) showed rapid clearance in vivo, distributing
nearly exclusively to liver, with modest uptake in spleen and kidney. Most of the liver uptake
(60%) distributed to the LSEC. In vitro competitive studies showed modest inhibition by FSA
and poly-I. [*'?]. AGE-BSA was also found to reduce the endocytic ability of LSEC in culture,
in pulse-chase experiments ['%°]. The receptors stabilin-1 and -2 (called FEEL-1 and -2 by
Tamura et al.) were identified as receptors for endocytosis of AGE-BSA [*!°].

Immune Complexes

Small soluble immunogloblin G immune complexes are endocytosed by LSEC and Kupffer
cells, but in a manner much slower than other ligands (FSA, collagen fragments) [*!°], it is
primarily the FcyRIIb2 on LSEC responsible for this uptake [*°¢].

Virus uptake

Viral uptake in the liver and viral clearance by the liver has been known of for considerable
time - rapid clearance by liver reticuloendothelial system is seen for Vesicular Stomatitis virus
and Newcastle disease virus, notably virus with antiserum is cleared much faster [>!!]. The same
is the case for Moscow strain ectromelia virus, which is cleared in few minutes by ‘the littoral
cells lining the liver’ [*'?]. Many of these are attributed to the Kupffer cells by authors, though
there are sure to be misattributions, and archaic uses of nomenclature (the sinusoidal lining was
by some considered entirely of Kupffer cells, thus the term “Kupffer cell” in very old
publications becomes somewhat fraught).

BK and JC polyoma viruses are cleared by the LSEC in vivo, by receptors not yet known [>13].
HIV-like particles (virus like particles consisting of some of HIV proteins) were rapidly cleared
by the LSEC [*'%]. Adenovirus rAd5 is rapidly cleared by LSEC (90%) [*'’]. Enterobacterial
virus (T4-phage) is avidly endocytosed by LSEC in culture, degradation is mildly inhibited by
FSA, suggesting some similarity in entry/endosomal processing [*'°].

Infectious uptake

Murine betaherpesvirus-1 is able to infect (murine) LSEC via binding to neuropilin-1, and
dynamin dependent endocytosis and monensin sensitive endosomal maturation - by all
appearances hijacking of the LSEC endocytic machinery [*!7]. SARS-CoV2 binds to LSIGN
on LSEC, and the virus was found inside LSEC from Covid patient autopsies, indicating it may
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be infectious uptake [2°]. The LSEC are a site for latency and reactivation of cytomegalovirus,
indicative that these are taken up by LSEC and escape degradation in some way [*'®]. There is
also evidence to suggest LSEC transcytosis may be part of hepatitis virus infection of
hepatocytes [*'?,32%] via L-SIGN and DC-SIGN [*?!].

Interference with clearance / Immune responses

LSECtin based binding/uptake by LSEC downregulated local immune responses and prolonged
hepatitis viral presence, another example of viral appropriation of LSEC normal functions, in
this case the tolerogenic effect of LSEC [*?2].

Bacterial enterotoxin

Bacterial lipopolysaccharide (LPS) is cleared from circulation by the liver [**}], in a manner
inhibitable by fucoidan and poly-I, [***], in distribution studies by Van Oosten et al. Kupffer
cells took up more LPS per cell than LSEC, whilst in a study by Yao et al. more LPS injected
was associated with LSEC (75%) than Kupffer cells(25%) [**°]. Uptake in LSEC is via the
receptors for endocytosis stabilin-1 and -2 [!°°]. The differences in distribution between LSEC
and Kupffer cells, are likely in part due to the heterogeneity of LPS, being more of a class of
molecule than a specific molecule. LSEC themselves are relatively insensitive to LPS
stimulation ['%*], but their clearance thereof and presumably the immune tolerance they can
effect [**°] is crucial to maintain homeostasis ['*°].

Binding without endocytosis

Candida albicans is bound but not killed in the absence of Kupffer cells by the liver sinusoids,
in a manner inhibitable by mannose, indicating the mannose receptor for binding activity [**’].

Bacteria as well as cell-corpses and senescent red blood cells attach to the receptors stabilin-1/-
2 on LSEC while the uptake of the bound ligands is performed by the Kupfter cells. Binding of
phosphatidyl-serine by stabilins is responsible for this binding, of which stabilin-1 in some
macrophages, importantly not those of the liver, also facilitates endocytosis and degradation
[328,163 1641 'Seemingly LSEC serve to capture/immobilize and in some way ‘hand over’ these
‘macro-ligands’ to the Kupffer cells [32%,330 221 164 163 3311 "This immobilization without uptake
may confuse kinetics studies of microorganism/bacteria clearance.

Transcytosis

Transcytosis, whereby ligands internalized are released again, likely on the abluminal side, with
or without modification, also occurs in LSEC. Ceruloplasmin and Transferrin are both; taken
up, desialated, and released by LSEC with subsequent hepatocyte uptake [>32,333, 334].

Endosome uptake and degradation kinetics of LSEC, exemplified by
some more well studied ligands

Studies by Eskild et al., on the internalization kinetics of FSA in LSEC, in in vitro EM studies
gold labelled FSA was found associated with coated pits in LSEC, and the discovery that pH
6.0 would dissociate surface bound ligand, allowed the ti, for internalization to be estimated as
24 seconds. Pronase treatment, destruction of cell surface proteins, demonstrated a 40%
reduction in receptors, indicative of a large internal pool and rapid cycling. Endosomes with
FSA mature into lysosomes after about 9-12 minutes [**°].
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The in vivo clearance kinetics of FITC labelled, heat denatured collagen were found to adhere
to a bi-phasic clearance, with a ty,a of 0.8 minutes and a t3 of 3.7 minutes, distributing 89% to
liver. Using collagens labelled with different fluorophores the speed of trafficking to lysosomes
was studied. TRITC labelled heat denatured collagen was injected into animals, after 24 hours
cells from these animals were cultured, and FITC labelled heat denatured collagen added, and
fluorescence time course experiment performed. It was found to take 8 h after addition of FITC-
collagen for a partial overlap of fluorescence to be observed, and a full 18 hours until overlap
was complete (i.e. both being in the same compartment). In vitro pulse-chase studies showed
collagen reaching early endosomes by 20 minutes, and prelysosomal compartments after 60
minutes [**¢]. Further studies using fluorescent and electron microscopy confirmed the
sequential sorting and rough time-frames, going from early endosome (0-20min), to late
endosome (20min-2h) and lysosome (2h+) [**7].

Impairment of LSEC endocytosis

LSEC endocytic activity becomes impaired under certain pathological conditions, for some the
effect is definitely ascribed to the LSEC, while for others it can be likely ascribed but has not
been validated. In general impairments of reticuloendothelial function by the classic definition,
most probably involves some manner of impaired binding and or uptake by LSEC or would
have an effect upon their uptake function.

In ageing models it was found the endocytic capacity of LSEC was clearly reduced, by
performing capacity studies on isolated cells from aged animals [***]. This is probably related
to the observed endothelial thickening and pseudocapillarization in ageing [!%°]. The loss of
endocytic activity with senescence of LSEC has been proposed as a mechanism leading to death
in ageing [**].

In cirrhosis and other liver injury or disease there is often elevated levels of scavenger receptor
ligands such as hyaluronan [!"*] and oxidized albumin [>*°3*']. This is expected as these
conditions involve extensive liver cell death and inflammation, which would lead to
inactivation of the LSEC scavenging function. Other pathological states also see elevated
scavenger receptor ligands, such as AGEs and AOPPs in diabetes [**?], or oxLDL [**)] and
oxidized albumin in atherosclerosis [>*4].

The pro-athrogenic ligand oxLLDL was found to cause endothelial thickening and reduction in
fenestration frequency in the centrilobular area of the sinusoid [**].

AGE-BSA was found to impair scavenging function in isolated LSEC for prolonged periods of
time ['%°], and the glucose moiety of AGE-BSA was not removed from the LSEC in vivo for
weeks after injection in another study, with removal of this moiety being much slower in post-
pubescent animals [>4¢].
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2 Aims of the study:

The LSEC of the liver are highly fenestrated with non-diaphragmed fenestrations that are crucial to
normal lipoprotein transport, and evolutionarily conserved across all species with livers. We sought to
evaluate all previous research on LSEC fenestrations, summarize all compounds found to modulate
them and hypothesize a mechanism for their regulation.

Further we sought to evaluate the influence of LSEC fenestrations, their typical distribution, as well as
other relevant parameters on the flow parameters of the liver sinusoid.

LSECs are also avid scavenger cells that remove macromolecular waste, among which are modified
albumins FSA, and AGE-BSA both of which are taken up via the receptors stabilin-1 and -2. We
hypothesized that LSEC/stabilins were the site of uptake/endocytic receptors for highly oxidized
albumin, and sought to determine if this was the case.

Finally, super resolved microscopy is required to visualize the fenestrations of LSEC, and large image
sets need to analyzed to be able to conclude about their regulation. We therefore sought to evaluate
methods for image analysis, and segmenting out fenestrations from these images, to demonstrate
strengths, weaknesses and susceptibility to user bias.
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3 Summary of Papers

3.1 Paper |
The wHole story about fenestrations in LSEC

Objectives:

The objective of this paper was to review the available literature on what chemical compounds
affect the fenestrations on LSEC, assess the evidence presented (in vitro/ in vivo, species,
microscopy used) and to map out which direction the changes went.

Methods:

The paper is a non-systematic review, going over all literature that could be found concerned
with alterations to LSEC fenestrations. The evidence presented by each article was then
assessed for reliability, several works were of too poor quality with regards to microscopy/
sample preparations to support their claims, these were excluded from the review. The works
deemed sufficiently well performed were summarized over class of molecule, e.g. recreational
drug, pharmaceutical drug, hormone, lab-tools and experimental models.

Results:

A wide host of compounds had been found to have effects upon the fenestrations of LSEC.
Recreational drugs, mostly caused reductions in fenestrations. Vasodilators/constrictors and
actin scaffold modifying compounds were notable in their ability to affect fenestrations.
Vasodilating compounds in general increased the diameters of fenestrations, and
vasoconstrictors decreased diameters. Actin disrupting toxins caused an increase in the numbers
of fenestrations, with no effect or decrease to diameters. Numerous medical drugs affected
fenestrations, including; metformin- increased numbers, sildenafil- increased numbers,
amlodipine- increased numbers, among others. An expanded model for how fenestration may
be regulated was also generated based on these various compounds and their modes of action.

Conclusion(s):

Many compounds can affect the porosity of the liver sinusoids. These have implications for
both liver focused interventions and intoxication/ off target effects of other interventions. The
exact mechanism of fenestration regulation is not yet known, nor are all constituent components
of the fenestra associated cytoskeleton. Actin, spectrin, myosin, nitrous oxide regulated
pathways, cAMP and/or cGMP regulated pathways seem nearly certainly involved. We
summarized the literature of the field over a long period of time, and added data from a book-
series which does (to date) not exist in digital form in its entirety, “Cells of the Hepatic
Sinusoid” by the Kupffer Cell Foundation. This we believe will allow these results to be known,
and incorporated into newer research.
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3.2 Paper Il
The Computed Sinusoid

Objectives:

The aim of this study was to use fluid dynamics simulation to investigate the influence
fenestration distribution, vessel shape and lymphatic drainage have upon the liver sinusoid.

Methods:

Computational fluid dynamics simulations were carried out on 2D models of the liver sinusoids,
with varied features (cylindrical/conical, constant high (20%), low (5%) or increasing variable
(5, 6, 20%) porosity), to investigate their contributions to pressures and flow velocities in the
sinusoid, across the LSEC, and in the space of Disse.

Results:

The overall shape of the vessel had the single largest effect on flow parameters, with velocity
magnitudes 2 fold lower in divergent radii models, and pressures 5-8% reduced in comparison
with constant radius models. The addition of a lymphatic drainage significantly affected flow
in the space of Disse, with 2-4 fold increases to velocity magnitude, and 6-12% reductions in
pressure. Porosity made only small contributions to luminal pressure, while higher porosity
models had lower velocity magnitudes and pressures across fenestrations, flow velocity in the
space of Disse was higher in higher porosity models.

Conclusion:

The included parameters did show effects on flow parameters, though some unexpectedly
modest. Porosity appears to be able to modify flow in the space of Disse, given the rapid nature
of fenestration regulation, this may be a way in which the liver regulates this flow.
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3.3 Paper IlI

Highly oxidized albumin is cleared by liver sinusoidal endothelial cells via the receptors
stabilin - 1 and - 2

Objectives:

Highly oxidized albumin is a modified serum protein associated with several pathologies, such
as atherosclerosis, liver disease and diabetes. LSEC are scavenger endothelial cells specialized
in the clearance of macromolecular waste. The fact that very oxidized albumin was cleared by
the liver and spleen, with a very short half life, as found in a study by Iwao et al., led us to
suspect the LSEC and their stabilins were involved, based upon previous work by this group
and others on the subject. We therefore sought to demonstrate that highly oxidized albumin
(oxHSA) is in fact cleared by LSEC in vivo, and that binding and uptake is via the receptors
stabilin-1 and -2.

Methods:
In vivo: organ and hepatocellular distribution by way of lodine-125 labelled oxHSA.

In vitro: Uptake of '®I-oxHSA in isolated LSEC, Kupffer cells, hepatocytes, HEK293
overexpressing either stabilin-1 or -2 respectively, and competitive inhibition studies in LSEC
and HEK?293 expressing stabilin-1 or -2. Affinity chromatography of LSEC detergent lysates,
with Sepharose 4B immobilized oxHSA, native albumin and ‘empty’ Sepharose 4B followed
by mass spectrometry identification of eluted proteins. Viability, EM level morphology and
recovery of endocytosis (pulse-chase) experiments.

Results:

oxHSA is cleared extremely rapidly by the liver and spleen, and in the liver distributed
overwhelmingly to the LSEC. Cultured LSEC endocytosed much more oxHSA than either
Kupfter cells or hepatocytes, further this uptake was inhibitable by ligands of the stabilins
(oxLLDL, FSA, AGE-BSA). HEK293 cells expressing either stabilin (-1 or -2) endocytosed
oxHSA to a much greater extent than vector control cells. oxHSA could also inhibit the uptake
of other stabilin ligands in LSEC and HEK293 (stabilin-1 or -2) cells. oxHSA did not decrease
cell viability (as measured by amar-blue or lactate dehydrogenase assays) in cultured LSEC,
nor did morphology change perceivably in the cells at any concentration tested. oxHSA did
however decrease the endocytic activity of LSEC for prolonged periods of time in pulse-chase
experiments.

Conclusion:

LSEC and their stabilins are the primary clearance site and system for highly oxidized albumin,
this highly oxidized albumin can depress their normal scavenger function plausibly contributing
to the pathogenesis of conditions where oxHSA is formed. Ablation of the stabilin receptor
system has been shown previously by others to have severe deleterious effects on health and
lifespan in model animals. Thus, elevated levels of circulating ligands of the stabilins, such as
oxHSA, are a prognostic marker of reticuloendothelial dysfunction, and indicative of poorer
prognoses.
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3.4 Paper IV

Quantitative analysis methods for studying fenestrations in liver sinusoidal endothelial
cells. A comparative study

Objectives:

The diameters and numbers of fenestrations are both important parameters of LSEC, where
porosity determines the exchange rate with the bloodstream, and the diameters present a size
exclusion filter for what size of particle or colloid may enter the space of Disse and access the
hepatocytes. We sought to evaluate three different ways of quantifying these parameters
(diameters and frequency), 1) the original manual image segmentation, ii) a semi-automated
thresholding-based approach in Imagel, and iii) a fully automated neural-network based
approach, using the Ilsatik software package.

Methods:

Three super-resolved microscopies were used to generate images of rat LSEC, 1) Atomic Force
Microscopy, ii) Structured Illumination Microscopy and iii) Scanning Electron Microscopy.
The image sets from these were then segmented by either method; manually measuring
parameters in Imagel, extracting features with thresholding in ImagelJ, or classified by a pre-
trained neural-network, using Ilastik. Outputs from these were then compared, and user bias
from five different users of the methods.

Results:

The impact of user bias could be seen in all methods evaluated, but the impact was different in
each. Out of the methods manual counting was the most accurate for numbers (frequency) of
fenestrations, while the semi-automated method (thresholding) was the most accurate for
diameters. The semi-automated method also showed the least amount of user bias. The fully
automated method depended more than the others on high image quality/ resolution.

Conclusion:

Manual classification is very accurate for frequencies, less accurate for diameters, whilst
containing considerable user bias compared to semi-automatic classification (thresholding).
The semi-automatic approach is the least sensitive to user bias, and has the best accuracy for
diameters. The fully automated method is the fastest, with the qualification that it must be
trained first, such that this applies to larger sets of homogenous images (wrt. Resolution and
image size). The optimal approach is best decided by the data-set at hand, largely size of data
set and image quality.
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4 Discussion

4.1 Methodological considerations

Paper I: In Paper I we conducted a non-systematic review, this is on account of the very
long time-span from which we collected articles. Many were not very well indexed, some were
from books of conference proceedings we only serendipitously had access to. For old articles
(pre-internet) the use of ‘modern’ search terms would also likely not have worked, as
terminology has shifted over the last 50 years, and far from everything has been properly
indexed. The difficulty was more in finding the articles at all, rather than to narrow down search
terms in order to exclude spurious results, given the age of some of the work, as well as the
niche character of the field. Exclusion was done by assessing the methodology and quality of
images produced, if preservation of tissue or sample preparation looked sub-par, we excluded
on this basis.

The inclusion criteria were that the papers had quantitative results pertaining to fenestra
number, diameters or porosity (area fraction), imaging modalities and sample preparations that
make it likely the results are valid.

Paper Il: Paper I is an in-silico study, using experimentally determined input parameters
to model the fluid flow velocity magnitude and pressure in a 2D sinusoid. There were several
different versions of this model generated, with variations to shape (conical/cylindrical) outlets
(with/without lymphatic drainage) and input parameters (normal or elevated pressure).

For computational, and hardware related reasons, simplifications had to be made. We modelled
the sinusoids as a 2D half-section for computing time and hardware constraint reasons. We
compared this 2D model with a smaller 3D model, to ensure the simplification we had made
was valid. The sinusoids also leave out several important parameters from physiology, that were
not trivial to include. The flow was modelled as continuous, whilst the real case is of pulsatile
flow as in blood vessels in general, with starts and stops. The tissue in vivo is also elastic and
compressible, whilst our model was made to be rigid. These parameters are however
computationally expensive, and we felt our primary inquiry into the function of the sinusoidal
ultrastructure could still be done to satisfaction even with the aforementioned simplifications.

Paper Il1: Paper III is a study on the uptake of a modified protein ligand in vivo and in
vitro, characterization of its receptor in vitro and its effects on LSEC in vitro.

Ligand radioiodination was the main method of the paper: oxHSA and other ligands were
labelled with 125-Iodine ('*°T) by the oxidative Iodogen™ method. To be sure that the labelling
did not greatly alter the molecule, competitive inhibition studies with '*’I-oxHSA against
unlabelled oxHSA were performed. Unlabelled oxHSA could inhibit the uptake of 'I-oxHSA,
indicating that the receptor system had not changed. oxHSA is also highly oxidized, with the
fairly gentle oxidation of the labelling procedure unlikely to contribute much. Experiments with
similarly labelled native albumin has shown that this labelling technique does not predispose
albumin for clearance.
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In vitro uptake studies were performed with excess of native albumin in the culture media, there
would also have been excess albumin in vivo as albumin constitutes a large fraction of serum
proteins. This blocking was done to minimize non-specific binding to the culture wells and
assist in precipitation for quantitation of degradation. Quantification of degradation was done
by precipitating intact protein with trichloroacetic acid, bringing the solution below the pl of
albumin, a method that has worked for all soluble modified version of albumin (formylated
albumin: FSA, glycated albumin: AGE-BSA), and is separately validated by cell free control
wells in the experiments, in which the amount of precipitated radiation is taken to be the intact
fraction.

Affinity chromatography was performed to identify the receptors for endocytosis, oxHSA,
native albumin were separately coupled to Sepharose4B. As a further control Sepharose4B
without attached protein was used. Only proteins very strongly attached to the columns were
eluted, less strong associations would have washed off in the extensive washing steps of the
procedure. Thus the method could determine stabilin-1 and -2 were strongly bound to oxHSA,
but other receptors with weaker affinity may have been overlooked.

Primary cell isolation, culture

LSEC, as a cell type lose phenotype and functions rapidly in culture [>*!,34"], effectively placing
a limit on the time-frame of experiments. There are currently no existing cell lines that replicate
LSEC morphology and function to an acceptable level, these are therefore not a useful
replacement. Expanding the time in culture LSEC preserve their characteristics is therefore an
important pursuit in liver research. Until this point in time a useful timeframe of 2-3 days in
culture is the maximum, severely limiting what can be done, for example siRNA experiments
have not been feasible [personal communication; Serensen & Smedsrad].

There are of course limitations to using cultured cells, as they have been removed from the
context of their organ, and the systemic circulation wherein they resided. Organs as most things
in physiology are highly dynamic in nature, with cycles and fluctuations across multitudes of
parameters (hormones, nutrients, pressure, and more). Improving culture conditions, to more
closely mimic physiological parameters is an important direction of research, allowing better
in vitro modelling, as well as disentangling the downstream effects of these parameters in
isolation, allowing for a better understanding of the underlying physiology.

Caveats regarding the use of model organisms

It has been documented extensively that primary LSEC (and likely other specialized cell types)
lose phenotype and functions rapidly in culture such that only freshly isolated primary cells are
of'any use in their study. One should also not underestimate the confounder presented by species
differences between model organisms (mice, rats, pigs and so forth) and humans. Highly
conserved mechanisms found in most vertebrate or mammalian species can be adequately
modelled in rodent models, however care should be taken in extrapolation, their cross-talk and
interactions could be significantly different. The organ and cell population, -specific responses
are likely to be different between certain species [**].

For disease models there should also be caution in comparing pathologies not intrinsically
similar, such as for example intoxicant caused liver injury as models for steatohepatosis/
cirrhosis (e.g. CCls, TAA), being of different aetiologies they likely are not functionally similar
in all respects, despite being often chosen for time constraint reasons. The lifespan of model
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organisms is another important source of discrepancy, compensatory systems found in long
lived organism such as humans may not be present in small animals with typically short life-
spans, complicating comparison [**°]. It is imperative to perform comparative tissue
transcriptomic and proteomic studies, comparing especially model organisms and humans, to
assess the validity of a model for its application.

Paper 1V: Paper IV is a methodological study on techniques used in image classification
when quantifying LSEC fenestrations. The topic had not seen comparative analysis performed
before, comparing different methods of image analysis. The paper further adds detail by
comparing these across multiple modalities (AFM, SIM, SEM).

There were not many known techniques besides manual classification, though some uses of
thresholding deconvolution and automated classification had been made. We demonstrate how
these methods compare, and how user bias affects each, as well as how they interact with
different modalities. This allows future users to make a much more informed decision about
which method to choose, and the potential pitfalls (mainly user bias).

The methods examined were the best available methods at the time of publication, but now it
would be of considerable interest to revisit artificial intelligence-based approaches given their
recent rapid and considerable developments.

4.2 General Discussion
Fenestration regulation

Cellular messengers involved in fenestration regulation

The actin cytoskeleton is an important part of fenestrations and their associated cytoskeletal
structure. NO, Calcium ions, cyclic GMP and cyclic AMP are all in some way involved in
regulating fenestrations.

Inferred mechanisms of LSEC fenestrations regulation

In Paper I we propose that the integral parts of the fenestration associated structures are actin,
spectrin and myosin, and these regulate fenestrations via RhoA/ROCK, Calcium Calmodulin,
eNOS NO and cyclic AMP/GMP involving pathways. There are undoubtedly more
complexities to the pathways that regulate fenestrations, and all components or directions of
contribution (i.e. increase/decrease diameter/numbers) may not be correctly ascribed, we do
however believe that our schema is mostly correct.

The fenestration associated cytoskeleton

There exists a cytoskeletal structure which appears to hold open the fenestrations on LSEC, as
seen by cytoskeleton buffer extracted and membrane stripped, or TEM of whole-mounted,
cytoskeleton buffer extracted LSEC. The structure was first described by Braet et al. [>*°] and
more recently Zapotoczny et al. [*>'] using optical nanoscopy, found it to be in part at least
made up of actin and spectrin. Thus actin cytoskeleton related and regulating proteins are of
particular interest with regards to fenestration regulation.
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Further developments upon the hypothesis developed in Paper I

Zapotoczny et al. in a 2022 study [**?] further tested the hypothesis formulated in Paper I, with
the aid of various inhibitors and cytoskeleton modulating compounds. The Rho-ROCK
pathway is identified as regulating fenestration diameters and MLCK is identified as critical to
the formation of fenestrations.

Zhang et al. [*>*] demonstrate how substrate stiffness both maintains phenotype (soft) or causes
loss of fenestrations (stiff) in vitro, and by which pathways. They show that the focal adhesion
kinase (FAK) via the p38 MAPK MK?2 pathway, causes actin remodelling mediated by LIMK 1
and Cofilin. eNOS and other LSEC typical markers (Stabl/2, Fcgr2b, Gata4) are found
downregulated in the stiff substrate cells, suggesting generalized dedifferentiation. This is of
further interest beyond merely understanding LSEC fenestration regulation, but also seems
linked with defenestration seen in disease state, e.g. fibrosis. The authors suggest connective
tissue component cross-linking as an important mediator.

Paper VI, "Effect of caffeine and other xanthines on liver sinusoidal endothelial cell
ultrastructure." also extends the knowledgebase of Paper I, adding the xanthines as a class of
compounds which can modulate fenestrations.

Fenestration alterations in vitro vs in vivo

It should be noted that in the in vivo case interactions with other cell types in the liver (and
conceivably elsewhere) in response to stimuli complicates discerning the mechanism of action
of a compound upon fenestrations. This is of course the most realistic way to assess whether a
compound can alter fenestrations, as in vitro studies remove much of the anatomical context of
the cells. However, for discerning the mechanisms behind, and cell type specific responses, to
compounds, in vitro studies on freshly isolated primary cells will be a good choice. In Paper I
we list whether experiments were in vivo or in vitro, that future experimenters may know
whether the mechanism could involve additional cell types (though for the in vitro case the
incidence of contaminating other NPCs is rarely zero).

Fenestration modulation in pathological states

Caloric restriction was found to improve the sinusoidal endothelial phenotype in vivo, with
thinner endothelium, with greater porosity found in aged animals on a calorically restricted diet
[128,354]. An every-other-day feeding regimen in mice was found to lower oxidative stress
markers in mouse livers compared with ad libitum mice [**°], which is likely a contributing
factor to observed pseudocapillarization, based on liver sinusoidal changes elicited by oxidative
stress [*°®]. Presumably ad libitum feeding is a sub-optimal feeding regimen across species, on
account of the rarity of this situation in evolutionary history. As effective as caloric restriction
is, it is unlikely to see widespread adoption (possibly with the exception of liraglutide users)
for obvious reasons.

Therefore there is a need for therapeutic interventions that can address ageing (and other
pathology) related pseudocapillarization/ capillarization.

Our review sought to collect the known literature on the subject matter, that it may be
systematized and interventions could be derived from it.
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Assessing pseudocapillarization in vivo / clinically

As stated in Paper I, pseudocapillarization is a major motivating factor for studying
fenestration affecting compounds. Hence it would be immensely valuable to be able to asses in
vivo/ clinically when such an intervention would be beneficial/required, and whether the
intervention is working. Le Couteur et al. demonstrated the utility of the multiple indicator
dilution technique in assessing hepatic porosity ['**]. Based upon these findings and those of
Naito et al. ['*] findings on the size restricting effect of fenestrations in vivo, a method for
assessing liver sinusoidal pseudocapillarization may be inferred. Kinetics and possibly
distribution, of radiotracer labelled lipoprotein could be used to estimate if the liver sinusoid is
comparatively normal, with bidirectional transfer happening at a normal/healthy rate, or if the
reduction of fenestrations has begun to impede transfer. This would allow for a relatively simple
method of assessing accessibility of the space of Disse clinically. Importantly this would not
distinguish between connective tissue deposition-based loss of access, compared with
pseudocapillariation/ defenestration of the sinusoids. Adding a separate tracer of a different
photon-energy or being in some other way distinguishable, connected to antibodies against
collagen could facilitate this. Gadolinium based contrast agent uptake by hepatocytes has also
been proposed as a method for estimating liver function using dynamic MRI [**’], this would
also measure sinusoidal endothelial permeability, similarly to indocyanine-green clearance
[3°%], though the small size of these agents make them likely less sensitive than lipoproteins
which are closer in size to fenestration diameters.

Further, a computational model, such as we developed in Paper II, could with slight
modifications be used to simulate expected parameters given certain porosities and resulting
uptake kinetics.

Liver sinusoid in silico models, level of detalil

Our in silico model contains relevant ultrastructural details of the liver sinusoids [!%, 107 108]
modestly simplified for computation. We however did have to make some simplifications in the
model still. For example the model is completely rigid, as opposed to elastic as normal liver
tissue would be. We also simplify the flow as constant, while in reality it is of course pulsatile.
The lymphatic drain outlet pressure was set to an estimated value, as there is no good way to
measure it directly. We believe the simplifications are both necessary, for computational
reasons, and do not detract much from what we sought to investigate. It would still be
worthwhile to implement the model with added details, to make it even more accurate.

The distribution of fenestrations in the sinusoid, lymphatic drainage and their
contribution to sinusoidal flow

In our model, the flow in the lumen of the sinusoid was modulated nigh exclusively by the
shape of the vessel, while flow in the space of Disse was modulated by fenestrations and
lymphatic drainage. This indicates the lymphatic outflow as an important factor determining
flow, with implications for obstruction of lymph in the liver. The presence and geometry of the
liver lymphatics have been described and studied by electron microscopy by Ohtani et al. [**°]
and with immunolabeling and fluorescence by Kiefer et al. [>%].
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LSEC scavenger cell function

When to suspect LSEC mediated uptake

LSEC as scavenger endothelium are specialized towards macromolecular waste clearance
[151:361]  thus ligands for endocytosis by LSEC fall into a size range typically less than 1pm,
usually even smaller [2°']. LSEC can however immobilize larger solutes such as bacteria [*28,33!]
or damaged / senescent red blood cells [22!2%33%], however they do not endocytose these, this
is done by the Kupffer cells in this case. On account of their very high endocytic capacity, if
the disappearance from the blood-stream is very rapid, this alone should make the LSEC a
prime candidate site for uptake, or binding if too large for LSEC endocytosis. If in addition the
uptake distributes to mainly liver (and secondly spleen), they are likely to be involved in some
capacity. Thus, a clearance, biodistribution-experiment that displays I) rapid clearance II) high
% distribution to the liver; should lead to the LSEC being investigated as the likely site of
uptake.

Caution: Biodistribution experiments carried out without blood clearance measurements, and
with a too long time-frame (LSEC uptake is typically rapid and has 2-5 min ti», with
degradation beginning shortly thereafter [** 3%]), may misattribute the uptake, as much of the
ligand may have become degradation products after few hours.

It would be prudent to always determine the clearance kinetics, and should they be in the range
that LSEC typically operate in, with distribution to the liver; extracting the liver a similar time
after injection as 2 half-lives will be prudent. With fluorescent labelling one can visually
determine if uptake is via LSEC in frozen sections (and counter-staining with an LSEC marker
e.g. stabilin-2), otherwise for radiolabelled (or by other methods measurable) ligands,
performing a liver cell separation within this time-frame and measuring activities per cell (or
some other measurable parameter relating to the ligand).
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Figure 3.1: Illustration of characteristics that indicate LSEC involvement; Left panel: Rapid
clearance, Right panel: Distributes mainly to liver. (Created with BioRender.com)

Time

Albumin charge and conformational change and clearance

Based upon previous findings on formylated (FSA)[*%], glycated (AGE-BSA)[?'?] and now
highly oxidized, Paper III, albumin; charge and conformational changes drive the affinity for
scavenger receptors, mostly stabilins, and lead to clearance from circulation. Observations
made by Svistounov using HPLC on formylated, glycated, and highly oxidized albumins,
indicate a conformational change [personal communications D. Svistounov, Paper III], and
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higher propensity towards dimerization. This presumably relates to receptor affinity and
clearance. Further binding studies using receptor cell-lines could elucidate which modifications
and conformational changes.

0XHSA presence in disease states

The very efficient uptake of oxHSA by LSEC that we document both in vivo and in vitro, shows
that the presence of this modified protein in circulation is a strong marker for severe impairment
of LSEC (and probably RES in general) mediated clearance functions. This, as it would
otherwise be rapidly removed, and that it can depress endocytic activity on its own in LSEC for
prolonged periods of time.

oxHSA may not be very specific as a marker, given the various pathologies that can lead to its
accumulation [*°?], we however believe there may be value in screening for it, as appreciable
quantities of oxHSA would indicate critical failure of the scavenging/RE system. High levels
of oxHSA would further indicate liver involvement, in whichever pathology it is found.

Implications to impaired scavenging

The LSEC are responsible for the removal of a wide host of macromolecular waste from the
blood-stream [*°!2%2], some of which e.g. LPS ['*°] and oxLDL [**°] are known mediators of
inflammation and pathological development. If the scavenger cell system is overwhelmed or
impaired this may set off a cascade of inflammation across the body. The production of reactive
oxygen species by activated immune cells [***] suggests a potential loop, whereby oxidation
protein products stimulate inflammation and additional ROS formation [**°], as well as impair
scavenger cell uptake, as seen in our work.

Discussing targeted delivery to LSEC in diseased states

Targeting LSEC for delivering therapeutics to the liver is a promising approach given their avid
endocytic nature, and well characterized receptor systems (see sections on endocytosis and
receptor table). There exist promising developments using nanocarriers to deliver therapeutic
cargo to LSEC, or the liver in general via the LSEC [3%4,365 366 367 368 3691 ‘Thig would be useful
to deliver drugs specifically to the liver, or more specifically to LSEC. This may be done in
order to deliver therapeutics to LSEC such as those described in Paper 1.

Endocytosis in diseased states and implications for liver targeting with nanoparticles and
the like (e.g. nanocarriers, drug-targeting moiety conjugates etc.)

Decreased uptake: Uptake of colloidal carbon (India ink) was found decreased in the ageing rat
[150,370 371372 373 reviewed '%°], and uptake of sulfanilate-azo-albumin was reduced by half in
aged rats [*’*]. A study by Ito et al. in 2007, similarly found reduced uptake of FSA and AGE-
BSA in aged rats [!'?]. LSEC isolated from aged rats showed reduced endocytotic capacity
relative to cells from young animals [**®] but there was still considerable LSEC mediated
scavenging in aged rat LSEC in this study. Expression of the important scavenger receptor
stabilin-2 was also found decreased in aged mice [*”°]. There are also other considerations to
be had when using nanotheraputics (or similar targeted approaches) in the elderly [reviewed in
3761, Interestingly scavenger receptor targeting may be more effective than hepatocyte targeting
approaches, which may be slowed considerably by age related pseudocapillarization (reviewed
in section on fenestrations).
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Circulating scavenger receptor ligands will also render certain targeting strategies will be less
effective. In advanced liver disease [**°,>*'] circulating oxidized albumin is often seen, which is
in of itself a potent SR ligand and will likely displace stabilin receptor targeting moieties, and
renders reduced scavenging in general on account of its own high affinity as described in Paper
III ['%°]. Oxidized LDL, also a stabilin ligand and nanoparticle, taken up by LSEC [*?°], may
also displace stabilin ligands, and other scavenger receptor targeting nanoparticles. Similarly
advanged glycation end products (AGEs) as seen in diabetes [*”’] may impair uptake via the
stabilins of LSECs [*7%,21%]. Additionally increased levels of circulating ligands would have the
potential to overwhelm the uptake and degradation systems of the LSEC (or other highly
endocytotic cell types) as noted by Hansen et al. ['®*], and slow down and or redirect the
nanoparticles elsewhere.

Kupfer cell impairment: Chronic liver disease was found to impair clearance of bacteria in
humans [*”°]. Intravital microscopy of uptake of 1.1pum latex beads, canonically taken up by
Kupffer cells, however showed no impairment with age in rats [>%°].

Increased uptake: murine LSEC isolated from thioacetamide induced fibrosis animals showed
increased uptake of dextran, albumin and mannose-albumin [*%!]. It was also found [**?] that
inflammatory cytokines and lipopolysaccharide increased uptake of '**I-FSA and '*’I-mannan
in cultured rat LSEC.

A recent paper details a two-step process of treating liver fibrosis, by administering first
nanoparticles targeting LSEC via a surface hyaluronan moiety, containing a refenestrating agent
(simvastatin) to reopen the pores through the LSEC layer to access the cells behind, and
secondly nanoparticles targeting to stellate cells containing siRNA against collagen alpha chain
and collagenase attached to their surface to remove already formed collagen [***]. This shows
the method of targeting works for the CCls induced model of fibrosis, and therefore fibrosis
cases with similar pathological development.

Overall, caution should be applied when targeting diseased states with nanoparticles, as if
uptake is severely reduced, such as for example can occur in ageing or late-stage cirrhosis, little
of the relevant cargo would reach its intended target, while an unknown secondary site may be
strongly affected. Conversely, if a condition, as in early inflammation, increases the endocytic
capacity of the target cell type, the dosage may have to be lowered, and a slow-release strategy
adopted, to avoid target site toxicity. Whether the intervention has dose-dependent toxic effects
close to the therapeutic dose used, should determine the level of caution required.

Ideally primary cells from the relevant disease conditions, or relevant model thereof, should be
tested, and matched to circulating serum markers to evaluate appropriate strategies for
administration of therapeutic nanoparticles in the clinic. It may be beneficial to screen liver
uptake kinetics in patients, perhaps using the classical method of radiolabelled colloidal
albumin ['**] which has been used to asses reticuloendothelial function in humans in ageing
historically [reviewed in '¢°'%°] which was found to taken up by LSEC in vivo [!"°], and
Albunex type air-filled microspheres could similarly assess Kupffer cell (macrophage) function
[383].
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A note of caution when modifying liver uptake for the purpose of systemic
delivery

The liver and RES uptake are crucial systems, especially with regard to LPS and bacterial
clearance (LSEC/ Kupffer cell & splenic red pulp cells) [!3°,3°,3!]. Considerable quantities of
LPS are measurable in the blood after mastication [**%] and defecation [**°], especially in
conditions impacting gut barrier integrity. Impairing these clearance systems to enable e.g.
prolonging the circulation time of nanoparticles or similar, which are often stabilin/ scavenger
receptor ligands [*%¢**7], and whose liver clearance constitutes somewhat of a challenge in
nanomedicine [***°°], may thus lead to systemic inflammation. This would be unfortunate
especially in cancer patients which are already frail, from chemotherapy or old age [**!**?].
Irradiation has also been found to diminish the clearance of damaged red blood cells ['%7], while
this function is largely performed by the spleen, it is via the same receptor system (stabilin-1/-
2) ['63,164] that LSEC use for much of their clearance functions [*27,23°,2%2]. A plausible solution
could be to have patients be fasting for the duration of the treatment, such that little LPS and
bacteria will come into the bloodstream, and the consequence of impaired clearance thereby
reduced. Another could be haemophoresis, where noxious elements are removed from the blood
extraneously. It seems unlikely inhibition of the RES can be done for prolonged periods of time
without considerable side-effects.

Imaging and Image analysis

Fenestration analysis/ Image classification

The choice for the optimal strategy/ method for classifying images to segment out fenestrations
should, based on our results, be adjusted to the type of study, image quality and size of dataset
to be analysed.

Manual techniques are more robust, and less prone to misclassification, if the user knows the
cell type and feature, and can be well applied for small datasets where there are large
differences. In such cases it is most expedient to analyse the data thus, especially if the image
quality is less than excellent. On noisier images of lower resolution, especially electron
microscopy images, it is better to invest the time to perform manual classification, rather than
attempt to optimize an approach that may or may not yield results or produce artefacts in the
data. Perhaps recently developed Al based denoising could allow for use of more automated
approaches. One significant drawback of manual classification, beyond the time requirement,
is that user bias can skew data, and ideally analysis should be done by only one user for
consistency. For simple counting, the frequencies of fenestrations, this method is relatively
unbiased in our data (Paper IV).

Semi-automated approaches are by our estimation the most likely to be of use for measuring
diameters or fenestration sizes, with acceptable image quality and somewhat large datasets, the
semi-automated approach allows for analysis of diameters mostly uncompromised by user-bias.
This allows multiple individuals to analyse a dataset, allowing for parallelization of image
analysis. It is however more biased across users for the number of fenestrations than the other
two methods. It may therefore be required to have analysis be performed by a single person,
for counting fenestration numbers with this method.

32



Fully automated, machine-learning based approaches require very good and consistent image
quality, this may change with Al based postprocessing [>**]. However the homogeneity of the
dataset is likely still of great importance, such that images ought ideally be from the same
instrument with the same settings. The strength of this method is allowing for batch-processing
of very large datasets. The dataset presumably needs to be above a certain size to justify, as we
found training the software took significant amounts of time. The benefit of a trained classifier
is however that it should work with all future datasets of the same resolution and magnification.
There is considerable bias from the user training the model, and therefore optimal to assign one
user to the training.

In summary, manual classification is still optimal for very small datasets, ideally with large
differences, or images of poorer quality where artefacts would be an issue. Semi-automatic
classification is the best suited for measuring diameters, and relatively fast and easy to apply,
suitable for medium sized datasets, with average and above image quality. Automatic
classification requires good quality images, but can classify very large sets of images, if using
the same pretraining with identical biases throughout.

Imaging and imaging modalities

The imaging modality used and the processing of samples required for these naturally alter the
dimensions of structures imaged to varying degrees. For example, transmission electron
microscopy and scanning electron microscopy alter tissue and cells to different degrees, as
demonstrated by Wisse [*°] comparing liver sinusoids, LSEC fenestrations and red blood cells.
It was found that TEM causes noticeably less shrinkage, presumably due to plastic infiltration
expanding the tissue/cells back a bit after desiccation.

Modalities that do not require desiccation/work on wet samples will inherently have less
shrinkage artefacts. They must however have comparable resolution for this to matter.

Optical nanoscopy techniques, such as; SIM [***], STED [***], dSTORM [**¢], are performed
on wet samples and therefore avoid shrinkage artefacts as are inevitable for conventional
electron microscopy. One major downside of these is that they can as of yet only be applied to
in vitro specimens, with tissue optical nanoscopy being a while away still (at least with regards
to fenestration analysis).

Atomic force microscopy is similar or better in resolution than optical nanoscopy techniques,
with the added benefit of live-cell dynamic imaging, visualizing fenestrations dynamics in
living cells ['?°] (SIM and STED could in principle be applied to live cell imaging, but
membrane dyes present a challenge [personal correspondence: Szafranska & Zapotoczny]).
Similarly to optical nanoscopy it can also only be done on cultured cells, to observe
fenestrations.

Cryo-electron microscopy also avoid the problem of shrinkage artefacts, while retaining
electron microscopy level resolution [*7*°%], the equipment however is prohibitively expensive
and relatively rare. This modality also for obvious reasons precludes live cell imaging.

We compared the modalities of SEM, STED, SIM and AFM in Paper V, on cultured LSEC,
and found sample dehydration for SEM shifts the size distribution upwards towards larger
diameters compared with all other modalities. This shift is notable with regards to the “true
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size” of fenestrations, and physiological interpretations of their size from SEM micrographs.
However the shift appears to be of the entire distribution such that comparisons between
treatments and matched controls still should be valid. The resolution of electron microscopy
compared with other forms of microscopy, also means that smaller differences can be detected
with this modality compared with others. Ease of use, speed of acquisition and cost are also
relevant factors, and conventional SEM still holds up well in this regard.

Imaging modalities also impact which method of image analysis is best suited to the task,
fluorescence-based methods such as SIM, STED and dSTORM produce images with clear
contrast to background and are easily segmentable by thresholding (semi-automated approach),
making for easy analysis (at the cost of resolution or acquisition time). AFM also yields images
readily segmentable by thresholding. SEM has the best resolution of the modalities, but lower
contrast between cell and background, the images thus require more careful processing.

Neural network approaches to classifying fenestrations, as was successfully adapted to SEM,
SIM and AFM images by us (Paper IV), were also used on AFM images [**°] by Li et al.,
though a different tool (We used Ilastik, Li et al. used an in-house coded method). Semi-
automated approaches have also been used for STED [*°], SIM [*?], an earlier version of the
method using the Kentron-Zeiss IBAS system on SEM images ['%*].

LSEC endocytic functions and fenestrations

LSEC possess two distinct functional phenotypes, one as a highly efficient scavenger cell, the
other as the dynamic filter providing access to the liver parenchyma. It has been much
discussed, by rarely published on the topic of whether these functions are interconnected or
related. It seems likely the two programs are distinctive, on account of the non-fenestrated
scavenger endothelium that can be found in fish e.g cod and zebrafish ['*!,%¢], and the
multitudes of fenestrated non-scavenger endothelia (reviewed in the introduction). Experiments
by Zapotoczny et al. also found no decrease in endocytosis beyond that which corresponded to
toxicity for several fenestration affecting compounds [*>?]. It should be possible to disentangle
these transcriptional programs by isolating and analysing these cell populations. There also
seem to be distinct types of fenestrations, the larger type as found in spleen [*] and intestine [%*]
appear significantly different from the smaller types in other tissues. These smaller types on the
other hand appear more similar, and as Herrnberger et al. found, knocking down the diaphragm
protein PLVAP transforms kidney and other diaphragmed fenestrations into a type more
resembling that in liver [7°]. It is highly likely the underlying mechanisms, at least those
involved in the formation and maintenance of fenestrations, are similar for the fenestrations of
the liver, kidney, choriocapillaris and other capillary fenestration. Perchance an increased
understanding of the underlying mechanism may be useful in designing interventions later as
well.

Noxious ligands of LSEC and pathological alterations

Though there are certain ways in which the topics overlap, toxic and inflammatory ligands such
as oxLDL [**] can cause loss of fenestrations in LSEC. One idea was that indigestible ligands
also can contribute to endothelial thickening, and in such a manner the scavenging function
becomes key to understanding chronic illness / ageing related loss of / reduction in
fenestrations. If so this also opens up new avenues of therapies and treatments. A gastric K/H"
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pump inhibitor, soraprazan, has been successfully repurposed for the treatment of lipofuscin
related blindness (Stargardt’s disease) [*°!,%?], and it and similar drugs should more be found,
could then potentially be applied to ameliorate age and illness related endothelial thickening,
reductions in endocytic activity and defenestration in the liver. Speculating somewhat on the
aetiology of ageing related endothelial thickening, exploring such therapeutics, that remove
lipofuscin/indigestible material from cells, should be worth looking further into. There also
exists a possibility for a relationship to vitamin-A cross linking products and lipofuscinosis. this
is seemingly the case in Stargardts disease [***], and stellate cells in the liver are vitamin-A
storing cells [**], creating a possible if tenuous connection, as LSEC isolated from elderly
humans [**°] have considerable lipofuscin-like autofluorescence. How or if this connects with
LSEC phenotype and function bears exploring.
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5 Concluding remarks and Future perspectives

5.1 Concluding remarks

In Paper I we summarize the available literature over the topic of fenestration affecting
compounds, what compounds are known to affect fenestrations and in what way these affect
the fenestrations. We review at times obscure literature covering over 50 years of liver research,
with some references existing only as printed books. This is to our knowledge the most
comprehensive and up to date summary of the field of LSEC fenestration modulators. Our
review allows for future researchers to have a systematized list of compounds and categories,
with which to modulate fenestrations.

In Paper II we model the hepatic sinusoid as a simplified 2D model, to investigate the relative
contributions to flow properties of ultrastructural parameters; distribution of fenestrations,
shape of vessel, presence or absence of lymphatic drainage. We found the influence on flow in
the sinusoidal lumen is predominantly affected by the overall shape of the sinusoid, with little
contribution from fenestrations. The flow in the space of Disse however was to a certain extent
modulated by fenestrations, both overall porosity and distribution. The addition of a lymphatic
drainage at the periportal area also affected the flow through the space of Disse. Our model also
demonstrates an easy way to include more realistic ultrastructural details, such as those
mentioned above, in a fluid flow model that we hope can be built further upon.

In Paper III we investigated the uptake of a highly oxidized form of albumin, oxHSA. We
found that this was taken up principally by LSEC in vivo and in isolated primary cells from the
liver. Further we identified the receptors for endocytosis, stabilins -1 and -2, by uptake and
competitive inhibition studies in isolated LSEC, stabilin -1 or -2 overexpressing cell lines, and
affinity chromatography of LSEC detergent lysates. We found that oxHSA was non-toxic to
LSEC, and did not modify their fenestrations, however oxHSA depressed LSEC endocytic
ability for prolonged periods of time.

The methods examined in Paper IV allow users to select their optimal method, based on image
quality, data set size, and user bias. Automated and semi-automated methods allow for larger
datasets to be analyzed, as would be required for elucidating smaller effects in studies, while
requiring better quality microscopy images. The manual approach is still applicable, though
ideally for large effects in smaller data sets, or when image quality is poor.
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5.2 Future perspectives

The compounds we summarize can be used in for example the design of targeted interventions,
for example drug conjugates or nano-encapsulations. Further compounds can be hypothesized
and tested for fenestration modulating activity based upon classes of compounds, e.g.
vasodilators seem to dilate fenestrations in general, and VEGF, NO, cyclic nucleotides
(cAMP/cGMP) seem involved in upregulation of fenestrations. Building from these historical
insights and our theory of fenestration regulation, hypotheses concerned with the true
mechanism of fenestral regulation may be developed and tested. Obvious candidates for
compounds to test would be stable cyclic nucleotides, and inducers and inhibitors of nucleotide
cyclases and downstream protein kinases e.g. PKA.

Our computational model integrates ultrastructural details, often omitted from fluid models of
the liver, with efficient simplicity, allowing more complex models to be adapted from it. We
should like to see the model adapted with intermittent pulsatile flow, blood cells passing through
and elastic deformable walls, parameters we had to simplify away for time and computational
reasons, but which for users with more advanced hardware would be well worth implementing.

Highly oxidized albumin is cleared extremely rapidly by LSEC, which we believe implies that
finding it in blood tests at detectable levels is likely an indicator of severe scavenger cell
dysfunction, possibly advanced liver disease. We also found that the receptors for endocytosis
are the stabilins, implying, based on previous findings (AGE-BSA, FSA), that there is a
structural reorganization of modified albumin rendering it ligand of the aforementioned. Other
modified varieties of albumin, especially denatured types, are thus likely taken up by these
receptors. We believe this can be used to design delivery to stabilin expressing cells, such as
albumin nanocarriers, of which there exist some.

The image analysis methods examined allow for an easy assessment of which methods would
suit users best, given their data. The automated method already showed great promise in our
study, and we believe with recent advances in machine learning, this method will become even
more powerful. Artificial intelligence assisted image denoising will soon be able to improve
nigh any image set such that fully automated classification can be made the standard method of
classification.
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The porosity of liver sinusoidal endothelial cells (LSEC) ensures bidirectional passive
transport of lipoproteins, drugs and solutes between the liver capillaries and the
liver parenchyma. This porosity is realized via fenestrations — transcellular pores with
diameters in the range of 50-300 nm — typically grouped together in sieve plates.
Aging and several liver disorders severely reduce LSEC porosity, decreasing their
filtration properties. Over the years, a variety of drugs, stimulants, and toxins have
been investigated in the context of altered diameter or frequency of fenestrations. In
fact, any change in the porosity, connected with the change in number and/or size of
fenestrations is reflected in the overall liver-vascular system crosstalk. Recently, several
commonly used medicines have been proposed to have a beneficial effect on LSEC
re-fenestration in aging. These findings may be important for the aging populations
of the world. In this review we collate the literature on medicines, recreational drugs,
hormones and laboratory tools (including toxins) where the effect LSEC morphology
was quantitatively analyzed. Moreover, different experimental models of liver pathology
are discussed in the context of fenestrations. The second part of this review covers the
cellular mechanisms of action to enable physicians and researchers to predict the effect
of newly developed drugs on LSEC porosity. To achieve this, we discuss four existing
hypotheses of regulation of fenestrations. Finally, we provide a summary of the cellular
mechanisms which are demonstrated to tune the porosity of LSEC.

Keywords: fenestration, fenestra, nanopores, LSEC, liver sinusoidal endothelial cells, porosity, liver disease, drug
response

INTRODUCTION

Within the human body, the main blood-organ barrier is made up of a single layer of thin
endothelial cells. In the liver, the microcirculation has a unique morphology that facilitates bi-
directional exchange of substrates between hepatocytes and blood in the liver sinusoids (Cogger
and Le Couteur, 2009; Fraser et al., 2012). Liver sinusoidal endothelial cells (LSEC) are very thin
and perforated with transcellular pores (50-300 nm in diameter) that are also termed as fenestrae
or fenestrations (Figure 1). These structures were first correctly identified as such with transmission
electron microscopy (TEM) by Yamagishi (1959) and described in detail by Wisse (1970). Between
2 and 20% of the LSEC surface is covered by fenestrations which are either scattered individually
across the surface or clustered into groups called sieve plates. As there are no diaphragms or
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underlying basement membrane, fenestrations make LSEC a
highly efficient ultrafiltration system. LSEC thus retain blood
cells inside the vessel lumen, whereas small molecules, such as
drugs, proteins, lipoproteins, and small viruses can pass this
endothelial barrier via fenestrations to reach the surrounding
hepatocytes, and vice versa (Fraser et al., 1995a). Fenestrations
are therefore a vital structure in liver physiology, providing the
primary communication conduit between the liver and the rest of
the body, via the circulation. LSEC fenestrations, and the effects
of various agents upon them, have been studied extensively with
electron microscopy. During the last decade new techniques have
been developed and became available to investigate fenestrations
in cultured LSEC. Super-resolution optical microscopy provided
first detailed information about the composition of fenestration
(Cogger et al., 2010, 2013; Monkemoller et al., 2015; Zapotoczny
et al., 2019a) while atomic force microscopy (AFM) provided
first information about the dynamics of fenestrations in vitro
(Zapotoczny et al., 2019b, 2020). Such tools will accelerate the
development of therapies that can reverse the loss of fenestrations
seen in aging and liver fibrosis (DeLeve, 2015; Hunt et al., 2019).

Fenestration loss during aging manifests as changes in the
liver microcirculation, in particular within LSEC, which is a
likely cause of dyslipidemia (Le Couteur et al, 2002) and
insulin resistance in old age (Mohamad et al., 2016). At the
morphological level, LSEC in old age have markedly reduced
porosity (percent of the cell surface area covered in fenestrations)
by about 50% - in other words, old LSEC become “defenestrated”
(Figure 2). This defenestration results in hampered bi-directional
traffic of substrates between the blood and the hepatocytes.
Biomolecules such as lipoproteins, or hormones, or drugs (such
as statins or insulin) pass less easily through aged LSEC to
reach the hepatocytes to be processed and/or exert their effects.
For example, older rats showed a significant reduction in
the hepatic volume of insulin distribution (Mohamad et al.,
2016), showing that fenestrations facilitate insulin transfer to
hepatocytes. Another example is the transfer of lipoproteins
across LSEC, which was almost totally abolished in livers
from old animals, providing a novel mechanism for age-related
dyslipidemia and postprandial hyperlipidemia (Hilmer et al,
2005) and is now accepted as a significant factor in age-related
hyperlipidemia (Liu et al., 2015). The same applies in the
reverse direction across LSEC - biomolecules produced by the
hepatocytes need to pass through fenestrations for release into
the plasma, and defenestration hinders this process. Age-related
LSEC defenestration is also accompanied by altered expression
of many vascular proteins including von Willebrand factor,
ICAM-1, laminin, caveolin-1 and various collagens (Le Couteur
et al., 2008). However, these changes occur without any age-
related pathology of hepatocytes or activation of stellate cells
(Warren et al., 2011). The sum of all these processes results
in a state whereby liver sinusoidal vessels become more like
continuous capillaries, but without the other manifestations
seen in diseased livers during “capillarization.” Age-related
defenestration is therefore also termed “pseudocapillarization.”
Cellular senescence is one hallmark of aging (Robbins et al.,
2021), and (Grosse et al., 2020) proposed that LSEC become
senescent at 10-12 months of age in mice, as evidenced by the

increased expression of the senescence marker pl6. Senolytic
drugs (which selectively kill senescent cells) have been proposed
as a potential therapy to alleviate the effects of senescent cell
mediated aging and disease (Robbins et al, 2021). However,
p16M&" LSEC are essential for mouse healthspan, as ablation of
these cells results in disruption of the hepatic sinusoid and liver
fibrosis (Grosse et al., 2020).

Defenestration of LSEC also occurs during chronic liver
disease, liver fibrosis and consequently cirrhosis, which are an
increasing worldwide problem, and are becoming a major cause
of morbidity and death (Asrani et al., 2019). Currently, there is no
therapy that can alleviate fibrosis progression or reverse fibrosis
(Higashi et al., 2017). Fibrosis is characterized by excessive
extracellular matrix production from activated stellate cells. In
addition to LSEC defenestration, during chronic liver disease, a
basement membrane develops in the Space of Disse, leading to
the process of capillarization, and thereby further reducing the
free passage of substrates to and from the hepatocytes (Poisson
et al., 2017). Defenestration of LSEC occurs earlier than the
formation of fibrous septa in liver diseases such as alcoholic
liver injury and non-alcoholic fatty liver disease (Horn et al.,
1987) which could indicate that LSEC can play an important role
during the early stages of fibrosis. Restoration of differentiation
to LSEC led to quiescence of hepatic stellate cells and regression
of fibrosis in thioacetamide challenged rats (Xie et al.,, 2012b)
potentially suggesting that therapies that revert LSEC from a
diseased/defenestrated state to a normal state may also be of
benefit for treatment of liver fibrosis (DeLeve, 2015).

As mentioned above, defenestration of the liver sinusoidal
endothelium impairs the hepatic clearance of pharmacological
agents (Mitchell et al., 2011). As for lipoproteins and insulin,
fenestrations are conduits for pharmaceuticals, from the plasma
to the hepatocytes. Reduction in LSEC porosity thus reduces
the passage of drugs to the cells where they are processed
and metabolized. This can result in elevated and potentially
toxic concentrations of drugs in the elderly (and patients with
liver disease), when administering drug doses appropriate for
healthy young people. In addition, polypharmacy is becoming
a major issue in the aging population, with over 42% of people
over 65 years of age were reported being administrated five or
more different medications per day (Middo et al, 2018). The
majority of these medications need to cross the liver sinusoidal
endothelium to be detoxified, and it is possible that some of
the polypharmacy “cocktails” are detrimental for LSEC porosity.
Another serious consequence of reduced porosity is that statins
are less able to reach the hepatocytes and inhibit cholesterol
production. Increased statin doses are then required to achieve
therapeutic effects, sometimes resulting in side effects such as
muscle pain and rhabdomyolysis, resulting in medication non-
compliance in patients.

Given the vital role of LSEC fenestrations (and the bi-
directional flow of substrates through them) in physiology and
homeostasis, a better understanding of how these structures are
regulated will enable us to design novel therapeutic approaches
targeting biological changes of aging and liver diseases.

It needs to be highlighted, however, that many reports in the
literature “suffer” from developing experimental methodologies.
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FIGURE 1 | SEM image of hepatic sinusoids of a C57BL6 mouse, approximately 4 months old. Liver Sinusoidal Endothelial Cells (LSECs) are covered in multiple
fenestrations (arrows) arranged into sieve plates (SP, dotted line circles) distributed over the whole sinusoid. SD, space of Disse; HC, hepatocytes. (Courtesy of

Karen K. Serensen, UiT, Tromsg, Norway).
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FIGURE 2 | Sinusoidal lumen in young and old liver. With age, the fenestrated morphology of the sinusoids is lost in the process of “pseudocapillarization.”
Additionally, the endothelium thickens and collagen deposits can be found within the space of Disse. The result is the inhibition of transfer between the blood and
hepatocytes. (Courtesy of Eike Struck, UiT, Tromse, Norway and David Le Couteur, ANZAC Research Institute, Sydney, Australia).

OLD

Errors during liver perfusion, cell isolation methodologies and
sample preparations may lead to altered cell phenotypes. Also, it
should be noted that studies from pre-super-resolution era where
light microscopy was the only technique used for quantification
of fenestrations may be imprecise. As reported, fenestrations in
LSEC are in the range of 50-300 nm, gathered in sieve plates of
several to tens of pores, with limited number of gaps (DeLeve
and Maretti-Mira, 2017). These can be visualized only using
non-diffraction limited methods such as electron microscopy,
optical nanoscopy, or atomic force microscopy. The distribution
of fenestration diameter in this range was presented for both

LSEC in tissue (in vivo) and for isolated cells (in vitro). In vivo
data are limited to fixed and dried material, while data for isolated
LSEC covers fixed and dried, wet-fixed, and live cells. Recently, we
summarized that the differences in mean fenestration diameter
for fixed and dried, wet-fixed and live LSECs in vitro can be up
to 30% (Supplementary Table 1 in Zapotoczny et al., 2019b). The
differences between in vivo and in vitro data can be even larger
ibid., (Wisse et al., 2010). The comparison between the groups
in a single report provides information about the alterations as
the same microscopy method is applied. The methodological
details enabling avoiding errors in imaging and data analysis
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were described: SEM (Wisse et al., 2010; Cogger et al., 2015;
Szafranska et al., 2021), AFM (Zapotoczny et al., 2017a, 2020;
Szafranska et al., 2021), SIM (Kong et al., 2021; Szafranska
et al., 2021). Moreover, the comparative measurements using
different microscopies were reported in the past showing good
correlation between the methods. However, the comparative
analysis of newly developed techniques applied recently for
LSECs, such as SIM, STED, and AFM, is lacking. Each method
has its advantages and limitations. To enable easy tracking of the
model (in vivo/in vitro and microscopy technique) we provide the
relevant information in the presented tables.

The purpose of this review is to: (i) provide a medical and
cell biology “tool-kit,” for researchers and clinicians to design
potential LSEC refenestration strategies and (ii) summarize the
existing knowledge around fenestration biology which can help
to find new ways to reveal how fenestrations actually work.
The first part of this review fucuses on the reported influence
of drugs on LSEC fenestration number and porosity, while
the second part gives a deeper knowledge about fenestration
biology and mechanisms behind structure, formation and
maintenance of fenestration. This review does not cover a
number of other aspects of LSEC biology, but these can be
found in in the following excellent reviews about LSEC in:
diseases (Gracia-Sancho et al., 2021; Wang and Peng, 2021),
hepatic fibrosis (DeLeve, 2015), mechanotransduction (Shu et al.,
2021), inflammation and cancer (Wilkinson et al., 2020; Yang
and Zhang, 2021), receptor expression (Pandey et al,, 2020),
immunological functions (Shetty et al., 2018), aging (Hunt et al.,
2019), scavenging (Serensen et al., 2012), and overall biology of
LSECs (Sorensen et al., 2015).

LSEC AND DRUG INTERACTIONS

Recreational and Medicinal Drugs, and
Their Effects on LSEC Porosity

The human race already uses an extensive array of drugs
for medical and recreational purposes. The majority of these
compounds are safe, or at least relatively safe for normal human
consumption if used appropriately. Reported negative side-effects
of these drugs are typically well-documented at the systemic
or organ level, but little is known about their direct effects on
LSEC fenestration status. Additionally, some drugs with other
intended targets may actually have positive side effects on LSEC
fenestration, leading to increased LSEC porosity and improving
bi-directional exchange of solutes between hepatocytes and
plasma. This concept was first tested by Hunt et al. (2019,
2020) who found that a number of drugs for intended use for
the treatment of high blood pressure, erectile dysfunction and
diabetes improved LSEC porosity in young and old mice. Table 1
lists the effects of some recreational and medicinal drugs on
LSEC fenestrations.

Recreational Drugs

The effects of recreational drugs on LSEC porosity have not
been studied extensively (Table 1). The few studies performed
showed that the recreational drugs nicotine, ethanol, and cocaine

reduce LSEC porosity (Fraser et al., 1988; McCuskey et al., 1993),
while the psychedelic drug 2,5-Dimethoxy-4-iodoamphetamine
(DOI) increases porosity in LSEC in young and old rodents
(Cogger et al.,, 2014; Hunt et al.,, 2019). The effects on LSEC
porosity of other recreational/non-medicinal drugs such as
opioids, amphetamines, cannabis, and xanthines (such as caffeine
and theobromine) have, to the best of our knowledge, not
been studied. This would be an area of great interest, given
the extensive use of all of these among the general population.
This is exemplified by opioid use (which is also for medicinal
purposes) leading to the current “opioid epidemic” in the US
arising from the use of prescription oxycodone. Below is a
summary of the reported interactions of ethanol, cocaine, DOI,
and nicotine with LSEC.

Ethanol Given the wide use and general acceptance of alcohol,
and the suggested health benefits from moderate consumption,
it was discussed in the LSEC field whether moderate amounts
of alcohol could improve LSEC porosity and thereby lipoprotein
clearance. Of the studies (in vitro and in vivo) investigating
the effects of ethanol on LSEC, the majority were performed
in rats, but mice, baboons and human LSEC were studied
as well, with electron and atomic force microscopy methods
used as readout. Several studies reported that the fenestration
number was reduced, while the average fenestration diameter
was increased - this pattern was consistent in all the in vitro
studies (Mak and Lieber, 1984; Charles et al., 1986; Van Der
Smissen et al., 1986; Horn et al., 1987; Tanikawa et al., 1991;
McCuskey et al, 1993; Braet et al, 1994, 1995a, 1996c; de
Zanger et al, 1997) and with reduced porosity reported in
one study (Takashimizu et al., 1999). Takashimizu et al. (1999)
described reduction in fenestration diameter in rat during
in vivo continuous administration of ethanol into the portal vein,
and pre-treatment with BQ123 [an endothelin (ET) receptor
antagonist, see Table 2] reduced the effect of ethanol. One in vivo
study reported no changes in in the liver sinusoids in mice
after 9 weeks of ethanol feeding (McCuskey et al., 1993) but
ethanol in combination with cocaine caused the sinusoids to
become thickened and defenestrated. In other in vivo chronic
ethanol challenge studies (ethanol given to rats in food, or
human studies where biopsies were used), one rat study yielded
results consistent with the in vitro findings (reduced fenestration
number, increased diameter, reduced porosity) (Tanikawa et al.,
1991) while the other study reported reduced fenestration
diameter and number - this was the only study to find that the
diameter became smaller after ethanol challenge (Takashimizu
et al., 1999). In the human biopsy study, similar results were
obtained - chronic alcohol consumption (defined as > 60 g
alcohol intake every day for more than 3 years) resulted in
fewer fenestrations, diameters of between 50-300 nm and a
“visible difference” for porosity between the two groups. A study
in baboons showed that the duration of alcohol consumption
does not seem to have any impact on fenestrations (diameter
in second group (4-24 months alcohol consumption vs. 61-
112 months) was larger than control but smaller than first
group) (Mak and Lieber, 1984). In summary, ethanol at any dose
does not appear to improve LSEC porosity but rather has the
opposite effect.
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TABLE 1 | Influence of medicinal drugs on LSEC fenestrations.

Fenestration Porosity Fenestration References Methods
diameter frequency
Recreational drugs
Ethanol +/- - - Van Der Smissen et al., 1986; Braet et al., SEM, TEM, in vitro
1995a
Mak and Lieber, 1984; Charles et al., 1986; SEM, in vivo
de Zanger et al., 1997
Tanikawa et al., 1991; McCuskey et al., TEM, in vivo
1993
Horn et al., 1987; Takashimizu et al., 1999 SEM, in vivo
Braet et al., 1996¢ SEM, AFM,, in vitro
Braet et al., 1994 SEM, in vitro
Ethanol +-cocaine nd - - McCuskey et al., 1993 TEM, in vivo
Cocaine nd nd nd McCuskey et al., 1993 TEM, in vivo
2,5-Dimethoxy-4- + +/- +/- Furrer et al., 2011; Cogger et al., 2014 SEM, in vivo
iodoamphetamine
(DO
Hunt et al., 2019 SEM in vitro
Nicotine - -- - Fraser et al., 1988 SEM, in vivo
Prescription drugs
Acetaminophen/ G nd nd McCuskey et al., 2004 SEM, TEM, in vivo, in vitro
paracetamol
+ethanol
Acetaminophen/ G - [to et al., 2006b SEM, in vivo
paracetamol
Walker et al., 1983 SEM, TEM, in vivo
McCuskey et al., 2004; McCuskey, 2006 SEM, TEM, in vivo, in vitro
Amlodipine - —+ + Hunt et al., 2019 SEM, in vitro
Bosentan 0 + + Hunt et al., 2019 SEM, in vitro
Colchicine nd nd 0 Braet et al., 1996b TEM, in vitro
Disulfiram - nd + Bernier et al., 2020 SEM, in vivo
Metformin 0 + + Hunt et al., 2020 SEM, in vitro, in vivo
Alfaras et al., 2017 SEM, in vivo
Nicotinamide 0 + + Hunt et al., 2019 SEM, in vitro
mononucleotide (NMN)
Mao et al., 2019 dSTORM, in vitro
Cholesterol 0 0 0 SEM, in vivo
Fraser et al., 1988, 1989
Cholesterol +nicotine - - - Fraser et al., 1988 SEM, in vivo
Pantethine + cholesterol + + + Fraser et al., 1989 SEM, in vivo
Prostaglandin E1 + Oda et al., 1997 SEM, TEM, in vitro
Sildenafil o/+ ++ + Hunt et al., 2019 SEM, in vitro
Mao et al., 2019 dSTORM, in vitro
Simvastatin + + + Hide et al., 2020 SEM, TEM, in vivo, SEM, in vitro
Venkatraman and Tucker-Kellogg, 2013; SEM, in vitro
Hunt et al., 2019
Taxol nd nd 0 Braet et al., 1996b TEM, in vitro
TNF-related +/0 +/0 +/0 Hunt et al., 2019 SEM, in vitro
apoptosis-inducing ligand
(TRAIL)
“0,” no change; G, gaps; increase: “+,” <60%; “++,” 560~100%, “+++,” >100%, decrease: *-," <560%;, "--,” >50%, “---,” defenestration; “nd,” no data.
Cocaine is a widely used recreational drug with sinusoid blood flow after 5 weeks, worsening up to 9 weeks

vasoconstricting properties (Kim and Park, 2019), often
consumed in combination with alcohol. In a study from
McCuskey et al. (1993), mice challenged with cocaine alone
developed basement membrane deposition in the space of Disse,
some hepatocellular necrosis and slightly reduced centrilobular

of challenge. In combination with ethanol these changes were
significantly exacerbated, in addition the sinusoidal endothelium
was thickened and defenestrated. Interestingly rats were more
resistant to these challenges, only developing some of these
changes at the end of the 15-week treatment regime. The
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TABLE 2 | Influence of hormones and other agents acting on LSEC fenestrations.

Fenestration Porosity Fenestration References Methods
diameter frequency
Vasoactive stimuli
Vasodilators
Acetylcholine + nd nd Tsukada et al., 1986; Oda et al., 1990 SEM, in vivo, in vitro
Bethanechol + nd nd Oda et al., 1990 SEM, in vivo
Isoproterenol + nd nd Oda et al., 1990 SEM, in vivo, in vitro
Vasoactive intestinal + nd nd Oda et al., 1990 SEM, in vivo
peptide (VIP)
BQ-123 ++ nd - Watanabe et al., 2007 SEM, TEM, in vivo
Vasoconstrictors
Endothelin (ET) - - nd Oda et al., 1997; SEM, in vitro
Kamegaya et al., 2002
Neuropeptide Y - nd nd Oda et al., 1990 SEM, in vivo
Norepinephrine/ - nd nd SEM, in vivo, in vitro
noradrenaline Tsukada et al., 1986; Oda et al., 1990
Wisse et al., 1980 TEM, SEM, in vivo
Serotonin - nd nd Wisse et al., 1980; SEM, TEM, in vivo
Braet et al., 1995a
Tanikawa et al., 1991 TEM, in vivo
Braet et al., 1996¢ SEM, AFM, in vitro
Kalle et al., 1997 AFM, in vitro
Pilocarpin - nd nd Wisse et al., 1980 TEM, SEM, in vivo
Adrenaline/ - nd nd Wisse et al., 1980 TEM, SEM, in vivo
epinephrine
Signaling/Maintenance
Vascular endohelial + +++ ++ Funyu et al., 2001; Yokomori et al., 2003 SEM, in vitro

growth factor (VEGF)

Bone morphogenetic
protein (BMP)

Strain specific Strain specific Strain specific

Carpenter et al., 2005
Xie et al., 2012b

SEM, TEM, in vivo
SEM, in vivo, in vitro

Desroches-Castan et al., 2019a,b (@) SEM, in vivo, in vitro

(b) SEM,, in vitro

Platelet derived growth nd - nd Raines et al., 2011 TEM, in vivo
factor
(PDGF-B) signaling
Liver X receptor (LXR) NA NA NA Xing et al., 2016 SEM, TEM, in vivo
Hedgehog (Hh) nd - nd Xie et al., 2012a SEM, in vitro
signaling
Plasmalemma vesicle +/- +/- +/- Herrnberger et al., 2014 SEM, TEM, in vivo
associated protein
(PLVAP)

Auvinen et al., 2019 SEM, in vivo
“0,” no change; G, gaps; “nd,” no data; “NA,” not applicable. increase: “+,” <50%, “++,” 60-100%; “+++,” >100%, decrease: “-,” <50%, "--," >50%,

“- - -,” defenestration.

mechanism(s) by which cocaine and cocaine/ethanol challenge
elicit these changes remains to be elucidated, but in any case the
combined abuse of these drugs raises particular concerns with
regards to liver function.

Nicotine is the primary stimulant found in tobacco products
and is also a known vasoconstrictor (Benowitz and Burbank,
2016). Rats fed nicotine (dose equivalent to 50-100 cigarettes
per day in humans for 6 weeks) had LSEC porosity 40% of
that of controls, primarily as a function of reduced average
fenestration diameter and not of reduced fenestration number.
The nicotine treated animals also had near 50% higher serum

cholesterol than controls, probably as a consequence of reduced
LSEC porosity and thereby filtration of low-density lipoprotein
(LDL) out from the plasma of these animals (Fraser et al., 1988).
Nicotine and cholesterol fed animals had similar porosity and
diameter to nicotine-fed only animals. Together with results
from cholesterol-only fed animals (no visible changes), it suggests
that nicotine (but not cholesterol) has an effect on fenestrations
(Fraser et al., 1988). Other studies have shown that oral nicotine
induces an atherogenic lipoprotein profile (Cluette-Brown et al.,
1986) (including increased plasma LDL) and impairs plasma
LDL clearance (Hojnacki et al., 1986). The mechanism of action
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of nicotine in the LSEC context remains to be elucidated but
given the continued consumption of nicotine by humans in
various forms (e.g., tobacco products, e-cigarettes, and nicotine
supplements) this field warrants further study.

2,5-Dimethoxy-4-iodoamphetamine (DOI) is a substituted
amphetamine but is not a stimulant. It is a potent 5-
HT,A serotonin receptor agonist and is used recreationally
as a hallucinogenic drug (Lapoint et al,, 2013). DOI induces
cutaneous vascular constriction in rabbits and rats, and this is
the suggested cause of hyperthermia resulting from serotonin
receptor stimulation (Blessing and Seaman, 2003). DOI has
reported beneficial effects on survival, liver regeneration and
LSEC morphology after partial hepatectomy (Tian et al., 2011).
Furrer et al. (2011) showed that in vivo DOI challenge increased
porosity in old but not young LSEC, and pre-treatment of old
mice with DOI prior to partial hepatectomy resulted in LSEC
with improved porosity (Furrer et al., 2011). However, the finding
that DOI improved porosity in aged LSEC is at odds with the
in vivo study of Cogger et al. (2014) who found that DOI
improved LSEC porosity in young but not old animals. Both
studies used SEM of tissue blocks to quantify fenestrations.
Further complicating the DOI story, SEM in vitro studies by Hunt
etal. (2019) on cultured LSEC from young and old mice revealed
that DOI challenge increased porosity in old but not young
LSEC, and this increase was most likely a function of increase
in both fenestration diameter and frequency. LSEC respond to
ligands for the 5-HT?2 receptor, as they were reported to being
inhibited by ketanserin (a selective 5-HT?2 receptor antagonist)
(Gatmaitan et al., 1996). The role of 5-HT2A and 2B receptors
was proposed as being involved in liver regeneration after liver
partial hepatectomy (Lesurtel et al., 2006). Similarly, the presence
of the SHT2 receptor was later highlighted (Braet and Wisse,
2002; Braet, 2004). However, newly reported data showed that
known 5-HT receptor mRNAs were absent or at very low levels in
mouse, rat and human LSEC (Bhandari et al., 2020). It would thus
be of interest to resolve the question of DOI mediated effects, the
downstream mechanisms, and whether there is/are age-related
responses to DOL

Medicinal Drugs

Pharmaceutical treatment and prevention of diseases is
constantly evolving, with an increasing number of novel
medicines entering the market every year. It was reported that
the EU retail pharmaceutical bill was around EUR 190 billion
in 2018 (OECD/European Union, 2020). Hepatic clearance and
metabolism are the basic routes of removing drugs from the
system. With decreased porosity prolonged circulation of drugs
increases their side effects. Nitric oxide (NO)-based drug therapy
was shown to have beneficial effects on the liver (Maslak et al.,
2015) and detailed studies on isolated cells confirm the positive
role of NO on fenestrated morphology in LSEC (Xie et al,,
2012b). Medicinal drugs with other intended targets may also
affect LSEC. A recent comparative study revealed the different
drug effects on fenestrations in LSEC in an age-related manner
(Hunt et al.,, 2019). Here we summarize the effects of various
medicines where fenestration number and size were reported.

Amlodipine is a calcium channel blocker used to treat
hypertension by dilating blood vessels to reduce blood pressure.
Amlodipine is also reported to increase endothelial NO (Xu
et al., 2002; Mason et al., 2014). Hunt et al. (2019) reported that
amlodipine increased the porosity in cultured LSEC from both
young and old animals and proposed that this increase was more
likely mediated by NO production than by calcium transport
blockage. This safe and commonly used blood pressure medicine
may thus also represent a pharmacological means to counteract
age-related defenestration.

Bosentan is a competitive antagonist of endothelin -A
and -B receptors, and is used to treat moderate pulmonary
hypertension, exerting its vasodilative effect via ET-A receptors
(Bacon et al., 1996). Endothelin-1 (ET-1) constricts fenestrations
pronouncedly and reduces porosity (Kamegaya et al., 2002), and
an ET-B receptor antagonist (BQ788) blocked this effect while
an ET-A receptor antagonist (BQ485) partially blocked the ET-
1 effect (Kamegaya et al., 2002). The ET-A receptor antagonist
BQ123 increased fenestration diameters, but caused major gaps
in sinusoidal cells and fusions of fenestrations within sieve plates
(Watanabe et al., 2007). Hunt et al. (2019) demonstrated that
lower doses of bosentan increased the porosity of LSEC from
old mice, while LSEC from younger mice were non-responsive.
Bosentan treatment of LSEC did not elicit an increase in NO
production in this study.

Colchicine is used as a therapy for gout and familial
Mediterranean fever. It decreases inflammation but its
pharmacotherapeutic mechanism of action is not fully
understood - its main mechanism of action is tubulin disruption
(Leung et al., 2015). Treatment of cultured rat LSEC with 200 uM
colchicine did not affect porosity while causing significant loss
of microtubules. Interestingly, the microtubules surrounding
sieve plates were still present (Braet et al., 1996b). Together
with the effect of taxol, which completely disrupts microtubules
and prevents cytochalasin-mediated induction of fenestrations,
this would suggest that tubulin architecture may have a crucial
role in LSEC porosity. Taxol (generic name paclitaxel) is a
microtubule-stabilizing drug used for the treatment of ovarian,
breast, and lung cancer, as well as Kaposi’s sarcoma (Weaver,
2014). Braet et al. (1996b) challenged cultured rat LSEC with
10 uM taxol and saw no change in porosity but reported an
overabundance of microtubules throughout the cytoplasm,
and alongside sieve plates. Moreover, treatment with 10 M
taxol not only did not show a significant change in fenestration
number but pretreatment with taxol and two hours later with
cytochalasin B, inhibits the effect of the latter, i.e., the increase in
fenestration number is reduced in comparison to treatment with
cytochalasin B only.

Disulfiram (commercial name Antabuse) is a FDA approved
treatment for chronic alcohol addiction. It is an inhibitor of
acetaldehyde dehydrogenase and causes the feeling of a hangover
immediately upon alcohol consumption (Suh et al., 2006). It is an
inhibitor of the transcription factor NF-KB (Schreck et al., 1992)
which contributes to its anti-inflammatory properties. In the
experimental setting, the consumption of disulfiram was found
to normalize body weight in mice. It was also found to increase
the frequency of LSEC fenestrations in vivo, while decreasing
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their average diameter, resulting in no net increase in porosity in
mice and rats (Bernier et al., 2020). The mechanism(s) by which
disulfiram increases fenestration number remain to be elucidated.

Metformin is a first line treatment for type II diabetes for
serum glucose reduction (Maruthur et al., 2016). The mechanism
by which this drug exerts this effect remains to be elucidated,
but its primary target appears to be hepatocyte mitochondria
via inhibition of complex I of the respiratory chain. Inhibition
of gluconeogenesis (Owen et al., 2000) results in the activation
of the energy sensor AMP-activated protein kinase (AMPK)
leading to increased beta-oxidation of fatty acids. Alfaras et al.
(2017) tested 1% metformin administered every-other-week or
2-weeks-every-month to mice - these strategies being chosen to
avoid metformin induced nephrotoxicity. They found numerous
health benefits, particularly with the every-other-week regime,
and that the every-other-week approach also increased porosity
in LSEC in 2-year-old mice. Metformin (50 pM) increased LSEC
porosity in vitro in both young and old mice by 25 and 50%,
respectively (Hunt et al., 2020). This increase was due to increases
in fenestration frequency (20 and 50%, respectively) since the
fenestration diameter remained unchanged. In vivo studies in
mice treated with 0.1% metformin in their diet increased LSEC
porosity/fenestration frequency in young and old mice and
reduced the age-related loss of porosity in older mice by 50%
(Hunt et al., 2020). The mechanism of metformin action in LSEC,
with regards to fenestration status, remains to be established.

Nicotinamide mononucleotide (NMN) is a key nicotinamide
adenine dinucleotide (NAD+) intermediate. Long-term
administration of NMN is reported to mitigate age-related
physiological decline in mice (Mills et al., 2016), while short term
in vitro treatment reverses endothelial dysfunction (Mateuszuk
et al., 2020). NMN increased LSEC porosity in young and old
mice, via increased fenestration frequency, while the average
fenestration diameter was essentially unchanged (Hunt et al,,
2019). NMN challenge had no apparent effects on NOS or
c¢GMP levels in LSEC. Analysis of NMN challenged LSEC using
direct stochastical optical reconstruction microscopy (dSTORM)
revealed that the F-actin within LSEC was more condensed
and that the actin rings delineating fenestrations became more
pronounced (Mao et al., 2019). The mode of NMN action in
LSEC remains to be elucidated - NAD + associates with sirtuins
which play a critical role in multiple cellular functions (Imai and
Yoshino, 2013) so the study of the role of sirtuins in fenestration
biology is therefore warranted.

Pantethine is a derivative of vitamin B5 and has been
suggested as a therapy for reducing LDL levels (Rumberger
et al., 2011). Fraser et al. (1989) studied the effect of pantethine
in cholesterol fed rabbits. The pantethine plus cholesterol fed
animals had higher LSEC porosity, fenestration diameter and
frequency and lower total cholesterol than the animals fed
cholesterol alone. Cholesterol feeding had no effect on LSEC
porosity. The same result had been found in another study
(Fraser et al., 1988). Unfortunately, there was no group fed only
pantethine, so it would be interesting to establish if pantethine
alone increases LSEC porosity and if this can explain (in part) the
reported pantethine-mediated reduction of plasma LDL seen in
other studies (Fraser et al., 1989; Rumberger et al., 2011).

Paracetamol (also known as acetaminophen or commercially
as APAP, Panadol) is one of the most widely used analgesic
medicines. Acute overdoses of paracetamol can cause lethal liver
damage, due to the toxic metabolite N-acetyl-p-benzoquinone
imine (NAPQI) (Hodgman and Garrard, 2012). The consensus
is that, in vivo, paracetamol reduces rodent LSEC porosity both
via reduction of fenestration diameter and frequency at “clinical”
doses (Walker et al., 1983; McCuskey et al., 2004; McCuskey,
20065 Ito et al.,, 2006b). The in vitro effect of paracetamol on
LSEC was reported to be dependent on NAPQI induced depletion
of glutathione levels. In C3H mice, acetaminophen is directly
toxic to LSEC via P450 activation, while in Swiss Webster mice
the toxic effect on LSEC was indirectly driven by hepatocytes
(DeLeve et al, 1997). APAP-induced LSEC injury precedes
hepatocellular injury, supporting the hypothesis that LSECs are
an early and direct target for APAP toxicity. These findings also
suggest that reduced sinusoidal perfusion and increased Kupffer
cell activity contribute to the development of APAP-induced liver
injury (Ito et al., 2003). Although it was presented that large
gaps are formed and the porosity is reduced in LSEC in vivo, the
effects of paracetamol challenge on LSEC porosity in vitro have
not been reported.

Prostaglandin E1 (synthetic form: alprostadil) is a naturally
occurring eicosanoid used as vasodilator for several different
medical purposes (Kirtland, 1988). Applications include erectile
dysfunction (ED) treatment in men who do not respond
to PDES5 inhibitors (Hanchanale and Eardley, 2014) and the
opening of ductus arteriosus in neonates requiring heart
surgery (Singh and Mikrou, 2018). Prostaglandin E1 exerts
its effect via the production of nitric oxide which stimulates
soluble guanylyl cyclase to increase production of cyclic GMP
(cGMP) and/or by the direct binding of prostaglandin to
prostaglandin receptors, activating adenylyl cyclase to convert
ATP to cyclic AMP (cAMP). The end result is the same in either
pathway - decreased intracellular Ca>* (Namkoong et al., 2005).
Oda et al. (1997) showed that prostaglandin El significantly
increased LSEC fenestration diameter in rat LSEC and also
caused partial fusion of some fenestrations within sieve plates.
They also reported increased Ca?*-ATPase on fenestral plasma
membrane after prostaglandin E1 challenge and postulated that
cytoplasmic Ca? " efflux caused relaxation (and thereby dilation)
of LSEC fenestrations.

Sildenafil (also known as Viagra) is a vasoactive agent
used for the treatment of ED. It is a potent and selective
inhibitor of ¢cGMP-specific phosphodiesterase (PDE) type 5,
due to its structural similarity to ¢cGMP (Bender and Beavo,
2006). Sildenafil increases cGMP levels by inactivating PDEs
that metabolize cGMP to GMP as well as by blocking ABCC5
transport protein responsible for active efflux of cGMP from the
cell (Aronsen et al.,, 2014). ¢cGMP is an intracellular mediator
of the NO pathway that can lead to relaxion of the vascular
smooth muscle (vasodilation) and thereby increase blood flow
(Denninger and Marletta, 1999). Hunt et al. (2019) challenged
LSEC from young (3-4 months) and old (18-25 months) mice
with sildenafil and found that porosity and fenestration frequency
(but not diameter) increased in LSEC from young and old mice.
Sildenafil also increased cGMP levels, NO synthesis and levels of
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phosphorylated nitric oxide synthase (pNOS). Mao et al. (2019)
also challenged LSEC (from young mice) and found that the
actin rings (which delineate fenestrations) and actin stress fibers
became more pronounced. In contrast to Hunt et al. (2019) and
Mao et al. (2019) found that sildenafil increased fenestration
diameter on average by 30%. This inconsistency might be due
to the methods used - the first study used SEM to score LSEC
morphology after dehydration, while the second study used
dSTORM on “wet” LSEC samples. Sildenafil (and other PDE and
ABC transporters inhibitors) may be an interesting therapeutic
option to increase LSEC porosity in the elderly.

Simvastatin is a cholesterol lowering agent. Its cholesterol
reducing action is via inhibition of 3-hydroxy-3-methylglutaryl
(HMG) coenzyme A reductase, the rate limiting enzyme
in cholesterol synthesis. Simvastatin also upregulates NO
levels suggesting vascular protective effects beyond cholesterol
reduction (de Sotomayor et al., 2005; Rikitake and Liao, 2005).
Hide et al. (2020) reported that simvastatin was somewhat
protective against warm ischemia reperfusion induced LSEC
defenestration in (male Wistar) rats, so simvastatin may
be able to provide a protective role in maintenance of
porosity. Venkatraman and Tucker-Kellogg (2013) showed that
simvastatin can antagonize Rho/ROCK (Rho-associated protein
kinase) signaling, protecting from the defenestration resulting
from activation of this pathway. Moreover, simvastatin treatment
led to increase on both porosity and fenestration frequency in
(male Wistar) rats. Interestingly these results in rats were not
replicated in mice. Findings of Hunt et al. (2019) in (male
C57/BL6) mice showed no significant changes in porosity or
fenestration frequency in young or old mice, and only a 20%
increase in mean diameter in the aged group. These findings
may suggest species dependent difference in the simvastatin
mechanism of action.

TRAIL [tumor necrosis factor (TNF)-related apoptosis-
inducing ligand] is a protein ligand reported to induce cell death
in transformed cells by binding to “death receptors” (Wiley et al.,
1995). It is also reported to induce NO production via eNOS
(Bartolo et al., 2015). Hunt et al. (2019) reported that LSEC
challenged with lower doses of TRAIL increased LSEC porosity
and fenestration frequency in young but not old mice. The lack of
TRAIL response of old mice LSEC could be explained by reduced
expression of TRAIL receptors in older mouse LSEC, but the
level of TRAIL receptor expression in young vs. old mice remains
to be determined.

Hormones and Other Agents Acting on
LSEC

LSEC and Vasoactive Agents

Vasoactive signaling molecules commonly act through a receptor
induced relaxation in the smooth muscle surrounding the
vasculature (Webb, 2003). Signaling is mostly mediated by the
NO/cGMP pathway and via intracellular calcium concentrations
(Chen et al., 2008). Crucially, whether a stimuli directs toward
constriction or relaxation will depend on the tissue specific
expression of certain receptors and the presence or absence of
inhibition of parallel pathways.

Hepatic sinusoids lack smooth muscle cells but can dilate
and contract responding to various vasoactive agents. Moreover,
according to the two main studies addressing this issue (Oda
et al, 1990; Gatmaitan et al, 1996), LSEC porosity and
fenestration diameter seem to correlate with vasodilation or
vasoconstriction (Table 2). These results suggest that vasodilators
and vasoconstrictors have a direct effect upon the fenestrations
of LSEC. The lack of super resolution techniques for living cells
was one of the main drawbacks at the time of these studies of
vasoactive agents effects on LSEC. It will be therefore beneficial
for the field investigate the role of vasoconstriction and dilation in
fenestration regulation using live cell imaging techniques, such as
AFM, SIM or stimulated emission depletion microscopy (STED).

Vasodilators
Acetylcholine is a vasodilator acting through the
cholinergic/muscarinic receptor (Sakai, 1980). In LSEC

acetylcholine dilates sinusoids increasing blood flow rate
and increasing fenestration diameter (Oda et al., 1990), when
administered intravenously. On the other hand, cholinergic
receptor agonists were also noted to cause narrowing of
the sinusoids: bethanechol, carbachol, and pilocarpine
applied topically to the liver caused constriction of the liver
microvasculature, but fenestrations were not quantified (Reilly
et al., 1982; McCuskey and Reilly, 1993). To further complicate
these findings, intravascular admission of pilocarpine decreased
while bethanechol increased the fenestration diameter. These
differences in the effects can be explained by the expression of
certain receptors responding to the same stimuli but having
contradictory effects, however, further studies are needed.
Bethanechol is already used as a therapy for postoperative and
postpartum non-obstructive urinary retention, it would therefore
be of interest to further study its effects on LSEC porosity (Oda
et al., 1990). Vasoactive intestinal peptide (VIP) is a class II
G-protein coupled receptor ligand (Umetsu et al,, 2011). It
has multiple physiological effects including vasodilation and
increased gut motility during digestion (Iwasaki et al., 2019). VIP
was shown to dilate the sinusoids and fenestra, increasing blood
flow through the sinusoids which would enhance the uptake of
circulating nutrients after a meal (Oda et al., 1990). Isoprenaline
(also known as isoproterenol) is another vasodilating agent
acting as a PB-adrenergic receptor agonist. This G-protein is
essential for cardiac function (reviewed in Wachter and Gilbert,
2012) and is used to treat bradycardia and (rarely) asthma.
The effect on LSEC follows that of other of vasodilating agents
increasing in both sinusoidal blood flow and fenestration
diameter (Oda et al., 1990).

Vasoconstrictors
Serotonin (also known as 5-HT) is a monoamine
neurotransmitter with numerous physiological functions

(Berger et al., 2009). Depending on the particular receptors
expressed in each vessel wall and surrounding smooth muscle
tissue, serotonin can cause vasoconstriction or vasodilation in
different vascular beds (Kaumann and Levy, 2006). In the liver,
serotonin constricts sinusoids and reduces fenestration size
(Wisse et al., 1980; Oda et al., 1990). Gatmaitan et al. (1996)
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showed that the effect is mediated by decreasing cAMP and
increasing intracellular calcium levels in a matter of seconds.
Endothelin (ET) is a vasoconstricting peptide that is produced
in the endothelium and plays an important role in vascular
homeostasis (Kawanabe and Nauli, 2011). In LSEC, it decreases
both the number and the size of fenestrations (Kamegaya et al.,
2002; Yokomori et al., 2006) and it reduces the blood-flow
through the sinusoids (Zhang et al., 1994). Many ET receptor
antagonists are used as an efficient treatment for hypertension.
ET-A receptor antagonist (BQ-123) treatment (but not ET-B
receptor antagonists) abolished ET induced defenestration and
contraction of fenestrations (Yokomori et al., 2006). Blocking ET-
1 activity in vivo by BQ-123 led to gap formation shown by SEM
and TEM (Watanabe et al., 2007). The a-adrenergic receptor
family mediates vasoconstriction and is coupled to guanine
nucleotide regulatory proteins (G-proteins) (reviewed in Ruffolo
and Hieble, 1994). a-adrenergic receptor agonists were found
to have different effects on LSEC, epinephrine (adrenaline)
decreased sinusoidal blood flow and contracted sinusoids
and LSEC fenestrations (Oda et al., 1990), while in another
study sinusoids were found slightly enlarged, and fenestrations
unchanged (Wisse et al., 1980). Norepinephrine (noradrenaline)
was found to contract sinusoids and fenestrations in both
studies (Wisse et al., 1980; Oda et al.,, 1990). Neuropeptide Y
(NPY), another vasoconstrictor generally coupled to G-protein
signaling, is involved in various physiological and homeostatic
processes (White, 1993) but also inhibits gastrointestinal motility
(Holzer et al., 2012). In LSEC, NPY constricts both sinusoid and
fenestrations (Oda et al., 1990).

Signaling and Fenestration Maintenance

One of the most challenging aspects of studying LSEC is the
dedifferentiation in vitro after cell extraction. LSEC lose their
characteristic porous morphology after just few days in culture,
significantly restricting time for experiments. There have been
many attempts to slow down, stop or reverse that process (Bravo
et al., 2019; Di Martino et al., 2019) but the main mechanism(s)
behind the loss of fenestrations remain unknown.

Vascular Endothelial Growth Factor (VEGF) is a hormone
that stimulates acetogenesis and angiogenesis (Apte et al., 2019).
In LSEC, VEGF has been shown to increase LSEC porosity
in vitro (Funyu et al,, 2001; Yokomori et al., 2003) as well
as to prolong the fenestrated phenotype of cultured LSEC
in vitro (Xie et al., 2012b). Downregulation of VEGF signaling
has been associated with LSEC defenestration, capillarization
of sinusoids, and abnormal liver physiology (Carpenter et al,
2005; DeLeve, 2015). DeLeve (2015) showed that VEGF promotes
fenestration formation/maintenance via NO-dependent and NO-
independent pathways. Moreover, VEGF can induce fenestration
like structures in other microvasculature, e.g., rat cremaster
capillary (Roberts and Palade, 1995).

Bone Morphogenetic Protein 9 (BMP9, also known as
GDF2) is a circulating endothelial quiescence factor (David
et al, 2008). In LSEC it has been indicated as necessary
for fenestration maintenance and treating cells with BMP9
prolonged fenestrated phenotype in cultured LSEC (Desroches-
Castan et al., 2019a). BMP9 knockouts in 129/0Ola mice showed

very low fenestration frequency compared to WT, without
changes to diameters (Desroches-Castan et al., 2019a). However,
a follow up study using C57/Black mice did not confirm these
results (Desroches-Castan et al., 2019b).

Platelet derived growth factor B (PDGF) is a member
of the PDGF family of major mitogens for many cell types
(Fredriksson et al., 2004). Hepatic vascular permeability was
highly increased in PDGF-B retention deficient mice, with a
three-fold increase in FITC-dextran absorption and a more
fenestrated phenotype (Raines et al., 2011). PDGF-B signaling is
involved in pericyte recruitment and function, and stellate cell
activation (Raines et al., 2011).

Liver X receptor (LXR) is a nuclear receptor expressed in
a number of tissues, but with highest expression in the liver
(Willy et al., 1995). Oxysterols are natural ligands of LXR
and LXR deletion exacerbates CCly induced capillarization and
basement membrane deposition (Xing et al., 2016). LXR also
acts antagonistically on Hedgehog signaling (Hh) (Kim et al,,
2009), while LSEC produce and respond to Hh ligands and
use Hh signaling to regulate complex phenotypic changes that
occur during capillarization. Moreover, inhibition of Hh using
cyclopamine induced fenestration in vitro (Xie et al., 2012a).

Plasmalemma vesicle-associated protein (PLVAP) is
associated with angiogenesis and vascular permeability, with
less expression in barrier endothelium, and its expression is
stimulated by VEGF (Bosma et al., 2018). PLVAP was found to be
associated with a normally fenestrated phenotype, while PLVAP
deficient mice present extremely low porosity and accumulation
of collagen in the space of Disse (Herrnberger et al., 2014).
Auvinen et al. (2019) found that there was no difference in
number of fenestrations in PLVAP-/- mice, though their data
shows greater variability in the knockouts. Both studies used
SEM of tissue blocks for quantitative analysis of fenestrations.
The difference may relate to the methods used to attain the
knockouts raising the question of either knockouts being
too broad/non-specific or insufficient. PLVAP mutations are
associated with loss of fenestration diaphragms in other tissues
(such as small intestine) (Elkadri et al., 2015).

Lab Tools and Experimental Models
Experimental Animal Models for the Study of LSEC
Fenestrations
Liver sinusoidal endothelial cells are the first line of defense
in the liver and alterations in LSEC play a crucial role in the
development of many liver diseases such as fibrosis, cirrhosis,
or cancer (Gracia-Sancho et al,, 2021) as well as in the age-
related conditions (Hunt et al., 2018). To better understand
this role, many animal models have been used. Challenge with
certain drugs can mimic the development of these diseases
and reduce the time and/or costs compared to waiting for
them to spontaneously occur in animals (Table 3). Although
the exact mechanism of action of many of these drugs is not
known, the outcome is similar enough to study and propose
possible treatments.

Cirrhosis is a pathological liver state characterized by
abnormalities in hepatic architecture such as loss of fenestrations
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TABLE 3 | Experimental models and lab tools affecting LSEC fenestrations.

Fenestration Porosity Fenestration References Methods
diameter frequency
Cytoskeleton disruptors
Cytochalasin B 0/+ +++ +4+ Braet et al., 1996a,b,c a/b AFM, SEM, in vitro
¢ SEM, TEM, in vitro
Steffan et al., 1987 SEM, TEM, in vitro
SEM, in vivo
Braet et al., 1995a TEM, in vitro
Zapotoczny et al., 2017b, 2019b AFM, in vitro live
Spector et al., 1999 FL, SEM, TEM, in vitro
Oda et al., 1993 SEM, TEM, in vitro
Van Der Smissen et al., 1986 TEM, in vitro, in vivo
Steffan et al., 1986 SEM, in vivo
Kalle et al., 1997 AFM, in vitro
Cytochalasin D 0/- + + Svistounov et al., 2012; SEM, in vitro
Hunt et al., 2019
Dihydrohalichondramide - nd ++ Braet et al., 2002 SEM, in vitro
Halihondramide - nd ++ Braet et al., 2002 SEM, in vitro
Jasplakinolide - nd + Zapotoczny et al., 2019b AFM, in vitro live
Braet et al., 1998 SEM, TEM, in vitro
Spector et al., 1999 FL, in vitro
Latrunculin A 0 nd ++ Braet et al., 1996a SEM, TEM, in vitro
Spector et al., 1999 FL, in vitro
Braet et al., 1997 SEM, in vitro
Misakinolide - nd ++ Braet et al., 1998, 1999; Spector et al., SEM, TEM, in vitro
1999
Swinholide A -- nd +++ Braet et al., 1998, 1999; Spector et al., SEM, TEM, in vitro
1999
Disease models
Dimethyl nitrosamine (DMN) - -- nd Fraser et al., 1991, 1995b; Rogers et al., SEM, in vivo
1992; Tamba-Lebbie et al., 1993
Endotoxin/LPS -/G --/0 - SEM, in vivo
Dobbs et al., 1994; Fraser et al., 1995b
SEM, TEM, in vivo
Frenzel et al., 1977; Ito et al., 2006a
Sasaoki et al., 1995 SEM, in vitro
Galactosamine + endotoxin G nd - Ito et al., 2006a SEM, TEM, in vivo
Galactosamine + endotoxin 0 nd 0 lto et al., 2006a SEM, TEM, in vivo
+ matrix metaloproteinase
Monocrotaline G nd -- Deleve et al., 1999 SEM, TEM, in vivo
Deleve et al., 2003a,b SEM, in vivo
Monocrotaline 0 0 nd Deleve et al., 2003b SEM, in vivo
+ V-PYRRO/NO
Poloxamer 407 nd nd -- Cogger et al., 2006 SEM, TEM, in vitro, in vivo
Pyocyanin nd -- nd Cheluvappa et al., 2007 SEM, in vitro
Thioacetamide (TAA) - -- nd Mori et al., 1993a,b SEM, TEM, in vivo
Xie et al., 2012b SEM, in vivo
Other
Superoxide anion (SOA) G nd - Deaciuc et al., 1999 SEM, TEM, in vivo
and nitric oxide NO
7 keto cholesterol (7KC) + + + Svistounov et al., 2012; Hunt et al., 2019 SEM, in vitro
Antimycin A nd - --- Zapotoczny et al., 2017b AFM, in vitro live
Braet et al., 2003 SEM, TEM, in vitro
Arsenic nd -- nd Straub et al., 2008 SEM, TEM, in vitro, in vivo
C3 transferase + + nd Yokomori et al., 2004 SEM, TEM, in vitro

(Continued)
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TABLE 3 | (Continued)

Fenestration Porosity Fenestration References Methods
diameter frequency

Calcium ionophore - nd 0 Zapotoczny et al., 2019a AFM, in vitro

Oda et al., 1993 SEM, TEM, in vivo
Calmodulin agonist w7 + nd nd Oda et al., 1993 SEM, TEM, in vitro
Cyclopamine nd + nd Xie et al., 2012a SEM, in vitro
Diamide nd nd --- Zapotoczny et al., 2019a AFM, in vitro live
Hydrogen peroxide +/G --/+ - Cogger et al., 2001 SEM, TEM, in vivo

Straub et al., 2008 SEM, TEM, in vitro, in vivo

lodoacetic acid nd nd + Zapotoczny et al., 2019a AFM, in vitro live
Lysophosphatic acid (LPA) - nd -- Yokomori et al., 2004 SEM, TEM, in vitro
Phorbol myristate acetate 0 nd - de Zanger et al., 1997 SEM, in vitro
(PMA)
S-nitroso-N-acetyl G nd 0 Deaciuc et al., 1999 SEM, TEM, in vivo
penicillamine (SNAP)
Staurosporine 0 nd - de Zanger et al., 1997 SEM, in vitro
Tert-butyl hydroperoxide G + 0 Cogger et al., 2004 SEM, TEM, in vitro, in vivo
Triton x100 0 -- nd Svistounov et al., 2012 SEM, in vitro
Trombospondin 1 nd -- -- Venkatraman and Tucker-Kellogg, 2013 SEM, in vitro
“0,” no change; G, gaps; nd, no data; increase: “+,” <560%; “++,” 50-100%; “+++,” >100%; decrease: “-," <560%; “--,” >50%;, "- - -,” defenestration.

(defenestration) and the build-up of basement membrane formed
from collagen deposition in the space of Disse. Interestingly, the
first stages of capillarization and defenestration was reported to
be reversible prior to the deposition of collagen and formation
of a basement membrane which indicates progression from
fibrosis to cirrhosis (Xie et al., 2012b). Drugs such as dimethyl
nitrosamine (DMN) or thioacetamide (TAA) are used to
induce cirrhotic morphology in LSEC in animal models. Chronic
admission of DMN (Fraser et al., 1991; Tamba-Lebbie et al.,
1993) and TAA (Mori et al., 1993b; Xie et al., 2012b) was
shown to lead to the loss of fenestrations, however the precise
mechanism(s) behind this remains unknown. It was suggested
that soluble guanine cyclase (sGC) is a crucial element of
signaling necessary to maintain fenestrated LSEC morphology.
sGC activation normalizes LSEC phenotype and completely
prevents progression of fibrosis despite ongoing TAA exposure,
so the limiting defect responsible for capillarization in this
model of cirrhosis was in the NO/sGC/cGMP pathway (Xie
et al., 2012b). Defenestration is an important step not only in
cirrhosis and fibrosis but also with aging and its development
and has an impact on the whole organism. Lack of filtration of
chylomicrons and chylomicron remnants leads to hyperlipidemia
(Rogers et al., 1992). Cogger et al. (2006) showed that poloxamer
407, a synthetic surfactant causes dramatic defenestration and
massive hyperlipidemia. This finding suggests a direct role of
LSEC porosity in the lipid clearance in the liver.

Monocrotaline has been used to a model hepatic veno-
occlusive disease (DeLeve et al., 1999) and sinusoidal obstruction
syndrome (SOS) (DeLeve et al., 2003a,b). Toxic effects were
observed only in LSEC but not in hepatocytes nor in other
parts of the endothelium. LSEC metabolize monocrotaline by
conjugation to glutathione and detoxify to pyrrolic metabolite.
It is believed to be a stable reproducible model resulting
in a decreased number of fenestrations, gap formation and

discontinuous sinusoid occurrence (Deleve et al., 1999). It is an
important reminder that LSEC also can metabolize drugs and it
is not only the hepatocytes that have this function in the liver.

Galactosamine, together with endotoxin or TNF, causes
gap formation in the sinusoids and can be used to study
the neutrophil extravasation in the acute inflammatory tissue
injury (Ito et al., 2006a). It was shown that inhibition of
matrix metalloproteinases, which are involved in gap formation,
reduces the neutrophil accumulation in the sinusoids. Bacterial
endotoxin alone plays a role in the pathogenesis of cirrhosis,
decreasing both number and diameter of fenestrations (Dobbs
et al.,, 1994). Other bacterial toxins, such as pyocyanin or LPS,
are used in studies of post-transplantation complications such
as sepsis or ischemia-reperfusion injury. Pyocyanin treatment
decreases porosity by its effects on the frequency of fenestrations
and can be prevented by addition of catalase. This result
suggests that the mechanism involves hydrogen peroxide-
induced oxidative stress (Cheluvappa et al., 2007).

Another bacterial toxin, Clostridium botulinum C3-like
transferase (C3-transferase), together with lysophosphatic acid
(LPA) was tested in a study from 2004. C3-transferase is a rho
inhibitor, while LPA is a rho stimulator. Rho was found to
be an important regulator of the actin cytoskeleton and was
therefore tested for its influence on fenestration and LSEC in
general. The in vitro experiments on rat LSEC showed dilation
and fusion of fenestrations after treatment with C3-transferase,
while contraction occurred when the cells were treated with LPA.
Additionally LPA caused an increase in F-actin stress fiber and
actin microfilaments, while C3-transferase treatment showed the
opposite (Yokomori et al., 2004).

Several models of experimental liver injury show similar
morphological alterations, including gaps and ruptured
sinusoids. Deaciuc et al. (1999) showed that these early changes
can be mediated by the free radical species. The in vitro treatment
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of rat LSEC with superoxide anion or nitric oxide resemble the
observations from in vivo experiments with various hepatotoxins.
Treatment with hydrogen peroxide also increased fenestration
diameter and decreased fenestration number (Cogger et al,
2001). High porosity values can be misleading in the studies
where gap formation is observed so measurement of all three
morphology parameters should be considered. Straub et al.
(2008) presented that effect of low doses of arsenic, mimicking
water contamination levels, also act through reactive oxygen
species (ROS) generated by NADPH oxidase (NOX). This
mechanism was confirmed by the protective (against arsenite)
results from NOX deficient mice and use of NOX inhibitors.

Cytoskeleton Disruptors

Numerous agents acting on the actin cytoskeleton have
significant effects on fenestration (Table 3). Two main groups
include marine sponge- and mushroom-derived toxins.
Relatively well-known mechanisms of action of these toxins
allowed the study of the link between actin cytoskeleton
and fenestrae. An extensive chapter from Braet et al. (2008),
provides an overview on the in vitro effects of actin binding
agents such as cytochalasin B, latrunculin A, jasplakinolide
A, swinholide A, misakinolide A, halichondramide, and
dihydrohalichondramide. Despite different mechanisms of
promoting/inhibiting actin polymerization or fiber stabilization,
all drugs result in an increase of fenestration number. The most
surprising finding is the effects of jasplakinolide which promotes
polymerization and stabilization of actin in other cells, but in
LSEC no such effect was shown. Instead, the loss of fibers and
accumulation of actin in single spots occurs within minutes of
jasplakinolide treatment (Spector et al., 1999). These structures,
described as ‘actin dots, are not fully understood, but they
resemble recently described actin asters which may be connected
with lipid raft reorganization (Fritzsche et al., 2017). There is
an ongoing discussion about the specificity of those agents for
actin. For example, cytochalasin B (but not D) was shown to
influence transport of glucose across cell membranes and its
overall effect can be influenced by changes in glycolysis and
metabolism (Kapoor et al., 2016). Iodoacetic acid acts on both
actin and spectrin and was shown to decrease stress filament
formation. Moreover, it caused an increase in porosity and
rapid opening and closing of fenestrations (Zapotoczny et al,
2019a). Nevertheless, agents acting on the actin cytoskeleton
remain the most important tools for studying fenestration
structure and dynamics.

Other Agents Affecting Fenestrations
Svistounov et al. (2012) emphasized the importance of lipid
membrane stability and lipid rafts on LSEC morphology.
Surfactants such as Triton X100 or poloxamer showed
destabilization of the cell membrane and promotion of lipid
raft formation which resulted in a decrease or even complete
ablation of fenestrations. Moreover, the reduction of lipid raft
formation by 7 keto-cholesterol (7KC) increased the number
of fenestrations showing the connection between fenestration
structure, actin and cell membrane (Hunt et al., 2019).
Thrombospondin 1 (TSP) is a matrix glycoprotein with
pro-fibrotic effects. In a study from 2013 (Venkatraman and

Tucker-Kellogg, 2013) it was shown to cause dose-dependent
defenestration in LSECs at 100 ng/mL. The authors additionally
showed that the CD47-binding fragment of TSP1, p4N1 - which
has anti-angiogenic effects in endothelial cells, also induces
defenestration in LSECs.

The influence of phorbol myristate acetate (PMA), a protein-
kinase-C (PKC) activator and staurosporine, a PKC inhibitor,
on LSEC have been examined by de Zanger et al. (1997). The
in vitro treatment of rat cells for 2-7 days resulted in a decrease in
porosity, due to the decrease in fenestration number without any
observable change in fenestration diameter, when treated with
PMA. However, despite the decrease in porosity, PMA improves
LSEC cultures in terms of viability and purit, and fenestrated
morphology was maintained after 7 days (de Zanger et al., 1997).
Treatment with staurosporine or PMA and staurosporine showed
enlarged fenestrations, gap formation and a decrease in porosity.
The authors concluded that PMA acts on LSEC through PKC
based on the staurosporine treatment neutralizing the PMA
treatment effects.

Deaciuc et al. (1999) tested rat livers challenged with
superoxide anion [S-nitroso-N-acetyl penicillamine (SNAP)]
and nitric oxide [xanthine oxidase plus hypoxanthine
(XO + HX)] generating substances. They theorized that
early morphological LSEC alterations associated with liver injury
are influenced by free radical species. When they perfused the rat
livers with SNAP, they found a suppression of hyaluronan uptake
(a test of LSEC endocytosis capacity) and the formation/creation
of large gaps in LSEC morphology, sometimes instead of sieve
plates, and sometimes together with fenestrations present
in sieve plates.

MECHANISMS

As discussed above, a variety of agents have been tested so
far showing their effect on fenestrae. Some of the agents
changed the number of fenestrations, while others alter their
diameters or distribution (gathered in sieve plates or individual
fenestrations), including the formation of gaps. However, the
clear understanding of why individual drugs have their effects
on LSEC is still lacking. The main reason is that many drugs
have cross-effects at the cellular level, affecting more than one
cellular mechanism/pathway, including the rearrangement of
cytoskeleton. Therefore, it is challenging to predict how a drug
will work on LSEC fenestrations.

A thorough analysis of the effects of a variety of agents
changing porosity, fenestration frequency, and fenestration
diameters (including gap formation) resulted in four
different hypotheses. These independent but overlapping
ideas describe the possible mechanisms behind fenestration
structure and dynamics.

(I) Actin  (de)polymerization regulates the number of
fenestrations (Braet et al., 1996b; Spector et al., 1999; Braet
and Wisse, 2002; Monkemoller et al., 2015). The hypothesis
was discussed in Braet et al. (1995a), Braet et al. (1996b)
and has been developed over the years. It was presented
that the cytoskeleton plays a crucial role in the porosity
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of LSEC. Fenestrae-associated cytoskeleton rings (FACR)
surround each fenestration and sieve plate-associated
cytoskeleton surround sieve plates (Braet et al., 1995b).
The application of actin (de)polymerization targeting
drugs revealed the direct connection between actin
cytoskeleton and fenestration number in LSEC (Spector
etal., 1999; Carpenter et al., 2005). However, the disruption
of actin does not destroy fenestration structure, which
indicated the complex structure of FACR. Later it was
reported that actin filaments surround each fenestration
within a sieve plate (Monkemoller et al., 2015).

Calcium ions regulate the diameter of fenestrations.
This second hypothesis was summed up in 2002
(Braet and Wisse, 2002). It is mainly based on the
research of Oda and Yokomori presenting the role of
calcium/calmodulin/actomyosin  in  the contractility
of fenestration diameters (Oda et al., 1990; Yokomori
et al, 2004). The regulation of myosin light chain
(MLC) phosphorylation occurs via calcium-calmodulin
signaling. Further it was suggested that MLC kinase and
phosphatase may exert different effects on cell morphology
(Yokomori et al., 2004).

Regulation of fenestrations depends on lipid rafts. The sieve-
raft hypothesis assumes that fenestrations are formed in
the flat areas of the cell periphery, in between lipid rafts,
where the cell membrane is more flexible and more prone
to shape changes (Svistounov et al., 2012). Also, other ways
in which lipid rafts can be connected with fenestration
were proposed, such as influence on signal transduction or
indirect regulation of some signaling pathways.

Spectrin is involved in the open versus closed state
of fenestration. The hypothesis decouples the direct
actin regulation from the number of fenestrations.
Instead, the interplay between the membrane
scaffold and actin cytoskeleton is responsible for
the opening of the fenestration within the actin ring
(Zapotoczny et al., 2019a).

(II)

(1m)

Iv)

All the above hypotheses do not exclude each other and
only emphasize how complicated the mechanisms regulating the
number, shape, and size of fenestrations can be. In the following
subsections we will focus on the physiological regulation
of number and size of fenestrations, apart from the direct
(often toxic) effect of actin disturbing drugs (described above).
The analysis of different agents acting on LSEC fenestrations
leads to the conclusion that the phosphorylation of myosin
light chain (MLC) is the core of various pathways regulating
actin (de)polymerization. Calcium dependent and independent
activation (phosphorylation) of MLC and release of actin binding
proteins (such as tropomodulin, tropomyosin, caldesmon) leads
to contraction of fenestrations and decrease in the number
of fenestrations, while MLC dephosphorylation leads to the
relaxation of MLC and promotes more fenestrated morphology
of LSEC. The local balances regulating the levels of calcium,
ROS, or NO in different parts of the cell ensure active control
over the dynamics of fenestrated LSEC. The regulation covers
the (de)activation of membrane proteins which may affect

actin association to the membrane. Finally, the oxidative state
of membrane cytoskeleton and lipid rafts distribution are
additionally (passively or actively) involved in this regulation.

Cytoskeleton

SEM and TEM allowed visualization of the fenestrae-associated
cytoskeleton rings (FACR) in LSEC (Braet et al, 1996b).
Preparations of “ghost” cells, after removing cell membrane with
detergent, revealed a network of filaments associated with sieve
plates surrounded by thicker filaments. Precise identification
was not possible, but the high resolution of those techniques
allowed diameter measurements suggesting a mesh of actin
fibers surrounded by microtubules. The gap in the chemical
information has been filled with super resolution fluorescence
microscopy. Monkemoller et al. (2015) showed the first direct
correlation between the localization of cell membrane and actin
around fenestration, using SIM. Recently, FACR structures could
be also visualized in high resolution using AFM and dSTORM
(Zapotoczny et al.,, 2017b, 2019a). It was also presented that the
complete actin ring is necessary to form an open pore within a
FACR (Zapotoczny et al., 2019a).

Cytoskeleton remodeling that influences the number of
fenestrations was demonstrated for live LSEC. During the first
hours after isolation LSEC spread on the substrate, opening
and closing individual fenestrations and whole sieve plates. It
indicated that fenestrations are not preserved from the in vivo
to the in vitro state and their formation and closing is dynamic
as previously suggested (Braet and Wisse, 2012). With time, the
dynamics of fenestrations was shown to be slower (Zapotoczny
et al., 2020). Still, fenestrations in isolated LSEC were shown to
freely migrate several micrometers, and changing their diameter
up to 200% during their ~ 20 min lifespan.

Interesting labyrinth like structures have been observed
in vitro in the proximity of the perinuclear area of LSEC (Braet
et al., 2009). Some fenestrations form three dimensional multi-
folded tunnels that are not always passing through the cell which
contradicts the sieving role of LSEC. One possible explanation
could be that these structures are caused by the cell isolation
process because they have not been observed in vivo (in tissue
samples). After digestion of the liver with Liberase/collagenase
cells are detached from each other, perhaps disrupting parts
of their cytoskeleton in a way that can be beyond repair
after reattachment in vitro. Another explanation assumes that
microfilament-disruption induces translocation of pre-existing
three-dimensional organized fenestrae forming centers (FFCs)
from the perinuclear area toward the peripheral cytoplasm (Braet
et al., 1998, 2007). Recently, the formation of FFC was shown
in live LSEC. It was confirmed that FFC are involved in the
rapid increase in fenestration number, both in control and
drug treated LSEC.

The importance of the actin cytoskeleton and the structure
of FACR was confirmed by the dramatic effects of any agent
directly affecting actin. Actin disruptors (see Table 3 and
Figure 3) were shown to rapidly induce the formation of
new fenestrations (up to 300% porosity increase in 30 min
by cytochalasin B) despite different mechanisms of actin
depolymerization (Steffan et al., 1987; Zapotoczny et al., 2017b).
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Other drugs that indirectly cause actin depolymerization, such
as iodoacetic acid, metformin or sildenafil, also resulted in the
increase in fenestration number (Hunt et al., 2019; Zapotoczny
et al., 2019a). Altogether, agents acting on actin cytoskeleton
remain the most important tools in studying fenestration
structure and dynamics.

Understanding the mode of action of actin disturbing
agents may help us reveal fenestration structure. Actin fibers
are regulated by a set of proteins such as profilin, gelsolin,
or cofilin that create the dynamic, out-of-equilibrium state.
Every actin-binding protein, regardless of the location of its
actin-binding site, influences the adenine nucleotide exchange
rate of actin and the ratio of G (monomer/globular) and F
(polymerized/filamentous) actin (Figure 3). Control over that
process is maintained by many signaling pathways allowing
LSEC to adjust the morphology according to internal and
external stimuli. Actin disrupting agents act similarly to those
controlling proteins. However, they lack control or feedback loop
systems therefore result in rapid and dramatic changes. The
importance of the controlled signaling is especially visible in
prolonged in vitro LSEC culture where changes in cytoskeleton,
such as stress fiber formation and fenestration disappearance,
occur (Yokomori et al., 2004). However, the direct relationship
between the actin polymerization into the thick stress fibers
and the decrease in the number of fenestrations needs
to be evaluated.

In fact, actin is the only demonstrated protein that was
validated to have a direct impact on the number of fenestrations.
Therefore, we discuss the various signaling pathways leading to
actin and actin related proteins and the ways to affect them to
observe the desired effect on fenestrations in the next section.

MLC Phosphorylation — The Core of the
Fenestration’s Regulation

Myosins convert ATP to create a mechanical force on actin.
Created tension in actomyosin cytoskeleton is necessary for
number of cellular processes, including cell motility, cytokinesis
and intracellular trafficking (Brito and Sousa, 2020). The myosins
contain a neck region allowing to bind myosin light chain
(MLC) domains, which are regulated by the phosphorylation
and dephosphorylation via MLCK and MLCP respectively. In its
phosphorylated/active form, MLC results in activation of ATP
dependent myosin heavy chain binding to f-actin, which creates
an active contractile force. With 30 classes of molecular motors
in myosin superfamily regulating variety of cellular processes
(Brito and Sousa, 2020) several reports have been dedicated to
the role of MLC in the regulation of fenestration diameters. In
the following subsections we focused on the cellular machinery
involved in the regulation of MLC phosphorylation via calcium,
NO, and ROS pathways.

Lipid Rafts

The existence and role of lipid rafts has caused divisions
in the scientific community in recent years and during The
Keystone Symposium on Lipid Rafts and Cell Function (2006)
the following definition was adopted: “Membrane rafts are

small (10-200 nm), heterogeneous, highly dynamic, sterol- and
sphingolipid-enriched domains that compartmentalize cellular
processes. Small rafts can sometimes be stabilized to form
larger platforms through protein-protein and protein-lipid
interactions.” The role of lipid rafts in fenestrations structure
and dynamics was studied only recently (Svistounov et al., 2012)
and then the hypothesis of sieve-raft regulation of fenestrations
was proposed by Cogger et al. (2013). Visualization with SIM
revealed that rafts are not present inside sieve plates but
rather surround them in an inverse distribution (Svistounov
et al, 2012). Fenestrations are formed in the flat, non-raft
lipid-disordered regions and are prone to changes in raft
organization. 7 keto cholesterol (7KC) increases lipid ordered,
non-raft regions and thus promotes fenestration formation while
detergent Triton X-100 increases the relative area of raft rich
regions and decreases fenestration number (Svistounov et al,
2012; Hunt et al,, 2018) (causing complete defenestration at
high Triton X-100 concentrations). High doses of 7KC caused
gap formation and retraction of cell membrane, which can
be explained by deficits in cell membranes after depletion of
rafts. Another detergent, poloxamer 407, was also reported to
elicit massive defenestration of LSEC (Cogger et al., 2006).
Interestingly, pre-treatment with Triton X-100 (increases rafts)
abrogated the effect of cytochalasin D and no increase in porosity
was observed (Svistounov et al., 2012). This result elucidates
the tight connection between rafts and actin cytoskeleton
in fenestration structure and/or dynamics. However, it was
reported that the lipid rafts in biological membranes induced by
detergents may not fully resemble the normal functional rafts
(Heerklotz, 2002).

Rafts are enriched in sphingolipids and cholesterol which
engenders membrane stability and provides a platform for many
membrane proteins that may contribute to their connection to
the actin cytoskeleton (Viola and Gupta, 2007). The anchoring
of actin to the lipid rafts was suggested to be realized through
the FERM domain of ERM proteins and talin (Chichili and
Rodgers, 2009), as well as adducin (Yang et al., 2018) and spectrin
(Ciana et al, 2011). Functional rafts may not be steady-state
phenomena; they might form, grow, cluster or break up, shrink,
and vanish according to functional requirements, regulated by
rather subtle changes in the activity (disordering or ordering)
of membrane compounds (Heerklotz, 2002). These properties
might be connected with the dynamic nature of fenestrations
and LSEC's ability to rapidly respond via morphology changes.
The amount of lipid rafts may also have an indirect effect
on fenestrations, through interactions independent of actin.
It has been reported that ABC transporters, which decrease
intracellular cGMP levels by its efflux, work less efficiently out
of raft regions (Klappe et al, 2009). ¢cGMP is an important
signaling molecule that acts on fenestrations through PKG,
decreasing intracellular calcium and promoting relaxation, both
of which are connected with growing fenestration number.
Lipid rafts may also affect many signal transduction pathways
in the cell by serving as platforms to bring receptors into
proximity with activating kinases, scaffolding proteins, and
adaptor molecules that are constituent residents of lipid rafts
(Rauch and Fackler, 2007).
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FIGURE 3 | Schematic representation of the effects of actin disrupting drugs on actin filaments. Depolymerization of the barbed end of the actin filament is inhibited
by CYT, MIS, and HALI which cap the barbed end, and by PHAL and JASP which attach from the side, additionally stabilizing the fiber. Latrunculin promotes
depolymerization by specific sequestration of monomeric actin. Polymerization is stimulated by JASP which also binds competitively to PHAL. Barbed end
polymerization is inhibited by CYT, LAT, SWA, and MIS. Both MIS and SWA bind two actin monomers, however only MIS caps the barbed end. HALI and SWA
stimulate severing of the actin filament. CYT, cytochalasin; HALI, halihondramide; JASP, jasplakinolide; LAT, latrunculin; MIS, misakinolide; PHAL, phalloidin; SWA,

swinholide.

Spectrin

It was reported that only completely closed FACR structures
contained fenestrations in the open state (Zapotoczny et al,
2019a). It was proposed that spectrin arranges actin to form a
ring-like structure. Although the actin cytoskeleton is important
part of fenestration structure, the membrane scaffold has a role
in the regulation of opening of fenestration within FACR. In the
spectrin-actin hypothesis, fenestrations can be opened if the cell
height does not exceed 300-400 nm, which is double the length
of the spectrin unit (Zapotoczny et al., 2019a). The proposed
mechanism is based on the observation of both open and
closed fenestrations within actin rings in live LSEC in vitro. The
switch between the open and closed state was pharmacologically
induced. The actin-spectrin complexes are strong enough to
allow migration of the individual fenestrations across the cell
membrane. Moreover, it can explain, why actin depolymerizing
agents induce new fenestrations: spectrin can arrange short actin
fibers to form ring like structures, and decreased cell height allows
spectrin units to bind, forming new FACRs. In 2020, the role
of actin/fodrin (non-erythroidal spectrin) was reported to be
required in fenestration biogenesis in the endothelioma cell line
bENDS5, in which fenestrations can be induced pharmacologically
(Ju et al., 2020). Authors showed a close association between
beta actin and spectrin. Moreover, they reported that knockout
of alpha spectrin resulted in 10-fold decrease in the number
of fenestrations. Nevertheless, despite the increasing interest in
this membrane cytoskeletal protein the knowledge of membrane
skeleton regulation in endothelial cells is poorly understood.

Regulation via Ca2t
The role of calcium in the regulation of fenestration diameters
was discussed by Braet and Wisse (2002). The serotonin induced

influx of calcium was described to cause calcium-calmodulin
dependent phosphorylation of MLCK decreasing the size of
fenestrae, denoted as contraction. The reverse effect remained
as speculation. Later, Yokomori et al. (2004) summarized
that calcium influx affected not only MLCK, but also Rho
activity. Thus, calcium can affect both MLCK and ROCK
dependent phosphorylation of MLC. The authors presented
results of LPA and C3 transferase, causing fenestration closing
and dilating respectively, indicating that they act through MLC
phosphorylation. In the Figure 4 we extended the possible
regulation of MLC phosphorylation, based on the current
state of knowledge. MLC is activated by the calcium mediated
phosphorylation via myosin light chain kinase (MLCK) (Rigor
et al, 2013). The activity of MLCK is increased by Ca*-
calmodulin binding and by phosphorylation by protein kinase C
(PKC). PKC can also further promote MLC phosphorylation by
inhibition of MLCP, however, this pathway was not confirmed
in endothelium (Somlyo and Somlyo, 2000). The activation of
MLCK can be hampered by the cAMP dependent kinase -
protein kinase A (PKA). PKA binds to the similar region
of MLCK to the Ca’*-calmodulin complex binding domain,
hampering calcium dependent MLC phosphorylation. However,
the activation of MLC is not sufficient to create a contractile
force of the actomyosin complex. The actin binding proteins
ensure additional control. Actin is stabilized by e.g., tropomyosin,
tropomodulin, caldesmon, or calpain. The release of these
proteins from actin is controlled in a calcium-concentration-
dependent manner, allowing myosin to reach actin (Hepler,
2016). Moreover, the activation of actin polymerization processes,
e.g., by gelsolin, profilin or cofilin is also calcium dependent
and results in an increase in actin polymerization. The calcium
level, regulated by calcium membrane channels and pumps or
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FIGURE 4 | This scheme represents an attempt in unifying the proposed hypotheses of mechanisms behind the structure and dynamics of fenestrations. Various
signaling pathways involved in the regulation of fenestrations in LSEC are based on the studies of LSEC (or other endothelial cells). The drugs with known
mechanisms of action and reported to affect fenestrations are summarized in Table 4.

by endoplasmic reticulum release, causes a cascade of cellular
mechanisms driving local changes in the cytoskeleton. These
changes vary in different cells and the details of these processes
is beyond the scope of this review. The contraction of actomyosin
is permanent. It means that it must be actively undone to ensure
actomyosin relaxation. The balance of (de)phosphorylation of
MLC is maintained by MLC phosphatase (MLCP). The enzyme
activity is independent of the calcium plasma concentration
(Alvarez-Santos et al, 2020). In addition to the role in the
dephosphorylation of MLC, it exhibits phosphatase activity
toward other proteins, such as ankyrin, adducin, Tau, merlin,
calcineurin-A, interleukin-16, Rb, moezin, and ezrin (Kiss et al.,
2019). Inhibition of MLCP (MYPT1 complex) by activation of
the RhoA/ROCK pathway, results in indirect increase in the level
of phosphorylated MLC and an increase in/of the contractile
forces. PKA, PKG, and PKC also cause phosphorylation of
MLCP. However, a recent study showed that in contrast to
the RhoA/ROCK pathway, PKG- induced phosphorylation has
no effect on MLCP activity (MacDonald and Walsh, 2018).
It needs to be emphasized that the phosphorylation of MLC
is connected to the formation of fibrous actin (via activation
of actin nucleation proteins - e.g., gelsolin, profilin, cofilin,
as mentioned) and vice versa. It was suggested that actin
polymerization is necessary for force development (Mehta
and Gunst, 1999). Therefore, the actin relaxation/contraction
state is to some extent connected with the (de)polymerization
of actin. The effects of certain drugs on fenestrations may
be a sum of both.

Regulation via NO

Nitric oxide is one of the most important signaling molecules
in endothelial cells and plays a crucial role in the maintenance
of fenestrations in LSEC (DeLeve, 2015). NO stimulates sGC
synthase and thus increases the cGMP level which then
starts a cascade of signaling. cGMP stimulates the efflux of
intracellular calcium into endoplasmic reticulum storage which
reduces activation of MLCK through calmodulin. There are
also suggestions that cGMP in microvascular endothelium
can act through PKG to activate MLCP leading to further
dephosphorylation of MLC (Rigor et al, 2013), but this
mechanism was shown only in vascular smooth muscle cells.
As described above, we propose that inactivation of MLCK
together with a decrease in Ca®™ leads to actin relaxation, which
results in the increase in fenestration diameter and/or number.
There is also evidence of crosstalk between cGMP and cAMP
levels which could further affect the MLC phosphorylation state
(Chong et al., 2005). The exact mechanisms of action of NO
on LSEC fenestration have not been described yet, however
the cGMP/Ca pathway has been shown to be a part of VEGF
induced NO production (Xie et al., 2012b; DeLeve, 2015). Two
main sources of intracellular NO are synthases eNOS (activated
among others by VEGE endothelin, or estrogen) and iNOS
(activated by cytokines during liver injuries). Both are responsible
for LSEC phenotype maintenance as well as cell response to
pathophysiological conditions (DeLeve et al., 2003b). The results
of treatment with PMA — which activates PKC and can lead
to increased NO production by eNOS — show a positive
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TABLE 4 | Agents with known mechanism of action and their effects on LSEC
fenestrations.

Inhibitor Target Effect References

C3 transferase RhoA FN 1, D ¢t Yokomori et al., 2004

Simvastatin CDh47 FN 1, D 4 Hunt et al., 2019

Y27635 ROCK FN 4 Venkatraman and
Tucker-Kellogg, 2013

W7 Calmodulin D+ Oda et al., 1993

7 keto cholesterol Lipid rafts FN 4, D ¢ Svistounov et al., 2012

Amlodipine Ca channel FN 1 Hunt et al., 2019

Promotor/activator Target Effect References

LPA RhoA Dy Yokomori et al., 2004

Sildenafil cGMP FN4 Hunt et al., 2019

Amlodipine

TRAIL

Phorbol myristate PKC FNJ| de Zanger et al., 1997

Thrombospondin CD47 Defenestration Venkatraman and
Tucker-Kellogg, 2013

Simvastatin NO FN+,D Venkatraman and

Tucker-Kellogg, 2013; Hunt
etal.,, 2019
Serotonin Ca channel Dl Gatmaitan and Arias, 1993;

Braet et al., 1995a

FN, fenestration number; D, fenestration diameter; 1/, increase/decrease.

effect on maintenance of LSEC morphology in vitro (de Zanger
et al., 1997). The effect was confirmed by co-administration of
staurosporine, which inhibits PKC.

The effect of NO is complex and involves many different
pathways. Besides cGMP signaling, NO can (competitively to
02) bind to complex IV in mitochondria, blocking the electron
transport chain which results in an increased ROS production
(Moncada and Erusalimsky, 2002). NO can then combine
with ROS creating highly reactive peroxynitrate ONOO~. NO
production by NOS is calcium dependent but at the same
time NO contributes to changes in intracellular calcium. Those
mechanisms seem to work as a feedback loop gently steering
the cell response, especially since NO is not a stable molecule
so its influence is restricted to areas local to its synthesis. In
LSEC, NO is required for fenestration maintenance. However,
it is not sufficient alone, and other NO independent pathways
are necessary. It has been shown that, besides NO production
stimulated by VEGE NO-independent VEGF signaling is needed
also (Xie et al., 2012b). We propose two possible mechanisms: in
endothelial cells VEGF can act through its membrane receptor
on PLC, followed release of the Ca’* from the endoplasmic
reticulum (Rigor et al, 2013). Then, PKC enters a feedback
loop of NO production leading to a decrease in Ca?*. This
would even further increase the NO production, but also
would act as a balancing effect for calcium ions. NO can also
induce protein S-nitrosilation, however it has been found not to
affect fenestrations (Xie et al., 2012b). The other possibility is,
reported in HUVEC, inhibition of Rho/ROCK pathway by VEGF
receptors (Tagashira et al., 2018) which has been shown to play an
important role in fenestration maintenance.

The c¢GMP pathway is a promising target for novel
therapeutics for liver diseases and aging as restoration of cGMP
levels can restore fenestrations in LSEC (Xie et al, 2012b).
Drugs such as sildenafil influence cGMP by blocking its efflux
by ABC transporters and degradation by phosphodiesterases
(PDE) (Toque et al., 2008; Sager et al., 2012). Amlodipine, a
blood pressure medication also affects fenestrations by acting
through both ¢cGMP and inhibition of Ca?* channels (Berkels
et al, 2004). Another drug used for lowering blood lipid
levels - simvastatin, promotes NO production directly via
the Akt pathway and through inhibition of Rho GTPases
(de Sotomayor and Andriantsitohaina, 2001).

Regulation via ROS

There are many sources of ROS within the cell, such as the
mitochondrial electron transport chain, NADPH and xanthine
oxidase and, highly expressed in endothelium, eNOS when
uncoupled (Widlansky and Gutterman, 2011; Jerkic and Letarte,
2015). ROS were initially considered mostly as cytotoxic,
but recent reports summarize their positive regulatory roles
both in physiological and pathological endothelium, reviewed
in Widlansky and Gutterman (2011).

Recently the cytoprotective role of ROS through activation
of autophagy signaling was shown in early ischemia injury
(Bhogal et al., 2018). LSEC morphology is sensitive to ROS
levels and many agents act through this mechanism, such as
e.g., ethanol and acetaminophen causing the disappearance of
fenestrations (Deaciuc et al., 1999). In vivo studies showed large
gaps in LSEC caused by ROS, generated by xanthine oxidase and
hypoxanthine suggesting destabilization of fenestrations which
also prevent cells from closing those gaps (Deaciuc et al., 1999).
Glutathione (GSH) is the main physiological countermeasure to
free radicals such as ROS. Reducing agents such as NAC can
reduce the depletion of GSH due to the presence of oxidative
stress (Sun et al., 2014). The effect of ROS on fenestrations
may come from different mechanisms based on the disturbance
of the redox balance in the cell. Intracellularly, mitochondria
are the main source of ROS while glycolysis is the main
source of reducing agents such as GSH and NADH. Scavenging
of ROS directly activates the Rho/ROCK signaling pathways
(Popova et al,, 2010) which may lead to promotion of stress
fibers. By analogy, the reduction of ROS by antioxidants should
lead to reduction of Rho/ROCK signaling, therefore promoting
fenestration formation. This mechanism would explain the age-
related defenestration associated with higher levels of ROS and
reduced redox capabilities in the cells (Herrera et al., 2010).

In endothelial cells, ROS can act as a messenger molecule
activating various signaling pathways. Besides the mitochondria,
a second main ROS source are NAD(P)H oxidases which can
be stimulated by various vasoactive agents (Griendling et al.,
2000). It has been shown that LSEC morphology is sensitive
to both vasodilators and vasoconstrictors, which was shown
to increase and decrease the fenestration diameter respectively
(Table 2). Moreover, LSEC lack underlying smooth muscles
cells to emphasize the response to vasoconstrictors/dilators.
There might exist more complicated cellular mechanisms in
LSEC to compensate for this. Altogether, those findings suggest
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that ROS may be part of signaling cascades activating redox-
sensitive proteins.

CONCLUSION

Drug clearance mediated by the liver is heavily dependent
on the proper phenotype of LSEC, including the transport
through fenestrations. Individual drugs and stimulants have
been reported to influence the porosity of LSEC. Some drugs
show beneficial effects on LSEC phenotype, potentially allowing
re-opening fenestration (“re-fenestration”) which could be of
benefit in the elderly. The role of LSEC senescence and “anti-
aging” senolytic drugs, with regard to porosity, warrants further
study. However, the background of polypharmacy (regular
daily consumption of 4 or more medicines) in much of the
elderly population needs to be considered in the refenestration
context. Within this review we highlighted the areas of research
which will be particularly beneficial for both physicians and
researchers. LSEC research is growing in recent years and
the latest stage of our knowledge about fenestrations is now
facilitated with novel microscopic techniques. These super-
resolution methods will continue to improve, so it is appropriate
for the field to simultaneously improve sample status, for
example to examine living LSEC, or “wet” fixed preparations
of LSEC or whole liver mounts instead of dehydrated cells.
The substrate upon which LSEC are typically cultured also
likely needs to be re-worked - tissue culture plastic is
considerably stiffer than the LSEC’s natural surroundings, so
other softer gel-based substrates should be considered, such
as those described by Guixé-Muntet et al. (2020). Ultimately,
in vivo imaging of LSEC fenestrations in situ would be
the ideal real-time test of refenestration therapies, but the
challenges (e.g., movement due breathing and heart beat) for
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Abstract: Hepatic sinusoids are lined with thin endothelial cells with transcellular pores, termed fen-
estrations. These fenestrations are open channels that connect the sinusoidal lumen to the underlying
Space of Disse (SoD) and the hepatocytes of the liver parenchyma. Fenestrations range from 0.05
to 0.35 um in diameter and cover 5-15% of the sinusoidal endothelial surface area, depending on
their location along the sinusoids. The direct measurement of hemodynamic parameters, such as
pressure and flow velocity, remains challenging within the narrow sinusoids. Such knowledge would
increase our understanding of the physiology of the hepatic niche and possible implications in aging
or diseases in which fenestrations are reduced or lost. Few simulations of liver blood flow focus on the
level of the individual sinusoid, and fewer still include the transcellular pores (fenestrations) of the
sinusoidal endothelium. Furthermore, none have included (i) a porosity gradient along the sinusoid
wall, modeled using through-all pores rather than a porous medium, (ii) the presence of the SoD, or
(iii) lymphatic drainage. Herein, computed fluid dynamics (CFD) simulations were performed using
a numerical model with relevant anatomical characteristics (length, diameter, porosity, inlet/outlet
pressure, and lymphatic outflow from the portal region of the SoD). The greatest contribution to lu-
minal velocity magnitude and pressure was the overall shape of the vessel. Divergent-radius models
yielded velocity magnitudes 1.5-2 times higher than constant-radius models, and pressures were
5-8% lower in the divergent-radius models compared to the constant-radius models. Porosity only
modestly contributed to luminal pressure. The luminal velocity magnitude was largely unaffected by
the presence or absence of lymphatic drainage. Velocity magnitudes through fenestrations were lower
in higher-porosity models (20%) vs. lower-porosity models (5%) across all models (0.4-0.55-fold
lower). Velocity magnitudes through the space of Disse were increased 3—4 times via the addition
of lymphatic drainage to the models, while pressures were decreased by 6-12%. The flow velocity
in the SoD was modified via differences in porosity, while the flow velocity in the lumens of the
sinusoids was largely unaffected. The overall shape of the vessel is the single most important factor
in the pressure flow behavior of the sinusoidal lumen. The flow rate over hepatocytes and the SoD
is modestly affected by the distribution of porosity along the sinusoid and greatly affected by the
lymphatic drainage, parameters that would be of interest for modeling the exchange of blood with
the hepatic parenchyma.

Keywords: liver sinusoid; fenestrations; fenestrae; liver hemodynamic; CFD; liver fluid dynamic
model; computational liver model

1. Introduction
1.1. The Hepatic Sinusoid

In liver lobules, blood enters the sinusoids from the portal triad (PT) and flows
toward the central vein (CV). Sinusoids are approximately 275 pm long and 5-15 pm
wide [1,2]. Particularly, the periportal zone (zone 1) of the sinusoid has a lumen with a
narrower diameter with respect to the perivenous zone (zone 3), while an intermediate
width characterizes the zone in between (zone 2) (Figure 1) [3-5].
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zone 1 zone 2 zone 3

Figure 1. Schematic of the liver sinusoid: liver sinusoid endothelial cells (LSECs) form the highly spe-
cialized and fenestrated endothelium of the sinusoid. Resident macrophages (Kupffer cells (KCs)) pop-
ulate the sinusoidal lumen, while hepatic stellate cells can be found within the Space of Disse (SoD),
an approximately 1 um thick region with a sparse extracellular matrix (grey bundles—proteoglycans
and collagen type III) that separates the LSECs from the hepatocytes (hep). Blood rich in nutrients
and oxygen flows from the portal vein (PV) and the hepatic artery (HA) toward the central vein (CV)
(purple arrows). Bile is formed in the hepatocytes and flows through the bile canaliculi, which are
situated between hepatic cords (dark green arrows). Lymph is largely (ca. 80%) formed from the
filtrate in the SoD and flows into the lymphatic vasculature (LV), which is in the Space of Mall (SoM)
(light green arrows).

In rats, the mean linear flow rate of blood within the hepatic microvasculature is
roughly 144 um/s. Flow speed and fluidic resistance increase from the periportal zone
to the perivenous zone [1,5,6]. Conversely, the pressure along the sinusoid decreases
from 70 mmHg (9333 Pa) in zone 1 to 30 mmHg (2666 Pa) in zone 3 [5]. While velocities
can be measured directly by tracking leukocytes or other particles in the sinusoids via
in vivo microscopy, pressures across the sinusoids must be estimated from measurements
of terminal portal venules and terminal hepatic venules [5]. Endothelial porosity (the
area of the endothelium covered with fenestrations) also varies across hepatic zones, with
fewer and narrower fenestrations in the periportal zone relative to the pericentral zone
(Table 1) [2,7-10].

Table 1. Partial summary of the literature concerning sinusoidal dimensions and flow parameters.

Reference

(i) Model; (ii) Method; (iii) Sinusoid Dimensions; (iv) Flow; (v) Pressure;
(vi) Fenestrations

Wisse, 1983 [10]

(i) Rat; (ii) SEM; (vi) porosity is higher and fenestrations have wider diameters in
zone 3 than in zone 1 (97.92 vs. 76.57 nm and 11.63 vs. 6.81%)

Vidal-Vanaclocha and Barbera-Guillem,

1985 [8]

(i) Rat; (ii) SEM; (vi) zone 3 has wider fenestrations (94-121 nm vs. 73-101 nm) and a
higher frequency (10.21-10.68 fenestrations/ um? vs. 5.74-6.26 fenestrations/pm?2)
than zone 1 and a greater number of sieve plates (1.73-fold greater)

Horn, 1986 [7]

(i) Human,; (ii) SEM; (vi) in zone 3, fenestrations are more numerous (23.5 vs. 19.2%)
than in zone 1, and porosity is higher in zone 3 than in zone 1 (9.1 vs. 7.6%)

Wake, 1988 [3]

(i) Rat; (ii) light and electron microscopys; (iii) centrilobular LSECs are larger (longer
and wider) than periportal LSECs

Henriksen and Lassen, 1988 [11]

(i) Theoretical model; (iv) the shape of the sinusoid does not affect the flow profile,
which is characterized by an increasing speed moving from zone 1 to zone 3; (v) in
humans, the pressure drop between the portal and central veins is between

3 and 5 mmHg (450 Pa)
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Table 1. Cont.

Reference

(i) Model; (ii) Method; (iii) Sinusoid Dimensions; (iv) Flow; (v) Pressure;
(vi) Fenestrations

Komatsu, 1990 [5]

(i) Rat; (ii) in vivo fluorescence microscopy; (iii) the diameter of the sinusoid increases
from zone 1 to zone 2 to zone 3; 6.4 pm-7 pm-8.3 um; (iv) the flow rate increases along
the sinusoid, 143-221-331 um/s; (v) the interpolated values of pressure within
sinusoids are as follows: zone 1, 68-50; zone 2, 50—40; and zone 3, 40-28 mmHg

MacPhee, 1995 [4]

(i) Mouse and rat; (ii) high resolution in vivo microscopy; (iv) the flow speed is highly
variable due to interactions between blood cells and the cells of the sinusoid; generally,
the velocity in zone 3 is greater than in zone 1

Yoon, 2013 [12]

(i) Mouse; (ii) computed tomography; (iii) zone 1 features a smaller diameter
(8.8 vs. 13.7 um) than zone 3; (vi) zone 1 has a lower porosity than zone 3

Ryou, 2020 [13]

(v) Clinical portal hypertension has pressure above 5 mmHg (666 Pa), while normal
pressure is around 3.4 mmHg (450 Pa)

The liver is the largest site of lymph production in the body, with up to 50% of the
lymph that drains into the thoracic duct formed here [14]. Hepatic lymph generation begins
with the filtration of blood through the fenestrations of the sinusoidal lining, followed
by drainage through the lymphatic vasculature beginning in the Space of Mall (SoM),
a region of the portal tract situated between the outermost hepatocytes and the hepatic
stroma [15-17]). Lymph production is correlated with hydrostatic pressure within the
sinusoids, with even slight pressure changes increasing lymph production and flow [14,15].
This physiological consequence, which is particularly evident in pathological conditions
such as portal hypertension, is due to the high permeability of the sinusoids [18].

1.2. Models of the Hepatic Sinusoids

Given the inaccessibility of the liver sinusoids to sensors for direct measurements of
hemodynamic variables, computed fluid dynamics (CFD) simulations were used to model
the flow field here (Table 2).

Table 2. The most significant studies on numerical models of the liver’s microvasculature.
Ref. = Reference, Mod. Obj. = models of a liver sinusoid or lobule, Dim. = dimensions, Bound.
Cond. = boundary conditions, Eval. Param. = evaluation parameter, v = velocity; FR = flow rate;
WSS = wall shear stress; P = pressure; 2D = two-dimensional; 3D = three-dimensional.

Mod.

Bound. Eval.

Ref. Obj. Dim. Origin Cond. Param. Highlights
An infinite lattice of hexagonal
lobules, the sinusoid space as a
- . Phys., P, blood flow porous medium, the resection
Bginﬁgilso((z%)olg)[g)?]’ Lobule 2D Numerical post-resection, and distribution (v), and effect, anisotropy and
88 lymph production lymph flow shear-dependent tissue
deformation, and
lymph production
Three human lobule P, permeability, A liver circulation
Debbaut (2012) [21] Three lobules 3D casts digitized using Phys. preferential flow anisotropy estimation
a micro-CT scanner pathways, and WSS Py
N . . . Lo Local hemodynamics; an
Piergiovanni Sinusoidal In vivo images; Umean, FRunass, . R e
(2017) [22] network 3D mouse model Phys. and WSS 1nvzst1gatlon into different
egrees of occlusion
Phys.; Porous media approach;
Hu (2017) [23] Lobule 3D Numerical path. P, Uyean, and FRyy; /

(fibrosis; cirrhosis) fibrotic—cirrhotic lobule

There are few models of the fluid dynamics of the liver or hepatic sinusoids that
account for the presence of fenestrations [24], with most studies simulating whole lobules
or larger areas of the liver [19-23,25-33] and, as such, accounting for porosity in a more
general way (as porous medium) in their models. No one has, to our knowledge, added



Livers 2023, 3

660

variable porosity to their models as such. Furthermore, the porosity of the liver sinusoid is
reduced in several pathologies/conditions, such as cirrhosis [34], alcoholic liver disease [35],
and in aging [36]. We therefore believe there is value added in a model that examines the
single-sinusoid level, investigating the contributions made by the overall shape and the
distribution of fenestrations (the porosity) in a computational fluid dynamics model of a
single sinusoid. This is especially due to the effects found in microfluidics of an increasing
versus constant porosity on the fluid flow velocity through a microchannel [37]. Brainerd
et al. found that in a micro-channel lined with pores, the magnitude of the outflow velocity
dropped significantly along its length if the porosity (% area fraction covered by open
pores) was even along the length, while to achieve an even outflow from the channel, the
porosity needed to increase along the length. Taken together with electron microscopic
observations made on liver tissue samples, porosity was expected to contribute to fluid
dynamics in the liver sinusoid.

Here, we seek to model the hemodynamics of a single liver sinusoid with a compu-
tationally inexpensive model that contains the most important ultrastructural details of
the sinusoid. We aim to decipher the relative contributions of (i) the radius of the sinusoid
(either as constant or expanding), (ii) the presence or absence of a periportal lymphatic
drainage outlet in the space of Disse, and (iii) the distribution of fenestrations to pressure
profiles and flow behavior.

2. Materials and Methods
2.1. Computational Fluid Dynamics (CFD) Simulations

CFD simulations were performed using Ansys® 2021 R1 Academic software and a
laptop with the features listed below (Table 3).

Table 3. Hardware specifications.

Processor Intel i5-10300H
Clock Freq. [GHZ] 2.50

Core # 8

Ram [GB] 8

The numerical 2D models utilized in the simulations were two half-sections of a
simplified sinusoid with either a constant luminal radius (named C = constant-radius
sinusoid) or a diverging luminal radius (named D = diverging sinusoid).

Each model was tested with different porosity and inlet pressure configurations
(physiological vs. pathological pressure).

The effect of a lymphatic outflow in the portal tract of the SoD was explored for
each model.

Linear porosity was defined as the ratio between the length given by the sum of the
fenestrations and the length of the sinusoid.

Zonal linear porosity was defined as the ratio between the length given by the sum of
the fenestrations in a certain zone and the length of the zone itself.

All three zones (periportal (1), perivenous (3), and intermediate (2)) were set to the
same length (275/3 = 91.667 pm).

Numerical models with constant porosity were obtained by arranging fenestrations
of a constant pitch along the whole length of the sinusoid. When variable porosity was
applied, the fenestration pitch varied zone by zone (but the fenestrations were evenly
spaced inside the zone itself). Zones 1, 2, and 3 of the sinusoid had porosities of 5%, 6%,
and 20%, respectively. Thus, changes in porosity were applied by increasing the number of
fenestrations rather than enlarging their diameter (Figure 2).
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Figure 2. Schematics of the numerical models of the sinusoid. The model was designed as a half-
section. Two main versions were adopted: constant-radius and diverging sinusoids (a). Sizes are in
microns. An example of the more complete model adopted in the simulations (b) a diverging section,
including a variable porosity (5%, 6%, and 20%) and an extra outlet at the portal side of the SoD to
mimic lymphatic drainage (dark arrows indicate the direction of the flow).

2.2. Geometry and Mesh

The numerical 2D models of the sinusoid were designed to comply with both the
computational capabilities of the hardware and anatomical likelihood.

e  The sinusoid was designed as a half-section measuring 275 um long. Two half-sections
were evaluated, one with a constant radius (3.5 pm) and one with a linearly increasing
radius (the inlet/outlet radii were, respectively, set to 3.5 um and 7.5 pm).

e  The SoD was modeled as a 1 um thick 2D chamber surrounding the sinusoid lumen
and communicating with it via fenestrations.

e  The fenestrations were modeled as 100 nm long and 150 nm high channels connecting
the sinusoidal lumen with the SoD (Figure 3).
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Figure 3. Mesh highlights shown for the diverging sinusoid model. The side of each element of the
mesh was set to a max size of 0.1 um. Further, in the bottom panel, the quality spectrum for the

orthogonality metric is reported.

Proper geometry is essential to facilitating the meshing process (the discretization of
the whole surface into tiny sub-surfaces defined by nodes for which the solver computes
the solutions of the fluid dynamics equations). The main design strategies used to obtain
the geometry of the sinusoid were as follows:

e  The main walls (of the sinusoidal lumen and the Space of Disse lumen) were formed
as two coaxial rectangles (or trapezoids when the sinusoid had a diverging section).
Fenestrations were modeled as a linear pattern.

The sketch was converted into a surface, and a symmetry axis was introduced (halving

the model).

The finite element method (FEM) facilitates a complex system’s numerical simulation.
This involves the discretization of a continuous system into small elements (named cells,
which are defined by nodes) over which to solve the equations. The obtained local solutions
are ultimately integrated over entire domains and bodies to produce a global solution.
Thus, the quality of the solutions generated by the solver strictly depend on the quality of
the mesh, which defines the size, distribution, and shape of the finite elements. A reduced
number of elements lead to a coarse solution with low computational costs. A high number
of elements gives an accurate solution which requires time-consuming calculations. The
mesh obtained had a good quality (Figure 3), thus ensuring accurate solutions. However,
the mesh can be further improved by reducing the size of the elements (set here to 0.1 pm).

The laminar flow module of a pressure-based solver, which couples mass and momen-
tum conservation with no-slip boundary conditions, was applied to disclose the pressure
and linear speed profiles of a steady flow for an incompressible fluid (blood).
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2.3. Solver Configuration

A Fluent solver (by Ansys) was utilized, setting a laminar-flow module with a no-slip
condition at the boundaries (v = 0 at the walls). Blood at 37 °C was selected as the material
(M =0.0035 kg'm 1571, p = 1060 kg/m?). Since the computational model was based on a
pressure-driven flow, the physiological pressures were set to 1067 and 800 Pa, respectively,
at the inlet/outlet [13]. Pathological conditions (e.g., portal hypertension) were introduced,
elevating inlet pressure up to 2400 Pa [13]. To simulate lymphatic drainage, a pressure
outlet was added at the portal region (zone 1) of the SoD, and the selected exit pressure
was set to 100 Pa [38]. The equations were solved using the COUPLED algorithm (keeping
default under-relaxation factors). The solutions converged after 105 iterations (which were

initially set to 2000 iterations).

The physics of the numerical model can be explained with the following partial

differential equations (PDEs):

That is, the mass conservation equation for an incompressible fluid where p is the

V:(pu)=0

density (kg/m~2) and u is the 3D velocity vector (m/s)

p(u-Vu) = =VP + uV2u

which is the equation of momentum for Newtonian fluids (constant i) where P is the

pressure (Pa) and p is the dynamic viscosity (Pa-s).

3. Results

The overall shape of the vessel had the greatest effect on the measured parameters,
with the velocity magnitude greater in the divergent models compared with the constant-
radii models. Velocity modules through the lumen were approximately 1.5-2-fold higher
in the divergent models vs. the cylindrical models (Figures 46 and Tables 4-6), and the
average pressure in the lumen was about 5-8% lower in the divergent models vs. the

cylindrical models (Figures 7-9 and Tables 4, 7 and 8).
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Figure 4. Velocity magnitudes along sinusoids modeled without lymphatic drainage. Models are
with a constant radius (cylinder) or with a diverging radius (conical) and low (5%) porosity or high

(20%) porosity.



Livers 2023, 3 664

Constant Radius Porosity 5 % Diverging Radius
1.00e-01 — 1.00e-01
1.00e-02 3 1.00e-02
@ 1.00e03 Hy @ 100603 \\\—-‘\
o [T £ iy )
2 oo 3 My L em— R WHHHHHHHNH T ——
T g
[ e I \
§ 1.00e-08 3 i, 1.00e-08 |
1.00e-00 3 1.00e-09
0 0.05 01 0.15 02 025 (; 0.05 0.1 0.15 02 0.25
Position (mm) Position (mm)
—— E———— .|
Porosity 20 %
1.00e-01 — 1.00e-01 —
1.00e02 5 1.00e-02 3
g 1.00e-03 —’l\ W 100e03 Sp-
E 1.00e-04 3 § 1.00e-04
% 1.00e-05 ‘g 1.00e-05 3
§ 1.00e-06 | § 1.00e-06 3
%‘ 1.00e-07 4 | %‘ 1.00e-07 3
é 1.00e-08 ‘ § 1.00e-08 3
1.00e00 3 1.00e-09 3
0 0.05 0.1 0.15 0.2 0.25 0 0.05 0.1 0.15 02 025
Position (mm) Position (mm)
[ ————— — _————— 7 0 4
:)grses Velocity Magnitude
disse| | [m/s] 1.00e-12 1.26e-11 1.58e-10 2.00e-09 2.51e-08 3.16e-07 3.98e-06 5.01e-05 6.31e-04 7.94e-03 1.00e-01
Figure 5. Velocity magnitudes along sinusoids modeled with lymphatic drainage. Models are with a
constant radius (cylinder) or with a diverging radius (conical) and low (5%) porosity or high (20%) porosity.
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Figure 6. Velocity along sinusoids modeled with variable porosity (5, 6, 20%). Models are with a constant
radius (cylinder) or with a diverging radius (conical) and with or without lymphatic drainage.
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Table 4. Quantitative evaluation of pressure (P) and velocity (V) at the axis of the simplified mod-

els of the sinusoid without fenestrations or lymphatic drainage (constant-radius and diverging-

radius microchannels).

Constant Radius

Divergent Radius

P [Pa] V [m/s] P [Pa] V [m/s]

max 1067.69 0.001 1066.95 0.0032
min 800.146 0.0008 799.876 0.0007
avg 933.5973 0.00085 871.9508 0.0015
Std.dev 77.1903 1.00 x 105 69.201 0.0007

Table 5. Velocity magnitudes in sinusoids modeled without lymphatic drainage. Const. rad. = constant

radius; Div. rad. = diverging radius; porosity given as %; Var = variable increasing porosity 5-20%;

1 = lumen centre line; f = fenestrations; D = Space of Disse.

Const. rad. Const. rad. Const. rad
5% Var 20%
1 f D 1 f D 1 f D
max 0.00087 0.000038 0.000034 0.0015 0.000033 0.000035 0.0033 0.000016 0.000035
min 0.00013 0 0 0.00054 0 0 0.00085 0 0
avg 0.00084 2.8 x10°° 0.000029 0.00086 1.2 x 10°° 0.00003 0.00086 0.000001 0.000032
Std.dev 0.000047 0.000005 0.000008 0.000044 25 x 1076 7.7 x 1076 0.00013 1.9 x 107° 6.7 x 1076
Div. rad. Div. rad. Div. rad.
5% Var 20%
1 f D 1 f D 1 f D
max 0.0031 0.00009 0.000053 0.0032 0.00009 0.000054 0.019 0.000049 0.000075
min 0.000022 0 0 0.000019 0 0 0.0007 0 0
avg 0.0015 0.000004 0.000025 0.0015 0.000002 0.000026 0.0015 1.8 x 107° 0.000028
Std.dev 0.00066 8.5 x 107¢ 0.000016 0.00067 6.63 x 107%  0.000016 0.0011 43 x107° 0.000022
Table 6. Velocity magnitudes in sinusoids modeled with lymphatic drainage. Const. rad. = constant
radius; Div. rad. = diverging radius; porosity given as %; Var = variable increasing porosity 5-20%;
1 = lumen centre line; f = fenestrations; D = Space of Disse.
Const. rad. Const. rad. Const rad.
5% Var 20%
1 f D 1 f D 1 f D
max 0.002 0.0013 0.0014 0.002 0.0014 0.0014 0.0035 0.0014 0.003
min 0.00075 0 0 0.00065 0 0 0.000014 0 0
avg 0.00086 0.000057 0.00012 0.00086 0.000019 0.00012 0.00085 0.000029 0.00014
Std.dev 0.00024 0.00016 5.25 x 1072 0.00025 0.00085 0.00026 0.0004 0.00012 0.00042
Div. rad. Div. rad. Div. rad.
5% Var 20%
1 f D 1 f D 1 f D
max 0.0041 0.0013 0.0014 0.004 0.0013 0.0014 0.025 0.0014 0.003
min 0.000016 0 0 0.000016 0 0 0.0007 0 0
avg 0.0014 0.000051 0.00011 0.0014 0.000025 0.00011 0.0017 0.000031 0.00012
Std.dev 0.0008 0.00015 0.00026 0.0008 0.00011 0.00025 0.0016 0.00013 0.00041
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Figure 7. Pressure along sinusoids modeled with lymphatic drainage. Models are with a constant radius
(cylinder) or with a diverging radius (conical) and low (5%) porosity or high (20%) porosity (top /bottom).
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Figure 8. Pressure along sinusoids modeled without lymphatic drainage. Models are with a constant
radius (cylinder) or with a diverging radius (conical) and low (5%) porosity or high (20%) porosity.
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Figure 9. Pressure along sinusoids modeled with variable porosity (5, 6, 20%). Models are with a con-
stant radius (cylinder) or with a diverging radius (conical) and with or without lymphatic drainage.
Table 7. Pressure in sinusoids modeled without lymphatic drainage. Const. rad. = constant radius;
Div. rad. = diverging radius; porosity given as %; Var = variable increasing porosity 5-20%; 1 = lumen
centreline; f = fenestrations; D = Space of Disse.
Const. Const. Const rad.
rad. 5% rad. Var 20%
1 f D 1 f D 1 f D
max 1067 1054 1043 1067 1055 1044 1067 1061 1056
min 802 813 824 796 806 811 785 806 810
avg 934 934 934 933 883 931 933 933 933
Std.dev 76 73 73 77 67 74 77 76 76
Div. rad. Div. rad. Div. rad.
5% Var 20%
1 f D 1 f D 1 f D
max 1068 1031 1002 1067 1031 1001 1074 1056 1040
min 809 8110 813 805 802 806 748 826 827
avg 878 877 878 874 844 873 891 891 891
Std.dev 67 62 59 68 53 61 65 63 62
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Table 8. Pressure in sinusoids modeled with lymphatic drainage. Const. rad. = constant radius; Div.
rad. = diverging radius; porosity given as %; Var = variable increasing porosity 5-20%; 1 = lumen
centreline; f=fenestrations; D = Space of Disse.

Const. Const. Const rad.
rad. 5% rad. Var 20%
1 f D 1 f D 1 f D
max 1067 949 934 1067 952 939 1067 989 983
min 794 592 102 798 588 102 800 604 103
avg 917 876 836 919 857 840 917 900 881
Std.dev 73 65 140 71 50 140 69 65 110
Div. rad. Divw. rad. Divw. rad.
5% Var 20%
1 f D 1 f D 1 f D
max 1067 880 865 1067 883 868 1066 929 915
min 805 570 102 806 586 102 656 600 105
avg 869 828 791 870 823 792 850 834 816
Std.dev 65 50 129 65 34 128 68 50 93

The increment of zonal porosity increased the velocity in the SoD by 9-16% while
decreasing the velocity through fenestrations by 40-55%; there was a modest decrease
in luminal velocity in the cylindrical models, while there was a slight increase in the
divergent models. Velocity magnitudes through the SoD were 3—4-fold higher in models
with lymphatic drainage than in those without (Figures 4—6; Tables 5 and 6).

Velocity magnitudes through fenestrations were lower in high-porosity models
(high = 20%) without lymphatic drainage, while in models with lymphatic drainage, the
velocities were higher when the porosity was low (low = 5%) than when the porosity
was high; additionally, velocities were lower in variable-porosity models (variable = 5, 6,
20%) than in either low- or high-porosity models (Figures 4-6; Tables 5 and 6).

The luminal velocity magnitude was slightly higher in constant-radius models without
lymphatic drainage (with high and variable levels of porosity) and unchanged in divergent-
radius models. In constant-radius models with lymphatic drainage, the luminal velocity
was higher in low- and variable-porosity models. The luminal velocity in divergent-radius
models was higher when models had high levels of porosity and lymphatic drainage and
were equal in all others (Figures 4-6; Tables 5 and 6).

For models without lymphatic drainage and with a divergent radius, the luminal
pressure was the lowest in variable-porosity models, while for constant-radius models with
lymphatic drainage, variable-porosity models had slightly higher luminal pressure values.
In divergent models with lymphatic drainage, variable-porosity models had the highest
average pressure, with lower pressures observed in low-porosity models. The pressure
was even lower in high-porosity models (Figures 7 and 8; Tables 7 and 8).

The pressure across fenestrations was the lowest in the variable-porosity models
compared to those with uniform porosity. In the latter, pressure across fenestrations was
greatest in the high-porosity models compared to the low-porosity models (Figures 7-9;
Tables 7 and 8).

In models without lymphatic drainage, the pressure in the SoD was always lower in
the variable-porosity models, whereas in models with lymphatic drainage, the pressure
increased from low to variable to high (Figures 7-9; Tables 7 and 8).

In general, the variable porosity model had velocity and pressure curves between
low constant porosity and high constant porosity, being somewhat closer to low constant
porosity (Figures 4-9).
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In total, the overall shape of the vessel (Figures 4-9, Tables 4-8) and the presence or
absence of lymphatic drainage in the periportal zone had the largest effects on the flow
parameters, while porosity had some less-pronounced effects.

Modeling with a pathological (elevated) pressure regimen did not show any changes
in pressure or flow behavior. Increasing the input/output pressures to 2400/800 Pa, as
per Ryou 2020 [13], only rescaled proportionally to increases in pressure, with the same
patterns as those found for physiological pressures, i.e., the differences between them were
merely rescaled.

Admixing: Regarding flowlines, the addition of lymphatic drainage in the periportal
zone leads to more fluid moving through the SoD and more admixing relative to models
without, whereas porosity only has a modest effect when comparing models with low, high,
or variable porosity (Figures S1-53). Divergent models show the formation of stronger
vortexes at the outlet compared with constant-radius models.

4. Discussion

Four physiologically relevant 2D models of hepatic sinusoids were generated for CFD
simulations to provide hemodynamics insights. Simulations were carried out using a
laminar and steady flow of blood (constant dynamic viscosity) generated via a differential
pressure between the sinusoid’s inlet and outlet. Velocity and pressure trends were collected
for all models for physiological and pathophysiological (elevated) pressure conditions.
Also, an extra outlet was added to the model to reproduce the lymphatic drainage in the
portal zone of the SoD.

4.1. Major Insights about Sinusoidal Pressure (P)

Pressure decreases linearly in constant-radius models (Cmods) and exponentially in
diverging-radius models (Dmods). Dmods generally have lower pressure throughout when
compared with Cmods. Increased porosity in the pericentral zone implies a generalized
pressure reduction, mostly borne by the SoD. Lymphatic drainage reduces with the pressure
within the sinusoid, especially inside the SoD. This effect might be exaggerated by the
model (see below in general considerations).

Pathological conditions, (PatCs), elevated pressures, merely re-scale the same pressure
behavior obtained for physiological conditions (PhyCs). In terms of average pressure, the
sinusoidal lumen and SoD have comparable pressure, while through fenestrations, pressure
is generally lower.

4.2. Major Insights Regarding Flow Velocity (V)

In general, Cmods have constant luminal velocity and an almost constant velocity
within the SoD. Velocity through the fenestration develops along the sinusoid with a
parabolic trend, with higher values at the inlet/outlet (where the flow enters/exits the SoD).
In general, Dmods demonstrate a slowly decreasing velocity along the sinusoidal lumen
and along the SoD. Through the fenestrations, velocity decreases within the first 50-100um
and then follows a sinusoidal trend, with values increasing in the proximity of the outlet.
Globally, Dmods produced greater velocities in all compartments of the sinusoid when
compared with Cmods. Some of the models (especially but not only the Dmods) present
a reverse flow at the outlet. Porosity augmentation in the perivenous zone mostly affects
velocity of the SoD and through fenestrations (with no effect on the luminal speed—the
flow through fenestrations and the SoD seeks to compensate for the changes in porosity
). Generally, velocity increases within the SoD, while it decreases through fenestrations.
Adding lymphatic drainage to the perivenous zone generated a shift in the velocity trend
toward the outlet. The average flow speed through fenestrations reaches higher values and
decreases more slowly within the first half of the sinusoid (an increased flow exchange
between the lumen and SoD). Similarly, the flow along the SoD is characterized by a higher
average speed. PatCs merely re-scale the same velocity behavior obtained for PhyCs.
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4.3. General Considerations and Limitations

The overall shape of the sinusoids had the greatest influence on the luminal pressure
and velocities; this is a parameter that may be altered in disease states [12,34]. When
implementing a larger-scale model, this is likely the single most important parameter
investigated here. Intuitively, we would have expected that porosity would have far greater
effects on these luminal parameters, but this was not the case except at an extremely
high porosity.

The addition of lymphatic drainage affected the flow through the fenestrations and
SoD. It is therefore an important parameter to consider when modeling liver sinusoids.
Lymphatic drainage in the SoD was modeled as a depressurization affecting the flow within
the entire sinusoid. Since the lymphatic flow rate is estimated to be 100-500 times lower
than the flow rate of blood [39], it may be necessary to adjust the pressure value at the
drainage outlet. Also, lymphatic drainage is expected to be much higher under pathological
conditions [14,16]; this aspect was not taken into account in our simulations.

With the current boundary conditions (PhyCs and PatCs), porosity variations seem
to be fully compensated for through an exchange of flow between the lumen and SoD via
fenestrations without affecting the flow velocity inside the lumen. If this model translates to
the liver, then, in theory, the liver can change the flow in the SoD by changing the porosity
without altering the luminal flow velocity. In the model, the elevated pressure seen in
pathologies does not cause alterations to the flow pattern with unchanged geometries.
While the model does not account for cellular responses to elevated pressure and flow
velocity, it shows that the sinusoidal geometry must be altered for flow patterns to change.

The model employs a homogeneous variation of porosity, with evenly spaced and sized
fenestrations. We believe this simplification in our model is justified for our application, but
others will need to evaluate the complexity required by their inquiry. The model simplifies
the sinusoid into a straight line, whereas the real case would be curved and branching. In
addition, liver sinusoids are flexible and dynamic structures due to the fact they are in a soft
tissue and are exposed to pulsatile flow. Our simplifications were necessary to home in on
the focus of this article, namely the variable porosity and diameter in and of the sinusoid.

Luminal flow and pressure are mainly affected by the overall shape, i.e., the evolution
of the vessel’s diameter, with porosity mostly affecting flow within the SoD. Variable poros-
ity, with higher porosity toward the pericentral/zone 3, modestly increases flow velocity
through the SoD relative to a constant-porosity model but also decreases velocity through
fenestrations significantly. In the variable-porosity models, pressures through fenestra-
tions were lower than for models with either high or low constant porosity. Similarly, the
pressure in the SoD was lower for models without lymphatic drainage, or similar (less
than 1% increase) for models with lymphatic drainage, in the variable-porosity models
compared with the constant-low-porosity models and always lower than in the constant-
high-porosity models.

We simulated lymphatic drainage by adding an outlet in the periportal area of the
SoD; this inclusion increased flow velocity and the exchange between the lumen and SoD.
However, more detailed studies of how this parameter evolves are required as it is poorly
understood and it is currently not feasible to measure it directly. This is beyond the scope
of the current study.

Some effects may be underestimated in the model due to parameter reductions as
pulsatile flow, curved geometry, tissue compressibility, and the obstruction of flow by
migrating blood cells [4,40] were not incorporated. The addition of these may be feasible
with better computational hardware. Adding fenestrations with realistic porosity to a larger,
more detailed model, such as the one used by Piergiovanni (2017) [22], would perhaps help
elucidate the distribution patterns of various solutes and colloids at the sinusoid level but
would have greater requirements in terms of both time and hardware.

The model did not account for the pulsatility of the flow, as is the case for blood
flow, or the elasticity of the tissue itself, which can compress in response to pressure.
Lymphatic outflow was simplified to a constant, and more accurate modeling would
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require an independent investigation in conjunction with experimental work. However,
we showed that lymphatic drainage has the potential to affect relevant flow parameters
within the sinusoid. The model reveals differences in the fluid flow velocity through the
SoD between constant- and variable-porosity models, and this may have implications
for solute exchange between the blood stream and the hepatocytes. Blood flow is crucial
in liver function [41], and our model sought to elucidate how the ultra-structure of the
liver affects this flow. Additional aspects we chose to simplify for the model were the
shapes and sizes of the fenestrations. In reality, their diameters vary, and the distribution
of their sizes has implications for the access of colloids and nanoparticles to the Space of
Disse. It was not crucial to address this factor in the context of our fluid model, but for
studies on nanoparticles or lipoproteins, this may be important to consider. There would
be considerable benefit in generating more accurate and detailed models of the sinusoid.
In addition to the parameters studied herein, these should also account for the branching
(ideally in three dimensions) and elasticity of the tissue itself, a double inlet (arterial and
venous contributions), pulsatile flow, lymphatic drainage (which is probably related to
the pulsatility of the flow and probably has an intermittent outflow into the lymphatics
based on pressure maxima in the sinusoid; however, this requires further dedicated studies
for clarification), with mixing and flow-paths described in the case of pulsatile flow with
lightly adherent blood cells (such as leukocytes) in the sinusoid (the contributions these
make were theorized by Wisse [40]) and with fenestration diameters based on observed
distributions. Nonetheless, this model represents a useful first approximation of the liver
sinusoid which can be built upon with extra parameters and computing power.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/livers3040043/s1, Figure S1: Streamlines at Inlet (left hand side) and
Outlet (right hand side) for sinusoids modelled without lymphatic drainage, Figure S2: Streamlines
at Inlet (left hand side) and Outlet (right hand side) for sinusoids modelled with lymphatic drainage,
Figure S3: Streamlines at Inlet (left hand side) and Outlet (right hand side) for sinusoids modelled
with variable porosity (5-6-20%)
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Highly oxidized albumin is cleared
by liver sinusoidal endothelial cells
via the receptors stabilin-1 and -2

Christopher Holte'*, Karolina Szafranska?, Larissa Kruse?, Jaione Simon-Santamaria?,
Ruomei Li?, Dmitri Svistounov? & Peter McCourt?*

Oxidized albumin (oxHSA) is elevated in several pathological conditions, such as decompensated
cirrhosis, acute on chronic liver failure and liver mediated renal failure. Patient derived oxidized
albumin was previously shown to be an inflammatory mediator, and in normal serum levels of oxHSA
are low. The removal from circulation of oxidized albumins is therefore likely required for maintenance
of homeostasis. Liver sinusoidal endothelial cells (LSEC) are prominent scavenger cells specialized

in removal of macromolecular waste. Given that oxidized albumin is mainly cleared by the liver, we
hypothesized the LSEC are the site of uptake in the liver. In vivo oxHSA was cleared rapidly by the
liver and distributed to mainly the LSEC. In in vitro studies LSEC endocytosed oxHSA much more
than other cell populations isolated from the liver. Furthermore, it was shown that the uptake was
mediated by the stabilins, by affinity chromatography-mass spectrometry, inhibiting uptake in LSEC
with other stabilin ligands and showing uptake in HEK cells overexpressing stabilin-1 or -2. oxHSA
also inhibited the uptake of other stabilin ligands, and a 2-h challenge with 100 pg/mL oxHSA reduced
LSEC endocytosis by 60% up to 12 h after. Thus the LSEC and their stabilins mediate clearance of
highly oxidized albumin, and oxidized albumin can downregulate their endocytic capacity in turn.

Albumin is the most abundant protein in blood (40 g/L of plasma is made up of albumin', and it has a
correspondingly large number of functions, including binding and transporting a host of ligands including but
not limited to free fatty acids, drugs (including: warfarin, salicylic acid, propofol, lidocaine) and metabolites®.
In the blood stream albumin serves as the main antioxidant due to its readily reacting cysteine-34 residue and
metal ion binding properties, and is also found extensively in the extravascular extracellular space®*. Albumin
is therefore a vital component in mitigation of oxidative stress throughout the body.

Oxidative stress is implicated in the pathophysiology of several diseases, such as atherosclerosis;
where oxidation products are linked with plaque formation? nephrotic damage in leukocyte-dependent
glomerulonephritis®; and the development and progression of neurodegenerative diseases®. Ischemia-modified
albumin, thought to be formed by reaction with reactive oxygen species and or hydroxyl radicals’, therefore a form
of oxidized albumin, is a marker of poor prognosis in patients reporting chest pain, and is determined clinically
by assaying the cobalt binding ability of patient sera®. The neutrophil myeloperoxidase is one endogenous system
capable of producing extremely potent oxidants such as hypochlorite, thio- and hypothiocyanite’, thus serving
as a link between inflammation and oxidative stress.

Oxidative stress and the presence of oxidized albumin is also a component of the pathogenesis of acute on
chronic liver failure'®!!, a syndrome that develops from decompensated cirrhosis'. Elevated advanced oxidation
protein products (AOPP) and modified albumins were also found in plasma samples from idiosyncratic drug-
induced liver injury'®. Oxidation of serum albumin in patients with cirrhosis and bacterial peritonitis causes
decreased binding properties of albumin, predicting impaired transport function'. In vitro oxidized albumin
has been shown to have altered affinities, both increased and decreased, to various drugs and metabolites'>!,

Oxidised albumin is associated with a number of other pathologies. There is a correlation between the fraction
of oxidized albumin and atherosclerosis development'’. In nephrotic patients oxidized and advanced glycation
end-product (AGE) albumin was found, and a reduction in oxidized albumin considered a beneficial marker
after hemodialysis'®. The oxidation products themselves have been suggested to be uremic toxins playing an
active role in the development of chronic renal failure'®. An increased fraction of oxidized relative vs. non-
oxidized albumin is also characteristic of Diabetes Mellitus patients?. Oxidized albumin from hypoalbuminemic
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hemodialysis patient samples were shown to cause elevated expression of inflammatory cytokines in HUVECs?!
and primary peripheral blood leukocytes?. The proinflammatory effect was shown to be oxidation dependent
and reversible upon chemical reduction of the albumin®!. Oxidative modifications of HSA have been shown to
induce clearance from circulation®, showing a potential link between hypoalbuminemia and oxidative stress
often observed in cirrhosis. Iwao?* found chemically oxidized HSA (oxHSA), produced using the hypochlorite
analogue chloramine-T, to be similar to oxidized albumin found in uremic patients. This oxHSA was found to
be rapidly cleared from circulation in mice, primarily by the liver (51%) and spleen (23%), which are two of the
major scavenging organs in the body.

Liver sinusoidal endothelial cells (LSEC) are known to take up a host of macromolecular waste from the
bloodstream? whereas Kupffer cells (KC), the liver resident macrophages, remove larger (>200 nm) complexes
from the circulation?. Modified albumins such as Advanced Glycation End-products-BSA (AGE-BSA) and
formaldehyde modified BSA (FSA) are taken up by the liver sinusoidal endothelium?’-?*, the scavenging
endothelium of the liver sinusoids. AGEs***! FSA?*2*? were shown to be primarily endocytosed via the scavenger
receptor class H* (SR-H), also known as stabilin-1 and -2. Oxidized low density lipoproteins oxLDL?** and
acetylated LDL?® were also shown to be taken up by the liver sinusoidal endothelial cells via stabilin-1 and -2.
Stabilin-1/2 double knockout (KO) mice exhibit glomerular fibrosis, with significant reduction to the animal
lifespan, indicating that a reduction in clearance via the stabilins in the liver had downstream effects on the
kidneys®’.

The stabilins are further implicated in the development of several pathologies, either caused by deficiency/
insufficiency or for atherosclerosis where they seem to contribute to plaque formation. KO models of stabilin-1
or -2 showed decreased atherosclerotic plaque formation under Western diet conditions or ApoE KO***—the
effect was replicated using monoclonal antibodies and suggested as a therapy against atherosclerosis in prone
individuals, as antibodies would likely not greatly interfere with liver endothelial scavenging®. Stabilin double
KOs exhibit transforming growth factor beta induced protein (TGFBI) and Periostin (POSTN) deposition in
liver and in glomeruli with age*’. Even single KO models were found to have increased inappropriate deposition
of connective tissue components, and showed more severe steatosis and fibrosis in induced models*!. Stabilin-1
was shown in a mouse model to be protective against viral myocarditis, with stabilin-1 KOs showing worse
inflammation in the heart*?. Gene correlation analysis and mouse model studies showed that stabilin-2 deficiency
was associated with a prothrombotic phenotype®. Stabilin-2 is found to be highly expressed in cells surrounding
atherosclerotic lesions in a mouse Ldlr KO model, and was suggested as a way to target these**. Stabilin double
KO mice exhibited significant placental abnormalities, and produced few viable offspring, this was likely due to
the reduced clearance of apoptotic cells during placental remodeling®. The liver and spleen are the main sites
of stabilin 1 and 2 expression*®*’.

The ability to induce oxidative stress-like damage of oxidation protein products combined with the rapid
uptake of oxHSA by the liver and the propensity for LSEC to clear modified proteins, make these cells a potential
site of clearance of oxidized albumin and of injury during sustained oxidative stress.

If oxHSA binds to a scavenger receptor, as its rapid clearance suggests, this may have implications for the
clearance of other waste molecules by the same. We therefore sought to determine which cell type and receptor
take up oxHSA in the liver and describe the effects of oxHSA upon these cells.

Results
In vivo biodistribution
The liver took up the majority of injected oxHSA of all the organs with on average 47% of total radiation, 6.5%
GI-tract, 8% head, 2.6% kidneys, 2% tail, 1.3% spleen, 1.2% lungs, 1% heart and 30% remained in the carcass.
The liver and spleen took up the most radioactivity per mass, 30% and 18% per gram respectively (Fig. 1).

The majority of the injected (75%) radiation (as estimated from injected dose or total radiation in
organs + carcass) was cleared before the first blood sample was collected 0:55-1:40 min post injection (Figure S2).
Therefore, the t,,, is even lower (<90 s).

Hepatocellular distribution

To determine the relative contribution of liver cells to oxHSA hepatocellular distribution was performed. Out of
the cells of the liver the LSEC had the highest activities, compared to Kupffer cells or hepatocytes. LSEC contained
activites (normalized to cell number) 15 and 11-fold higher than KC or hepatocytes respectively (Fig. 2).

In vitro uptake in isolated liver cell populations

Isolated murine LSEC showed the highest in vitro uptake with 35% uptake and degradation of added *°I-oxHSA
over 2 h of incubation increasing to 70% after 18 h, per 300 K cells (Fig. 3A, B). Kupffer cells (resident
macrophages) took up = 13% of added '**I-oxHSA per 300 K cells over 2 h (Fig. 3A). Hepatocytes took up ~10%
of added '»I-oxHSA per 300 K cells over 2 h, but this likely due to contamination by NPCs (Fig. 3A).

In vitro identification of the oxHSA endocytosis receptor
LSEC detergent lysates were subjected to affinity chromatography on oxHSA coupled to Sepharose. A number
of proteins were eluted from this column, including stabilins-1 and -2. Stabilins-1 and -2 were not eluted from
control columns; i.e. Sepharose without protein, or Sepharose coupled with native HSA. No other scavenger class
receptors were eluted from the column. Importantly, the cell lysates contained all cellular proteins, and not only
cell-surface proteins (Supplementary Table 1, Supplemental-MS).

To determine the potential role of the SR-H scavenger receptors stabilin-1 and stabilin-2, HEK293 cells
stably over expressing mouse stabilin-1 and stabilin-2 were challenged with '°I-oxHSA. Both stabilin-1 and
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Figure 1. Biodistribution of oxHSA. 1-5 pg '*I radio-labelled oxHSA was injected intravenously, and animals
were sacrificed 30 min post-injection. Uptake is given as % of total recovered radioactivity (black bars) or as %
of total recovered radioactivity per gram of organ (white/shaded bars). Results are given as averages + standard
deviation over bio replicates, n=3 animals, ns =not significant, * =p <0.05 compared with liver (Independent
Samples Median Test).

Hepatocytes -
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Figure 2. Hepatocellular distribution of oxHSA. Animals were injected with 1-5 pg %’ radio-labelled oxHSA,
sacrificed 5 min post-injection and LSEC, Kupffer cells and hepatocyte fractions were isolated. Graphs show
radioactivity per cell normalized to LSEC, in isolated fractions of liver cells (selected by; CD146:LSEC, CD11b
& F4/80:Kupffer cells, Percoll 45%:hepatocytes). Results are given as averages + standard deviation over bio
replicates, n=3 animals, *=p <0.05 (Independent Samples Median Test).

stabilin-2 HEK293 cells (but not the empty vector control) avidly endocytosed 48% and 67% of trace amounts
of 1°I-oxHSA, respectively, within 4 h (Fig. 4A). Figure 4A shows the % endocytosis of added '*I-oxHSA to the
abovementioned HEK293 cells, as well as other known SR-H ligands: FSA; AGE-BSA and oxLDL. These other
ligands were endocytosed at 29-32% and 32-55% by stabilin-1 and stabilin-2 HEK293 cells, respectively. The
empty vector control cells endocytosed < 12% of added ligand.

The specificity of SR-H mediated uptake of oxHSA was tested by using oxHSA to inhibit uptake of other
SR-H ligands. Stabilin-1 and stabilin-2 HEK293 cells were incubated with *I-AGE-BSA (Fig. 4B) or 1**I-oxLDL
(Fig. 4 C) and challenged with unlabelled 0oxHSA (0-62 pg/ml or 0-5 pg/ml, respectively). '*°I-AGE-BSA uptake
was markedly (80% reduced relative to controls) inhibited in both SR-H expressing HEK293 cells at 7.5 pug/ml
oxHSA. '%I-0xLDL uptake in the same cells was somewhat (60-70% reduced relative to controls) inhibited with
5.0 pg/ml oxHSA.

Similar uptake and inhibition studies were performed on LSEC, which express both stabilin forms. LSEC
challenged with 10 pg/mL Alexa488-oxHSA for 30 min showed marked uptake as determined by fluorescent
microscopy (Figure S3). AGE-BSA, FSA and oxLDL inhibited the LSEC uptake of '*’I-oxHSA by 60-80% relative
to controls (Fig. 5A). Unlabeled oxHSA inhibited the LSEC uptake of '*°I-FSA (50-90% reduced relative to
controls), *I-AGE-BSA (30-50% reduced relative to controls) and '*’I-oxLDL (20-40% reduced relative to
controls) (Fig. 5B-D). Unlabeled oxHSA markedly (25-90% reduced relative to controls) inhibited LSEC uptake
of 1°I-oxHSA (Fig. 5E), but not to the same degree as it did with FSA (Fig. 5C).
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Figure 3. In vitro uptake of oxHSA by isolated liver cells. (A) Uptake of '*I-oxHSA per 300 K cells in LSEC,
Kupfter cells and hepatocytes. LSEC and hepatocytes were seeded 300K/well, Kupfter cells were counted

and uptake calculated per 300K cells. (B) Time-course of '*°I-oxHSA uptake in LSEC. Uptake is given as %

of added (approx. 5-15ng/well). Solid bars indicate cell associated radioactivity, shaded bars indicate acid
soluble radioactivity (= degraded ligand). Results are given as averages + standard deviation over bio replicates,
n=3 animals, ns=not significant, *=p <0.05, (Independent Samples Median Test (A), Independent Samples
Jonckheere-Terpstra Test (B)).

Recovery of endocytosis

To determine if the oxHSA-mediated inhibition of LSEC endocytosis was short or long term, we determined
the level of FSA endocytosis after a 2-h pulse of oxHSA (100 ug/ml) followed by chases of 3, 6 and 12 h in RPMI
media (Fig. 6). There was little to no recovery of LSEC FSA endocytosis to control levels even after a 12-h pulse
of media (Fig. 6) where levels were at 40% of untreated levels.

Morphology and viability of LSEC challenged with oxHSA

LSEC treated with 10-160 pg/mL oxHSA for 1 h showed no morphological alterations at EM level (Figure S4).
Cells treated with 0-320 pg/mL for 3-6 h showed no changes to viability as measured by LDH or resazurin
assays (Figure S5).

Discussion

AOPP albumin, also known as 0xHSA, is cleared from the circulation primarily by the liver and spleen®. We
synthesized oxHSA to determine the site of its uptake in the liver and its effect on liver cells. oxHSA charac-
terization by HPLC revealed increased size peaks relative to HSA’s peak (Figure S1), this is indicative of confor-
mational rearrangement rather than added mass, as the electrophoretic motility under denaturing conditions
(SDS) do not show such dramatic changes®*. The HPLC profile of oxHSA is furthermore a very similar profile to
model ligand FSA (data not shown). These conformational changes predispose albumin to scavenger receptor
mediated clearance, judging by the examples of 0xXHSA and FSA. The oxHSA produced in this study was not
toxic for LSEC as determined by LDH and resazurin assays, and the morphology of the cells was also seemingly
unaffected by oxHSA as judged by SEM (Figure S4). We show that of all the liver cells, LSEC show the highest
capacity for clearance of oxHSA (Figs. 2, 3). The most likely candidate receptors mediating this process are the
SR-H scavenger receptors stabilin-1 and -2. This would be consistent with the observation that the highest stabilin
expression levels are in the liver and spleen®.

We established that oxHSA is cleared by stabilins-1 and -2 by uptake and competitive inhibition studies in
LSEC and HEK293 cells constitutively expressing stabilin-1 and -2. Ideally this would have been further vali-
dated by silencing stabilins in LSEC in vitro, however LSEC endocytic activity gradually decreases over time,
with 60-70% reduction in uptake after 48 h and 80-85% reduction in uptake after 72 hours*®*. This prevents
determination if reduced endocytosis after silencing would be caused directly by silencing or from a reduction
in endocytic activity. For LSEC uptake of oxHSA was inhibited by FSA, AGE-BSA and oxLDL, and oxHSA in
turn inhibited their uptake (Fig. 5). The uptake of FSA was completely inhibited in LSEC by oxHSA, indicating
a very similar binding profile. oxHSA moderately inhibited AGE-BSA in LSEC (Fig. 5) but inhibited AGE-BSA
uptake very strongly in stabilin expressing HEK293 cells (Fig. 4). oxLDL uptake/degradation was slightly inhib-
ited by oxHSA in LSEC but very strongly in stabilin expressing HEK293 cells (Figs. 4, 5), suggesting these ligands
(AGE-BSA, oxLDL) have additional receptors for endocytosis in LSEC.

We performed pulse chase experiments to determine if the effect of 0xHSA on endocytosis was long last-
ing. Endocytosis was reduced to 40% of controls 12 h after challenge with 100 pg/mL for 2 h (Fig. 6), which is
comparable to previously described effects of AGE-BSA on endocytosis mediated by stabilins-1 and -2*°. This
suggests that oxHSA depletes binding activity over a physiologically relevant timeframe. Thus, circulating oxHSA
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Figure 4. Uptake & competitive inhibition in HEK cells expressing stabilin-1 or -2. (A) Uptake of '*I-labelled
oxHSA compared with uptake of other ligands for stabilin-1 and -2 (AGE-BSA, FSA, oxLDL) in HEK293

cells expressing stabilin-1, -2, or transfected with the empty vector. (B) Inhibition of '°1-AGE-BSA uptake

in stabilin-1 and -2 expressing HEK cells by oxHSA. (C) Inhibition of '*I-oxLDL uptake in stabilin-1 and -2
expressing HEK cells by oxHSA. Uptake (in A) is given as % of radioactivity added per well, for inhibition
graphs (B-C) uptake is given as % of (untreated) controls.

may impair the clearance of other stabilin ligands, which may be of concern during pathological states with high
oxidative stress. For example it has been shown that stabilins in the liver are responsible for the elimination of LPS
arriving from the gut, preventing systemic inflammation®'. It has previously been shown that SR-H deficiency
causes kidney fibrosis in a mouse model*”. This was also suggested as a link between diabetic AGE formation
and diabetic reno-pathy, which also sees heightened levels of oxidation protein products®. Partial hepatectomy
often leads to kidney injuries®, where a reduction in clearance of scavenger receptor ligands may be a driver of
these injuries. This fits with the presence of oxidized albumin in uremic patients* as either a marker for reduced
clearance or a uremic toxicant itself.

Additionally, it has been shown that the scavenger endothelium of the liver is the main site of clearance for
pro-atherogenic molecules such as oxidized LDL, and AGEs**, An increased circulation time, or accumulation
of these ligands is likely to cause atherosclerotic plaques and localized inflammation in the vasculature. Oxidative
stress and detection of oxidation protein products has been linked with atherosclerosis previously*, with AOPP-
Albumin been shown to cause atherosclerotic plaque formation in rabbits*.

Scientific Reports |

(2023) 13:19121 | https://doi.org/10.1038/s41598-023-46462-9 nature portfolio



www.nature.com/scientificreports/

% of Control

% of Controls

A

120

80|
60
40

20

125]-0xHSA vs stabilin ligands
*

B  °I-AGE-BSA vs oxHSA C 125]-FSA vs oxHSA

120 4

Control

125|.0xLDL vs oxHSA

100 [

80 o

60 -

% of Control
% of Control

40

20

0,5 1 2,5
ug/mL oxHSA ug/mL oxHSA

f=3
2 Control
<
12}
o
w
Q
P-4

125|.0xHSA vs oxHSA

r
120 o J

12,5

] Degraded
I Cell Assoc.

% of Control

04
Control 0,05 0,5 1 25
pg/mL oxHSA

25 50 100
Hg/mL oxHSA
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Stabilins themselves have been implicated in the pathogenesis of atherosclerosis, with amelioration of
atherosclerosis development in stabilin KO models®®*?, this is indicative that binding by stabilins is part of
the pathogenesis of the condition. oxHSA has a very high affinity for stabilins (greater than FSA), from this
we can hypothesize that oxHSA and other stabilin ligands may, in non-scavenger sites, cause or exacerbate
deleterious effects such as for example atherosclerotic lesions. Binding to stabilins may facilitate attachment by
circulating immune cells and initiate inflammatory responses at the site®. Further stabilin-2 was found to also be
a cell signalling receptor, activating the MAPK/ERK signalling pathway*°. The implications of this signalling via
stabilins especially under pro-atherogenic, or oxidative stress conditions is not well understood. Both stabilin-1
and -2 were found to bind E. coli and S. aureus in vitro”’, thus they may be involved in both attachment of
immune cells, and of bacteria sensing in other non-scavenger cell types, given their signalling capabilities®®. This
could conceivably be part of the mechanism of stabilin mediated atherogenesis, with immune cell recruitment
and inflammation caused by ligand activation.

The stabilins are also the receptors for clearance of apoptotic cells/ cell corpses and aged red blood cells
that circulating stabilin ligands such as oxHSA could interfere with this process therefore seems likely.

This suggests a common theme and possible feedback mechanism for these ligands, where an increase above
a threshold will lead to a vicious cycle, where AOPP clearance is inhibited by their own prevalence, and their
prevalence induces their own formation by an oxidative stress/ inflammation related mechanism at the sites of
deposition. Thus, atherosclerosis and systemic inflammation is both driving and being driven by AOPP forma-
tion. This would all have implications for other organs, such as kidneys, as suggested by Schledzewski et al.?’.

Similarly, the pathogenic progression of liver disease or injury, would lead to a reduction in clearance of the
atherogenic oxidation protein products (oxHSA, oxLDL etc.) as was indeed found by Oettl in 2013, which would
increase their relative concentrations, circulation time, leading to deposition, plaque formation and inflamma-
tion. Plausible mechanisms driving this would be the impaired synthesis of new albumin by hepatocytes coupled
with impaired clearance of modified albumins from circulation by LSECs.

In summary oxHSA is cleared in vivo by the LSEC, is a ligand for stabilins-1 and -2, and in vitro challenge of
LSEC with oxHSA causes downregulation of SR-H mediated endocytosis. This has implications for the clearance
of waste proteins, LPS and other ligands normally cleared by SR-H, since elevated levels of oxidized albumin are
seen in diseases such as atherosclerosis, diabetes and acute and chronic liver failure.

If oxidized albumin interferes with SR-H mediated clearance, this may explain some of the downstream
effects of pathological inflammation. Strategies inhibiting the formation of oxidation protein products during
disease and inflammation may thus be warranted. Interventions such as those reviewed by Forman and Zhang
2021% may be of use in such cases.

58,59
>

Experimental procedures

List of reagents

Chloramine-T trihydrate (Merck, Darmstadt, Germany), Copper(II)Sulphate, Penicillin, Streptomycin, RPMI-
1640 (Sigma-Aldrich, Burlington, MA, USA), RPMI-1640 (Euroclone, Pero, Italy), DMEM low glucose (Sigma-
Aldrich), Trypsin-EDTA (Sigma-Aldrich), Blasticidin hydrochloride (Sigma-Aldrich), Trichloroacetic acid
(Merck), Fetal Bovine Serum (Merck, Darmstadt, Germany), Iodine 125 Radionuclide (Perkin Elmer, Waltham,
Mass., USA), Iodogen™ iodination reagent (Pierce, Thermo-Fischer), Alexa-488 succinimidyl ester (Thermo Fis-
cher Scientific, Waltham, Mass., USA), Anti-CD146 microbeads, anti-F4/80 microbeads, anti-CD 11b microbeads
(Miltenyi Biotech, Bergisch Gladbach, Germany), HSA Alburex (CSL Behring, King of Prussia, Penn., USA), Fetal
Bovine Serum (Biowest, Nuialle, France), Resazurin (biotechne, Minneapolis, Minn., USA), Liberase™TM (Roche,
Basel, Switzerland), Human fibronectin was extracted from expired human plasma donated from the hospital
(University Hospital of Northern Norway, Tromse, Norway) blood-bank, by affinity chromatography locally,
using the method of Vuento 1979, Formaldehyde treated Serum Albumin (FSA) was prepared as described in
Mego 1967, Blomhoff 19842, AGE-BSA was prepared as described in Hansen 2002°°, Oxidized Low Density
Lipoprotein (oxLDL) was prepared by Copper Sulphate oxidation as previously described in Li 2011%°.

Production and characterisation of oxHSA

Oxidation of HSA was carried out as described by Iwao 2006*; 300 uM HSA was incubated with 100 mM
Chloramine-T in oxygen saturated PBS at 37 °C for 1 h. Afterwards the oxHSA was dialyzed against pure water
and kept frozen until use. HPLC separation on Superdex-200 10/300 (Amersham Pharmacia Biotech, Amer-
sham, UK) size exclusion column was performed. Showing that the oxHSA eluted as three peaks of 837.4, 382
and 138.4 kDa (Figure S1).

Radiolabeling of oxHSA, FSA, AGE-BSA, oxLDL

0xHSA or FSA was radiolabeled using carrier free 125-Iodine (Perkin-Elmer) according to the Iodogen™(Pierce)
method and free iodine separated from protein by PD-10 (Cytiva) desalting column, as previously described
Blomhoff 1984, Specific activity was calculated from amount of added protein and measured activity
post-labeling.

Animals

C57Black/6]JRj mice were ordered from Janvier, and kept at the Department of Comparative Medicine, the Fac-
ulty of Health Sciences at UiT The Arctic University of Norway, under standard conditions with water and chow
(SSniff, regular chow diet) ad libitum. Mice were between 8-14 weeks old for all of the procedures. All procedures
were approved by the national animal research authority under the food safety administration (Mattilsynet).
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All animal procedures were performed in accordance with national and local guidelines, and are reported in
accordance with ARRIVE guidelines.

Method of euthanasia, anaesthesia and analgesia

Animals were euthanized by cervical dislocation, for in vivo experiments animals were anesthetized with iso-
flurane gas anaesthesia, and for experiments involving manipulation beyond tail vein injection, given 0.1 mg/kg
buprenorphine subcutaneously at least 15 min prior to experiments, for analgesia.

In vivo clearance, organ- and hepatocellular distribution

In vivo clearance, organ- and hepatocellular distribution was carried out as described in Santamaria-Simon
2014%. Briefly anesthetized mice were given intravenously 2-6 ug '2’I labelled oxHSA for biodistribution and
hepatocellular distribution. For clearance blood samples were taken from the tail, in 2-5 uL volumes over 30 min,
TCA precipitation was done to quantify intact/degraded ligand. For hepatocellular distribution animals were
euthanized 5 min post-injection, and cells isolated as described in the section “Isolation of primary murine
liver sinusoidal endothelial cells, Kupfter cells, hepatocytes” Organ associated activities were measured on the
Perkin-Elmer Wizard?, blood sample and isolated cell associated activities were measured on the Packard Cobra
II auto-gamma.

Isolation of primary mouse liver sinusoidal endothelial cells, Kupffer Cells, hepatocytes
Primary mouse LSEC, KC or HC were isolated as previously described in Elvevold 2022%. Briefly livers were
perfused and digested with 1.2 mg/50 mL Liberase TM™(Roche) centrifuged to separate hepatocytes from non-
parenchymal cell fraction, and followed by immune magnetic separation (MACS, Miltenyi) of LSEC and KC
from the non-parenchymal fraction by CD-146 and F-4/80, CD-11b respectively.

Primary cells were cultured in serum-free RPMI-1640 (Euro-Clone/Sigma) supplemented with 10,000 U/
mL Penicillin, 10 mg/mL Streptomycin, 1:100 (Sigma).

HEK293 cells stably expressing stabilin 1 or 2

HEK293 cells were obtained from ATCC, HEK293 expressing mouse stabilin-1 or -2, were kindly provided by Dr
Sophie Johansson (University of Uppsala, Sweden)?*, vector control cells were transfected locally by lipofectamine
using the empty vector pEF6V5His-TOPO (Merck). Transfected HEK293 were grown in DMEM low glucose
(Sigma) supplemented with 10,000 U/mL Penicillin, 10 mg/mL Streptomycin, 1:100, (Sigma) 7% FBS (BioWest),
and 10 ug/mL Blasticidin hydrochloride for selection (Merck)®.

Affinity chromatography
oxHSA, native HSA and FSA were coupled to cyanogen bromide activated Sepharose 4B (Pharmacia) as
described in McCourt 1999%. Lysates from 19 million isolated LSEC were passed through the affinity columns,
in 0.1% Triton TX-100 in PBS, columns were extensively washed with 0.1% TX-100/PBS and 0.1 M Acetic acid
pH 3,0.01 M EDTA.

Gel material was heated to 75 °C in SDS, and sent for mass spectrometry analysis®.

Endocytosis experiments

Cells were seeded on human fibronectin-coated 48 well plates at 300 K cells/ well for LSEC, 300 K cells for hepato-
cytes, 125-320 K cells per well for KC depending on isolation yield, and allowed to adhere for 2 h before use for
LSEC, KC or 4 h for hepatocytes, HEK cells were used after growing to confluence. For endocytosis experiments
cells were kept in serum-free media with 1% native HSA (Alburex, CSL Behring) in RPMI-1640 (Euro-Clone)
for LSEC, KC, hepatocytes and DMEM low glucose (Sigma) for HEK cells. Approximately 20,000 cpm of labelled
ligand, corresponding to approximately 5-15 ng protein, was added to each well and cells were incubated for 2 h
(LSEC, KC, Hepatocytes) 4 h (HEK cells) or a time course of 2, 4, 6, 18 h (LSEC). After which cell associated,
non-degraded and degraded fractions were collected and measured as described in Blomhoff 1984%2.

Briefly, culture media and one wash with PBS were collected, and acid insoluble radioactivity precipitated by
addition of an equal volume of 20% trichloroacetic acid and centrifugation, half of the supernatant or acid soluble
radioactivity was transferred to measure the degraded fraction. Cells were dissolved using 1% SDS, to measure
cell associated radioactivity. For competitive inhibition experiments several concentrations of non-radioactive
ligand containing media were added to the cells immediately prior to addition of radiolabeled ligand. Iodine-125
measurements were done using the Cobra IT auto-gamma (Packard).

Fluorescent microscopy
oxHSA and FSA were labelled with Alexa488 using the manufacturer’s instructions (Thermo Fischer). Briefly
labelling reagent was dissolved in DMSO and added to a 10 mg/mL solution of protein in 0.1 M bicarbonate
buffer pH 8.3 for 1 h at room temperature, then dialyzed against PBS in a 10 K MWCO Slidealyzer dialysis cas-
sette to remove uncoupled dye.

Cells were pre-stained with Cell Mask Orange (ThermoFischer) 1:1000 for 5 min, before addition of 10 ug/
mL Alexa-oxHSA for 30 min, after which cells were washed in PBS before being viewed under the EVOS (Ther-
moPFischer) fluorescent light microscope.
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Scanning electron microscopy
Cells were seeded on human fibronectin covered glass 16 well plates at 25-40 K cells/well and allowed to attach
for 2 h prior to treatment. Cells were treated with given concentrations of oxHSA in RPMI the indicated times
and subsequently fixed with McDowell’s fixative. Cells were post-fixed with 1% OsO4 and dried with a graded
series of ethanol (30, 60, 90, 100%) washes and finally hexamethyldisilane. Cells were sputter coated with Au/
Pd immediately prior to scanning.

Scanning electron microscopy was performed the Zeiss Gemini or Sigma scanning electron microscopes at
the advanced microscopy core facility at UiT.

Viability experiments

Cell viability was assessed by LDH assay (Promega) or resazurin-resorufin (biotechne) assay were performed
according to manufacturers instructions. For LDH LSEC were seeded 300 K cells/well in a 48 well plate and
treated with varying concentrations of oxHSA. After set timepoints the supernatants were collected and ana-
lyzed. For resazurin-resorufin cells were seeded the same way, with 1:10 resazurin reagent (biotechne) added
to the culture media and measurements, using the ClarioStar plate reader wavelengths excitation 530-570 nm
emission 580-590 nm, done at 3 and 6 h.

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on
reasonable request.
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Liver Sinusoidal Endothelial Cells (LSEC) line the hepatic vasculature providing blood filtration via trans-
membrane nanopores called fenestrations. These structures are 50—300 nm in diameter, which is below the
resolution limit of a conventional light microscopy. To date, there is no standardized method of fenestration
image analysis. With this study, we provide and compare three different approaches: manual measurements, a
semi-automatic (threshold-based) method, and an automatic method based on user-friendly open source machine
learning software. Images were obtained using three super resolution techniques — atomic force microscopy

(AFM), scanning electron microscopy (SEM), and structured illumination microscopy (SIM). Parameters
describing fenestrations such as diameter, area, roundness, frequency, and porosity were measured. Finally, we
studied the user bias by comparison of the data obtained by five different users applying provided analysis

methods.

1. Introduction

Liver Sinusoidal Endothelial Cells (LSEC) are the interface between
the blood stream and the surrounding hepatocytes in the liver. Filtration
is maintained by LSEC nanopores which are also known as fenestrations.
Their diameter of 50—300 nm is crucial for size dependent passive
transport of plasma soluble molecules (e.g., albumin, glucose, drugs)
and small nanoparticles such as chylomicron remnants (Braet and Wisse,
2002). These nanopores are typically found in groups of 5-100 called
sieve plates which are located mostly in the area outside the nuclear
region. Fenestrations are dynamic structures that can react to various
stimuli such as drugs or change in local environment (Braet and Wisse,
2002) and adapt their diameter and/or number within minutes or even
seconds (Zapotoczny et al., 2019, 2017). Along with the passive trans-
port of macromolecules via fenestrations, LSEC also participate in the
clearing of circulating waste through active uptake via scavenging re-
ceptors. A diverse array of macromolecular waste material is constantly
removed from the blood circulation by clathrin-mediated endocytosis
(Sgrensen et al., 2012). LSEC also play an active role in the clearance of

circulating polyoma virus (Simon-Santamaria et al., 2014) and bacte-
riophages (Qie et al., 2020).

Both the number and diameter of fenestration are important for
proper liver function. Defenestration — the loss of porous morphology is
an early indication of liver fibrosis, which can cause atherosclerosis due
to lack of filtration of lipoproteins from the blood stream (Rogers et al.,
1992). It has been reported that porosity decreases in ageing and can be
a main factor contributing for the need of increasing doses of drugs
targeting hepatocytes (e.g. statins) that have to pass through the pores to
reach their target (Le Couteur et al., 2002; Hunt et al., 2018a).
Conversely, hepatocyte mediated detoxification of drugs from the
plasma, requires porous LSEC — age related loss of porosity can result in
drug doses, otherwise safe for young people, being toxic for the elderly.
Moreover, hepatocytes regulate the glucose plasma concentration and
LSEC are responsible for the passage of insulin (via fenestrations) to
facilitate glucose disposal (Tsuchiya and Accili, 2013). All these aspects
confirm that the lack of a healthy LSEC phenotype plays an important
role in the development of many diseases. However, recent work has
shown that the ageing related loss of LSEC fenestrations may be
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reversible by repurposing a number of existing medicines (Hunt et al.,
2018Db, a). In addition, new nanomedicines show promise in this regard
(Hunt et al., 2020b, 2021).

To date, in almost every article describing LSEC, the fenestration size
is typically shown as a histogram of diameter distribution and/or mean
value of fenestration diameter. Other parameters describing LSEC’s
porous morphology are fenestration frequency (number of fenestrations
per area, less often per cell) and porosity (percentage of cell area covered
by fenestrations). Altogether, these three features allow for complete
evaluation and comparison between the LSEC phenotype in health and
diseases, as well as after challenge with various drugs, with ageing, etc.
However, the methods by which researchers obtain these data are often
vaguely described. The lack of standardization results in cumbersome
comparisons between the separate experiments conducted by different
researchers.

Only a few studies proposed to standardize and automate the anal-
ysis of fenestrations using images obtained by different microscopy
techniques. In 2015, Cogger et al. (2015) proposed a method for isola-
tion, sample preparation and analysis using scanning electron micro-
scopy (SEM). The authors suggested to manually mark the cell surface
area and then measure the longest fenestration diameter using free ac-
cess software such as Fiji/ImageJ (Schindelin et al., 2012). Although this
method can be precise, it is time consuming and requires an assumption
of fenestration circularity, which may bias the results. The magnification
or pixel size issues resulted from poor image resolution are not discussed
in the protocol. In 2018, Di Martino et al. (2018) proposed the analysis
method for STED (Stimulated Emission Depletion) microscopy images of
fenestrations using contour trace and macro programming to obtain
semi-automatization of the process. The brief description suggests also
that some manual steps are required. The authors made assumptions
about fenestration circularity, but the exact roundness parameters for
exclusion were not specified. Kong and Bobe (2021) proposed a well
described semi-automated processing of human LSEC images obtained
by Structured Ilumination Microscopy (SIM). A Python based auto-
mated image processing macro utilizes an adaptive thresholding process
and segmented images are further analysed to calculate both the number
and diameter of fenestration. In 2017, we proposed the quantitative
method for atomic force microscopy (AFM) image analysis of LSEC
(Zapotoczny and Szafranska, 2017). Fenestration diameters were
manually measured from high magnification images and, together with
the manually counted fenestration number, then converted into
porosity. The proposed method was precise, yet time consuming simi-
larly to the other methods described above that involve manual
measurements.

Recent developments in machine learning resulted in new possibil-
ities for automatization or semi-automatization of the LSEC morphology
analysis. Li et al. (2020) proposed an in house developed image recog-
nition program based on a fully convolutional network for fenestration
analysis. Unfortunately, many algorithms require programming skills in
various programming languages, which is the main obstacle for the wide
use of machine learning in biology. Recently, new software was devel-
oped with user friendly interfaces such as Weka Segmentation (Argan-
da-Carreras et al., 2017) or Ilastik (Berg et al., 2019). The combination
of machine learning, basic image analysis and manual adjustments of-
fers new ways to optimize the previously proposed methods and adjust
them to sample size and precision needed for future experiments.

In this article we compare three different methods of image analysis:
fully manual, semi-automatic (thresholding using ImageJ/Fiji) and
automatic — machine learning (based on Ilastik software). We apply all
three analysis methods for images obtained using each type of micro-
scopy — AFM, SEM, and SIM. For clarity, both methods and results sec-
tions are divided according to the three imaging techniques. Finally,
user bias is discussed based on the cross-correlation of image analysis
performed independently by five researchers.
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2. Materials and methods
2.1. Cell isolation

The cells were isolated as described in Zapotoczny and Szafranska
(2017) for AFM and SIM (mouse LSECs) and in Monkemoller et al.
(2018) for SEM (cryopreserved rat LSEC). The experiments followed
protocols approved by the local Animal Care and User Committees.
Briefly, mice/rats were anesthetized using a mix of ketamine/xylazine
and liver was perfused to remove blood and digested using Liberase™
(Roche, Germany). Thereafter, parenchymal cells were removed by a
series of centrifugations. Mouse LSECs were isolated using immuno-
magnetic separation and CD146 conjugated magnetic beads (MACS,
MiltenyiBiotec, Germany) while rat LSEC were separated by density
gradient centrifugation (50/25 % Percoll gradient) followed by selective
adherence to remove stellate cells and Kupffer cells, respectively. After
separation, cells were seeded on glass coverslips and washed with media
after 1 h incubation in 37 °C, 5 % CO,, 5 % O5 (cell culture media and
surface coating specified for each technique below).

2.2. Sample preparation, imaging, and quantitative analysis

The differences in properties of the images obtained by each mi-
croscopy modality affect the analysis strategies. Therefore, each quan-
titative analysis is described separately for each imaging technique. For
more detailed examples of the analysis see Supplementary Materials.
The list of the parameters of interest can be found in Table 1.

2.2.1. Atomic Force Microscopy (AFM)

2.2.1.1. Sample preparation and imaging. In our analysis, we used im-
ages of samples prepared according to Zapotoczny and Szafranska
(2017) and Monkemoller et al. (2018). LSEC were cultured for 12—16 h
on uncoated glass coverslips in EGM-2 full media (Lonza) and fixed for 2
min in 1 % glutaraldehyde in PBS and stored in PBS (with Mg>*, Ca%™)
until imaging for up to two weeks. The measurements were performed
using a JPK Nanowizard 3 AFM system (JPK Instruments AG, Germany)
in PBS (with Mg?*, Ca?") in a commercial liquid cell with the temper-
ature control (25 °C). High magnification images were obtained using
Quantitative Imaging mode with semi-soft (k = 0.03—0.06 N/m)
triangular cantilevers with sharpened tips (radius <12 nm); low

Table 1
Parameters used for description of LSEC morphology.
Parameter Definition Unit
(SEM/SIM) area of single cell surface
Cell area (AFM) area of all cells in the image reduced by nm? (pmz)
nuclei region of height above 700nm
Max diameter — the longest diameter of single
fenestration
. Min diameter — the shortest diameter of single
Fenestration .
diameter fenestration nm
For (semi-)automatic methods max and min
diameter are calculated with the assumption of
elliptical shape
Roundness min diameter 0-1,
max diameter unitless
Single (circularity assumption) © x diameter?
fenestration (elliptical assumption) 7 x min diameter x nm?
area max diameter
(Manual method, SI2) Number of fenestrations x
Total area of fenestration diameter distribution 2 2
fenestrations ((Semi-)automatic methods) total detected area nm” (pm)
of fenestration
Porosity total area of fenestrations % 100% %
cell area
Fenestration number of fenestrations No. of fen.
frequency cell area pm?
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magnification images of whole cells were imaged with contact mode and
semi-soft triangular cantilevers with a regular tip (radius <60 nm).
Precise imaging description and parameters such as loading force can be
found in our previous work (Zapotoczny and Szafranska, 2017).
Collected data were processed with JPK Data Processing Software and
converted to tiff format for further analysis using ImageJ/Fiji.

2.2.1.2. Quantitative analysis.
1 Fenestration diameters

Single fenestration diameters were measured in three different ways
from 26 high magnification images displaying a total of 625 fenestra-
tions. A representative image is presented in Fig. 1A.

I Manual quantification was performed as follows: First, images
were scaled to the scale bar individually for every image. Then,
the shortest and the longest diameter of each fenestration were
measured (minor and major axis respectively, assuming an
elliptical shape of fenestration). Finally, the area of every pore
was calculated with the assumption of an elliptical shape. The
roundness parameter was defined as a ratio between the minor
and major axes measured. Every fenestration was assigned with a
number for further identification and comparison with another
two methods. Holes on the edge of the image or clearly distorted
i.e., not having a round shape or merged due to imaging or
sample preparation artifacts were excluded.

II The semi-automatic method is based on the difference in contrast
between the inside of fenestration and LSEC membrane. A simple
threshold tool in Fiji was used to manually set cut off values for
every independent image to ensure maximal precision (image
from same imaging conditions are recommended when applying
the same thresholding value to reduce bias). Next, the image was
converted into a binary mask and then every fenestration was
measured. Parameters such as fenestration area, fenestration
diameter (min, max, mean), and roundness were calculated
automatically (under “Analyze particles” tool in Fiji, size and
circularity were set the same for all the images) and assigned to
each fenestration according to the previously established order
(for fenestration-by-fenestration analysis). Similarly to the

A (Semi-)automatic Automatic

i < ‘

Manual
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manual quantification, the scale bar was used to adjust the scale
for every image.

III The automatic method for the measurement of fenestrations is
based on machine learning. Presented results were analyzed with
Ilastik software. The algorithm was trained on a set of four
representative images. A user teaches the software by marking
parts of the image indicating the areas of fenestrations and the
rest of the cell body area. Training is simple and takes about 30
min. Then, batch processing was applied to all 26 images to
create simple segmentation binary masks (Fig. 1A, top). Finally,
masks were analyzed using ImageJ/Fiji similarly to the semi-
automatic method.

All 625 fenestrations were independently assigned with area, diam-
eter (min, max, mean) and roundness obtained from three different
quantitative methods and then compared.

2 Fenestration frequency and porosity

The fenestration frequency and porosity (see Table 1 for definitions)
were measured from low magnification images of whole cells (Fig. 1B).
27 images of 40 pm x 40 pm size were analyzed. Initially, the image size
was artificially converted (from 1024 x 1024 pixels to 2048 x 2048
pixels) with linear interpolation to digitally increase the resolution of an
image (“Adjust Size” tool in Fiji). Artificially increased resolution does
not bring any new information, however smaller pixel size is beneficial
for better fenestration detection in all 3 analysis methods.

I Manual quantification was utilized in a two-step process. First,
fenestrations were counted manually for the whole AFM images.
Second, the cell area was calculated, excluding the background
and nuclei areas. To achieve this, by using the 3D information
about the topography of cells, regions of heights above 0.7-1.0
pm were excluded from analysis, by image contrast adjustment.
We assumed that fenestrations can be formed only in flat areas of
LSEC. Finally, the total area occupied by fenestrations, fenestra-
tion frequency, and porosity were calculated using the number of
holes and mean diameter distribution measured from high
magnification images (detailed description of calculation can be
found in Supplementary information SI.1.).

Fig. 1. Representation of the AFM image anal-
ysis. (A) High magnification AFM image of the
sieve plate. Overlaid mask of fenestrations
detected by (semi-)automatic methods and
manually measured diameters are presented.
Fixed cells were imaged using QI AFM mode
and a sharp MSCT tip. (B) Low magnification
AFM image of LSEC. Overlaid mask of detected
fenestrations from the automatic method and
marker points from manual fenestration count-
ing are shown. Fixed cells were imaged using
AFM contact mode and the MLCT tip.
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II Simple thresholding could not be used for low magnification
images due to the artefacts of AFM measurements that make the
height (topography) images look curved/tilted. Built in image
corrections are not sufficient and images require cumbersome
analysis. Therefore, the semi-automatic method could not be
applied to the low magnification AFM images.

Automatic image analysis was successfully applied to measure
fenestration number and area from low magnification AFM im-
ages. First, the program was trained on sets of four images
(training time of around 1 h) and then all 27 images were
analyzed using batch processing. Next, images were converted
into simple segmentation binary masks and analyzed in ImageJ/
Fiji. To avoid fenestrations merged together the watershed tool
was used followed by particle analysis to exclude objects from
outside of the fenestration range of 50—300 nm and circularity
below 0.4. The remaining objects were automatically counted,
and the total area measured to calculate porosity and fenestration
frequency.

II

=1

2.2.2. Nanoscopy — Structured Illumination Microscopy (SIM)

2.2.2.1. Sample preparation and imaging. Samples were prepared as
previously described (Zapotoczny and Szafranska, 2017; Monkemoller
et al., 2018). Briefly, cells were seeded on fibronectin coated coverslips
in RPMI-1640 medium (Sigma-Aldrich) and then fixed for 10 min with 4
% formaldehyde (FA) in PBS and stored in PBS containing 0.1 % FA.
Before imaging, cells were stained using CellMask Green (Thermo-
Fisher) 1:1000 dilution in PBS for 30 min and then mounted onto glass
slides using Vectashield antifading mounting media (Vector Labs). Im-
ages were obtained using a commercial SIM microscope (OMX Blaze
system, GE Healthcare) with a 60x 1.42NA oil-immersion objective
(Olympus). 3D-SIM image stacks of 2—3 pm were acquired with a
z-distance of 125 nm and with 15 raw images per plane (five phases,
three angles). Raw datasets were computationally reconstructed using
SoftWoRx software (GE Healthcare) and z-projections in tiff format were
prepared for further analysis.

2.2.2.2. Quantitative analysis (Fenestration diameter, fenestration fre-
quency and porosity). Initially, the image size was converted from 1024
x 1024 pixels to 2048 x 2048 pixels, with linear interpolation, using the
adjust size tool in Fiji to digitally increase the resolution of the image.

I The scale was adjusted to the size of the image of 40.96 pm x
40.96 pm and 300 fenestrations were manually measured from
the top right quarter of each of 20 images. For every fenestration,
both the smallest and the largest diameters were measured to
calculate mean values. For calculation of fenestration frequency,
the cell area was measured using the threshold tool in ImageJ/Fiji
(fenestrations area including) and fenestrations were manually
counted (Fig. 2 Manual). Porosity was calculated using fenes-
tration diameter distribution and the number of fenestrations
individually for every image (for detailed calculations see Sup-
plementary information SI.1.).
For the semi-automatic method, images were converted into bi-
nary masks using the threshold tool with manually adjusted
values for each image. A watershed function was then applied to
avoid exclusion of merged fenestrations, and only objects within
the fenestration size range were saved (“Analyse particles” Fiji
tool, 50—300 nm diameter and circularity above 0.4). Finally,
fenestration diameter, the total area and number of fenestrations
were measured and used to calculate porosity and fenestration
frequency (Fig. 2 Semi-automatic).
III The machine learning based automatic method was used for fast
image processing. After training on four images (training time of
about 1 h) all 20 images were processed and converted into

I

=1
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Semi-automatic

Automatic

Fig. 2. Representative analysis of SIM image of LSEC stained with CellMask
Green. Red - fenestrations detected by semi-automatic method, blue - fenes-
trations detected by automatic machine learning method, yellow marks — fen-
estrations counted manually.

simple segmentation binary masks in tiff format (Fig. 2 Auto-
matic). Further analysis was the same as for the semi-automated
method described above (analyse particles, size dependent object
exclusion).

2.2.3. Scanning Electron Microscopy (SEM)

2.2.3.1. Sample preparation and imaging. Samples were prepared as
previously described (Monkemoller et al., 2018). LSEC were seeded for 3
h on fibronection covered glass coverslips in RPMI-1640 medium (Sig-
ma-Aldrich) and then fixed and stored in a mix of 4 % formaldehyde and
2.5 % glutaraldehyde in cacodylic buffer. Samples were then processed
with 1 h treatment with freshly made 1 % tannic acid in PHEM buffer, 1
h of 1 % OsO4 in H0, dehydrated in ethanol gradient (30 %, 60 %, 90 %
for 5 min each, 5 times for 4 min in 100 % ethanol, and incubated twice
for 10 min in hexamethyldisilane (HMDS), then left overnight to evap-
orate. Before imaging, samples were mounted on metal stubs using
carbon tape and silver glue to reduce charging and then sputter coated
with 10 nm gold/palladium. A commercial SEM system (Sigma, Zeiss)
was used for imaging with a 2 kV electron beam. Low magnification
images (Fig. 3B) were obtained from 5 different areas of the sample with
20 images of single cells in total. High magnification images (Fig. 3A,
~6.5 nm/pixel) were taken for each of the 20 cells.

2.2.3.2. Quantitative analysis.
1. Fenestration diameters

Contrast and brightness were adjusted for every image and the scale
was set according to the scale bar.

I Fenestrations were manually measured from 20 high magnifica-
tion images; assuming elliptical shape, both the smallest and the
largest diameter (along minor and major axis respectively) were
measured and then used for the calculation of the area and
roundness.
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(Semi-)automatic

Semi-automatic
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Manual

Automatic

Fig. 3. Representation of the SEM image analysis. (A) High magnification of LSEC imaged using SEM. The upper panel of the image represents the overlaid mask of
detected fenestration by semi- and automatic methods (white) or automatic only (magenta). (B) Low magnification of LSEC imaged using SEM. Red - fenestrations
detected by semi-automatic method, blue — fenestrations detected by the automatic machine learning method, yellow — fenestrations counted manually.

II The second semi-automatic method based on the Fiji threshold
function consists of few steps (detailed example in Supplemen-
tary information SI.2.). First, the contrast was adjusted to better
visualize the edges of fenestrations and the image was inverted.
Next, the threshold was manually set using the Huang algorithm
to the point where single fenestrations but not their surrounding
edges were covered. Images were then converted into binary
masks and objects larger than 300 nm or smaller than 50 nm and
with roundness below 0.4 were excluded. Every fenestration was
then automatically measured and parameters such as area, di-
ameters (min, max, mean) and roundness were calculated.

For fast image processing, machine learning was applied. First,
the algorithm was trained using four images (training time of
about 2 h) and then all 20 images were processed and converted
into simple segmentation binary images. Fenestrations were then
measured the same way as described for the semi-automated
method.

1II

=1

2. Porosity and fenestration frequency

I Fenestrations were manually counted (Fig. 3B, yellow) and the
cell area was calculated from the manually marked cell shape.
The total area of fenestrations was calculated using fenestration
number and previously measured diameter distribution from
high magnification images (details in SI.1.).

II The semi-automatic method was applied with parameters

adjusted for every image individually as for the high magnifica-

tion images described above (contrast adjustment, inversion,
threshold and particle analysis exclusion by size) (Fig. 3B red).

The total area and number of fenestrations were automatically

measured after scale adjustment and used for the calculation of

porosity and fenestration frequency.

For automatic analysis, the algorithm was trained using five low

magnification SEM images and then all 20 images were pro-

cessed. Simple segmentation binary images were then analyzed
using ImageJ/Fiji similarly to the semi-automated method.

II

=1

2.3. User comparison

Five individual users with different experience with image analysis
were asked to analyze one high magnification SEM and nine SIM images.
For the SEM image, each user was asked to manually measure the same
700 marked fenestrations, set the scale by measuring the scale bar and

perform analysis using semi-automatic and automatic methods accord-
ing to the descriptions above. Then each of the 700 marked fenestrations
were assigned with parameters (area of single fenestration, fenestration
diameters (min, max, mean), and fenestration roundness). For SIM im-
ages, all participants were asked to manually count fenestrations from
nine whole images and then analyze all images using semi-automatic
and automatic methods as described above. The parameters were
measured by five different users using three different analysis methods.
Results were cross-correlated between each other (every single user with
every other user).

2.4. Statistics

All statistical analyses were performed using OriginPro software
(OriginPro 2021, OriginLab Corp., Northampton, MA). The total
numbers of analysed cells and fenestrations are summarized in the
Table 2. For porosity and frequency parameters, the comparison be-
tween the methods was based on the relation between the (semi-)
automatic methods and manual (standard) approach. The linear corre-
lation is necessary for the method to be useful in the experiments with
expected changes in selected parameters. Therefore, linear regression
was fitted to the data with the R? coefficient describing linearity (the
closer to 1 the more linear) and slope (tangent of the angle) describing
the correlation between the values. A slope of 1 is preferred as the
change in porosity/frequency measured by the (semi-) automatic and
manual methods would remain the same even if the absolute values
vary. Slopes lower or higher than 1 mean under- or over-estimation,
respectively.

Table 2
Total number of analysed images per imaging technique.
Imaging Image Number of Number of Pixel
technique Magnification images/cells measured size
fenestrations [nm]
High 26 (M,S-A, A) 625 4-6
AFM Low 27 20
(M) 6 000
SIM Low 20 (S-A) 60 000 20
(A) 63 000
. (M) 8 100
SEM High 2 (S-A, A) 16 000 67
Low 20 18-20

M - manual, S-A- semi-automatic, A - automatic.
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Fig. 4. Analysis of AFM images. (A) Histogram of fenestration diameter distribution. The dotted lines represent fitted Gaussian curves from which the mean values
were calculated. Data comes from 625 fenestrations from 26 high magnification images of sieve plates (see Fig. 1A). (B) Correlation of fenestration frequency
calculated using Automatic and Manual counting. Each dot represents a single image (see Fig. 1B), 27 images in total. S - slope of the fitted linear function, ic -
intercept. (C) comparison of single fenestration diameter measured manually and automatically with the assumption of elliptical fenestration shape. Max, min
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3. Results and discussion

In this section, the terms Manual, Semi-automatic and Automatic are
used for the 3 quantitative analysis methods described in detail in the
Materials and Methods section

3.1. AFM image analysis

Fenestration diameter distribution obtained from 26 high magnifi-
cation AFM images show differences between the three analysis methods
(Fig. 4A). Gaussian curves were fitted to calculate the mean diameter
and the width of the distribution. The smallest mean diameter of 123 nm
was obtained from manually measured data, semi- and automatic
methods gave values of 136 nm and 150 nm, respectively. The larger
diameter for non-manual methods may be related to the fenestration
edge detection. Manual measurement is based on contrast and user
judgement and may vary between the images. For semi- and automatic
methods, the diameter is calculated back from the measured areas of
single fenestrations with the assumption of circularity. Moreover, the
detection of fenestrations by machine learning may require detection of
the edge of the hole and it could therefore increase the total area and
diameter of fenestration. This issue is related to the pyramidal shape of
the AFM tip which may influence the intensity gradient corresponding
with the height on the fenestration edge (more information about the
AFM tip shape problems for fenestration measurement can we found in
Zapotoczny and Szafranska (2017)). A pixel size of 4—6 nm would
explain that difference of 13/27 nm, which correlates with 2-4 pixels
between the manual and (semi-)automatic methods (Fig. 4A).

Individual analysis of each of the 625 fenestrations provides a
comparison of each of the three analysis techniques for each pore.
Fig. 4C shows the linear relation between the manually measured min
and max diameters and the (semi-)automatic method calculated data.
The fitted linear regression presents a good correlation of R = 0.94 and
0.95 for the automatic and semi-automatic methods, respectively. The
slope of the regression for both methods was 1.2 and the intercepts of 16
nm and 10 nm for the automatic and semi-automatic methods, respec-
tively. Both the slope above 1 and the intercept values confirm that the
non-manual methods detect fenestrations as larger than the manual
data, however, the good linear correlation makes the measurement
comparable between the samples with differences in fenestration size.
The same results have been observed for fenestration-by-fenestration
analysis of the areas of single pores (Fig. 4D). The linear regression
slope of 1.1 and R% = 0.96 show a good linear correlation.

Most of the previously published articles dealing with the measure-
ment of LSEC morphology assumed circularity of fenestrations. Here we
show that the roundness parameter — the ratio between minimum and
maximum diameter, concentrates about the value of ~0.85 for all
methods (Fig. 4E). Interestingly the distribution of the manual mea-
surements is wider and the number of nearly circular fenestrations
(0.95-1) is much higher than for (semi-)automatic methods. Moreover,
the comparison of roundness of single fenestrations between the three
methods shows a correlation between automatic and semi-automatic
(Fig. 4G) but not between manual and automatic methods (Fig. 4F).
This result may suggest the user bias towards a more circular shape as
the choice of min/max diameter is subjective. The roundness distribu-
tion from the automatic and semi-automatic methods is very similar and
a slight increase towards more round fenestrations correlates well with
the assumption that the machine learning algorithm detects the edges of
the holes equally enlarging both min and max diameters and therefore
increasing the roundness parameter.

The fenestration frequency calculated using automatic methods
shows good correlation with the manual measurement (Fig. 4B). Almost
all measured data lay within 95 % confidence interval and slope of 0.92
with R? = 0.83 indicate linear correlation.

Micron 150 (2021) 103121
3.2. SIM image analysis

Twenty LSEC SIM images were analyzed in three different ways. The
comparison between the manual method and the (semi)automatic
methods (Fig. 5A) showed a linear correlation with R? values of 0.85 and
0.82, respectively. The correlation for SIM is similar to the AFM images
which it is enough to be useful for comparison of data from different
treatment groups. There are no significant differences in the measured
numbers of fenestration per image between various analysis methods
(Fig. 5B). Fenestration frequency was not calculated due to difficulties in
the detection of cell boundaries. The Cell Mask dyes are a group of cell
membrane dyes that provide great contrast needed for detection of
fenestrations but further analysis and calculations can be optimized for
single cells only on non-confluent samples where only a single cell is
visible in the field of view of the microscope. Alternatively, cells can be
separated manually. For samples with tight cell monolayers, the cell
area can be normalized according to the visible number of cells for
porosity/fenestration frequency calculations by subtraction of the mean
area of nuclei (10 pm is a good approximation of diameter of LSEC
nuclei).

Fig. 5C shows the differences in the distribution of diameters. The
semi-automatic method shifted distribution towards a larger apparent
fenestration size with a mean value of 178 nm. Automatic and manual
methods gave similar results with mean diameters of 138 nm and 130
nm, respectively. Machine learning showed a high number of small
pores below 75 nm which may be an artifact of the detection algorithm
and can be optimized by the increased training time. For all methods
objects smaller than 50 nm were excluded. A pixel size of 20 nm is not
sufficient for the detection of holes below 50 nm due to Nyquist’s
sampling criterion. The mean diameter values were calculated as centers
of the fitted Gaussian distribution curves to compensate for this. The
difference between semi-automatic and the other methods can be biased
by the manual adjustments of the cut-off intensity value. The threshold
must be set individually for every image so changes towards both
smaller and larger diameters can be introduced by the users. It is not
possible to use a fixed value as the intensity in the perinuclear area
varies between the cells and would induce artifacts that influence the
segmentation more than the manual adjustment.

Similarly to the data from the AFM images, the roundness parameter
was calculated with the assumption of fenestration elliptical shape. The
shift towards a more circular shape can be observed for manual mea-
surements which is consistent with the previous observation, most
probably resulting from the user bias. Also, the roundness values
concentrate around a value of 0.9 for SIM images compared to 0.82 for
AFM images. This difference is connected with the imaging technique —
raw SIM images require reconstruction which will make small objects at
the edge of achievable resolution appear more round in shape due to
Wiener filtering (part of the SIM reconstruction algorithm). Adjustment
of the image size using bilinear interpolation makes the shape even more
circular. Nevertheless, the benefits of the decreased pixel size, which
allows better precision of the quantitative analysis, outweigh the
downsides.

3.3. SEM image analysis

Twenty high magnification SEM images were quantitatively
analyzed using three different methods. Comparisons between manual
and (semi)automatic techniques showed differences in the shape of
mean diameter distribution (Fig. 6A). Mean fenestration size was
calculated from the manually measured min and max diameters or for
(semi-)automatic methods calculated from the detected areas, assuming
circularity of holes. Only manually measured values had a simple
Gaussian distribution with the center at 175 nm. The other two methods
show the results with at least double Gaussian shape peaks; the first one
being within the regular fenestration size range with centers at 178 nm
and 191 nm for semi-automatic and automatic methods respectively,
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Fig. 5. Analysis of SIM images. (A) Correlation between manually and automatically counted fenestrations. Each dot represents a single image (see Fig. 2), 20 images
in total. (B) Comparison of fenestration frequency between the studied groups. (C) Distribution of fenestration diameter. The dashed line represents fitted Gaussian
curve from which the average value was calculated (tip of the curve). Fenestrations smaller than 50 nm were excluded due to a pixel size of 20 nm. The total number
of fenestrations measured — 6 000, 60 000, 63 000 from manual, semi-automatic and automatic methods respectively. (D) Distribution of the roundness parameter

calculated from measured fenestrations.

and the second maximum with centers at 100 nm and 120 nm. The
additional detected objects are identified on the images as non-
transmembrane protrusions in the cell membrane, most probably
endocytic vesicles arising from the prominent endocytic properties of
LSECs. Their size and contrast, being similar to fenestrations, make them
impossible to be separated from fenestrations using threshold or Ilastik
analysis, however, they can be removed from further calculations and
analysis using the multi-peak Gaussian curve fitting or by cutting off all
the objects below a certain size. The first approach requires more time as
it should be adjusted for every cell/image but interferes less with the
data. The second approach can be automated to a cut-off value set in the
middle of the two maxima, but it can significantly affect the results if
changes in fenestration diameters towards smaller values are expected
(two peaks overlapping).

Fenestration-by-fenestration analysis with three different methods
shows a good linear correlation between manual and (semi)automatic
measurements with R? = 0.95-0.96 and a slope of 1. The automatic
compared to the semi-automatic approach causes a 16 nm shift towards
larger apparent fenestration size and area of 2300 nm?. Similarly to the

analysis of the AFM images, the machine learning algorithm is detecting
the edge of the holes resulting in the systematic error with the value
connected to the pixel size. This error would not affect the comparison
between the treatment groups with expected changes in diameter but
should be taken into consideration for comparison between data
calculated with different methods of analysis.

Porosity and fenestration frequency were calculated from low
magnification images. Both semi-automatic and automatic methods
show a linear correlation of the values of porosity when compared with
manual measurements, R> = 0.89 and 0.91 (Fig. 6D). However, the
slopes of the linear regression are 0.63 and 0.9 respectively. The dif-
ference in slope suggests that the semi-automatic method is under-
estimating the value of calculated porosity. The difference in slope
values between the methods can be more pronounced with the increase
of cell porosity due to drug treatment. As a result, smaller changes in cell
porosity can be wrongly assigned as not significant. The smaller inter-
cept of linear regression of the semi-automatic compared to the auto-
matic method makes it more similar to manual measurement, however,
the difference in slope is more important for the usefulness as a tool for
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relation between frequency and porosity measured using different methods.

comparison between treatment groups.

Fenestration frequency showed a weaker linear correlation than
porosity with R? = 0.63 and 0.81 for Ilastik and threshold respectively
(Fig. 6E). These results correlate with the detection of the small

fenestration-like objects shown as a second maximum on diameter dis-
tribution (Fig. 6A). Because of the small size of these structures, they do
not significantly affect porosity, but their number is significant
compared to detected fenestrations and this influences fenestration
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Table 3
Parameters of fenestrations measured by 3 different methods from SEM images.
Parameter Manual Semi- Automatic
automatic
Average 26,926 + 26,488 +
[nm?] 2140 26,818 £ 443 3767
Area User com
p- 1.25+12 0.10+1.8 3.45 £ 22.6
[%]
Max Average [nm] 199+ 7 201 +1.8 200 +£13
diameter [[{;;r comp- 0344525  0.03+£086  0.79+10.29
Min Average [nm] 168 +7 166 + 1.4 165 + 12
diameter [[{;;r comp- 0.46 = 6 0.03+1 110 +12
Average [nm] 184 +7 184 + 1.4 182 + 13
M .
ean [[{;;r comp 030+57  0.02+0.87 0.8+ 10.9
0.849 + 0.830 +
Roundness Average 0.011 0.828 + 0.001 0.009
User comp. 0.000 + 0.000 + 0.001 0.000 +
[%] 0.015 . : 0.019

+SD; user comp. = comparison between users.

frequency. The above proposed approaches of removing these structures
may help to reduce the effect on fenestration frequency and enable
comparison between the groups if changes in frequency are expected to
be independent of porosity changes (for example changes in fenestration
diameter may compensate for the difference in fenestration number and
show no changes in porosity). The comparison between porosity and
fenestration frequency among the studied methods (Fig. 6F) shows a
good correlation for manual measurement due to the direct connection
between these parameters — the fenestrated area used to calculate
porosity is calculated from the number of fenestrations. The automatic
method shows a good linear correlation with R? of 0.93 while the semi-
automatic method presents R? of 0.74 which points to the influence of
detected fenestration-like objects in the calculation of fenestration
number.

3.4. User comparison

To compare the differences between users and study user bias, sets of
SIM and SEM images were analyzed by five researchers with different

Single fenestration area [10>nm?]

Mean fenestration diameter [nm]

Micron 150 (2021) 103121

levels of imaging experience, from beginner to advanced user.

3.4.1. SEM

Firstly, 700 fenestrations from Fig. 3A were individually measured
(fenestration-by-fenestration) by five users using the three studied
methods and then the parameters were cross-correlated between all the
users. Next, mean values were calculated for every user and the average
was calculated for each method. Interestingly, the average values of
parameters were similar for all techniques (Table 3). However, differ-
ences between the users (Fig. 7) and SD values of the cross-correlation
show significant differences among the users. The biggest deviation is
observed with the automatic method; the cross-correlation parameter
for a single fenestration area was only 3.5 %, but the standard deviation
of over 20 % suggested significant differences between the users. One of
the main reasons for that may be the specificity of the machine learning
algorithm. Each user trained the software independently and small dif-
ferences can lead to different ways of detecting fenestrations. Every
fenestration on a SEM image has a visible, high contrast edge which can
be included or excluded from the detected area. Differences between the
calculated mean values of the diameter (Fig. 7B) for manual and auto-
matic methods are of about 6—7 nm which is similar to the pixel size of
this image - 6.5 nm. The semi-automatic method is intensity and contrast
based and therefore, less sensitive to user preferences about the fenes-
tration edge. Fenestrations are detected due to high contrast edges
characteristic for SEM images - steep edges give a higher signal
compared to a flat cell surface or substrate in the fenestration lumen.
This hypothesis was confirmed by merging binary images of detected
fenestration from automatic and semi-automatic methods showing rings
around the holes (see Supplementary information SI.3). Small differ-
ences in fenestration roundness among the users using the semi-
automatic method (Fig. 7C) also suggest that the shape of the detected
holes is the least biased by this method. A shift towards a more circular
shape (roundness value closer to 1) is observed for manual measure-
ments which (consistent with previous observations) confirms the in-
fluence of the assumption of circularity by the users.

3.4.2. SIM

Nine SIM images were analyzed independently by five users with the
three methods. Each image was then cross-correlated between all users
and (semi-)automatic methods were compared with manual counting.

Mean fenestration roundness
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Fig. 8. Comparison between users’ measurements of fenestrations number
using three different techniques for one of the analysed SIM images.

Table 4
Comparison of fenestration number between the users and analysis methods for
SIM images.

Change in fenestration number compared to manual counting [%]

User Semi- Automatic Manual
automatic

I 10.1 £ 13 10.2 £ 12

I 185+9 8+ 11

I —-7.4+15 -59+11

v —4.8 +£13 —-11.5+12

A —4.5+ 14 3.5+13

Cross correlation between users [%] 1.9+95 3.3+12 0.17 £11

The mean value of fenestration number per image was similar among the
users (0.2-3.3 %), however, the difference between users within one
method was about 10—12 %. An example of one of the analyzed images
(Fig. 8) shows the differences between the users and methods. Manual
counting has the smallest variation while (semi-)automatic methods
present a wider range of calculated numbers. The main source of dif-
ferences between the users using (semi)automatic methods is the large
pixel size which causes the merging of fenestrations within one sieve
plate during segmentation. Lowering the threshold or retraining the
machine learning software leads to the presence of undetected fenes-
trations while the watershed function, used to split the merged holes,
leads to splitting single fenestrations which causes an elevated number
of detected objects (Table 4). The decision is made by each user and if it
is standardized, the error can be minimized.

3.5. Discussion

In this study we investigated the use of three methods for quantita-
tive analysis of LSEC images: manual measurement or counting of fen-
estrations, a semi-automatic threshold-based method and an automatic
machine learning-based method. All three techniques have their ad-
vantages and disadvantages, mainly time efficiency at the cost of accu-
racy. The manual method was, until recently, the standard way of
fenestration analysis due to the lack of proper software to semi-automate
or automate the process. It was considered to be the gold standard, but
the lack of scoring description prevents a proper comparison between
results from different studies. Recently, attempts to apply home-made
algorithms and machine learning have been reported (Di Martino
et al., 2018; Kong and Bobe, 2021; Li et al., 2020), but their application
requires a certain level of programming skills not available to every
researcher. Here we report two methods which can be easily applied to
experimental data where differences in fenestration diameter and/or

11
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number are expected.

The efficiency of each method depends mainly on the number of
samples which is directly correlated with the time needed for analysis.
This can be optimized in each study by designing experiments that
would give minimum but sufficient sets of data for statistical analyses.
The most time consuming is the manual method but the poor image
quality or high number of artifacts may prevent the use of other, faster
techniques. User comparison showed also that there is significant user
bias for manual measurements so all analyses should be performed by
one single user, ideally blind to the sample id. If there is a need for data
analysis to involve more than a single person, the threshold method
would introduce the smallest bias for fenestration size measurements.
Fenestration frequency and porosity show similar differences among the
users for all three methods so the choice can be based on to the quality of
the images.

The data from all three imaging techniques suggests that the preci-
sion of both (semi-)automatic methods is similar and linear correlation
allows us to use them for comparison of the parameters between
experimental groups. All experiments where changes in fenestration size
and/or number are expected can be analyzed using the semi-automatic
or automatic method. However, the porosity calculated from SEM im-
ages using the semi-automatic method may seem underestimated. The
comparison between the manual and semi-automatic methods shows a
linear correlation with a slope below 1, which indicates that some
fenestrated areas are not detected in the cells with higher porosity/
higher number of fenestrations

The machine learning software includes a batch processing feature
where, after training, tens or even hundreds of images can be auto-
matically analyzed. The only limitation is the computer processing
power which affects the speed. The main disadvantage of this approach
is the requirement of images with similar contrast and brightness. In
practice, each sample or group of samples may require adjustments for
these parameters, and depending on the number of samples, this may
reduce the time advantage over the semi-automatic method. Although,
the threshold-based approach requires manual adjustment of the cut-off
value for each image segmentation but still, the large number of fenes-
trations is analyzed for each manual step. It is a significant advantage
over the fully manual approach, where single manual step gives infor-
mation about only one fenestration.

For fenestration size measurements, both (semi-)automatic methods
showed a systematic error that needs to be taken into consideration. The
source of this error was identified and connected with the edge of the
fenestration detection, related to the pixel size of the image. For the
automatic method, the batch processing of all images using the same
trained algorithm would solve this problem. For manual and semi-
automatic methods inclusion/exclusion must be decided before the
analysis.

4. Conclusions

All three proposed methods can be applied for fenestration analyses,
but the best method should be selected based on the following criteria:
the available imaging technique, the achievable quality of the images,
the time for the analysis and the predicted outcome in measured

Table 5

Comparison of properties of the three methods of quantitative analysis.
Property Manual Semi-automatic Automatic
Speed - + ++
User bias —/+ + —/+
Accuracy - fenestration number ++ - +
Accuracy - porosity +/— + +
Accuracy - diameter +/—= ++ +
Artifacts sensitive ++ - = —/+
Image quality sensitive ++ - = —/+
User friendly ++ ++ +




K. Szafranska et al.

parameters. The pros and cons of the three selected methods are listed in
Table 5.

We emphasize the need for small-scale pilot experiments to assess
both the best imaging technique as well as the predicted range of
changes in the LSEC morphology parameters. The time invested in the
analysis of preliminary results will lead to the best possible protocol for
further analysis. The combination of more than one analysis method can
also be beneficial, for example, the best accuracy of diameter mea-
surement was shown with the semi-automatic method while the number
of fenestrations is most precisely detected manually.

The main limiting factor — time — can be overcome by automation,
which is getting easier with the developments of new and more precise
software and ongoing advancements in the field of microscopy. The
results of this study show that the semi-automatic and automatic
methods can be a timesaving alternative for the standard manual
approach, but considerations of suitable methods are needed prior to
application.

The choice of the best analysis method has to be based on the quality
of every experimental data set. We suggest to first focus on obtaining the
best possible image quality, within reasonable imaging time. For the
fenestration size measurements, we recommend use of semi-automatic
or automatic method. Automatization allows measurement of thou-
sands of fenestrations at the same time compared to manual measure-
ment of tens of fenestrations; it provides a better statistical overview and
removes user bias manifesting as an increase in the roundness param-
eter. For the porosity and fenestration frequency measurements we
recommend the use of the automatic method as it is the most time
efficient simultaneously processing of many images. If the image quality
is poor, and artifacts do not allow the use of automatic methods, the
manual approach may be necessary. When using (semi-)automatic
methods we recommend using the manual method for small data sets as
a reference, especially if the changes in porosity or fenestration fre-
quency between the experimental groups are small.

The above strategies for scoring LSEC porosity using SEM, SIM and
AFM imaging can also be applied to other super resolution imaging
modalities applied to LSEC, e.g. dSTORM (Monkemoller et al., 2014;
Mao et al., 2019) or STED (Di Martino et al., 2018). These latter two
methods have the highest reported optical resolution, at 10—20 nm.
(Semi-)Automation of the LSEC porosity scoring process, in combination
with current and new developments in super-resolution imaging, will
accelerate the evaluation of LSECs in health, disease and aging, thus
aiding to development of therapies that reverse the effects on LSEC
defenestration, a key phenotypic feature in various diseases and ageing.
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