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Impact of oxidized low-density lipoprotein
on rat liver sinusoidal endothelial cell
morphology and function
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Atherogenesis is associatedwith elevated plasma levels of oxidized low-density lipoproteins (oxLDL).
In vivo, oxLDL causes liver endothelial swelling, and disrupts liver sinusoidal endothelial cell (LSECs)
fenestrations. We mapped the nanoscale kinetics of these changes in vitro in isolated rat LSECs
challenged with oxLDL and monitored viability with endocytosis and cytotoxicity assays. OxLDL
disrupted LSEC ultrastructure – increasing oxLDL concentrations and oxidation levels caused sieve
plate loss, fenestration fusion, and gap formation. Importantly, these effects were not uniform across
all LSECs. LSECs retained the ability to endocytose ligands irrespective of the presence of oxLDL.
However, increasing oxidation levels and concentrations of oxLDL inhibited LSEC mediated
degradation of endocytosed ligands. Viability was unaffected by any oxLDL challenge. In conclusion,
oxLDL disrupts LSECultrastructuralmorphology in vitro but LSECs remain viable andmostlymaintain
the scavenging function during oxLDL challenge.

Low-density lipoproteins (LDL) are the main carrier for the delivery of fat
molecules (lipids, including cholesterol) in blood circulation via LDL
receptor mediated endocytosis to peripheral tissues1, and elevated levels of
LDL in the circulation are associated with the development of
atherosclerosis2–5. Studies have pointed to the pathological role of oxidative
modification of LDL in the development of these progressions, as non-
modified LDL incubated with macrophages does not appear to elicit
abnormal cholesterol accumulation6–8. LDL may transverse the endothe-
lium at atherosclerotic sites, where they can be modified by oxidation or
enzymatic activity, and taken up by macrophages and accumulate in
atherosclerotic plaques9.

Oxidation of LDL can also occur in the plasma of healthy
individuals10–14, and it can be oxidized in the arterial wall (during athero-
sclerosis) or in the circulating plasma10,13–15. The main form of circulating
oxidized LDL (oxLDL) is mildly oxidized LDL, compared to the more
heavily oxidized formof oxLDL found in the atherosclerotic plaques.Mildly

oxLDL was suggested to be the precursor of heavily oxLDL in the intima,
and is a pathophysiological pro-atherogenic molecule in the body16,17. The
level of oxidative modification of LDLs altered the properties of these
molecules and their pathophysiological functions. Intravenously injected
mildly oxLDL showedmuch slower liver uptake and had longer retention in
circulation compared to heavily oxLDL, which may be sufficient to allow it
to enter and accumulate in the arterial intima18. In addition to its key role in
the development of atherosclerosis7,19–23, oxLDL is associated with the aging
process as it is related to the pathogenesis of arterial stiffness, which is one of
the main signs of vascular aging24. Endothelial thickening and reduced
endocytosis are also signs of aging in LSEC25 and can be the result of oxLDL
exposure.Any change to porosity resulting fromoxLDLas shownbyLi et al.
and Oteiza et al. 25–27 will affect clearance of lipoproteins from plasma.

Lipoprotein profile compositions are different inmales and females. In
various age groups, men are more likely to have lower high-density lipo-
protein (HDL) than women and they generally have higher levels of LDL
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than women28. In total, atherosclerosis manifests differently in males and
females, and the treatment of this disorder works differently between
sexes28,29. Sex is often neglected as a variable in different types and areas of
research, even though different studies showmale and females are different
(e.g. immune responses30, chronic pain31, cellular sex differences in the
heart32). Therefore, in 2016 the US NIH published a “sex as a biological
variable (SABV)” policy, emphasizing the inclusion of sex as a parameter in
scientific and academic research and the European Commission also
instructs researchers to include sex as a variable in their projects33,34. For this
reason, the current study included male and female rodents.

Circulating oxLDL, as a major atherogenic substance10,35, is mainly
removed from the blood by the cells lining the liver sinusoids36,37. Heavily
oxLDL is taken upboth byKupffer cells and liver sinusoidal endothelial cells
(LSECs)37, and mildly oxLDL is only recognized by LSECs27. This indicates
that LSECs play an important role in eliminating plasma oxLDLs,
demonstrating the importance of the liver cell clearance system in the
prevention of cardiovascular disease12,38,39.

LSEC fenestrations (plasma membrane nanopores of 50–300 nm in
diameter) regulate the size of lipoproteins entering the space of Disse where
they are further metabolized by hepatocytes40,41. LSECs thus play a role in
mediating the level of lipoproteins in the circulation, as defenestrated LSECs
lead to the reduction of hepatic uptake of lipoproteins, which is one of the
causes of hyperlipoproteinemia42. Similarly, the defenestration of LSECs is
associated with the progression of non-alcoholic fatty liver disease
(NAFLD), now termed metabolic dysfunction-associated steatotic liver
disease (MASLD). Therefore, the dysfunction of LSECs in the early stages of
NAFLD/MASLD might indicate the severity of subsequent progression of
NAFLD/MASLD43,44.

Krüppel-like factor 2 (KLF2) is a transcription factor associated
with vascular homeostasis, typically serving a protective role. Its
downregulation is often a marker of endothelial dysfunction. It is an
important regulator in endothelial cells (including LSEC) as it induces
endothelial nitric oxide synthase (eNOS), which in turn regulates the
production of nitric oxide (NO). This pathway supports endothelial
function and vascular health through anti-inflammatory effects, vas-
cular tone regulation and antithrombotic effects. KLF2 improves EC
dysfunction and is accompanied by an increase in eNOS and phos-
phorylated eNOS. KLF2 is also reported to maintain LSEC morphology
and it is considered a possible target for atherosclerotic vascular disease
treatment (reviewed in45)46–48.

In addition to their bi-directional fenestration filter system, LSECs
are well equipped with specific receptors for endocytosis, to fulfill their
scavenger role in cleaning waste from the blood. For example, after
intravenous administration of formaldehyde-treated serum albumin
(FSA), it will distribute nearly exclusively to LSECs and be internalized via
SR-H1/2 (also known as stabilin-1/2)-mediated endocytosis27,49,50.
Therefore, FSA uptake in LSEC has been utilized as a functional bio-
marker for LSECs51,52. Of note, stabilin-1and -2 also mediate the LSEC
uptake of oxLDL, stabilin-1and -2 having a higher affinity for mildly
oxLDL and heavily oxLDL, respectively27. The downregulation of stabilin-
1 and -2 has been shown in agingWistar rats, while no reduction of those
receptors could be observed in aging hybrid rats25,53. A reduction of the
receptors stabilin-1 and -2 could lead to an increase in circulation time for
oxLDL which could become more oxidized. However, there are multiple
receptors that can take up oxLDL, which could compensate for the effect
of reduced stabilin expression27.

In an in vivo study, oxLDL induced acute alterations in the liver
microvasculature, such as narrowing of liver sinusoids, more swollen
endothelial cells as well as endothelial thickening and reduced fenes-
tration number26. These changes can lead to sinusoidal endothelial
dysfunction.

Here, we report the in vitro effects of oxLDL on LSECs isolated from
male and female rats, focusing on ultrastructural morphological alterations,
using scanning electron microscopy (SEM) and fluorescence microscopy;
and functionality using endocytosis studies in these cells.

Results
Effects of oxLDL on cell morphology
SEM and SIM imaging were used to assess cultured LSEC fenestration
alterations induced by various oxidation levels and doses of oxLDL (10, 40
and 80 µg/mL) in male and female rat cells (Figs. 1, 2). No obvious mor-
phological gender differences were observed.

The effects of oxLDL on LSECwere not uniformwithin the same cell
culture, with some LSECs appearing to be more resistant to oxLDL
treatment, either mildly oxLDL (LDL oxidized with CuSO4 for 3 h:
oxLDL3) or heavily oxLDL (LDL oxidizedwithCuSO4 for 24 h: oxLDL24).
LSECs treated with 80 μg/mL oxLDL3/24 induced loss of sieve plate
organization (Fig. 1B, C), compared with control cells treated with RPMI
cell medium only, which show typical distinct sieve plates with fenestrae
(Fig. 1A). Despite the loss of organized sieve plates, the cell surface is still
perforated with fenestrations. The loss of sieve plates seems to be more
pronouncedwith higher LDLoxidation levels. Notably, in some cells there
is a rather uniform distribution of the fenestrations throughout the entire
cell surface in oxLDL24 treated LSEC (Fig. 1C). On the other hand, the
same concentration (80 μg/mL) oxLDL3/24 can also lead to apparent
fenestrae fusion and LSEC appearing with large trans-cytoplasmic gaps
(Fig. 1D, E). The occurrence of such gaps was more pronounced with
increasing oxidation levels of LDL. The same was observed with regard to
cell finger-like membrane extensions (Fig. 1E). The higher the LDL oxi-
dationand concentration, themorefilaments/membrane remnants canbe
seen in the sample, likely resulting from the fused or broken fenestrations
and membranes. Fenestration diameters were measured, and the results
are shown under the micrographs in Fig. 1. In cells with sieve plate loss,
oxLDL3/24 challenge reduced the average fenestration diameter from
159 ± 38 nm (control) to 127 ± 38/126 ± 31 nm (oxLDL3/24 respectively).
In oxLDL3/24 challenged cells with gaps, there was no change in fenes-
tration diameter in oxLDL3 treated cells, while in oxLDL24 treated cells the
average diameter was reduced to 101 ± 57 nm. In all treatments, fenes-
tration diameters followed Gaussian distribution (supplementary infor-
mation, figure S3).

Similarly, parallel to SEM samples, SIM microscopy was applied to
monitor “wet” samples under the same oxLDL challenges to obviate the
drying artifacts arising from SEM preparation, as well as to visualize the
effects of oxLDL treatments on the same cell in real-time. Figure 2B shows
that the higher LDL oxidation/concentration, the more fusions of fenes-
trations within the sieve plates were observed, leading to the formation of
trans-cytoplasmic gaps of 2-4 μm in diameter, which can be seen in Fig. 2A.
In general, the oxidation level of LDLs correlates with the fusion of fenes-
trations within sieve plates, i.e. higher oxidization levels of LDL cause more
damage to LSEC morphology. Interestingly, oxLDL24 in low doses (10 μg/
mL) sometimes exhibits a unique combination of a fully fenestrated cell
surface with scattered large gaps in between (Fig. 2A, oxLDL24 10 μg/mL).
These fenestrations appear to be like those observed in the oxLDL24 treated
LSECs SEM image (Fig. 1C), which might have become large gaps in LSEC
with a longer incubation time.

Live imaging shown in Fig. 2B provides in more detail the progress of
large trans-cytoplasmic gap formations. Here, untreated LSECs (control)
did not elicit major morphological changes over 30min (20 time points) of
laser exposure, although there was slight enlargement of some fenestrations
(but not to the same degree as oxLDL treated cells). OxLDL3/24 treated
LSECs were imaged under the same photon load, indicating that any
changes, such as trans-cytoplasmic gap formation, are not the result of any
potential phototoxicity issues alone. Furthermore, we noted that “stand
alone” small fenestrations tended to disappear (red dashed circles) with
oxLDLchallenge.During the oxLDLchallenge, fenestrations tend to expand
furtherand form large gaps bymergingwith smaller fenestrationswithin the
same sieve plate (yellow dashed rectangles). From our observations, mildly
oxLDL3 elicited a slower response than oxLDL24 on LSECs with regard to
alterations in morphology. However, longer exposure to oxLDL3 would
likely elicit similar structural changes as the heavily oxLDL24 does in the
early stages.
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Effects of oxLDL on the cytoskeleton
Given that fenestrations within sieve plates are surrounded/supported by
actin and tubulin, we performed fluorescence imaging (confocal and SIM) of
the samples, staining for tubulin, actin and themembrane to determine what
influence oxLDL has on the cytoskeleton of the cell. To test for any effects on
endocytosis at themorphological level, we challenged the cultured LSECwith
FSA-AF647.Thedistributionof endocytosedFSA-AF647wasmore restricted
to the perinuclear region in oxLDL treated cells compared to control cells.

In cells cultured in RPMIwithout treatment, a well-structuredmesh of
tubulin fibers can be seen (Fig. 3). In cells from both male and female rats,
larger and smaller filaments are visible, while in the cells treated with 80 µg/
mL of oxLDL24 the tubulin fibers seem to be more condensed in certain
areaswith thickerfibers, leaving larger areaswithout tubulin.Those gaps can
also be seen in the membrane staining, similar to those gaps visible in the
SEMimages (datanot shown). Structured illuminationmicroscopy (SIM)of
the samples did not reveal any structural differences to single tubulin fibers
(data not shown).

Effects of oxLDL on cell viability and scavenger function
To determine if oxLDL was directly toxic for LSEC, we performed viability
(LDH release) (supplementary information, figure S1) and FSA endocytosis

scavenger function assays (Fig. 4) on cultured LSECs (male and female) that
were challenged with oxLDL. The LDH assay showed a viability between
67%and83%formale rat cells and79%-83%for female rat cells (normalized
to 0% viability under Triton X-100 treatment, which will cause 100% cell
lysis without interfering with LDH activity), implying cells from females
being slightly less affected than cells from males (supplementary informa-
tion, figure S1; n (male/female) = 3).

The endocytic ability of LSECs following the challengewith oxLDLwas
tested by incubating the cells with 125I-FSA. The endocytosis profiles (Fig. 4),
from male and female rat cells, look similar. Statistical testing (Wilcoxon
test) revealed no significant difference between the same treatments inmale
and female cells. Thus, for further statistical analyses (two-tailed, paired t-
test), samples of the same treatment were grouped together (n = 6).

For both, male and female rats, at 10 µg/mL oxLDL concentrations,
oxLDL3 andoxLDL24 did not significantly affect the endocytosis of

125I-FSA,
neither at the cell-associated nor the degradation level (supplementary
information, figure S2). However, with increasing oxLDL concentrations
and oxidation levels, components of endocytosis were significantly affected
compared to endocytosis in the control group: the cell associated portion
increased significantly in cells incubated with 40 µg/mL and 80 µg/mL of
oxLDL3, as well as with oxLDL24 at 80 µg/mL. In the cells treated with

Fig. 1 | Representative scanning electron microscopy (SEM) images showing
fenestration changes after treatment with LDL in different concentrations and
degree of oxidation. The images demonstrate the loss of sieve plates following
treatment on male rat liver sinusoidal endothelial cells (LSECs). A Control LSEC
SEM image showing typical fenestrations grouped in sieve plates.B,C 3/24 h copper
sulfate-induced oxidized LDL (oxLDL3/24, 80 μg/mL, 30 min) treated LSEC SEM

images with increasing oxidation levels showing a pronounced loss of sieve plates
and uniform fenestration distribution. D, E: oxLDL3/24 (80 μg/mL, 30 min) treated
LSEC SEM images with increasing oxidation levels showing the appearance of large
trans-cytoplasmic gaps. Scale bar: 2 μm. Table shows analyzed fenestrations and gap
data within cells with sieve plate loss (SP loss) or large gaps (Gap). The data were
analyzed based on the representative figures above.
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Fig. 2 | Structured illumination microscopy (SIM) images of rat liver sinusoidal
endothelial cells (LSECs) fenestration following treatments with LDL in different
concentrations and degree of oxidation. A SIM images on fixed LSECs stainedwith
CellMaskGreen show the appearance of large trans-cytoplasmic gaps after 30 min of
treatment withmildly and heavily oxidized LDL (10 µg/mL and 80 µg/mL). B Time-
lapse images of live LSEC labeled with CellMask Green showing the effect of
respective oxLDLs at 80 μg/mL. Fenestration changes occurred in real-time and

imaged every 1.5 min for 30 min (representative images at 0, 1.5, 15 and 30 min are
shown): turning into large trans-cytoplasmic gaps for most of the fenestrations
(yellow dashed rectangles) and disappearance of small fenestrations near the per-
iphery (red dashed circle). The results are representative of experiments performed
with 3 replicates. Images represent maximum intensity projections of a 1-2 μm 3D
SIM z-stack and are individually intensity corrected for representation as the signal
bleaches. Scale bar: 2 (A) and 5 (B) μm.
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oxLDL24, the effects seenweremainly as a reduction in 125I-FSAdegradation
(statistically significant in all oxLDL24), with the effect being more pro-
nounced with increasing concentrations of oxLDL24. The total endocytosis
shows a step-like decline in the oxLDL24 in male and female cells, but in
comparison to the RPMI-only cultured cells, only the oxLDL24 at con-
centrations of 40 µg/mL and 80 µg/mL have a significantly decreased effect
on degradation.

LSEC maintain the capacity to take up FSA irrespective of the con-
centration and oxidation levels of oxLDL they are challenged with (also
visually shown inFig. 3), but at higher concentrations andoxidation levels of
oxLDL, the intracellular degradation machinery in LSEC is negatively
affected.

Effects of oxLDL on eNOS and KLF2 expression
KLFF2 and eNOS are markers for vascular and endothelial health. The
upregulation of KLF2 and eNOS is a reaction to and improves EC
dysfunction46,48. The gene expression for both was analysed in different
conditions. For KLF2, LDL treatment led to a significant downregulation,
although 40 µg/ml and 80 µg/ml LDL treatments exhibit less down-
regulation compared to 10 µg/mlLDLexposure.Oxidation levels of LDL led
to significant downregulation below half-fold for the mildly oxidized LDL,
while the heavily oxLDL treatments reveal reduced or negligible effects (see
Fig. 5). Gene expression analysis of eNOS for the same treatments shows no
clear trend for any of the samples (supplementary information, figure S4).

Injury in LSECsmay prompt variations in nitric oxide (NO) secretion,
signifying alterations in vasodilatory signaling and endothelial health. To
test whether oxLDL treatment induces changes in NO secretion, we per-
formed the Griess assay using the supernatant of freshly isolated LSECs
treated with LDL and oxLDL. The assay, even though a trend towards

Fig. 3 | Fluorescence microscopy of rat LSECs
from male rats, comparing between cells cultured
in RPMI only (control) and those treated with
80 µg/mL oxLDL24. Upper row shows the merged
channels stained for the cell nucleus (DAPI - blue),
α-tubulin fibers (antibody against α-tubulin coupled
to Alexa Fluor 488 – green), and the endocytosed
FSA coupled to Alexa Fluor 647 (magenta). Pictures
are representative of all imaged samples.

Fig. 4 | Endocytosis of FSA bound to 125Iodine in male and female rat LSECs
preincubated with oxLDL in vitro.Normalized to control (RPMI). Different doses
(10/40/80 μg/mL) of oxLDLs treated LSEC cultures were incubated for 2 h at 37 °C
with trace amounts of 125I-FSA to assay for the main LSEC endocytosis receptors
(stabilin1/2). Endocytosis was measured as described in Materials and Methods.
Black bars represent cell-associated FSA (%CA), whereas the grey-striped bars
represent degraded FSA (%DL). Total endocytosed radioactivity represents the sum
of cell-associated and degraded ligand radioactivity, average of n = 3 animals per sex
calculated.
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upregulation can be seen, does not show any significant changes in NO
content in untreated versus LDL and oxLDL treated samples (see supple-
mentary information, figure S5).

Discussion
As a major atherogenic substance, oxLDL exists in atherosclerotic lesions
and in the circulation10,35, and is mainly removed by cells lining in the liver
sinusoids36,37. The liver is the main clearance organ for these heterogeneous
particles, which may present as different forms in plasma26,54. As it already
has pathogenic properties and is a physiological pro-atherogenic molecule,
mildly oxLDL has been suggested to be the precursor of heavily oxLDL in
the intima16,17, so its removal from the circulation by LSEC is beneficial for
health. However, the effect that mildly (oxLDL3) or heavily (oxLDL24)
oxidized LDLs have on LSECs at the cellular level has not been investigated.
In our study, we tested their effects on LSECs isolated from female andmale
rats, with focus on ultrastructural morphological changes, using scanning
electronmicroscopy (SEM) and structured illuminationmicroscopy (SIM),
and functionality using the ability of the cells to endocytose a model ligand
(FSA). Given that there are differences in the lipoprotein profile between
males and females,fine tuningof the concentrationsmight have revealed sex
differences. However, no significant phenotypic nor functional differences
were observed between male vs female results within our experimental
setting, therefore the discussion is fused together for both sexes.

Oxidation of LDL for 20–24 h induces excessive modification
(structural compositions, aggregation and fusion of molecules) of LDL55,
which also increases the net negative charge relative to the complex
compared to mildly oxLDLs27. Mildly oxLDL is the main circulating

form54, whereas heavily oxLDL is rarely detected in the circulation of
healthy individuals35.

A previous in vivo study by Oteiza, et al. 26 showed that circulating
oxLDLhas significant negative effects on its clearance system, in that oxLDL
challenged at clinically relevant plasma concentrations on mouse LSECs
induced a reduction in the number of fenestrations. Our in vitro investi-
gation on rat LSECs with physiologically relevant concentrations, shows
negative effects, withmore profound alterations on fenestrations (Figs. 1, 2):
smaller fenestrations disappear or become smaller (supplementary infor-
mation, figure S3), which is consistent with the in vivo finding26.With time,
most turned into large trans-cytoplasmic gaps, which became more pro-
nounced with increasing oxidation levels and concentrations of oxLDLs.
Hence, themorphology of fenestrations in rat LSECs is clearly responsive to
the oxLDL challenge. The mechanism of LSEC defenestration, however,
remains to be determined.

Our SEM analysis demonstrated the loss of sieve plates post-oxLDL
challenge (Fig. 1A), and this loss of sieve plates was apparent in previous
in vivo findings but was not discussed by the authors26. Our SIM investi-
gations showed effects of oxLDL24 at low concentrations, characterized by
loss of sieve plates and perforations with large trans-cytoplasmic gaps in a
single cell after oxLDL24 exposure at low concentrations (Fig. 2A oxLDL24,
10 μg/mL). This unique combination of both effects within one single cell
might be a further stage after the loss of sieve plates shown in Fig. 1. The
effects of oxLDLonLSECswere not uniformwithin the cells in the same cell
culture, with some LSECs beingmore resistant to the oxLDL toxicity.While
some cells demonstrated only the loss of sieve plates, Fig. 1B, C, and were
covered by numerous fenestrations, in others, LSECs presented with large

Fig. 5 | Differential KLF2 gene expression in response to LDL and oxLDL
treatments. Fold change in KLF2 expression (log2) relative to untreated control
across different conditions is shown. LDL treatments (10, 40, 80 µg/mL) and oxLDL
treatments (3 h and 24 h oxidation at 10, 40 and 80 µg/mL) were analysed in three

rats. Error bars represent inter-animal variability. Statistical significance of treat-
ment effects compared to control is indicated by asterisks (*, **, ***), where *
denotes p < 0.05, **p < 0.01, and ***p < 0.001. Red dotted line represents 0.5- and
2-fold changes.
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trans-cytoplasmic gaps. Both effects were more profound with increasing
oxidation levels of LDL.

The effect differences on LSEC might be due to the cells originating
from different zones across the areas of liver lobules pre-perfusion (i.e.
centrilobular and periportal regions), which show different morphological
distributions of fenestrae. Vidal-Vanaclocha et al. 56 showed that clustered
and free fenestrae distributed differently in the LSECof these two regions. In
addition, larger and higher numbers of fenestrae from centrilobular sinu-
soids with greater fenestrae size were reported in several studies52,56,57. Fur-
thermore, a previous study showed that the oxLDL effects were most
pronounced in LSECs from central liver lobule26. All these might explain
why in our study the oxLDL effects were not uniformly observed on all cells.
Further studies might be needed to understand the impact of oxLDL on
LSECs from these two different liver zones.

Although SEM allows for high resolution imaging, SEM sample pre-
paration procedures (e.g. dehydration) may induce artifacts such as
alteration of drying artifacts and shrinkage of the specimen58. For instance,
15–30% shrinkage of the tissue was reported in SEM imaging when using
the critical point drying step57. However, these induced artifacts can be
avoided by using the SIM technique, which gives a resolution twice that of
conventional light microscopy, and is sufficient to discern the average
diameter (100 nm) of fenestrations on LSECs59. Furthermore, samples can
be examinedunderwet conditions, i.e. the cells canbe imagedunder suitable
culture conditions; therefore, fixation and dehydration are not absolute
requirements, avoiding the generation of artifacts from dehydration; and a
leading advantage of this technique is the potential for imaging living
cells60,61.

Another consideration could be the stiffness of the cell substrate. Cells
are seeded on glass or plastic, which are stiff materials compared to in vivo
liver tissue. In a study from 2020, Guixé-Muntet et al. determined that the
stiffness of the material influences the phenotype of LSECs, resulting in
higher capillarization62. Thus, the possibility that the matrix on which the
LSEC are seeded is partially responsible for changes in LSEC porosity,
together with the oxLDL treatment, needs to be considered. However, since
the control cells are also seeded on the same stiff matrix, the change in
fenestration is most likely a result of the treatment.

Imaging the LSECs with SIM, we could observe the effects oxLDL
(80 μg/mL) had on the cell membrane and fenestrations in real-time. To
minimize photobleaching of our fluorophore, we imaged the cells 20 times
during a 30min time-period.Mildly oxLDL3 in our in vitro findings elicited
a slower response than heavily oxLDL24 on LSECswith regard to changes in
morphology. However, after a longer incubation time with oxLDL3, it will
probably induce similar structural changes as the heavily oxLDL does at
early stages. Thus, we suggest that mildly oxLDL with a longer circulatory
life than the heavily oxLDL may have similar negative effects36,37, due to
longer exposure time in contact with the vascular endothelial cells17,19.
Therefore, effective LSEC clearance of circulating mildly oxLDL also is
important in the prevention of cardiovascular disease12,38,39.

In addition to being a key component in atherosclerosis development,
the modification of LDL turns it into a proinflammatory and cytotoxic
substance8,23. KLF2 is associatedwith vascular homeostasis, its upregulation
is often an indicator of endothelial dysfunction47. Mildly oxLDL causes
downregulation of KLF2 in LSECs but – interestingly – heavily oxLDL does
not elicit the same effect in this regard. The fact that mildly oxidized LDL
(oxLDL) downregulates KLF2 in LSECs while heavily oxidized LDL does
not, suggests that the extent of LDL oxidation may trigger distinct cellular
pathways. Stabilin-1has a greater affinity formildly oxLDL than stabilin-227,
so it is therefore possible that this KLF2 down-regulation is mediated by
stabilin-1 but not stabilin-2. This suggests a potential role for receptor-
specific signaling in the regulation of KLF2, potentially making stabilin-1 a
critical receptor in oxLDL-induced changes in endothelial function. How-
ever, given that LSECs express multiple oxLDL receptors, including sca-
venger receptors such as LOX-1 and CD36, the full picture likely involves
complex interactions between these pathways, contributing to diverse
outcomes based on the oxidation state of LDL.

In comparison to heavily oxLDL, the lower net negative charge of
mildly oxLDL may have a low affinity for scavenger receptors, which may
also explain the longer circulatory half-life,making it the predominant form
present in human plasma27,63. Despite the presence of oxLDL in plasma27,
and in this study, LSECs largely remain viable, and are able to function as
scavenger cells, with effects on endocytosis and degradation only at high
concentrations of oxLDL or high degrees of oxidation. The reason why
mildly oxLDL has less effect on FSA degradation may be due to the lower
receptor affinity for endocytosis of mildly oxLDL compared with heavily
oxLDL. Heavily oxLDL was shown to be more efficiently taken up by
LSECs27. Heavily oxLDL challenge of LSEC may thus induce more rapid
disruptions of morphology and inhibition of intracellular degradation
pathways. However, the inhibition of FSA degradation was more pro-
nounced with increasing concentrations and oxidation levels of oxLDL in
endocytosis studies (Fig. 4). Interestingly, LSECmaintained some ability to
take up FSA, irrespective of the concentration or oxidation status of the
oxLDL treatment. This would suggest that the early endocytic machinery
continues to function as (essentially) normal, but subsequent steps in the
endo-lysosomal pathway are affected by oxLDL.

Fluorescence microscopy confirms changes of the tubulin network in
the cell. This was also not uniformly observed throughout the LSEC culture.
As compared to control, non-treated cells, where the mesh of tubulin fibers
is ubiquitous observed throughout the cytoplasm, in cells challenged with
high concentration of oxLDLs or with high degree of oxidation, the tubulin
network appears reduced, or condensed. Super resolution imaging showed
no differences between the appearance of single tubulin fibers between the
treatments, further confirming that oxLDL does not induce breakage or
conformational changes to the tubulin fibers. The condensed fibers are
rather the result of membranes pulling together when large gaps occur due
to the treatment. Since the transport of internalized ligands to the lysosomes
is microtubule-dependent64, our results using heavily oxLDL24 at high
concentration suggest that reduced degradation is due to disruption of the
tubulin fiber network. Interestingly, Mönkemöller et al. 2015 showed that
tubulin demarcated LSECsieve plates, so oxLDL-mediated disruption of the
tubulin network may also have implications for LSEC disruption/defenes-
tration reported here65.

Another possibility that could contribute to the reduction in degra-
dation is that heavily oxidized LDL, with all its chemical modifications,
causes lysosomal “indigestion”due to enzymechanges in the lysosome66 and
thus renders the lysosome less able to degrade other substrates as well (such
as FSA). Interestingly, the mildly oxLDL at higher concentrations only
affected the degradation of FSA, while heavily oxLDL affected both degra-
dation and cell associated fraction of FSA. Previous studies have shown that
heavily oxLDL, aswell as FSA, are taken up by the same receptor (stabilin 2),
while oxLDL3 is mainly taken up by stabilin 127. Thus, the effect seen with
heavily oxLDL may also be due to receptor competition for the same
binding sites.

Notably, the dramatic in vitro effects on LSECs morphology via
oxLDLs do not take into account the other cell types (hepatocytes, Kupffer
cells) in the liver, and the mutual effects these cells will have on each other.
The samecell typesmight be less (ormore) affected in vivo.Co-cultureswith
multiple liver cell-types are therefore more likely to resemble a functional
liver. Further studies based onmultiple relevant cell types in co-culturemay
facilitate a better understanding of the effects at the tissue/organ level of
oxLDL challenge.

To conclude, this in vitro study addressed the effects of mildly and
heavily oxLDL on rat LSECmorphology and function. LSECs remain viable
and functional as scavenger cells, though with detrimental effects on LSECs
morphology including the loss of sieve plates and ruptured fenestrations and
reduced degradation capacity for stabilin ligands. Thus, oxLDLs cause
adverse effects on LSECs and are likely detrimental for LSEC function in
maintaining circulatory homeostasis. It is therefore likely that excessive
circulating oxLDL levels have the potential to exacerbate age-related
endothelial thickening and defenestration (“pseudocapillarization”67,) and
reduction in waste degradation25. This would create a vicious cycle with
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reduced LSEC-mediated LDL/oxLDL clearance, leading to increased levels
of both substrates to further degrade LSEC function. Interventions that
maintain circulating LDL at lower levelsmay therefore be of benefit for liver
health.

Materials and Methods
Animals and ethics statements
Sprague Dawley male and female rats were obtained from Charles River
Laboratories (Sulzfeld, Germany) and Janvier Labs (Le Genest-Saint-Isle,
France). The rats were group-housed (2-3 rats/cage) in 135 G Euro-
standard type IV conventional cages (Tecniplast, Italy) with aspen bedding
(Scanbur, Norway) and with nesting material, rat tunnels and aspen chew
blocks (Sizzelnest®, Datesand, UK) as environmental enrichment. The rats
were kept under controlled environmental conditions (21 °C ± 1°, relative
humidity 55%±5%and12 h light/12 hdark cycle), at the specific pathogen
free animal research facility at theUniversity of Tromsø (UiT) –TheArctic
University of Norway. The rats had free access to water and standard chow
(RM1-E, SpecialDiet Service,UK).The experimental protocols and animal
handlingwere approved by theNational Animal ResearchAuthority at the
Norwegian Food Safety Authority (approval IDs: 8455 and 24732), and
experiments were performed in compliance with the European Conven-
tion for the protection of Vertebrate Animals used for Experimental and
Other Scientific Purposes. All animals were euthanized and died from
exsanguinationwhile in deep surgical anesthesia during the liver perfusion
procedure (for anesthesia protocol see section “Rat LSEC isolation and cell
culture”).

Material
Collagenase was purchased from Worthington Biochemical Corporation
(Lakewood, NJ, USA). Carrier-free Na125I from PerkinElmer Norge AS
(Oslo, Norway). Bovine serum albumin (BSA) from MP Biomedicals
(Solon,OH,USA).Human fibronectinwas purified fromhuman plasma by
affinity chromatography on Gelatin Sepharose 4B as described by the
manufacturer (GE Healthcare, Uppsala, Sweden). Percoll and PD-10 col-
umns (Sephadex G-25) from GE Healthcare. Serum-free Roswell Park
Memorial Institute (RPMI-1640) cell culture medium (supplemented with
0.006% penicillin, and 0.01% streptomycin). Culture dishes of 35mm dia-
meter and #1.5 glass coverslip-bottom were purchased fromMatTek Corp.
(Ashland, MA, USA). Trichloroacetic acid (TCA) fromMerck (Darmstadt,
Germany). Formaldehyde-treated bovine serum albumin (FSA) was pre-
pared by treating BSA with 10% formaldehyde in 0.2M carbonate buffer,
pH 10, for 3 days as described byMego et al. 68. Ethylenediaminetetraacetic
acid (EDTA) from Sigma Chemical Company (St. Louis, MO, USA).
Human serum albumin (HSA) from Octapharma (Ziegelbrucke, Switzer-
land). Live cell imaging solution was from ThermoFisher (Oslo, Norway).
CellMask™ Green and Orange was from Fisher Scientific (Cat. No. C37608
and C10045 Oslo, Norway). Lactate dehydrogenase (LDH)-Glo™ cytotoxi-
city assay was purchased from Promega (Nacka, Sweden). SE-1 antibody,
anti-mouse IgG2a+b MACS® microbeads and necessary reagents for rat
cell extraction were obtained fromMiltenyi Biotech. Alexa Fluor™ 488 and
647 NHS Ester (Cat. Nr. A20000 and A20006) for coupling to FSA were
ordered from ThermoFisher.

Antibodies for immunostaining of cells were bought from Santa Cruz
(anti α-tubulin AF488 and AF647, Cat. Nr. sc-23948) and Sigma-Aldrich
(Phalloidin-Atto 647 N,Cat.Nr. 65906), aswasDAPIdihydrochloride (Cat.
Nr. D8417). The eNOS antibody (Cat. Nr. MA5-47674), the
phosphorylated-eNOS antibody (PA5-104858), the donkey anti-mouse
AlexaFluor 488 antibody (Cat. Nr. A21202), the donkey anti-rabbit Alex-
aFluor 555 antibody (Cat. Nr. A31573), ProLong glass anti-fade mounting
medium (Cat. Nr. P36982) and Phalloidin Alexa Fluor 555 (Cat. Nr.
A34055) were obtained from ThermoFisher. The KLF2 primer (Assay ID:
Rn01420496_gH) and eNOS primer (Assay ID: Rn07312037_g1) (Cat. Nr.
4448892), the 2-Step Fast-Cells-to-CT Kit, 18 s rRNA conjugated to a VIC
probe and the Griess Assay kit were purchased from ThermoFisher (Cat.
Nr. G7921).

Oxidation of LDL
LDL (density: 1.019–1.063 g/mL) was isolated from fresh human plasma by
density gradient ultracentrifugation69, and preserved in 10% sucrose in
150mM NaCl with 0.24mM EDTA (pH 7.4 at −80 °C)70. Sucrose was
removed by dialysis at 4 °C against phosphate-buffered saline (PBS) before
further use. The protein concentration was determined by Nanodrop 2000
Spectrophotometer (Thermo Scientific, Oslo, Norway).

LDLwas oxidizedwithCuSO4 (1mM)at 37 °C for 3or 24 h toproduce
oxLDL3 and oxLDL24 (mildly and heavily oxidized LDL forms), respec-
tively. The oxidation process was terminated by adding EDTA to a final
concentration of 305M after which samples were stored under nitrogen at
4 °C for≤ 1week before use to prevent further oxidation. Before use, CuSO4

and EDTAwere removed by extensive dialysis against PBS at 4 °C. Relative
electrophoretic mobility (REM)71 of differently oxLDLs was measured and
compared with non-copper sulfate-treated LDL: oxLDL3: 1.42 ± 0.20 and
oxLDL24 1.79 ± 0.34: respectively, in 3–4 experiments (means ± SD).

Rat LSEC isolation and cell culture
The rats (body weight 150–300 g) were anesthetized with a mixture (ZRF-
mix) of zolazepam/tiletamine hydrochloride 12.9/12.9mg/mL (Zoletil forte
vet, Virbac, Norway), xylazine 1.8mg/mL (Rompun, Bayer Nordic, Nor-
way) and fentanyl 10.3 μg/mL (Actavis, Norway), injected intraperitoneally.
LSECs were isolated and purified as described by Smedsrød, et al. 72 addi-
tionally usingMACSmagneticmicrobeads. Briefly, after liver perfusion and
digestion with LiberaseTM (Roche), parenchymal cells were removed by
differential centrifugation. LSECs were then separated by magnetic bead
separation with anti-SE1 antibodies and anti-mouse IgG2a+b MACS®

microbeads. Formorphological analyses, the cellswere plated on0.2mg/mL
human fibronectin coated #1.5 coverslips (Sigma-Aldrich). The cells were
cultured (37 °C, 5% CO2) for two to three hours in serum-free RPMI-1640.
Fibronectin coating was performed with just enough volume to completely
cover the surface area. After 10min of incubation at room temperature
(RT), the redundant fibronectin solutionwas rinsedwith PBS and cells were
then seeded. The LSECs were treated with mildly (3 h) or heavily (24 h)
oxLDLs at 10, 40, or 80 μg/mL, doseswere selectedbasedonpreviouswork26

for 30 to 120min to determine effects on fenestrations, then fixed with 4%
formaldehyde (FA) in phosphate buffered saline (PBS) or PHEMbuffer and
0.02M sucrose (Sigma-Aldrich, Oslo, Norway), pH 7.2 for 15min. Cov-
erslipswere kept inPBS/PHEMfor later use. Some cellswere incubatedwith
FSA coupled to Alexa Fluor 488 or 647 (FSA-AF4887647) for 10–15min
before fixation.

Structured illumination microscopy (SIM)
After fixation, the cells were stained with CellMask™ Green (5 µg/mL in
serum-free RPMI) for 10min, and immediately imaged using a commercial
super-resolving SIM (DeltaVision/OMXv4.0 BLAZE, GE Healthcare) with
a 60×1.42NA oil-immersion objective (Olympus). 3D-SIM images stacks of
1–2 μmwere 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). For live cell SIM,
LSEC cultures were seeded in human fibronectin (0.2mg/mL) coated
MatTek dishes (35mm Dish /No 1.5 coverslip, Ashland, MA, USA) with
RPMI-1640 for 1 h at 37 °C. Unattached cells were gently washed away, and
LSEC cultures were allowed an additional 1–2 h in culture to stretch their
cytoplasm prior to imaging.

Fresh working solutions were prepared in a warm live cell imaging
solution at 5 μg/mL of CellMask™ Green Plasma Membrane Stain. LSEC
cultured dishes were placed on the pre-warmed 36 °C SIM holder. RPMI
culture media was replaced with the aforementioned imaging solution, and
after 5–10min incubation, cells were imaged for 20 frames in 30min.

Light microscopy
The fixed cells on coverslips from storage were washed once with PBS/
PHEM and permeabilized with 0.5% triton X in PBS for 2min. After
washing, specimens were incubated with α-tubulin-AF488 or α-tubulin-
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AF647 (2 µg/mL in 1% PBS-T) overnight (ON) at RT. Four washes with
PBS/PHEM followed: for 5min, 10min, 30min and 1 hour. The cells were
incubated with Phalloidin-Atto 647 N or Phalloidin Alexa Fluor 555 (2 µL
in 100 µL PHEM for 90min, prepared from recommended stock solution).
After multiple washes, the samples were stained with CellMask™ orange or
green (5 μg/mL), if not incubated with FSA-AF488/647, and DAPI
(2 µg/mL) for 10min. After two more washes with PHEM/PBS and one
withwater, the coverslipsweremounted onmicroscope slideswith a dropof
ProLong™ Glass Antifade mountant. The samples were kept at 4 °C in the
dark until imaging with EVOSM5000 using the DAPI, GFP, RFP and Cy5
light cubes or the Zeiss LSM 880 confocal microscope (C-Apochromat 40x
water objective with a NA of 1.2).

Scanning electron microscopy (SEM)
For SEM preparation, the treated specimens were fixed overnight in
McDowell’s fixative (4% formaldehyde (FA), 1% glutaraldehyde (GA), in
phosphate buffer, pH 7.2). After washes with 0.1M PHEM buffer, the cov-
erslips containing the cells were treated with 1% tannic acid in 0.15mol/l
cacodylic buffer for 1 h, 1% OsO4 in 0.1mol/l cacodylic buffer for 1 h,
dehydrated in ethanol (30%, 60%, 90% for 5min each, 5 times 100% ethanol
for 4min), and incubated twice in hexamethyldisilazane (Sigma-Aldrich,
Oslo, Norway) for 2min each, dried, and sputter-coated with 10 nm gold/
palladiumalloys. Specimenswere examinedusinga commercial SEM(Sigma
HV0307, Zeiss), run at 2 kV. Large fields of view containing cells were
randomly acquired in specific locations on the stubs to show cell culture
condition and cell size, and high-resolution SEM images of a cell at mag-
nification of 10-15 K were randomly acquired to observe fenestration
alterations. Fenestrationsweredefinedas openporeswithdiameters between
50 and 300 nm; gaps as open pores with a diameter larger than 300 nm.

Endocytosis and degradation assay
For quantitative studies of endocytosis and degradation, fully confluent
cultures of rat LSECs (approx. 0.25–0.30 × 106 cells/per well) established in
48-well culture dishes coated with human fibronectin, were treated with
different oxLDL preparations (oxLDL3 and oxLDL24 at concentrations of
10, 40, 80 µg/mLwith 1%HSA in RPMI culturemedia) for 30min at 37 °C.
Subsequently, 20,000 cpm 125I-FSA in serum-free RPMI with HSA was
added to eachwell and incubated for another twohours. Thereafter, the cell-
associated and degraded FSA fractions were assayed according to Li et al. 73.
AWilcoxon Signed-Rank test was performed in R to determine significant
differences between the same treatments in male vs female cells. When no
significancewas detected, sampleswere combined and a paired two-tailed t-
test was run with non-normalized values. Differences were considered
significant if p < 0.05.

The LDH-Glo cytotoxicity assay was performed according to manu-
facturer’s instructions, including freezing the samples in storage buffer
before analyzing them another day. The luminescence was measured with
the ClarioStar®Plus microplate reader after 30 and 60min.

Statistical analyses
Statistical analyses were conducted to assess the impact of oxLDL treatment
on the endocytosis potential of LSECs. Difference between both male and
female subjects was analyzed using Wilcoxon rank-sum test, to analyze if
merging them would introduce significant bias. For variables showing no
significant differences between sexes (p > 0.05), normalitywas assessedusing
the Shapiro-Wilk test. Normality was assumed for p-values above 0.05.
Variablesmeeting the normality criterionwere subjected to paired T-tests to
compare each treatment group with the control group (treated with RPMI).
In cases where variables were non-normally distributed, the Wilcoxon
signed-rank test was utilized, paired with the control group (RPMI).
Visualization of the results was conducted using the ggplot package in R74.

qPCR
Cell lysis and cDNA synthesis were performed using the 2-Step Fast-Cells-
to-CT Kit following the manufacturer’s protocols. qPCR was conducted

using TaqMan Fast Universal PCR mix. Target primers conjugated to a
FAMprobewere used to assessKLF2 and eNOSexpression levels,while 18 s
rRNA conjugated to a VIC probe served as the endogenous control. qPCR
was run on a RealTime PCR LightCycler 96® system (Roche Life Sciences).
Cycle threshold (CT) values were extracted and normalized to the endo-
genous control to account for cell number, followed by normalization to the
control sample set using the ΔΔCT method, presented as fold change to
untreated control. Normality was assessed using Shapiro-Wilks test. Values
were log transformed for better visualisation, signficance was calculated if
normality criterion wasmet, using One-Way ANOVA followed by Tukey’s
honestly significant difference test (Tukey’s HSD). Statistical significance of
treatment effects compared to control is indicated by asterisks (*, **, ***),
where * denotes p < 0.05, ** p < 0.01, and *** p < 0.001.

Data availability
Data is provided within themanuscript or supplementary information files.
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