:' frontiers ‘ Frontiers in Physiology

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Raghu P. Kataru,

Memorial Sloan Kettering Cancer
Center, United States

REVIEWED BY
Kathleen M. Caron,

University of North Carolina Hospitals,
United States

Natalie Trevaskis,

Monash University, Australia

*CORRESPONDENCE
Matthew A. Burchill,
Matthew.burchill@cuanschutz.edu
Beth A. Jirdon Tamburini,
Beth.tamburini@cuanschutz.edu

SPECIALTY SECTION
This article was submitted to Integrative
Physiology,

a section of the journal

Frontiers in Physiology

RECEIVED 16 August 2022
accepTeD 05 October 2022
PUBLISHED 19 October 2022

CITATION
Goldberg AR, Ferguson M, Pal S,
Cohen R, Orlicky DJ, McCullough RL,
Rutkowski JM, Burchill MA and
Tamburini BAJ (2022), Oxidized low
density lipoprotein in the liver causes
decreased permeability of liver
lymphatic- but not liver sinusoidal-
endothelial cells via VEGFR-3 regulation
of VE-Cadherin.

Front. Physiol. 13:1021038.

doi: 10.3389/fphys.2022.1021038

COPYRIGHT
© 2022 Goldberg, Ferguson, Pal,
Cohen, Orlicky, McCullough,
Rutkowski, Burchill and Tamburini. This
is an open-access article distributed
under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permitted which does
not comply with these terms.

Frontiers in Physiology

TYPE Original Research
PUBLISHED 19 October 2022
pol 10.3389/fphys.2022.1021038

Oxidized low density lipoprotein
In the liver causes decreased
permeability of liver lymphatic-
but not liver
sinusoidal-endothelial cells via
VEGFR-3 regulation of
VE-Cadherin
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The lymphatic vasculature of the liver is vital for liver function as it maintains fluid
and protein homeostasis and is important for immune cell transport to the
lymph node. Chronic liver disease is associated with increased expression of
inflammatory mediators including oxidized low-density lipoprotein (oxLDL).
Intrahepatic levels of oxLDL are elevated in nonalcoholic fatty liver disease
(NAFLD), chronic hepatitis C infection (HCV), alcohol-associated liver disease
(ALD), and cholestatic liver diseases. To determine if liver lymphatic function is
impaired in chronic liver diseases, in which increased oxLDL has been
documented, we measured liver lymphatic function in murine models of
NAFLD, ALD and primary sclerosing cholangitis (PSC). We found that Mdr2-/
— (PSC), Lieber-DeCarli ethanol fed (ALD) and high fat and high cholesterol diet
fed (NAFLD) mice all had a significant impairment in the ability to traffic FITC
labeled dextran from the liver parenchyma to the liver draining lymph nodes.
Utilizing an in vitro permeability assay, we found that oxLDL decreased the
permeability of lymphatic endothelial cells (LEC)s, but not liver sinusoidal
endothelial cells (LSEC)s. Here we demonstrate that LECs and LSECs
differentially regulate SRC-family kinases, MAPK kinase and VE-Cadherin in
response to oxLDL. Furthermore, Vascular Endothelial Growth Factor (VEGF)C
or D (VEGFR-3 ligands) appear to regulate VE-Cadherin expression as well as
decrease cellular permeability of LECs in vitro and in vivo after oxLDL treatment.
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These findings suggest that oxLDL acts to impede protein transport through the

lymphatics through tightening of the cell-cell junctions.

Importantly,

engagement of VEGFR-3 by its ligands prevents VE-Cadherin upregulation
and improves lymphatic permeability. These studies provide a potential
therapeutic target to restore liver lymphatic function and improve liver function.
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Introduction

Currently, the burden of chronic liver diseases is surpassing
available therapeutics resulting in a rapid rise in the prevalence of
advanced liver disease (GBD Cirrhosis Collaborators, 2020; Zhai
et al, 2021). As a result, the number of patients that have
progressed to cirrhosis, necessitating transplant, greatly
surpasses the availability of donor organs (Kwong et al,
2022). Several chronic liver diseases that lead to cirrhosis are
associated with high levels of oxLDL in the serum and liver
including NAFLD (non-alcoholic fatty liver disease) (Burchill
et al,, 2021), HCV (hepatitis C virus), ALD (alcohol-associated
liver disease) and experimental models of cholestatic liver disease
(Alho et al., 2004; Comert et al., 2004; Schroder et al., 2006;
Karadeniz et al., 2008; Ampuero et al., 2016; GBD Cirrhosis
Collaborators, 2020).

The liver is the main producer and storage site for cholesterol,
specifically low-density lipoprotein (LDL) (Suchy, 2020). As
mentioned above, chronic liver diseases are associated with
higher levels of the highly oxidized form of LDL. Endothelial cell
induced conversion of LDL to oxidized LDL (oxLDL) leads to
recognition of oxLDL by scavenger receptors (CD36, LOXI)
expressed by many cells including hepatocytes, macrophages and
endothelial cells (Itabe et al., 2011). OxLDL has been described to
induce damage to liver parenchyma by way of macrophage
activation (McGettigan et al,, 2019), blood vascular endothelial
injury (Sata and Walsh, 1998) and promotion of liver fibrosis
(Karadeniz et al, 2008). In murine models of atherosclerosis,
oxLDL has also been described to directly cause endothelial cell
damage by inhibiting the expression of endothelial nitric oxide
synthase (eNOS) (Di Pietro et al, 2016). OxLDL promotes the
pathogenesis of atherosclerosis by inducing endoplasmic reticulum
stress and cell death in vascular endothelial cells (Di Pietro et al.,
2016). In vitro, oxLDL has a direct effect on human lymphatic
endothelial cells (LEC) and results in more glycolytic LECs which
downregulate the lymphatic transcription factor, PROX1 (Burchill
et al, 2021). These findings were consistent, based on gene
expression data of liver LECs, in mice fed a high fat and high
cholesterol diet (Burchill et al., 2021). Finally, oxXLDL was able to
directly cause a reduction in lymphatic permeability both in human
LECs in vitro and a reduction of lymphatic drainage from the liver in
mice injected with oxLDL (Burchill et al., 2021).
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The consequences of increased oxLDL directly on the blood
and lymphatic vasculature of the liver is still not well understood.
Blood flows into liver acini predominantly via the liver sinusoidal
endothelium. Liver sinusoidal endothelial cells (LSEC) have
fenestrae which result in highly permeable sinusoids allowing
for transcellular transport of fluid, proteins, and lipids (Braet and
Wisse, 2002; Poisson et al., 2017). In the liver, the lymphatic
capillaries are also highly permeable (Aukland et al., 1984; Chung
and Twakiri, 2013). The lymphatic capillaries are unique from
blood vasculature in that their permeability comes from loose
“button-like” junctions between endothelial cells comprised of
VE-Cadherin, Claudin-5, Occludin and ZO1 (Baluk et al., 2007;
Zhang et al., 2020). Both the lymphatic and the blood vascular
endothelial cells in the liver can uptake and respond to oxLDL,
but how these responses impact the progression of liver disease is
yet unknown (Van Berkel et al., 1991; Singla et al., 2021). We and
others have described differences in lymphatic function in
response to oxLDL including decreased permeability and
increased proliferation (Burchill et al, 2021; Singla et al,
2021). In contrast, oxLDL causes direct injury to the liver
by
increasing reactive oxygen species, Nuclear Factor kappa B

sinusoidal  endothelium, leading to defenestration,
(NF-xB) activation, and caveolin expression (Zhang et al.,
2014). Changes in LSECs were dependent the
LOX1 receptor (Zhang et al, 2014). OxLDL scavenger
receptors include LOX1, CD36, SR-Al and SR-Bl, where
CD36 and SR-Bl, rather than LOXI, are predominantly
2021).

CD36 expression is higher in LECs compared to human

on

expressed by LECs (Singla et al, Interestingly,
umbilical vein endothelial cells, while SR-BI1 expression was
equivalent accross endothelial cell types (Singla et al., 2021).
These findings predict that there is differential signaling of
oxLDL in blood versus lymphatic vascular endothelial cells.
Endothelial cells of blood and lymphatic lineage perform
unique functions as a result of differential expression and
signaling of vascular endothelial growth factor (VEGF)
receptors. The lymphatic endothelium predominantly express
and signal through VEGFR-3 homodimers via engagement of
VEGF-C and D (Rauniyar et al, 2018). Signaling through
VEGFR-3 promotes the expression of transcripts that are
cell
proliferation, such as Lyvel and Proxl (Deng et al., 2015). In

essential for lymphatic identity, homeostasis and
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contrast, the blood vasculature predominately utilizes signaling
through VEGFR-2 which is maintained by VEGF-A and low
levels of Neuropilin-1 (a scavenger receptor for VEGF-A) (Shin
et al., 2008; Zhang et al., 2020). Further, the VEGFR-2 signaling
pathway has been described to control endothelial cell
permeability by regulating the expression of VE-Cadherin
(Wallez et al., 2006). In blood endothelial cells (BEC)
VEGFR-2 engagement results in phosphorylation of SRC,
AKT upregulation and VE-Cadherin stabilization at the cell
surface (Braet et al., 2004; Ding et al., 2010). While VEGFR-2
and VEGFR-3 have several common signaling modalities in
endothelial cells, differences in VEGF receptor signaling in the
regulation of VE-Cadherin in BEC versus LECs is still not well
understood. Evidence that VEGFR-3 signaling in LECs is unique
has been established using a mutant form of VEGF-C (cys156ser)
which can only bind to VEGFR-3 homodimers (Breslin et al.,
2007) predominantly expressed by LECs. Indeed, use of rVEGF-
C cysl56ser improves lymphatic transport from the liver in an
experimental model of NASH (Burchill et al, 2021).
Furthermore, VEGFR-2 signaling, as a result of VEGF-A
administration, in the lacteals resulted in increased VE-
Cadherin staining that more closely resembled tight “zipper”
rather than loose “button” junctions (Zhang et al., 2018). This
was in contrast to VEGFR-3 homodimer signaling via
administration of rVEGF-C cysl156ser which did not cause
junctional zippering (Zhang et al., 2018). Thus, signaling
through VEGFR-2 and VEGFR-3 differ in their ability to
regulate VE-Cadherin surface expression in both blood
vascular and LECs.

In this study we add to the understanding of lymphatic
dysfunction in disease. We dissect the phenotypic and
functional consequences of oxLDL exposure and VEGEFR-3
signaling on both LEC and LSECs. We demonstrate that
lymphatic drainage is impaired in multiple models of chronic
liver disease, all of which have been reported to have increased
intrahepatic oxLDL in humans. To determine the consequence of
increased oxLDL on the LSECs and LECs in isolation we utilized
an in vitro system where we found the permeability of lymphatic,
but not sinusoidal endothelial cells was decreased in the presence
of oxLDL. This decreased permeability was a direct result of
increased VE-Cadherin levels, a likely result of increased SRC
and MAPK activation in LECs but not LSECs. We further
demonstrate that signaling through VEGFR-3 improved
oxLDL through the
manipulation of VE-Cadherin. Using an in vivo model of

induced changes in permeability
lymphatic transport, we demonstrate oxLDL causes reduced
lymphatic transport of FITC-Dextran from the liver which
can be rescued following overexpression of VEGE-D, a
VEGFR-3 ligand, in the hepatic parenchyma. This recovery of
lymphatic transport in the presence of VEGF-D was associated
with decreased expression of VE-Cadherin on LECs from the
liver. This study is significant because it suggests that the

increased oxLDL in the liver of patients with chronic liver
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disease directly impedes lymphatic function, which is

necessary for organ health.

Results

Reduced trafficking of high molecular
weight dextrans to liver draining lymph
nodes of mice with increased oxLDL
receptor expression

In our previous report we outlined that oxLDL directly affects
the amount of high molecular weight FITC Dextrans in the liver
draining lymph nodes. These studies were performed both in
mice fed a diet consisting of 40% fat and 2% cholesterol over a 20-
week period and following direct intravenous injection of oxLDL
over a 2-week period (Burchill et al., 2021). We injected 500 kDa
FITC labeled Dextran into the hepatic parenchyma in mice and
assessed accumulation of the injected FITC in the liver-draining
lymph node (LN) at 10 min post intrahepatic injection as
previously described (Burchill et al., 2021) (Figure 1A). We
controlled for systemic distribution of FITC by assessing FITC
levels in the non-liver-draining inguinal lymph node (Burchill
et al, 2021). As demonstrated previously, we observed a
significant reduction in the amount of FITC in the liver
draining lymph node following treatment with oxLDL at
10 min (Figure 1B). Whether lymphatic transport of high
molecular weight Dextrans is impaired in other liver disease
etiologies, also reported to have increase oxLDL within the
serum, was not yet known. To address this question, we
evaluated additional murine models including an ethanol
containing Lieber-DeCarli diet model to mimic murine ALD
(Guo et al, 2018) and an Mdr2”~ model of fibrosing
cholangiopathy (Mariotti et al., 2018) (Supplementary Figure
S1). To determine if the loss of high molecular weight FITC
Dextran in the liver draining lymph nodes was independent of
disease etiology we measured lymphatic drainage in the ALD and
Mdr2—/— models and found that, relative to the control, less
FITC-dextran reached the draining lymph node within 10 min
(Figure 1C). This decreased lymphatic drainage was not due to
reduced lymphatic vasculature in the liver as we have previously
reported expansion with increased lymphatic vessel density
(LVD) in these mice models (Burchill et al., 2021) and
humans (Tamburini et al, 2019) with the corresponding
disease. The differences in FITC-Dextran accumulation in the
liver draining lymph nodes was similar to the difference in the
amount of FITC-Dextran in the lymph nodes after intrahepatic
injection in a high fat high cholesterol (HFHC) diet model
(Figure 1C) and mice injected with oxLDL (Figure 1B).
CD36 is well described as a scavenger receptor for oxLDL
(Chen et 2008; Jay et 2015) and
CD36 expression in the liver has been described as being

al., al., increased

associated with an increase in oxLDL (Feng et al, 2000).
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Reduced trafficking of high molecular weight Dextrans to liver draining lymph nodes of mice with increased oxLDL receptor expression. (A)
Mice were anesthetized and abdominal cavity exposed. 10uL of 500 kDa FITC-dextran was injected each into the left, median and right lobes of the
liver. Ten minutes after the last injection, the portal (liver-draining) and then inguinal (skin-draining) lymph nodes were extracted. (B) Quantification of
FITC in portal compared to inguinal lymph nodes in mice treated with oxLDL (2-week course of 150 ug every other day) as compared to
matched controls. Shown are 3 combined experiments with 3-5 mice per experiment. (C) Amount of FITC measured by fluorescence in the portal as
compared to the inguinal lymph node per mouse in mice fed a 24-week HFHC (NAFLD model), mdr2 —/— mice (cholestasis model), or Lieber deCarli

(Continued)
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FIGURE 1 (Continued)

fed mice (ALD model) with respective matched controls. HFHC is 2 combined experiments with 4-5 mice per group. Mdr2—/—is 3 combined
experiments with 3-5 mice per group. EtoH is representative data from one experiment performed twice. (D) CD36 expression by RTPCR of whole
liver mRNA as compared to intra-experimental matched controls per experimental group. Shown are representative graphs of experiments repeated
on 2-3 occasions with 3-5 replicates per time point with similar results. *p < 0.05, **p < 0.01, ***p < 0.001.

Consistent with increased oxidation of cholesterol we find
increased CD36 expression in the livers of mice fed the
HFHC diet for 24 weeks, given the Lieber-DeCarli diet and
the Mdr2”~ model of cholestatic liver disease (Figure 1D).
Together, these findings are consistent with increased oxLDL
sensing associated with chronic liver disease across disease
etiologies. This impairment in FITC trafficking to the liver
draining lymph nodes suggests that decreased transport of
high molecular weight molecules from the liver via the
lymphatics is a common event in many chronic liver diseases
associated with increased oxLDL.

oxLDL increases VE-Cadherin surface
expression and decreases permeability of
LECs in contrast to LSECs

As the protein content of the lymph draining the liver is
influenced by LSEC and LEC permeability, we asked which
endothelial cells were most affected by oxLDL in regard to
permeability. We compared the transport of FITC-Dextran
across a monolayer of either LECs or LSECs (Figure 2A). LECs
have highly permeable cell-cell junctions to allow for paracellular
transport of solutes and lymph, but also participate in transcellular
transport over time and under the conditions of fluid flow (Triacca
etal,, 2017). In contrast LSECs have tighter less permeable junctions
but are highly fenestrated (Braet and Wisse, 2002; Poisson et al,,
2017). We found that over time, the FITC Dextran accumulated in
the bottom well more quickly through the LSEC monolayer than the
LEC monolayer (Figures 2B,C). Furthermore, treatment with
oxLDL did not impact the ability of FITC dextran to migrate
across the LSEC monolayer. In contrast, and similar to our
previous report, we found that after a 4-hour treatment with
oxLDL there was decreased permeability of the LEC monolayer
which could be titrated based on the dose of oxLDL (Figure 2C).
OxLDL results in the increased expression of VE-cadherin on LECs
in a dose-dependent manner (Supplementary Figure S2A), therefore
we examined the contribution of VE-Cadherin to cellular
permeability of LSECs and LECs. Using an antibody which
disrupts VE-cadherin dependent cell-cell junctions (BV9), we
tested endothelial cell permeability. An LSEC monolayer was
treated with the VE-Cadherin antibody and there was no
significant  difference in permeability compared to control
(Figure 2D). In contrast, we found that blocking VE-Cadherin
cell-cell junctions resulted in increased permeability of the LEC
monolayer (Figure 2E). As previously demonstrated (Baluk et al,,
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2007) these findings confirm that LEC permeability relies on VE-
Cadherin junctions and paracellular transport while LSEC
permeability does not rely on VE-Cadherin junctions and may
be more dependent on transcellular transport.

The differential role of VE-Cadherin on LECs compared to
LSECs is further supported by total VE-Cadherin protein
expression being markedly greater in LECs as compared to
LSECs following treatment with oxLDL. When comparing
equivalent amounts of total protein, the LECs showed
significantly increased VE-Cadherin protein levels at 4 h after
oxLDL (Figure 2F). In contrast, primary cultured LSECs have
minimal VE-Cadherin protein expression in the presence or
absence of oxLDL (Figure 2F). To evaluate the mechanism by
which these 2 cell types have differential responses to oxLDL
treatment, we asked whether intracellular signaling upstream
from VE-Cadherin was different between cell types. We found
that both SRC and P38 phosphorylation was increased after 4 h s
of oxLDL treatment in LECs but not LSECs (Figure 2G and
Supplementary Figure S2B). These findings suggest that the
downstream signaling pathway from oxLDL in LECs is
distinct from the signaling in LSECs and that these different
signaling pathways correlate with distinct response in LECs
compared to LSECs treated with oxLDL (Singla et al., 2021).

Vascular endothelial growth factor C and
D improve lymphatic specific changes
caused by oxLDL

Signals derived through the VEGF receptors have been
shown to regulate VE-Cadherin junctions (Zhang et al., 2018;
Burchill et al.,, 2021). We previously demonstrated in a mouse
model of NASH that liver LECs have increased expression of
VEGEFR-2 transcript and treatment of NASH mice with rVEGE-
C (cys156ser), to induce signaling through VEGFR-3, improved
lymphatic drainage from the liver (Burchill et al., 2021). To test
whether we could manipulate VE-Cadherin transcript levels via
engagement of VEGFR-3 we added exogenous recombinant (r)
VEGF-D to oxLDL treated LECs. Interestingly transcript levels of
VE-Cadherin (CDH5) in oxLDL treated LECs were reduced after
addition of rVEGF-D (Supplementary Figure S3A). We also
previously demonstrated that oxLDL treatment decreased the
expression of PROX1 in hLECs, the transcription factor required
for lymphatic differentiation (Burchill et al., 2021). In contrast to
VE-Cadherin, we did not detect differences in PROX1I expression
with the addition of rVEGF-D to oxLDL treated LECs
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oxLDL increases VE-Cadherin surface expression and decreases permeability of lymphatic endothelial cells without affecting liver sinusoidal
endothelial cell permeability. (A) Experimental model of 0.4 uM transwell with confluent layer of human LECs or LSECs after allowing them to grow to
confluency. After 3 days, 1.25 mg/ml 500 kDa FITC-dextran added to the top chamber at start of time course and then amount of FITC migrated to
bottom chamber measured hourly by fluorescence. (B) LSECs treated with 4 h of 10 or 100 ug/mL oxLDL in top chamber for 4 h prior to
addition of FITC-dextran, shown is quantified amount of FITC in lower chamber per time-point. Linear regression performed and difference between
slope of lines was not significant. Experiment was repeated 3 times with 3-4 replicates per group. (C) Transwell experiment with LECs treated with 4 h

(Continued)
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FIGURE 2 (Continued)

of 10 or 100 ug/mL oxLDL prior to addition of FITC-dextran values reported as quantified amount of FITC in lower chamber per timepoint.
Linear regression performed and difference between slope of NT vs. 10 ug/mL and 10 ug/mL and 100 ug/mL was <0.0001 and 0.005 respectively.
Experiment repeated 4 times with 3-4 replicates per group with similar results. (D) LSECs treated with same BV9 clone of VE-Cadherin for 4 h under
same conditions as LECs with linear regression analysis revealing no significant difference between lines with 3 replicates per group two
independent times with similar results. (E) LECs treated with BV9 clone of VE-Cadherin antibody for 4 h prior to addition of FITC-dextran as above,
linear regression analysis revealed a significant difference between lines with a p-value of <0.0001 as demonstrated by 4 stars. This experiment was
repeated twice with 3-6 replicates per group with similar results. (F) Protein expression of VE-Cadherin in LECs and LSECs treated with 100 ug/mL
oxLDL for 0 min, 30 min, 4 h or 24 hin serum-free media. Western blot analysis using antibodies against VE-Cadherin and GAPDH (loading control).
Experiment was performed 3 times (except 0.5 h time point for LECs which was repeated twice) and Western blot shows representative image with
guantification from 3 replicates each divided by the GAPDH control and normalized to time 0. (G) Protein expression of total and phosphorylated
SRC and P38 in cells treated with 100ug/mL oxLDL for 4 h in serum-free media. Western blot analysis using antibodies against pSRC, SRC, pP38,
P38 and tubulin (loading control). Experiment was performed 3 times and representative image is shown with quantification from 3-4 independent
experiments divided by tubulin and normalized to time 0. One-way anova with multiple comparisons was performed on Western blot quantification
where *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 3

Vascular endothelial growth factor C and D reverse lymphatic specific changes caused by oxLDL. (A) Histogram of VE-Cadherin surface
expression on LECs treated with PBS or VEGF-C (Cys'*®*—Ser mutant) for 16 h prior to addition of oxLDL or PBS for 4 h before harvest and staining
with BV9 clone of VE-Cadherin. Bar graph representative of gMF| of VE-Cadherin in LECs with above treatments and ANOVA analysis demonstrated
in a significant difference between oxLDL and oxLDL + VEGF-C. This experiment was repeated three times with 2-3 replicates per group with
similar results. (B) Transwell experiment with LECs plated to confluency as described, treated for 16 h with PBS or VEGF-C (Cys'*®—Ser mutant) then
oxLDL or PBS for 4 h prior to addition of 1.25 mg/ml of 500 kDa FITC-dextran to the top chamber with measurement of FITC migrated to the lower
chamber. Shown is quantified amount of FITC in bottom well. Linear regression performed and difference between slopes of oxLDL vs. oxLDL +
VEGF-C groups was significant. Experiment was repeated two times with 3-4 replicates per group with similar results. (C) hLECs were plated, grown
to confluence and treated with oxLDL + VEGF-C as in (A,B). Cells were stained with VE-Cadherin (Red), Dapi, blue and labeled based on junctional
structures to have continuous (arrow) or discontinuous (asterisk) VE-Cadherin staining. (D) Quantification of mean fluorescence intensity of VE-
Cadherin. Dots represent blindly selected individual regions of each slide in order to minimize differences in confluence, staining within slides and
across slides. Experiment was repeated 2-5 times (depending on treatment) with 2—3 separate chambers per group with similar results. *p < 0.05,
***p < 0.001.
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FIGURE 4

VEGF-D improves oxLDL induced lymphatic dysfunction in vivo. (A) Experimental design of FITC-dextran assay (as described in Figure 1), VEGF-

D expression was induced with doxycycline 48 h and continued during 2-week duration of every other day oxLDL injection with last injection 48 h

prior to harvest. (B) Genetic model of TRE-VEGF-D x Albumin-Cre promotor rtTA mice developed for hepatocyte-specific activation and expression

of excess VEGF-D. Transcript levels of VEGF-D expression in whole liver tissue of control mice (cre-) compared to VEGF-D induced mice (cre+)

expressed as fold change from expression level of Cre-mice. Shown is a representative experiment. Experiment was performed 3 times with similar

results. (C) Lymphatic vessel density as imaged with Perkin Elmer Vectra fluorescent microscope. Bile ducts [CK19 + PDPN+(green)], lymphatics

[CK19-PDPN+ (red)] (highlighted with white arrows), T cells [CD3 (white)] and nuclear [Dapi (blue)] were stained and lymphatic vessel density was
(Continued)
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FIGURE 4 (Continued)

3 experiments. *p < 0.05, **p < 0.01.

quantified per portal region from each tissue section in ImageJ [as previously described (Burchill et al., 2021)]. A one-way anova statistical
analysis and student'’s t-test demonstrated no significant difference among groups. Scale bar is 50 pm. Shown is LVD per portal area from 2-5 mice.
Analysis was completed from 2 separate experiments with 2-5 mice per group. (D) FITC fluorescence from extracted (liver-draining) portal over
(skin-draining) inguinal lymph node 10 min after intrahepatic injection of 500 kDa FITC-dextran. Statistical analysis demonstrated a significant
difference between wild-type treated with PBS vs. oxLDL with a p-value <0.01 but no significant difference between with VEGF-D inducible mice
treated with PBS vs. oxLDL. This experiment was repeated three times with similar results and 3-5 mice per group. Shown is combined data from all

(Supplementary Figure S3B). However, consistent with our
previous report (Burchill et al., 2021), the VEGFR-2/3 [KDR/
FLT4] oxLDL
(Supplementary Figure S3C), skewing the oxLDL treated LECs
toward VEGFR-2 signaling. After exposure to rVEGF-D in the
setting of oxLDL, we found that the VEGFR-2:3 ratio was
normalized, suggesting that signaling is shifted back to
VEGEFR-3 VEGFR-2
(Supplementary Figure S3C). To directly connect VEGFR-3

ratio was increased after treatment

lymphatic-specific compared  to
signaling and VE-Cadherin expression, we next asked if
oxLDL dependent upregulation of LEC membrane VE-
Cadherin expression would be reduced by engaging VEGFR-3
homodimers with recombinant VEGF-C (cys156ser). We found
cell surface expression of VE-Cadherin was reduced after
treatment with rVEGF-C and oxLDL compared to oxLDL
alone (Figure 3A). Based on the decreased expression of VE-
Cadherin after treatment with rVEGF-C we next asked if this
would increase the permeability of the LEC monolayer. Over an
8-hour time course we found an incomplete, but significant,
increase in permeability of the LEC monolayer when rVEGF-C
was added to the oxLDL treated group (Figure 3B). Similarly,
upon plating cells and staining for VE-Cadherin we noticed, as
before (Burchill et al., 2021), that VE-Cadherin junctions appear
less permeable (continuous/straight line staining of VE-Cadherin
between cells) upon oxLDL treatment compared to untreated
cells whose junctions appear more permeable (discontinuous/
jagged VE-Cadherin staining between cells) (Figure 3C). Indeed,
when cells were treated with VEGF-C and oxLDL, as in Figures
3A,B, the junctions appeared more like the vehicle control. The
change in VE-Cadherin organization correlated with VE-
Cadherin expression as the mean intensity of VE-Cadherin
was significantly diminished in the oxLDL group with VEGEF-
C compared to the oxLDL alone group (Figure 3D). Thus,
VEGFR-3 signaling leads to partial rescue of VE-Cadherin
junctional proteins on the membrane correlating with a
partial rescue of the functional permeability of an LEC
monolayer.

VEGF-D improves oxLDL induced
lymphatic dysfunction in vivo

As induction of VEGFR-3 signaling in primary human LECs
rescued expression of VE-Cadherin and permeability of LECs in
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response to oxLDL, we next asked if VEGFR-3 signals could
restore lymphatic transport from the liver after treatment with
oxLDL (Figure 4A). To do this, we utilized a mouse model with
hepatocyte-specific inducible overexpression of VEGF-D. As
previously published, this mouse permits inducible expression
of VEGF-D in a cell-specific manner upon administration of
doxycycline (Lammoglia et al, 2016). To induce expression
within the liver, these mice (TRE-VEGF-D), were crossed to
albumin-Cre x Rosa26STOPfl-rtTA mice (Figure 4B). Following
2 weeks of doxycycline treatment in the water there was an average
increase in VEGF-D expression that was 2.5-fold higher in the liver
of albumin-Cre x Rosa26STOPfl-rtTA x TRE-VEGFD mice
to  wild-type
(Figure 4B). As VEGF-D induces lymphangiogenesis, we first

compared mice treated with doxycycline
asked if there was an increase in lymphatic vessel density
within the liver following treatment with doxycycline. Likely
due to the short duration of VEGF-D in the liver, we did not
detect a significant increase in lymphatic vessel density across
groups treated with VEGF-D (Figure 4C). Additionally, there was
no marked histologic difference of hepatic architecture between
groups (Supplementary Figure S4A) nor significant difference in
histologic liver injury scoring, with no liver injury induced by
oxLDL as compared to models of chronic liver diseases
(Supplementary Figure S4B). To determine the effect of VEGF-
D overexpression on liver lymphatic function, WT or albumin-Cre
x Rosa26STOPAl-rtTA x TRE-VEGE-D inducible mice were given
doxycycline in their drinking water for 16days. Two days
following introduction of doxycycline mice were injected (IV)
with either oxLDL or PBS over the course of 14 days while
doxycycline was continued (Figure 4A). To determine if VEGF-
D overexpression in the liver could improve oxLDL-induced liver
lymphatic dysfunction we assessed FITC Dextran transport, at
10 min after intrahepatic injection, from the liver parenchyma to
the liver draining lymph node as in Figure 1. In these studies, we
found that the VEGF-D overexpression during treatment with
oxLDL increased the amount of FITC-Dextran reaching the liver
draining lymph nodes to a level similar to albumin-Cre x
Rosa26STOPfl-rtTA x TRE-VEGFD mice treated only with
vehicle (PBS) (Figure 4D). Together these data demonstrate
that VEGF-C or VEGF-D administered with oxLDL can
increase the amount of FITC Dextran in the liver draining
lymph  nodes  without  significant  lymphangiogenesis
(Figure 4C), consistent with reorganization of lymphatic
junctions rather than increased lymphatic vessel density in vivo.

frontiersin.org


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1021038

Goldberg et al. 10.3389/fphys.2022.1021038

B
. VEGF-D induced

[l VEGF-D not induced

VEGF-D-Vehicle - 4 ear oxLDL + LECs
ﬂ GD—:
o
< 9
32 4]
VE-Cadherin
C

Il oxLDL - LECs

[ oxLDL + LECs
&k

AFekdkk

VEGF-D-oxLDL

Fold increase oxLDL+/- VE-cad MFI

VEGF-D VEGF-D
not induced
induced

FIGURE 5
oxLDL increased VE-Cadherin in liver lymphatics is decreased by VEGF-D induction in vivo. (A) Mice were treated exactly as in Figure 4A. Non-
induced mice were wild-type mice treated with doxycycline, VEGF-D mice were TRE-VEGF-D mice treated with doxycycline. Mice were injected
with either PBS or oxLDL as described in methods. Liver tissue sections were stained with VE-Cadherin (red), Lyve-1 (green) and Dapi (blue). Scale
bars on zoomed out images are 20 ym and scale bars on zoomed in VE-Cadherin only images are 10 pm. Dashed white lines indicate areas of
lyve-1/lymphatic staining. 3-5 liver sections from 2 experiments were stained and imaged. (B) TRE-VEGF-D mice treated with doxycycline water for
2 days prior to oxLDL-DIL injection. 4—6 days later livers from euthanized mice were digested and made into a single cell suspension prior to staining
(Continued)

Frontiers in Physiology 10 frontiersin.org


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1021038

Goldberg et al.

10.3389/fphys.2022.1021038

FIGURE 5 (Continued)

for lymphatic endothelial cells. Shown is CD45 CD31*CD146-PDPN"oxLDL + cells VE-Cadherin expression between VEGF-D induced (blue)
and VEGF-D not induced (red). (C) Quantification of oxLDL+ and oxLDL- LEC expression of VE-Cadherin. VE-Cadherin expression in oxLDL-cells
was normalized per group and fold increase over each control was quantified. Experiment was repeated twice with 3-4 mice per group with similar

results. *p < 0.05, **p < 0.01, ****p < 0.0001.

VEGF-D reduces VE-Cadherin expression
on liver lymphatics in vivo

We next asked if lymphatics in the liver also upregulated VE-
Cadherin in response to oxLDL. To do this we evaluated liver
tissue sections of mice given oxLDL or PBS in the albumin-Cre x
Rosa26STOPfl-rtTA x TRE-VEGE-D from Figure 4. Sections
were stained with Lyve-1 (lymphatics) and VE-Cadherin. Portal
areas from each group were imaged (Figure 5A). As expected, the
oxLDL treated mice from the non-induced control group
appeared to have increased staining of VE-Cadherin (red) in
the lymphatics identified by Lyve-1 (green) (Figure 5A). This
increased intensity of VE-Cadherin on liver lymphatics only
appeared in the oxLDL injected non-induced control mice
while all other groups appeared relatively similar. To
the in VE-Cadherin
expression, we next evaluated VE-Cadherin levels on LECs

quantitatively measure differences
using flow cytometry. Mice were injected with fluorescently
labeled oxLDL (DIL) 4-6 days prior to euthanasia. We
identified LECs from the liver that had acquired the oxLDL
using the fluorescent label (Supplementary Figure S5) as
2019).  Upon
evaluation of LECs that were positive for oxLDL we found

previously described (Tamburini et al,
that VE-Cadherin expression was increased in non-induced
control mice compared to mice in which VEGF-D was
induced (Figure 5B). When we quantified the increase in VE-
Cadherin expression, we found that in both cases oxLDL + LECs
had increased expression of VE-Cadherin when compared to
oxLDL- LECs. However, we found significantly lower VE-
Cadherin expression by oxLDL + LECs from the livers of
VEGF-D induced (Figure 5C). Together, these findings
provide evidence that levels of VE-Cadherin increase, not only
in in vitro treated human lymphatic endothelial cells, but also in
the liver lymphatics following exposure to oxLDL which can be
mitigated by increasing VEGF-D levels.

Discussion

Our study demonstrates that lymphatic drainage is impaired
across multiple modalities of liver disease (Burchill et al., 2021).
While we have previously shown that lymphatic vessel density in
the liver is increased across human liver diseases and murine
models of NAFLD, ALD and cholestasis, the findings reported
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here challenge the idea that increased lymphatic vessel density in
disease leads to increased transport of protein to the lymph node.
Increased lymphatic vessels in disease may attempt to
accommodate for excess fluid and protein transport, but our
findings demonstrate that a lymphatic adherence junction
protein, VE-Cadherin, is increased which prevents high
molecular weight dextrans from entering the draining lymph
node after exposure to inflammatory oxLDL. We believe that this
defect in lymphatic drainage and mis-regulation of VE-Cadherin
could be due to the sprouting of new lymphatic capillaries in a
setting of inflammation. Newly sprouted lymphatic capillaries
have tight “zipper-like” junctions rather than “button-like”
junctions (Baluk et al., 2007), therefore it is possible that the
new lymphatic capillaries maintain zipper-like junctions in the
presence of oxLDL. Our data would suggest that VEGF-C or D
can counteract this maintenance of zipper like junctions. While
we do show a direct effect of oxLDL on the lymphatic endothelial
cells both in vitro and in vivo in the upregulation of VE-Cadherin,
it is also possible that other cells contribute to the defect in
lymphatic drainage. As an example, we and others have
demonstrated increased numbers and activation status of
macrophages in the livers of mdr2—/—, Lieber-Decarli, and
high fat high cholesterol fed mice (Wang et al, 2014;
Guicciardi et al, 2018; McGettigan et al., 2019; Ceci et al,
2022). Reduced protein transport to the portal lymph node
during chronic disease appears to be a common feature
among chronic liver diseases associated with high oxLDL, at
least in mice. However, our murine data, combined with the
similarities in architectural changes in human liver disease and
decreased protein content in lymph during cirrhosis (Dumont
and Mulholland, 1960; Dumont and Mulholland, 1962), strongly
supports the conclusion that lymphatic transport of protein is
impeded in people with chronic liver disease. With the important
role of lymphatics in fluid and protein homeostasis as well as
immune surveillance it seems likely that this lymphatic
disruption is contributing to the pathogenesis of these liver
diseases.

While changes in blood vascular endothelial, specifically
sinusoidal defenestration, in the liver has previously been
described and studied in chronic liver diseases (Zhang et al.,
2014), the lymphatics remain understudied. Here we highlight
that the lymphatic vasculature is uniquely altered in response to
oxLDL. Specifically, we found that in vitro permeability was
decreased only in LECs as compared to LSECs. We found
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intracellular signaling in response to oxLDL to differ between
LECs and LSECs with increases in phosphorylation of SRC
family kinases and p38, a MAPK suggested to be downstream
of SRC family kinases (Maneechotesuwan et al, 2007;
Maneechotesuwan et al., 2009). Phosphorylated P38 and SRC
have also been associated with CD36 and VEGFR-2 signaling. As
these signaling pathways are active after oxLDL treatment of
LECs, we speculate that oxLDL scavenger receptor, CD36,
signaling may regulate VE-Cadherin and/or VEGF receptor
levels. Furthermore, as lymphatic paracellular permeability but
not liver sinusoidal endothelial permeability is regulated by VE-
Cadherin in vitro, we conclude that reduced FITC Dextran
transport from the liver to the liver draining lymph node
during disease or oxLDL treatment is a result of lymphatic,
rather than sinusoidal, endothelial changes. These findings are
consistent with permeability of LSECs in vivo being regulated by
fenestrae rather than cell-cell junctions (Szafranska et al., 2021),
where in vivo VE-Cadherin, N-Cadherin, E Cadherin and
Claudin 5 expression by LSECs maintains tight cell-cell
junctions, similar to other blood vasculature endothelial cells
(Zhang et al.,, 2018). This is particularly important as we dissect
the contribution of LSEC versus LEC in response to oxLDL in the
liver and demonstrate consistent changes in lymph transport
across disease etiologies where liver concentrations of oxLDL
are high.

In our previous study the ratio of VEGFR-2/VEGFR-3 was
increased both in LECs in the livers of diseased mice and in LECs
treated with oxLDL in vitro (Burchill et al., 2021). This suggested
a similar mechanism as described in another study where
increased VEGFR-2 signaling led to decreased permeability
and rearrangement of the VE-Cadherin junctions (Zhang
et al, 2020). In this study we demonstrated that we could
normalize the transcript ratio of VEGFR-2/VEGFR-3 with
rVEGEF-D. This treatment with VEGF-D also resulted in a
reduction in VE-Cadherin gene and protein expression
following oxLDL treatment, suggesting that VEGFR-2/3 levels
may significantly influence VE-Cadherin levels. VE-Cadherin
surface expression was also decreased by the addition of rVEGEF-
C (cysl56ser) in LECs in response to oxLDL. This regulation of
VE-Cadherin expression by VEGF-C correlated with increased
permeability of LECs in the presence of oxLDL. However, as we
only detected a partial decrease of VE-Cadherin and a partial
increase in permeability there may be additional factors that
contribute to VE-Cadherin expression and the resulting
differences in permeability in response to oxLDL.

Here we show that differences in lymphatic permeability and
function in vitro can be modeled experimentally in mice. As such,
excess intrahepatic VEGF-D also prevented oxLDL induced loss
of lymphatic transport of FITC Dextran. These new findings are
in line with our previous studies demonstrating that lymphatic
transport of FITC Dextran in a murine model of NASH can be
rescued with exogenous administration of VEGF-C after
steatohepatitis has already been established (Burchill et al,
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2021). Our findings are consistent with the ability of excess
VEGF-C to ameliorate defects in lymphatic drainage, excess
portal pressure and ascites in experimental portal
hypertension (Kaur et al., 2021). The importance of these
studies in modeling human disease is emphasized by the
finding that genetic defects in VEGF-C correlates with
increased risk of variceal bleed as a result of portal
hypertension in HCV patients with end stage liver disease
(Aboismail et al., 2022).

In conclusion, oxLDL is a common mediator of chronic
liver diseases that disrupts LEC cell-cell junctions by affecting
LEC signaling, an effect that can be at least partially rescued by
excess lymphatic-specific VEGF-C/D. These studies are
important because lymphatic function in liver diseases has
been understudied and we have previously demonstrated that
restoration of lymphatic drainage can reduce inflammation in
a murine model of NASH (Burchill et al., 2021). Despite the
lack of information about lymphatics in the liver, there are
several anecdotal pieces of evidence that suggest improving
lymphatic function in the liver may be a viable target to
slowing and/or reversing the progression of liver disease.
There are repeated indications that lymphatic dysfunction
and loss of lymphatic VEGF-C signaling results in
exacerbation of clinical findings of liver disease including
portal hypertension and ascites (Kaur et al, 2021;
Aboismail et al., 2022). Furthermore, VEGF-C treatment in
atherosclerosis, another disease where oxLDL is thought to
contribute, improves lymphatic function and decreases plaque
formation (Silvestre-Roig et al., 2021). Finally, as our present
study has clearly demonstrated a link between oxLDL, VE-
Cadherin, VEGFR signaling and impairment in LEC
permeability, our future studies aim to elucidate which
oxLDL receptors are important for LECs, how oxLDL
disrupts VEGFR and VE-Cadherin signaling, and whether
there are more specific targets that can be harnessed for

potential therapeutic options.

Materials and methods
Animal studies and feeding regimens

Experiments utilized 6- to 8-week-old male or female C57BL/
6 mice purchased from Charles River Laboratories (Wilmington,
MA) or Jackson Laboratories (Bar Harbor Maine). For diet studies,
male mice were randomly allocated to either a chow control or
HFHC diet (#D17010101-03) formulated by Research Diets Inc.
(New Brunswick, NJ) as previously described (McGettigan et al.,
2019). Mice were provided diet ad libitum for a period of
20-24 weeks. For Mdr2 knockout mice, mice were bred on a
C57BL/6] background and male or female mice aged to
10-14 weeks prior to our studies. The mice were provided by
the laboratory of Dr. Sean Colgan. For chronic ethanol fed mice,
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female animals were randomized into ethanol-fed and pair-fed
groups, adapted to control liquid diet for 2 days and fed increasing
concentrations of ethanol up to 6% v/v (32% kcal) for 25 days as
previously described (Cohen et al., 2010). For treatment studies,
male or female of 6-10 weeks of age mice were injected
(intravenously) with 150 ug of highly oxidized LDL (Kalen
Biochemicals, Germantown, MD) or phosphate-buffered saline
(PBS) as a vehicle control in a total volume of 200 pL.
Tetracycline-response element (TRE) promoter VEGF-D mice
(TRE-VEGF-D) were generated as described (Lammoglia et al.,
2016). The TRE-VEGF-D mice were then crossed mice with
Rosa26STOPfl-reverse (tetracycline-dependent trans activator
(rtTA)) mice. These TRE-VEGF-D x Rosa26STOPfl-rtTA (JAX:
005572) were then crossed with albumin-Cre mice (JAX:003574) to
produce albumin-Cre x Rosa26STOPfl-rtTA x TRE-VEGF-D mice
for hepatocyte specific activation of VEGF-D. Albumin-cre+ or — x
Rosa26STOPAl-rtTA x TRE-VEGF-D or WT mice were provided
water with doxycycline (200 mg/L) daily for 2 days prior and
continued through course of oxLDL injections. Injections of oxLDL
or vehicle occurred twice weekly for a period of 2 weeks with last
injection 48 h prior to mouse harvest. For in vivo analysis of VE-
Cadherin expression by flow cytometry, 125 ug of DIL-labeled
oxLDL (Kalen Biochemicals) was I.V. injected into albumin-cre+ x
Rosa26STOPfl-rtTA x TRE-VEGF-D mice with or without
VEGFD induction as described above, and livers were harvested
for flow cytometry 4-6 days post injection. All animal studies were
approved by the University of Colorado Anschutz Medical Campus
Institutional Animal Care and Use Committee.

Liver lymphatic drainage assay

Mice were anesthetized with a solution of ketamine
(30-60 mg/kg) and xylazine (3-6 mg/kg) and placed on a
heating pad. An incision was made into the peritoneum to
expose the liver and 5-10 uL of a solution of 12.5 mg/ml of
FITC-labeled dextran (500 kDa) in PBS was injected into left,
median, and right lobes of the liver using a 28-gauge needle
(BD Biosciences, San Jose, CA). Ten minutes after FITC-
dextran administration, the liver-draining lymph node
(portal) were excised and placed into separate wells
containing 400-uL cold PBS. As a control for vascular
drainage of the dextran, the inguinal (skin draining) lymph
node was also excised and placed in a separate well with PBS.
Lymph Nodes were minced with 22-gauge needles, and 200 uL
of the minced LN in PBS was placed in a 96-well Costar Assay
Plate (Corning, Corning, NY), and FITC was read using a
Synergy H1 microplate fluorescence plate reader (BioTek,
Winooski, VT). Data were normalized to the fluorescence
of the inguinal lymph node from the same mouse taken
immediately after the portal LN.
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Semi-quantitative PCR

Briefly, snap-frozen liver tissue or cultured cells were
homogenized in Buffer RLT or RLT + BME and total RNA
was isolated from cell lysate using the RNeasy Mini Kit
(Qiagen, Hilden, Germany), and complementary DNA was
synthesized using the QuantiTect RT Kit (Qiagen) following
standard protocols. PCR amplification was performed using
either the QuantiTect Sybr green (Qiagen) or TagMan Fast
Advanced Master Mix (Applied Biosystems, Foster City, CA)
PCR kits. Quantitative PCR was performed on a QuantStudio
3 Real-time PCR machine (Applied Biosystems, Waltham,
MA) and fold changes in messenger RNA levels were
calculated. For each gene, all samples were normalized to
the average fold change of the control treatment group (chow,
WT, pair-fed, or PBS). The following Qiagen QuantiTect
primer assays were used: 18S ribosomal RNA (Rnl8s;
QT02448075), CD36 (QT01058253); VEGE-D/FIGF (QT
QT00164024) for mouse.

In Vitro permeability assay

10,000 human lymphatic endothelial cells (hLECs)
(PromoCell, Heidelberg, Germany) or human liver
sinusoidal endothelial cells (hLSECs) (Sciencell, Carlsbad,
CA) were plated on a 0.2% gelatin-coated 24-well Costar
Transwell permeable support (6.55-mm insert) with a
0.4 mm Polyester Membrane (Corning) and grown for
3 days. In experiments with supplemental VEGF treatment,
cells were treated in serum-free media a total of 60 h after
plating cells and treated with PBS or recombinant human
VEGE-C (cysl56ser, 0.1ug/mL) (R&D systems, Minneapolis,
MN) for 12 h before the addition of oxLDL (Kalen, 100ug/mL)
for 4 h for a total of 16 h of treatment with rVEGF-C prior to
the addition of FITC-dextran. For cells treated with oxLDL
(Kalen, 10 or 100ug/mL) or Anti-CD144 Mouse Monoclonal
Antibody (VE-Cadherin clone BV9, Biolegend, San Diego,
CA) cells were treated in serum-free media for a total of 4 h
prior to the addition of FITC-dextran. Following incubation,
500-kDa FITC Dextran (1.25 mg/ml) in Hanks’ balanced salt
solution was added to the top of the well. Media were removed
from the bottom of the transwell and replaced with HBSS.
Plates were incubated at 37°C with gentle rocking and
migration of the FITC-labeled dextrans was measured using
a Synergy H1 microplate reader by removing 60 pL from the
bottom of the transwell at indicated time points at an
excitation of 485 nm and emission of 528 nm. Fluorescence
readings were normalized to the average of the well with PBS
treatment alone at the I-hour timepoint within the
experiment.
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Western blots

hLECs or hLSECs were grown to >80% confluency in
T25 flasks then treated with oxLDL at 100 pg/ml for either 0,
0.5, 4 or 24 h. Treated as well as untreated cells were washed with
cold PBS and cells were coated with 500 L of lysis buffer (from
RayBiotech kit AAH-MAPK-1-2 prepared with supplied
protease and phosphatase inhibitors to manufacturer
instructions). Lysate was collected and clarified by spinning at
12,000 rpm for 20 min at 4°C. Supernatant was collected and
quantified using BCA kit (Thermo Fisher Scientific, Waltham,
MA). Gel samples were made by combining equal amounts of
total protein from each sample diluted to equal volume with lysis
buffer. 4x Laemmli buffer with 10% 2-mercaptoethanol was
added for a final concentration of 1lx, then samples were
heated on a heat block of 90°C for 10 min. Samples were run
10% acrylamide gels to 0.45-um
polyvinylidene  difluoride ~membrane. Membranes were
blocked with 5% BSA/Tris-buffered saline with 0.1% Tween

20 detergent [TBST] for 30-60 min at room temperature

on and transferred

while rocking. Then membranes were incubated in anti-VE-
cadherin (AB33168 Abcam), anti-SRC (S1208S Cell Signaling),
anti phosphor Src Family (Tyr416, 6943S Cell Signaling), anti
P38 MAPK (8690S Cell Signaling), anti-Phospho-p38 MAPK
(45118 Cell Signaling) or anti-GAPDH-HRP (MA5-15738-HRP;
Invitrogen, Carlsbad, CA) diluted 1:1000 or 1 ug/ml in 5% BSA/
TBST or anti-Tubulin (AB6160 Abcam) diluted 1:10,000 or lug/
mL in 5% BSA/TBST overnight at 4°C while rocking. Membranes
were then washed with TBST 3 x 5 min then for VE-Cadherin
incubated with anti-Rabbit-HRP (AB7090 Abcam 1:10,000 in 5%
BSA/TBST) or anti-Rat-HRP for the Tubulin (ab97057 Abcam 1:
10,000 in 5% BSA/TBST) at room temperature for 1 h while
rocking. Membranes were then washed in TBST and imaged
using Pierce ECL western blotting substrate and the ChemiDoc
MP imaging system (Bio-Rad, Hercules, CA). Quantification of
Western blot was performed using ImageLab (Bio-Rad) analysis
software. Pixel intensity was quantified for each band and then
normalized to the loading control for each individual sample
before dividing the values by the time zero values in order to
obtain the fold increase over vehicle (t = 0).

Flow cytometry

hdLECs
(Promocell) and hLSECs (Sciencell) were cultured in 6-well
tissue-coated plates (Corning). When cells reached 70-80%
confluency, cells were treated with rVEGF-C (cysl156ser, R&D
Biosystems) for 12 h and then the addition of highly oxidized
low-density lipoprotein (Kalen) at concentration of 100 pig/ml for

Flow cytometric analysis of cultured cells:

4h for a total of 16 h of treatment in serum-free media. Cells
treated with oxLDL alone were treated at concentrations of 10 or
100 pg/ml oxLDL (Kalen) for 4 h total in serum-free media. Cells
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were then detached from plate with Promocell detach kit
(Promocell) and stained with anti-CD144 Mouse Monoclonal
Antibody in PE (BioLegend, San Diego, CA) Human Fc Block
(Fisher Scientific, Hampton, NH) for 30 min at 4°C. Following
staining, cells were washed and then run on the flow cytometer.
All samples were collected on a BD LSR canto II flow cytometer
using DIVA software (BD Biosciences) and analyzed with FlowJo
software (Treestar, Ashland, OR).

Flow cytometric analysis of liver endothelial cells: Non-
parenchymal cells were isolated from livers of treated mice as
previously described (Burchill et al., 2021). Briefly, livers were
extracted and digested with collagenase type IV and NPCs were
isolated with a 26% Optiprep (Sigma) density gradient. Enriched
NPCs were stained with the following antibodies CD31 (390),
CD45 (30-F11), CD144 (BV13), and PDPN (8.1.1) from
Biolegend and CD146 (ME-gFl) from BD Biosciences.
Samples were collected on a flow cytometer as above.

Immunofluorescence, microscopy, and
liver histology

Liver tissue was explanted from the mouse and liver sections
fixed in 10% formalin. Sections were cut in 5-um-thick sections
and adhered to a glass slide. Slides were dewaxed with xylene,
heat-treated in either pH 6 or pH 9 antigen retrieval buffer for
15 min in a pressure cooker, and blocked in antibody diluent
(PerkinElmer, Waltham, MA). Sections were then sequentially
stained for CD3 (ab699), PDPN (clone 8.1.1, BioLegend 127407),
and CK19 (ab52625 primary antibodies followed by HRP-
conjugated secondary polymer (anti-rabbit [PerkinElmer],
anti-goat ab97110, or anti-hamster ab6892) and HRP-reactive
OPAL fluorescent reagents (PerkinElmer). To image nuclei,
slides were stained with spectral DAPI and coverslips were
applied with Prolong Diamond mounting media (Thermo
Fisher Scientific). Whole slide scans were collected using
the x10 objective and 5-10 regions were selected for
the %20 The
multispectral images were analyzed with inForm software

multispectral ~ imaging  with objective.
(Perkin Elmer) to unmix adjacent fluorochromes, subtract
autofluorescence.

For VE-Cadherin staining of liver sections: liver sections
from TRE-VEGFD or WT mice, that were treated with
doxycycline to induce VEGFD expression from hepatocytes
were stained as follows. The slides were baked at 60°C for 2 h
and deparaffinized in xylene. The slides were hydrated and
antigen retrieval was performed at pH9 (Akoya Biosciences
AR9) was done in a pressure cooker on high. Slides were
washed (2.5% FBS in PBS for wash buffer, kept on ice) and
blocked with 5% goat serum and 5% donkey serum in PBS for
1 h. Slides were then stained with anti Lyve-1 antibody (abcam,
ab14917) 1:100, anti CD144 (VE-Cadherin) antibody (biolegend,
clone 11D4.1) 1:40 overnight at 4°C. Slides were washed then
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placed in secondary antibody (PE Goat anti Rat IgG (biolegend,
Poly4054) and Alexa Fluor 647 donkey anti-rabbit IgG (H + L),
both 1:400). Slides were washed again before being sealed with
Vecta shield (Vecta Vibrance, hardset with Dapi) and imaged on
a Nikon immunofluorescence microscope in NIS Elements.

For VE-Cadherin staining of cells: VE-Cadherin staining was
performed on cells plated on a chamber slide (Thermo Fisher
Scientific) and grown to confluence, then treated for 24 h with
100 pg/ml oxLDL (Kalen) and/or rVEGF-D (0.1ug/mL) (R&D
systems), then fixed with 2%PFA for 15min at room
temperature. Cells were then rinsed and blocked with 10%
donkey serum, 2% BSA, for 1 h at room temperature. Staining
was performed with rabbit anti-VE-cadherin 1:100 (Abcam) and
DAPI 1:1000 (BioLegend). The filter was removed from the
transwell insert and mounted on a microscope slide and read
on a Nikon microscope using NIS-Elements.

Quantification of LVD

LVD is defined as the area of the lymphatics divided by the
defined tissue area. For lymphatic density in murine livers,
regions portal tracts were selected and images were exported
in tiff format after unmixing in Inform software (Akoya
Biosciences, Marlborough, MA. Lymphatics were colored in
using the color tool and the whole 1800 x 1500 area was
opened with Image] version 1.52T (National Institutes of
Health, Bethesda, MD). The image was converted into an 8-
bit image and the threshold was adjusted so only the drawn
lymphatic area was seen. The analyze particles function was used
to determine the area of the lymphatics. Area of lymphatics in
each portal triad was then divided by the area of the portal triad
(~0.7 mm?) to calculate lymphatic vessel density per portal area.
Approximately 5 portal areas were calculated per liver tissue
section (~70 mm?) in 2-5 mice per group from 2 different
experiments.

Statistical analysis

All statistical analysis was performed using a Student’s ¢ test
or 1-way analysis of variance with multiple comparisons to
obtain a p value. To assess differences between lines from
time-courses of FITC drainage, linear regression analysis was
performed to assess significant differences in the slope of the
lines. p values are designated by asterisks in which *p < 0.05,
#xp < 0.01, ##xp < 0.001, **+xxp < 0.0001. The number of animals
used per experiment was determined based on a power
calculation. Statistically significant differences between control
and experimental groups (p < 0.05 with determined number of
animals per group) were obtained in at least 2 experiments (1 +
1 repeat) and in most cases 3 experiments. Based on our
Institutional Animal Care and Use Committee (IACUC)
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protocol, unnecessary animal experiments were not

performed. For in vitro experiments, all experiments were
with
3-5 replicates per group. All authors had access to the study

performed a minimum of 3 independent times

data and had reviewed and approved the final manuscript.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The animal study was reviewed and approved by University
of Colorado Anschutz Medical Campus Institutional Animal
Care and Use Committee.

Author contributions

AG contributed to the conception, experimental design,
acquisition of data, data analysis and writing of the
manuscript. MF contributed to the experimental design,
acquisition of data and editing of manuscript. SP contributed
to the experimental design, acquisition of data and editing of
manuscript. RC contributed to the experimental design,
acquisition of data and editing of manuscript. DO contributed
to the experimental design, analysis of data and editing of
manuscript. RM contributed to the conception, experimental
design, acquisition of data and editing of the manuscript. MB
contributed to the conception, experimental design, acquisition
of data, data analysis and writing and editing of the manuscript.
BT contributed to the conception, experimental design,
acquisition of data, data analysis and writing and editing of
the manuscript.

Funding

BAJT was funded by NIH R01 AI121209, RO1 AI155474 and
R21 AI155929, a Department of Medicine Outstanding Early
Career Scholar and RNA Biosciences Initiative Clinical Scholar
Award, the University of Colorado Anschutz Medical Campus GI
and Liver Innate Immune Programs and the Waterman Family
Foundation for Liver Research. MB is supported by NIH
R0O1 DK125595 and the Waterman Family Foundation for Liver
Research. AG is supported by the Ruth L. Kirschstein National
Research Service Award Institutional Research Training Grant
T32 DK067009. RM is supported by ROOAA02385. The content is
solely the responsibility of the authors and does not necessarily
represent the official views of the National Institutes of Health.

frontiersin.org


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1021038

Goldberg et al.

Acknowledgments

We thank Veronica Wessells for tissue mounting and
sectioning. We thank Kim Jordan, and Angie Minic and
the of Anschutz
Immunology Shared Resource for assistance with image

University Colorado Human

acquisition.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

References

Aboismail, A., El-Shazly, M., Abdallah, N., Elsayed, E., and Rania, A-Y. (2022).
Study of the effect of vascular endothelial growth factor (VEGF) C(+405)G
(rs2010963) single nucleotide polymorphism on the development of esophageal
and gastric varices and risk of variceal bleeding in cirrhotic hepatitis C virus (HCV)
patients (VEGF) C(+405)G IN esophageal and gastric varices. Egypt Liver J. 12, 7.
doi:10.1186/s43066-021-00160-1

Alho, H,, Sillanaukee, P., Kalela, A., Jaakkola, O., Laine, S., and Nikkari, S. T.
(2004). Alcohol misuse increases serum antibodies to oxidized LDL and C-reactive
protein. Alcohol Alcohol 39, 312-315. doi:10.1093/alcalc/agh059

Ampuero, J., Ranchal, I, Gallego-Duran, R., Pareja, M. J.,, Del Campo, J. A,,
Pastor-Ramirez, H., et al. (2016). Oxidized low-density lipoprotein antibodies/high-
density lipoprotein cholesterol ratio is linked to advanced non-alcoholic fatty liver
disease lean patients. J. Gastroenterol. Hepatol. 31, 1611-1618. doi:10.1111/jgh.
13335

Aukland, K., Kramer, G. C., and Renkin, E. M. (1984). Protein concentration of
lymph and interstitial fluid in the rat tail. Am. J. Physiol. 247, H74-H79. doi:10.
1152/ajpheart.1984.247.1.H74

Baluk, P., Fuxe, J., Hashizume, H., Romano, T., Lashnits, E., Butz, S., et al. (2007).
Functionally specialized junctions between endothelial cells of lymphatic vessels.
J. Exp. Med. 204, 2349-2362. doi:10.1084/jem.20062596

Braet, F., and Wisse, E. (2002). Structural and functional aspects of liver
sinusoidal endothelial cell fenestrae: a review. Comp. Hepatol. 1, 1. doi:10.1186/
1476-5926-1-1

Braet, F., Shleper, M., Paizi, M., Brodsky, S., Kopeiko, N., Resnick, N., et al. (2004).
Liver sinusoidal endothelial cell modulation upon resection and shear stress in vitro.
Comp. Hepatol. 3, 7. doi:10.1186/1476-5926-3-7

Breslin, J. W., Gaudreault, N., Watson, K. D., Reynoso, R., Yuan, S. Y., and Wu,
M. H. (2007). Vascular endothelial growth factor-C stimulates the lymphatic pump
by a VEGF receptor-3-dependent mechanism. Am. J. Physiol. Heart Circ. Physiol.
293, H709-H718. doi:10.1152/ajpheart.00102.2007

Burchill, M. A, Finlon, J. M., Goldberg, A. R,, Gillen, A. E., Dahms, P. A,,
McMahan, R. H., et al. (2021). Oxidized low-density lipoprotein drives dysfunction
of the liver lymphatic system. Cell. Mol. Gastroenterol. Hepatol. 11, 573-595. doi:10.
1016/}.jcmgh.2020.09.007

Ceci, L., Chen, L., Baiocchi, L., Wu, N., Kennedy, L., Carpino, G, et al. (2022).
Prolonged administration of melatonin ameliorates liver phenotypes in cholestatic
murine model. Cell. Mol. Gastroenterol. Hepatol. 14, 877-904. doi:10.1016/j.jcmgh.
2022.07.007

Chen, K., Febbraio, M., Li, W., and Silverstein, R. L. (2008). A specific CD36-
dependent signaling pathway is required for platelet activation by oxidized low-
density lipoprotein. Circ. Res. 102, 1512-1519. doi:10.1161/CIRCRESAHA.108.
172064

Chung, C,, and Iwakiri, Y. (2013). The lymphatic vascular system in liver diseases:
its role in ascites formation. Clin. Mol. Hepatol. 19, 99-104. doi:10.3350/cmh.2013.
19.2.99

Cohen, J. I, Roychowdhury, S., McMullen, M. R,, Stavitsky, A. B., and Nagy, L. E.
(2010). Complement and alcoholic liver disease: role of Clq in the pathogenesis of

Frontiers in Physiology

16

10.3389/fphys.2022.1021038

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphys.
2022.1021038/full#supplementary-material

ethanol-induced liver injury in mice. Gastroenterology 139, 664-674. doi:10.1053/j.
gastro.2010.04.041

Comert, M., Tekin, I. O., Acikgoz, S., Ustundag, Y., Ucan, B. H., Acun, Z,, et al.
(2004). Experimental bile-duct ligation resulted in accumulation of oxidized low-
density lipoproteins in BALB/c mice liver. J. Gastroenterol. Hepatol. 19, 1052-1057.
doi:10.1111/j.1440-1746.2004.03400.x

Deng, Y., Zhang, X., and Simons, M. (2015). Molecular controls of lymphatic
VEGFR3 signaling. Arterioscler. Thromb. Vasc. Biol. 35, 421-429. doi:10.1161/
ATVBAHA.114.304881

Di Pietro, N., Formoso, G., and Pandolfi, A. (2016). Physiology and
pathophysiology of oxLDL uptake by vascular wall cells in atherosclerosis. Vasc.
Pharmacol. 84, 1-7. doi:10.1016/j.vph.2016.05.013

Ding, B. S., Nolan, D. ., Butler, J. M., James, D., Babazadeh, A. O., Rosenwaks, Z.,
et al. (2010). Inductive angiocrine signals from sinusoidal endothelium are required
for liver regeneration. Nature 468, 310-315. doi:10.1038/nature09493

Dumont, A. E., and Mulholland, J. H. (1960). Flow rate and composition of
thoracic-duct lymph in patients with cirrhosis. N. Engl. J. Med. 263, 471-474. doi:10.
1056/NEJM196009082631001

Dumont, A. E., and Mulholland, J. H. (1962). Alterations in thoracic duct lymph
flow in hepatic cirrhosis: Significance in portal hypertension. Ann. Surg. 156,
668-675. doi:10.1097/00000658-196210000-00013

Feng, J., Han, J., Pearce, S. F., Silverstein, R. L., Gotto, A. M., Jr., Hajjar, D. P, et al.
(2000). Induction of CD36 expression by oxidized LDL and IL-4 by a common
signaling pathway dependent on protein kinase C and PPAR-y. J. Lipid Res. 41,
688-696. doi:10.1016/s0022-2275(20)32377-4

GBD Cirrhosis Collaborators (2020). The global, regional, and national burden of
cirrhosis by cause in 195 countries and territories, 1990-2017: a systematic analysis
for the global burden of disease study 2017. Lancet. Gastroenterol. Hepatol. 5,
245-266. doi:10.1016/52468-1253(19)30349-8

Guicciardi, M. E., Trussoni, C. E., Krishnan, A., Bronk, S. F., Lorenzo Pisarello, M.
J., O'Hara, S. P, et al. (2018). Macrophages contribute to the pathogenesis of
sclerosing cholangitis in mice. J. Hepatol. 69, 676-686. doi:10.1016/j.jhep.2018.
05.018

Guo, F., Zheng, K., Benede-Ubieto, R., Cubero, F.J., and Nevzorova, Y. A. (2018).
The lieber-DeCarli diet-A flagship model for experimental alcoholic liver disease.
Alcohol. Clin. Exp. Res. 42, 1828-1840. doi:10.1111/acer.13840

Itabe, H., Obama, T., and Kato, R. (2011). The dynamics of oxidized LDL during
atherogenesis. J. Lipids 2011, 418313. doi:10.1155/2011/418313

Jay, A. G., Chen, A. N,, Paz, M. A, Hung, J. P,, and Hamilton, J. A. (2015).
CD36 binds oxidized low density lipoprotein (LDL) in a mechanism dependent
upon fatty acid binding. J. Biol. Chem. 290, 4590-4603. doi:10.1074/jbc.M114.
627026

Karadeniz, G., Acikgoz, S., Tekin, I. O., Tascylar, O., Gun, B. D., and Comert, M.
(2008). Oxidized low-density-lipoprotein accumulation is associated with liver
fibrosis in experimental cholestasis. Clin. (Sao Paulo) 63, 531-540. doi:10.1590/
$1807-59322008000400020

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphys.2022.1021038/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2022.1021038/full#supplementary-material
https://doi.org/10.1186/s43066-021-00160-1
https://doi.org/10.1093/alcalc/agh059
https://doi.org/10.1111/jgh.13335
https://doi.org/10.1111/jgh.13335
https://doi.org/10.1152/ajpheart.1984.247.1.H74
https://doi.org/10.1152/ajpheart.1984.247.1.H74
https://doi.org/10.1084/jem.20062596
https://doi.org/10.1186/1476-5926-1-1
https://doi.org/10.1186/1476-5926-1-1
https://doi.org/10.1186/1476-5926-3-7
https://doi.org/10.1152/ajpheart.00102.2007
https://doi.org/10.1016/j.jcmgh.2020.09.007
https://doi.org/10.1016/j.jcmgh.2020.09.007
https://doi.org/10.1016/j.jcmgh.2022.07.007
https://doi.org/10.1016/j.jcmgh.2022.07.007
https://doi.org/10.1161/CIRCRESAHA.108.172064
https://doi.org/10.1161/CIRCRESAHA.108.172064
https://doi.org/10.3350/cmh.2013.19.2.99
https://doi.org/10.3350/cmh.2013.19.2.99
https://doi.org/10.1053/j.gastro.2010.04.041
https://doi.org/10.1053/j.gastro.2010.04.041
https://doi.org/10.1111/j.1440-1746.2004.03400.x
https://doi.org/10.1161/ATVBAHA.114.304881
https://doi.org/10.1161/ATVBAHA.114.304881
https://doi.org/10.1016/j.vph.2016.05.013
https://doi.org/10.1038/nature09493
https://doi.org/10.1056/NEJM196009082631001
https://doi.org/10.1056/NEJM196009082631001
https://doi.org/10.1097/00000658-196210000-00013
https://doi.org/10.1016/s0022-2275(20)32377-4
https://doi.org/10.1016/S2468-1253(19)30349-8
https://doi.org/10.1016/j.jhep.2018.05.018
https://doi.org/10.1016/j.jhep.2018.05.018
https://doi.org/10.1111/acer.13840
https://doi.org/10.1155/2011/418313
https://doi.org/10.1074/jbc.M114.627026
https://doi.org/10.1074/jbc.M114.627026
https://doi.org/10.1590/s1807-59322008000400020
https://doi.org/10.1590/s1807-59322008000400020
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1021038

Goldberg et al.

Kaur, S., Tripathi, D. M., Juneja, P., Kaur, L, Rohilla, S., Gupta, A., et al. VEGF-C
ameliorates lymphatic drainage, portal pressure and ascites in experimental portal
hypertension. medRxiv (2021) doi:10.1101/2020.12.24.20248815

Kwong, A.J., Ebel, N. H,, Kim, W. R,, Lake, J. R,, Smith, J. M., Schladt, D. P., et al.
(2022). OPTN/SRTR 2020 annual data report: Liver. Am. J. Transpl. 22 (2),
204-309. doi:10.1111/ajt.16978

Lammoglia, G. M., Van Zandt, C. E., Galvan, D. X, Orozco, J. L., Dellinger, M. T.,
and Rutkowski, J. M. (2016). Hyperplasia, de novo lymphangiogenesis, and
lymphatic regression in mice with tissue-specific, inducible overexpression of
murine VEGF-D. Am. ]. Physiol. Heart Circ. Physiol. 311, H384-H394. doi:10.
1152/ajpheart.00208.2016

Maneechotesuwan, K., Xin, Y., Ito, K., Jazrawi, E., Lee, K. Y., Usmani, O. S., et al.
(2007). Regulation of Th2 cytokine genes by p38 MAPK-mediated phosphorylation
of GATA-3. J. Immunol. 178, 2491-2498. doi:10.4049/jimmunol.178.4.2491

Maneechotesuwan, K., Yao, X., Ito, K., Jazrawi, E., Usmani, O. S., Adcock, I. M.,
etal. (2009). Suppression of GATA-3 nuclear import and phosphorylation: a novel
mechanism of corticosteroid action in allergic disease. PLoS Med. 6, €1000076.
doi:10.1371/journal.pmed.1000076

Mariotti, V., Strazzabosco, M., Fabris, L., and Calvisi, D. F. (2018). Animal models
of biliary injury and altered bile acid metabolism. Biochim. Biophys. Acta. Mol. Basis
Dis. 1864, 1254-1261. doi:10.1016/j.bbadis.2017.06.027

McGettigan, B., McMahan, R,, Orlicky, D., Burchill, M., Danhorn, T., Francis, P.,
et al. (2019). Dietary lipids differentially shape nonalcoholic steatohepatitis
progression and the transcriptome of kupffer cells and infiltrating macrophages.
Hepatology 70, 67-83. doi:10.1002/hep.30401

Poisson, J., Lemoinne, S., Boulanger, C., Durand, F., Moreau, R, Valla, D., et al.
(2017). Liver sinusoidal endothelial cells: Physiology and role in liver diseases.
J. Hepatol. 66, 212-227. doi:10.1016/j.jhep.2016.07.009

Rauniyar, K., Jha, S. K., and Jeltsch, M. (2018). Biology of vascular endothelial
growth factor C in the morphogenesis of lymphatic vessels. Front. Bioeng.
Biotechnol. 6, 7. doi:10.3389/fbioe.2018.00007

Sata, M., and Walsh, K. (1998). Oxidized LDL activates fas-mediated endothelial
cell apoptosis. J. Clin. Invest. 102, 1682-1689. doi:10.1172/JCI3531

Schroder, H., Marrugat, J., Fito, M., Weinbrenner, T., and Covas, M. 1. (2006).
Alcohol consumption is directly associated with circulating oxidized low-density
lipoprotein. Free Radic. Biol. Med. 40, 1474-1481. doi:10.1016/j.freeradbiomed.
2005.12.014

Shin, J. W., Huggenberger, R., and Detmar, M. (2008). Transcriptional profiling
of VEGF-A and VEGF-C target genes in lymphatic endothelium reveals
endothelial-specific molecule-1 as a novel mediator of lymphangiogenesis. Blood
112, 2318-2326. doi:10.1182/blood-2008-05-156331

Frontiers in Physiology

17

10.3389/fphys.2022.1021038

Silvestre-Roig, C., Lemnitzer, P., Gall, J., Schwager, S., Toska, A., Yvan-Charvet,
L., et al. (2021). Arterial delivery of VEGF-C stabilizes atherosclerotic lesions. Circ.
Res. 128, 284-286. doi:10.1161/CIRCRESAHA.120.317186

Singla, B, Lin, H. P., Ahn, W., White, J., and Csanyi, G. (2021). Oxidatively
modified LDL suppresses lymphangiogenesis via CD36 signaling. Antioxidants
(Basel) 10, 331. doi:10.3390/antiox10020331

Suchy, F. J. (2020). Liver disease in children. Cambridge, United Kingdom ; New
York, NY: Cambridge University Press.

Szafranska, K., Kruse, L. D., Holte, C. F., McCourt, P., and Zapotoczny, B. (2021).
The wHole story about fenestrations in LSEC. Front. Physiol. 12, 735573. doi:10.
3389/fphys.2021.735573

Tamburini, B. A. J., Finlon, J. M,, Gillen, A. E., Kriss, M. S., Riemondy, K. A., Fu,
R., et al. (2019). Chronic liver disease in humans causes expansion and
differentiation of liver lymphatic endothelial cells. Front. Immunol. 10, 1036.
doi:10.3389/fimmu.2019.01036

Triacca, V., Guc, E., Kilarski, W. W., Pisano, M., and Swartz, M. A. (2017).
Transcellular pathways in lymphatic endothelial cells regulate changes in solute
transport by fluid stress. Circ. Res. 120, 1440-1452. doi:10.1161/CIRCRESAHA.116.
309828

Van Berkel, T. J., De Rijke, Y. B., and Kruijt, J. K. (1991). Different fate in vivo of
oxidatively modified low density lipoprotein and acetylated low density lipoprotein
in rats. Recognition by various scavenger receptors on Kupffer and endothelial liver
cells. J. Biol. Chem. 266, 2282-2289. d0i:10.1016/s0021-9258(18)52241-9

Wallez, Y., Vilgrain, I, and Huber, P. (2006). Angiogenesis: the VE-cadherin
switch. Trends cardiovasc. Med. 16, 55-59. doi:10.1016/j.tcm.2005.11.008

Wang, M., You, Q,, Lor, K., Chen, F., Gao, B., and Ju, C. (2014). Chronic alcohol
ingestion modulates hepatic macrophage populations and functions in mice.
J. Leukoc. Biol. 96, 657-665. doi:10.1189/jlb.6A0114-004RR

Zhai, M, Long, J., Liu, S., Liu, C,, Li, L., Yang, L., et al. (2021). The burden of liver

cirrhosis and underlying etiologies: results from the global burden of disease study
2017. Aging (Albany NY) 13, 279-300. doi:10.18632/aging.104127

Zhang, Q., Liu, J., Liu, J., Huang, W., Tian, L., Quan, J., et al. (2014). oxXLDL
induces injury and defenestration of human liver sinusoidal endothelial cells via
LOXI. J. Mol. Endocrinol. 53, 281-293. doi:10.1530/JME-14-0049

Zhang, F., Zarkada, G., Han, ], Li, J., Dubrac, A,, Ola, R, et al. (2018). Lacteal
junction zippering protects against diet-induced obesity. Science 361, 599-603.
doi:10.1126/science.aap9331

Zhang, F., Zarkada, G,, Yi, S., and Eichmann, A. (2020). Lymphatic endothelial
cell junctions: Molecular regulation in Physiology and diseases. Front. Physiol. 11,
509. doi:10.3389/fphys.2020.00509

frontiersin.org


https://doi.org/10.1101/2020.12.24.20248815
https://doi.org/10.1111/ajt.16978
https://doi.org/10.1152/ajpheart.00208.2016
https://doi.org/10.1152/ajpheart.00208.2016
https://doi.org/10.4049/jimmunol.178.4.2491
https://doi.org/10.1371/journal.pmed.1000076
https://doi.org/10.1016/j.bbadis.2017.06.027
https://doi.org/10.1002/hep.30401
https://doi.org/10.1016/j.jhep.2016.07.009
https://doi.org/10.3389/fbioe.2018.00007
https://doi.org/10.1172/JCI3531
https://doi.org/10.1016/j.freeradbiomed.2005.12.014
https://doi.org/10.1016/j.freeradbiomed.2005.12.014
https://doi.org/10.1182/blood-2008-05-156331
https://doi.org/10.1161/CIRCRESAHA.120.317186
https://doi.org/10.3390/antiox10020331
https://doi.org/10.3389/fphys.2021.735573
https://doi.org/10.3389/fphys.2021.735573
https://doi.org/10.3389/fimmu.2019.01036
https://doi.org/10.1161/CIRCRESAHA.116.309828
https://doi.org/10.1161/CIRCRESAHA.116.309828
https://doi.org/10.1016/s0021-9258(18)52241-9
https://doi.org/10.1016/j.tcm.2005.11.008
https://doi.org/10.1189/jlb.6A0114-004RR
https://doi.org/10.18632/aging.104127
https://doi.org/10.1530/JME-14-0049
https://doi.org/10.1126/science.aap9331
https://doi.org/10.3389/fphys.2020.00509
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1021038

	Oxidized low density lipoprotein in the liver causes decreased permeability of liver lymphatic- but not liver sinusoidal-en ...
	Introduction
	Results
	Reduced trafficking of high molecular weight dextrans to liver draining lymph nodes of mice with increased oxLDL receptor e ...
	oxLDL increases VE-Cadherin surface expression and decreases permeability of LECs in contrast to LSECs
	Vascular endothelial growth factor C and D improve lymphatic specific changes caused by oxLDL
	VEGF-D improves oxLDL induced lymphatic dysfunction in vivo
	VEGF-D reduces VE-Cadherin expression on liver lymphatics in vivo

	Discussion
	Materials and methods
	Animal studies and feeding regimens
	Liver lymphatic drainage assay
	Semi-quantitative PCR
	In Vitro permeability assay
	Western blots
	Flow cytometry
	Immunofluorescence, microscopy, and liver histology
	Quantification of LVD
	Statistical analysis

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


