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

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

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

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

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

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

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

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

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

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

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

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

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

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

Hepatocellular distribution

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

In vitro uptake in isolated liver cell populations

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

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

To determine the potential role of the SR-H scavenger receptors stabilin-1 and stabilin-2, HEK293 cells
stably over expressing mouse stabilin-1 and stabilin-2 were challenged with '°I-oxHSA. Both stabilin-1 and
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Figure 1. Biodistribution of oxHSA. 1-5 pg '*I radio-labelled oxHSA was injected intravenously, and animals
were sacrificed 30 min post-injection. Uptake is given as % of total recovered radioactivity (black bars) or as %
of total recovered radioactivity per gram of organ (white/shaded bars). Results are given as averages + standard
deviation over bio replicates, n=3 animals, ns =not significant, * =p <0.05 compared with liver (Independent
Samples Median Test).
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Figure 2. Hepatocellular distribution of oxHSA. Animals were injected with 1-5 pg %’ radio-labelled oxHSA,
sacrificed 5 min post-injection and LSEC, Kupffer cells and hepatocyte fractions were isolated. Graphs show
radioactivity per cell normalized to LSEC, in isolated fractions of liver cells (selected by; CD146:LSEC, CD11b
& F4/80:Kupffer cells, Percoll 45%:hepatocytes). Results are given as averages + standard deviation over bio
replicates, n=3 animals, *=p <0.05 (Independent Samples Median Test).

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

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

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

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

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

Recovery of endocytosis

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

Morphology and viability of LSEC challenged with oxHSA

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

Discussion

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

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

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

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

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

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

Additionally, it has been shown that the scavenger endothelium of the liver is the main site of clearance for
pro-atherogenic molecules such as oxidized LDL, and AGEs**, An increased circulation time, or accumulation
of these ligands is likely to cause atherosclerotic plaques and localized inflammation in the vasculature. Oxidative
stress and detection of oxidation protein products has been linked with atherosclerosis previously*, with AOPP-
Albumin been shown to cause atherosclerotic plaque formation in rabbits*.
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Figure 5. Competitive inhibition studies in LSEC. (A) Inhibition of '*I-oxHSA uptake in LSEC by other
ligands of stabilin-1 and -2 (FSA, AGE-BSA, oxLDL). (B) Inhibition of '*I-FSA uptake in LSEC by oxHSA. (C)
Inhibition of '*I-AGE-BSA uptake in LSEC by oxHSA. (D) Inhibition of **T-oxLDL uptake in LSEC by oxHSA.
(E) Inhibition of '*I-oxHSA uptake in LSEC by unlabelled oxHSA. Uptake is given as % of (untreated) controls.
Solid bars indicate cell associated radioactivity, shaded bars indicate acid soluble radioactivity (= degraded
ligand). Results for are given as averages + standard deviation over bio replicates, n=3 animals, *:p <0.05,
(Independent Samples Median Test (A), Independent Samples Jonckheere-Terpstra Test (B-E)).
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Figure 6. Pulse-chase/Recovery of endocytosis in LSEC. LSEC were treated with 100 ug/mL oxHSA x2 h, and
then the indicated number (3, 6, or 12) of hours chase in cell culture media, before endocytosis experiments
with I-FSA. Uptakes in % of matched untreated controls. Solid bars indicate cell associated radioactivity,
shaded bars indicate acid soluble radioactivity (= degraded ligand). Results given as averages + standard
deviation over bio replicates, n=3 animals, *=p=0.025 (Independent Samples Jonckheere-Terpstra Test).
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Stabilins themselves have been implicated in the pathogenesis of atherosclerosis, with amelioration of
atherosclerosis development in stabilin KO models®®*?, this is indicative that binding by stabilins is part of
the pathogenesis of the condition. oxHSA has a very high affinity for stabilins (greater than FSA), from this
we can hypothesize that oxHSA and other stabilin ligands may, in non-scavenger sites, cause or exacerbate
deleterious effects such as for example atherosclerotic lesions. Binding to stabilins may facilitate attachment by
circulating immune cells and initiate inflammatory responses at the site®. Further stabilin-2 was found to also be
a cell signalling receptor, activating the MAPK/ERK signalling pathway*°. The implications of this signalling via
stabilins especially under pro-atherogenic, or oxidative stress conditions is not well understood. Both stabilin-1
and -2 were found to bind E. coli and S. aureus in vitro”’, thus they may be involved in both attachment of
immune cells, and of bacteria sensing in other non-scavenger cell types, given their signalling capabilities®®. This
could conceivably be part of the mechanism of stabilin mediated atherogenesis, with immune cell recruitment
and inflammation caused by ligand activation.

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

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

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

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

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

58,59
>

Experimental procedures

List of reagents

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

Production and characterisation of oxHSA

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

Radiolabeling of oxHSA, FSA, AGE-BSA, oxLDL

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

Animals

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

Method of euthanasia, anaesthesia and analgesia

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

In vivo clearance, organ- and hepatocellular distribution

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

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

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

HEK293 cells stably expressing stabilin 1 or 2

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

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

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

Endocytosis experiments

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

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

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

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

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

Viability experiments

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

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on
reasonable request.

Received: 23 August 2023; Accepted: 1 November 2023
Published online: 05 November 2023

References
. Hill, P. G. The measurement of albumin in serum and plasma. Ann. Clin. Biochem. 22, 565-578 (1985).
. Fanali, G. et al. Human serum albumin: From bench to bedside. Mol. Aspects Med. 33, 209-290 (2012).
. Sitar, M. E., Aydin, S. & Cakatay, U. Human serum albumin and its relation with oxidative stress. Clin. Lab. 59, 945-952 (2013).
. Kita, T. et al. Role of oxidized LDL in atherosclerosis. Ann. N. Y. Acad. Sci. 947, 199-206 (2001).
. Grone, H. J., Grone, E. F. & Malle, E. Inmunohistochemical detection of hypochlorite-modified proteins in glomeruli of human
membranous glomerulonephritis. Lab. Investig. 82, 5-14 (2002).
. Ramalingam, M. & Kim, S. J. Reactive oxygen/nitrogen species and their functional correlations in neurodegenerative diseases. J.
Neural Transm. 119, 891-910 (2012).
7. Roy, D. et al. Role of reactive oxygen species on the formation of the novel diagnostic marker ischaemia modified albumin. Heart
92, 113-114 (2006).
8. Gaze, D. C. Ischemia modified albumin: A novel biomarker for the detection of cardiac ischemia. Drug Metab. Pharmacokinet. 24,
333-341 (2009).
9. Kettle, A. J. & Winterbourn, C. C. Myeloperoxidase: A key regulator of neutrophil oxidant product. Redox Rep. 3, 3-15 (1997).
10. Alcaraz-Quiles, J. et al. Oxidized albumin triggers a cytokine storm in leukocytes through P38 mitogen-activated protein kinase:
Role in systemic inflammation in decompensated cirrhosis. Hepatology 68, 1937-1952 (2018).
11. Claria, J. et al. Systemic inflammation in decompensated cirrhosis: Characterization and role in acute-on-chronic liver failure.
Hepatology 64, 1249-1264 (2016).
12. Moreau, R. et al. Acute-on-chronic liver failure is a distinct syndrome that develops in patients with acute decompensation of
cirrhosis. Gastroenterology 144, 1426-1437.e9 (2013).
13. Xiao, L. L. et al. Using advanced oxidation protein products and ischaemia-modified albumin to monitor oxidative stress levels in
patients with drug-induced liver injury. Sci. Rep. 10, 1-10 (2020).
14. Oettl, K. et al. Oxidative albumin damage in chronic liver failure: Relation to albumin binding capacity, liver dysfunction and
survival. J. Hepatol. 59, 978-983 (2013).
15. Sakurama, K. et al. Effects of Oxidation of Human Serum Albumin on the Binding of Aripiprazole. Biol. Pharm. Bull. 43, 1023-1026
(2020).
16. Oettl, K. & Stauber, R. E. Physiological and pathological changes in the redox state of human serum albumin critically influence
its binding properties. Br. J. Pharmacol. 151, 580-590 (2007).
17. Fujii, R. et al. Oxidized human serum albumin as a possible correlation factor for atherosclerosis in a rural Japanese population:
The results of the Yakumo Study. Environ. Health Prev. Med. 23, 1-7 (2018).
18. Noce, A. et al. Hemodialysis biomarkers: total advanced glycation end products (AGEs) against oxidized human serum albumin
(HSAox). Acta Diabetol. 56, 1323-1331 (2019).
19. Witko-Sarsat, V., Gausson, V. & Descamps-Latscha, B. Are advanced oxidation protein products potential uremic toxins?. Kidney
Int. Suppl. 63, 11-14 (2003).
20. Suzuki, E. et al. Increased oxidized form of human serum albumin in patients with diabetes mellitus. Diabetes Res. Clin. Pract. 18,
153-158 (1992).
21. Magzal, F et al. In-vivo oxidized albumin-a pro-inflammatory agent in hypoalbuminemia. PLoS One 12, 1-14 (2017).
22. Das, S. et al. Hyperoxidized albumin modulates neutrophils to induce oxidative stress and inflammation in severe alcoholic
hepatitis. Hepatology 65, 631-646 (2017).
23. Iwao, Y. et al. Oxidation of Arg-410 promotes the elimination of human serum albumin. Biochim. Biophys. Acta Proteins Proteomics
1764, 743-749 (2006).
24. Iwao, Y. et al. The structural and pharmacokinetic properties of oxidized human serum albumin, advanced oxidation protein
products (AOPP). Drug Metab. Pharmacokinet. 21, 140-146 (2006).
25. Bhandari, S., Larsen, A. K., McCourt, P,, Smedsrod, B. & Serensen, K. K. The scavenger function of liver sinusoidal endothelial
cells in health and disease. Front. Physiol. 12, 1-23 (2021).
26. Serensen, K. K. et al. The scavenger endothelial cell: A new player in homeostasis and immunity. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 303, 1217 (2012).
27. McCourt, P, Smedsred, B., Melkko, J. & Johansson, S. Characterization of a hyaluronan receptor on rat sinusoidal liver endothelial
cells and its functional relationship to scavenger receptors. Hepatology 30, 1276-1286 (1999).
28. Svistounov, D. et al. Hepatic disposal of advanced glycation end products during maturation and aging. Exp. Gerontol. 48, 549-556
(2013).
29. Smedsrod, B. Clearance function of scavenger endothelial cells. Comp. Hepatol. 3, S22 (2004).

G W N =

(=2}

Scientific Reports |

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



www.nature.com/scientificreports/

. Hansen, B., Arteta, B. & Smedsred, B. The physiological scavenger receptor function of hepatic sinusoidal endothelial and Kupffer
cells is independent of scavenger receptor class A type I and II. Mol. Cell. Biochem. 240, 1-8 (2002).

31. Tamura, Y. et al. FEEL-1 and FEEL-2 are endocytic receptors for advanced glycation end products. J. Biol. Chem. 278, 12613-12617
(2003).

32. Blombhoff, R., Eskild, W. & Berg, T. Endocytosis of formaldehyde-treated serum albumin via scavenger pathway in liver endothelial
cells. Biochem. J. 218, 81-86 (1984).

33. Politz, O. et al. Stabilin-1 and -2 constitute a novel family of fasciclin-like hyaluronan receptor homologues. Biochem. J. 362,
155-164 (2002).

34. PrabhuDas, M. R. et al. A consensus definitive classification of scavenger receptors and their roles in health and disease. J. Immunol.
198, 3775-3789 (2017).

35. Li, R. et al. Role of liver sinusoidal endothelial cells and stabilins in elimination of oxidized low-density lipoproteins. Am. J. Physiol.
Gastrointest. Liver Physiol. 300, 71-81 (2011).

36. Harris, E. N. & Weigel, P. H. The ligand-binding profile of HARE: Hyaluronan and chondroitin sulfates A, C, and D bind to
overlapping sites distinct from the sites for heparin, acetylated low-density lipoprotein, dermatan sulfate, and CS-E. Glycobiology
18, 638-648 (2008).

37. Schledzewski, K. et al. Deficiency of liver sinusoidal scavenger receptors stabilin-1 and -2 in mice causes glomerulofibrotic
nephropathy via impaired hepatic clearance of noxious blood factors. J. Clin. Invest. 121, 703-714 (2011).

38. Kayashima, Y. et al. Reduction of stabilin-2 contributes to a protection against atherosclerosis. Front. Cardiovasc. Med. 9, 1-15
(2022).

39. Manta, C. P. et al. Targeting of scavenger receptors stabilin-1 and stabilin-2 ameliorates atherosclerosis by a plasma proteome
switch mediating monocyte/macrophage suppression. Circulation 146, 1783-1799 (2022).

40. Leibing, T. et al. Deficiency for scavenger receptors Stabilin-1 and Stabilin-2 leads to age-dependent renal and hepatic depositions
of fasciclin domain proteins TGFBI and Periostin in mice. Aging Cell https://doi.org/10.1111/acel.13914 (2023).

41. Krzistetzko, J., Géraud, C., Dormann, C., Riedel, A. & Leibing, T. Association of differentially altered liver fibrosis with deposition
of TGFBi in stabilin-deficient mice. Int. J. Mol. Sci. 24, 10969 (2023).

42. Carai, P. et al. Stabilin-1 mediates beneficial monocyte recruitment and tolerogenic macrophage programming during CVB3-
induced viral myocarditis. J. Mol. Cell. Cardiol. 165, 31-39 (2022).

43. Michels, A. et al. Stabilin-2 deficiency increases thrombotic burden and alters the composition of venous thrombi in a mouse
model. J. Thromb. Haemost. 19, 2440-2453 (2021).

44. Lee, G.Y. et al. Molecular targeting of atherosclerotic plaques by a stabilin-2-specific peptide ligand. J. Control. Release 155, 211-217
(2011).

45. Kim, S. Y. et al. Identifying stabilin-1 and stabilin-2 double knockouts in reproduction and placentation: A descriptive study. Int.
J. Mol. Sci. 21, 1-11 (2020).

46. Falkowski, M., Schledzewski, K., Hansen, B. & Goerdt, S. Expression of stabilin-2, a novel fasciclin-like hyaluronan receptor protein,
in murine sinusoidal endothelia, avascular tissues, and at solid/ liquid interfaces. Histochem. Cell Biol. 120, 361-369 (2003).

47. Hare, A. K. & Harris, E. N. Tissue-specific splice variants of HARE/Stabilin-2 are expressed in bone marrow, lymph node, and
spleen. Biochem. Biophys. Res. Commun. 456, 257-261 (2015).

48. Martinez, I. et al. The influence of oxygen tension on the structure and function of isolated liver sinusoidal endothelial cells. Comp.
Hepatol. 7, 1-11 (2008).

49. Li, R. et al. Changes in the proteome and secretome of rat liver sinusoidal endothelial cells during early primary culture and effects
of dexamethasone. PLoS ONE 17, 0273843 (2022).

50. Hansen, B. et al. Advanced glycation end products (AGEs) lower the clearance function of hepatic scavenger endothelial cells
(SEC). Int. Congr. Ser. 1245, 125-128 (2002).

51. Cabral, F. et al. Stabilin receptors clear LPS and control systemic inflammation. iScience 24, 103337 (2021).

52. Peres, L. A. B., Bredt, L. C. & Cipriani, R. E. E. Acute renal injury after partial hepatectomy. World J. Hepatol. 8, 891-901 (2016).

53. Hansen, B. et al. Advanced glycation end products impair the scavenger function of rat hepatic sinusoidal endothelial cells.
Diabetologia 45, 1379-1388 (2002).

54. Liu, H. & Li, J. Aging and dyslipidemia : A review of potential mechanisms. Ageing Res. Rev. 19, 43-52 (2015).

55. Patten, D. A. & Shetty, S. More than just a removal service: Scavenger receptors in leukocyte trafficking. Front. Immunol. 9, 2904
(2018).

56. Kyosseva, S. V., Harris, E. N. & Weigel, P. H. The hyaluronan receptor for endocytosis mediates hyaluronan-dependent signal
transduction via extracellular signal-regulated kinases. J. Biol. Chem. 283, 15047-15055 (2008).

57. Adachi, H. & Tsujimoto, M. FEEL-1, a novel scavenger receptor with in vitro bacteria-binding and angiogenesis-modulating
activities. J. Biol. Chem. 277, 34264-34270 (2002).

58. Park, S. Y. & Kim, L. S. Stabilin receptors: Role as phosphatidylserine receptors. Biomolecules 9, 1-16 (2019).

59. Park, S. Y. et al. Rapid cell corpse clearance by stabilin-2, a membrane phosphatidylserine receptor. Cell Death Differ. 15, 192-201
(2008).

60. Forman, H. J. & Zhang, H. Targeting oxidative stress in disease: promise and limitations of antioxidant therapy. Nat. Rev. Drug
Discov. 20, 689-709 (2021).

61. Vuento, M. & Vaheri, A. Purification of fibronectin from human plasma by affinity chromatography under non-denaturing
conditions. Biochem. J. 183, 331-337 (1979).

62. Mego, J. L., Bertini, E. & McQueen, J. D. The use of formaldehyde-treated 131I-albumin in the study of digestive vacuoles and some
properties of these particles from mouse liver. J. Cell Biol. 32, 699-707 (1967).

63. Simon-Santamaria, J. et al. Efficient uptake of blood-borne BK and JC polyomavirus-like particles in endothelial cells of liver
sinusoids and renal Vasa recta. PLoS ONE 9, e111762 (2014).

64. Elvevold, K., Kyrrestad, I. & Smedsrad, B. Protocol for isolation and culture of mouse hepatocytes (HCs), Kupffer Cells (KCs), and
liver sinusoidal endothelial cells (LSECs) in analyses of hepatic drug distribution. In Antisense RNA Design, Delivery, and Analysis
385-402 (2022).

65. Hansen, B. ef al. Stabilin-1 and stabilin-2 are both directed into the early endocytic pathway in hepatic sinusoidal endothelium
via interactions with clathrin/AP-2, independent of ligand binding. Exp. Cell Res. 303, 160-173 (2005).

66. Shevchenko, A., Wilm, M., Vorm, O. & Mann, M. Mass spectrometric sequencing of proteins from silver-stained polyacrylamide
gels. Anal. Chem. 68, 850-858 (1996).

Acknowledgements

Special thanks to Randi Olsen and Tom Ivar Eilertsen at the microscopy core facility, Jack Ansgar Bruun at the
UiT proteomics facility, Montserrat Martin-Armas at the PET-CORE centre at UiT, Bard Smedsred, Karen K.
Serensen, Cristina I. Qie, for advice on practical details on endocytosis assays and application forms.

Scientific Reports |

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


https://doi.org/10.1111/acel.13914

www.nature.com/scientificreports/

Author contributions

Conceptualization: C.H.; experimental design: C.H., J.S., R.L., D.S., PM.; experimental work: C.H., K.S., LK,
J.S., R.L,, D.S.; writing original draft: C.H.; manuscript revision and editing: C.H., K.S., L.K,, J.S., R.L, D.S., PM.;
supervision: PM.

Fundin

Open accgess funding provided by UiT The Arctic University of Norway (incl University Hospital of North
Norway). KJS/PM are funded in part by the Horizon Europe EIC Pathfinder Open Grant Agreement No.
101046928. KJS/PM/LDH were funded wholly or in part by the Horizon 2020 MSCA ITN Grant Agreement
No. 766181. PM is funded by the Research Council of Norway FRIPRO Grant Agreement No. 325446.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-46462-9.

Correspondence and requests for materials should be addressed to C.H.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

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


https://doi.org/10.1038/s41598-023-46462-9
https://doi.org/10.1038/s41598-023-46462-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Highly oxidized albumin is cleared by liver sinusoidal endothelial cells via the receptors stabilin-1 and -2
	Results
	In vivo biodistribution
	Hepatocellular distribution
	In vitro uptake in isolated liver cell populations
	In vitro identification of the oxHSA endocytosis receptor
	Recovery of endocytosis
	Morphology and viability of LSEC challenged with oxHSA

	Discussion
	Experimental procedures
	List of reagents
	Production and characterisation of oxHSA
	Radiolabeling of oxHSA, FSA, AGE-BSA, oxLDL
	Animals
	Method of euthanasia, anaesthesia and analgesia
	In vivo clearance, organ- and hepatocellular distribution
	Isolation of primary mouse liver sinusoidal endothelial cells, Kupffer Cells, hepatocytes
	HEK293 cells stably expressing stabilin 1 or 2
	Affinity chromatography
	Endocytosis experiments
	Fluorescent microscopy
	Scanning electron microscopy
	Viability experiments

	References
	Acknowledgements


