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Loss of fenestraein liver sinusoidal
endothelial cells contributes to MASLD

Nadia Ciriaci, Pierre-Emmanuel Rautou & Johanne Poisson
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Liver sinusoidal endothelial cells have small
pores called fenestrae that allow bidirectional
exchange of substrates such as lipids between
hepatocytes and blood. New work reveals
molecular pathways linking hyperlipidemia to
these cells’loss of fenestrae as a starting point
for metabolic dysfunction-associated steatotic
liver disease.

Recent research advances are enhancing our understanding of
the complex pathogenic mechanisms underlying the association
between cardiovascular and liver diseases in the setting of metabolic
dysfunction. Metabolic disorders, including diabetes mellitus and
obesity, are strongly associated with the development of metabolic
dysfunction-associated steatotic liver disease (MASLD), which can
progress to MASH (metabolic dysfunction-associated steatohepatitis).
This is a potentially severe form of the disease characterized by stea-
tosis along with liver inflammation and damage, without or with liver
fibrosis. Lipid and glucose metabolism are at the interface between
MASLD and cardiovascular diseases'. The liver receives free fatty acids,
lipoproteins and carbohydrates from the blood and produces new tri-
glycerides, which arereleased into the bloodstream as very-low-density
lipoproteins (VLDL). The exchange of macromolecules between the
blood and the liver is facilitated by liver sinusoidal endothelial cells
(LSECs) that separate the sinusoidal vascular lumen from the liver
parenchyma (Fig. 1). LSECs function as a permeable barrier because
they lack a basement membrane and have small pores known as
fenestrae, allowing the bidirectional exchange of substrates between
hepatocytes and blood. These fenestrae, organized in sieve plates,
have diameters of 50-150 nm and are dynamically regulated under
both physiological and pathological conditions. A loss of fenestrae,
known as ‘capillarization’, combines a reduction in the number and
size of fenestrae with endothelial thickening and the formation of a
basement membrane’.

LSEC capillarization has been described during MASLD in mice
and patients®*. Upon excessive lipid exposure, LSECs undergo capil-
larization (Fig. 1). Indeed, in vitro studies showed that incubation of
human primary LSECs with oxidized low-density lipoproteinreduces
fenestrae diameter and number, suggesting decreased LSEC porosity.
Inaddition, mice fed a high-fat diet had lower LSEC porosity than mice
fed a protein or carbohydrate diet®. LSEC capillarization promotes
steatosis and MASH lesions. Indeed, mice deficient in plasmalemma
vesicle-associated protein (PLVAP), a proteininvolved in the formation
of endothelial fenestrae, have fewer LSEC fenestrae and decreased
sinusoidal permeability and spontaneously develop extensive steato-
sisowingtoanaccumulation of remnant lipoproteinsin the circulation

that fail to reach the hepatocytes. As a compensatory mechanism,
denovolipogenesisisinducedinthe hepatocytes, resulting in hepatic
steatosis’. Likewise, loss of LSEC fenestrae caused by inhibition of the
vascular endothelial growth factor A (VEGFA) pathway — a modula-
tor of vascular permeability — results in the accumulation of labeled
lipoproteins restricted to the sinusoids, indicating that capillariza-
tion impairs lipid transfer from LSECs to hepatocytes. The VEGFA
pathway has been described to have a dual effect in chronic liver
disease progression, with anti-fibrogenic effects at early stages and
pro-fibrogenicaction at later stages’. Yet the association between the
VEGFA pathway and steatosis has not been studied. Mice deficient
in IVA phospholipase A2 in endothelial cells have more fenestrae
than control mice and less liver fibrosis in a MASH setting caused by
a choline-deficient high-fat diet®. Similar results were described in
mice deficientin VcamlIin endothelial cells and fed a choline-deficient
high-fat diet®. Outside the MASLD setting, other signaling pathways
and molecules have been described as being involved in LSEC capil-
larization, including the transcription factor GATA-4, ZEB2, Hedgehog
signaling, delta-like ligand 4 (DLL4), platelet-derived growth factor B
(PDGFB), liver Xreceptor a (LXRa) and bone morphogenetic protein
9 (BMP9)’. Whether these are also involved in the MASLD setting is
unknown. More broadly, the molecular mechanisms underlying LSEC
capillarization during hyperlipidemiaand MASLD initiation and pro-
gression to MASH remain unclear.

In this issue of Nature Cardiovascular Research, Eberhard et al.®
focused onsemaphorin3A (SEMA3A) in LSECs. SEMA3Ais asecretory
proteinbelonging to the semaphorin family, which are key regulators
of morphology and motility in cell types including nervous system,
cardiovascular and hepatic cells, as well asin cancer cells. Semaphorin
signaling occurs predominantly through plexin receptors and results
in changes in the cytoskeletal and adhesive machinery that regulates
cellular morphology’. SEMIA3A expression has been previously shown
tobeupregulated in LSECs from rats with cirrhosis'® and in the plasma
of patients with MASLD". Eberhard et al.® demonstrated that SEMA3A
expression is enriched in human LSECs as compared to hepatocytes.
Moreover, they observed that SEMA3A expressioniselevatedin LSECsin
aMASLD settingin different models, including cultured human LSECs
exposed to palmitic acid and LSECs from three different mouse mod-
els of MASLD: genetically induced obesity and diabetes, genetically
induced obesity without diabetes and diet-induced obesity.

LSEC fenestrae are dynamic rather than static structures that
require continuous cytoskeleton remodeling. Eberhard et al.® inves-
tigated the role of SEMA3A in LSEC fenestrae. They treated primary
mouse LSECs with recombinant SEMA3A and observed a substan-
tial dose-dependent reduction in fenestrae frequency and porosity.
They showed that SEMA3A regulates F-actin remodeling in a process
that may involve cAMP-dependent signaling. Kinase activity pro-
filing highlighted that SEMA3A activates several serine/threonine
kinases, including ROCK2 and PAK1, and requires LIMK1 to fully induce
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Fig.1|Underlying mechanisms of LSEC capillarization in MASLD. Under
physiological conditions, LSEC fenestrae allow free fatty acid (FFA) transfer from
the bloodstream into hepatocytes, where VLDL is synthesized and secreted to
the blood through LSECs. VEGFA is a positive modulator of fenestrae formation
and maintenance. At early stages of MASLD, LSECs undergo capillarization,
which promotes steatosis. Loss of fenestrae blocks FFA entry into hepatocytes,
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leading to hyperlipidemia. As acompensatory mechanism, de novo lipogenesis
in the hepatocytes is induced, resulting in hepatic steatosis. Eberhard et al.®
now describe a previously unknown pathway implicated in LSEC capillarization,
the SEMA3A-NRP1 pathway, that could be a target for mitigating the early
development of MASLD.

loss of fenestrae of LSECs in mice. To analyze the effect of SEMA3A
in vivo, the authors studied global heterozygous Sema3a-knockout
(Sema3a™") mice. When fed a chow diet, these mice showed higher
LSEC porosity and less hepatic steatosis compared to their wild-type
counterparts. The Sema3a*~ mice also had alesser degree of hepatic
steatosis than wild-type mice when subjected to a high-fat diet. Thus,
asingle functional gene copy of Sema3a is insufficient for normal
SEMA3A function. To further support the claim that Sema3a expres-
sion in LSECs was responsible for the observed effects, the authors
generated transgenic mice with Sema3a gene ablation specifically
in endothelial cells, which resulted in decreased liver steatosis and
increased plasmatic VLDL secretion when the mice were fed a high-fat
diet. Inline with this observation, the expression of Pparg2, known to
be upregulated by lipids and involved in the development of hepatic
steatosis, was reduced in these mice. These findings support a del-
eterious effect of endothelial Sema3a on liver lipid accumulation
and steatosis and indicate that inhibiting SEMA3A-mediated LSEC
capillarization facilitates the export of lipids from liver tissue into the
bloodstream. Notably, because in this mouse model Sema3ais deleted
notonlyin LSECsbutalso in other endothelial cells, contributions to
the observed effects from other types of endothelial cells, at least in
part, cannot be ruled out.

Inaddition to lower hepaticlipid content, mice deficient in Sema3a
inendothelial cells exhibited areductioninbody weight, attributed to
increased physical activity and changesin global metabolism character-
ized by a higher energy expenditure and oxygen consumption. How-
ever, therelationship between Sema3a deletionin LSECs and systemic
metabolism needs to be confirmed, and the underlying mechanisms
driving these effects require further investigation.

Eberhard et al.® showed that SEMA3A interacts with neuropilin-1
(NRP1) to induce LSEC capillarization and hepatic steatosis (Fig. 1).
NRP1lisatransmembrane protein thatactsasareceptor for several sign-
alingmolecules, including SEMA3A but also VEGFA.NRP1isinvolvedin
metabolicdisorders, including lipid metabolism and insulin resistance
associated with obesity’?. The mechanism by which NRP1ligands modu-
late LSEC fenestration was not entirely clear. Using primary mouse
LSECsincubated with blocking antibodies against the specific binding
domains of NRP1 (for SEMA3A and VEGFA), the authors demonstrated
that LSEC capillarization depends on the binding of SEMA3A to the
SEMA3A-binding domain of NRP1 rather than to its VEGFA-binding
domain (Fig. 1). Given that SEMA3A and VEGFA have been described
to have opposite effects on LSEC fenestration”, the ratio of VEGFA to
SEMA3A, rather than the abundance of one factor alone, might control
liver sinusoid fenestration and early development of MASLD.

Improving LSEC function has been proposed as a therapeutic
approach for MASLD and MASH, through molecules targeting several
pathways, such as nitric oxide or oxidative pathways'*. Modulating
LSEC fenestration, as proposed by Eberhard et al.%, is anovel opportu-
nity for the field. Increased expression of SEMA3A in LSECs in MASLD
is a potentially advantageous strategy for drug therapy, as design-
ing an inhibitor for a specific protein is usually simpler than creating
activators.

The detailed analysis provided by Eberhard et al.? of the molecular
mechanisms of LSEC loss of fenestrae in the context of hyperlipidemia
may have implications beyond the MASLD setting. In particular, how
LSEC loss of fenestrae might influence cardiovascular complications
in the context of metabolic syndrome remains to be explored. In
addition, it has been shown that LSEC porosity decreases with age,
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a process known as ‘pseudocapillarization’, opening up new area of
research to exploreits consequences and its potential therapeutic use
inaging-related diseases.
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	Fig. 1 Underlying mechanisms of LSEC capillarization in MASLD.




