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Abstract: Uremic toxins exert pathophysiological effects on cells and tissues, such as the generation
of a pro-calcifying subtype of exosome-like extracellular vesicles (EVs) in vascular cells. Little is
known about the effects of the toxins on the surface structure of EVs. Thus, we studied the effects of
uremic toxins on the abundance of sulfated glycosaminoglycans (GAGs) in EVs, and the implications
for binding of ligands such as very small superparamagnetic iron oxide particles (VSOPs) which
could be of relevance for radiological EV-imaging. Vascular cells were treated with the uremic toxins
NaH2PO4 and a mixture of urea and indoxyl sulfate. Uremia in rats was induced by adenine feeding.
EVs were isolated from culture supernatants and plasma of rats. By proton T1-relaxometry, magnetic
particle spectroscopy, and analysis of genes, proteins, and GAG-contents, we analyzed the roles
of GAGs in the ligand binding of EVs. By influencing GAG-associated genes in host cells, uremic
toxins induced higher GAG contents in EVs, particularly of sulfated chondroitin sulfate and heparan
sulfate chains. EVs with high GAG content interacted stronger with VSOPs compared to control ones.
This was confirmed by experiments with GAG-depleted EVs from genetically modified CHO cells
and with uremic rat-derived EVs. Mechanistically, uremic toxin-induced PI3K/AKT-signaling and
expression of the sulfate transporter SLC26A2 in host cells contributed to high GAG contents in EVs.
In conclusion, uremic conditions induce enhanced GAG contents in EVs, which entails a stronger
interaction with VSOPs. VSOPs might be suitable for radiological imaging of EVs rich in GAGs.

Keywords: extracellular vesicles; uremic toxins; VSOP; glycosaminoglycans; exosomes

1. Introduction

The increased plasma levels of organic or inorganic uremic toxins such as indoxyl
sulfate or inorganic phosphate, respectively, could cause renal or cardiovascular injuries
such as renal fibrosis, vascular dysfunction or vascular calcification [1,2]. These patho-
physiological conditions are often associated with remodeling of the extracellular matrix
(ECM) [3], which interacts with cells and soluble factors and therefore regulates tissue
homeostasis and various cellular functions [4,5].

We recently found that treatment of endothelial cells (ECs) with a mixture of the
uremic toxins urea and indoxyl sulfate (UI) induced the generation of a pro-calcifying
uremic subtype of exosome-like extracellular vesicles (EVs) [6]. This complements previous
reports showing that the release and the cargo load of EVs is influenced by the surrounding
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milieu of the donor cells [7,8]. For instance, plasma-derived EV from patients with chronic
kidney disease contain altered levels of microRNAs compared to healthy controls. These
modified EVs were associated with an altered phenotype of vascular smooth muscle cells
(VSMCs) and enhanced vascular calcification in the patients [9].

As only briefly outlined, specific analyses focused on the cargo load and biological
function of those EVs, leaving out a closer look at alterations in the surface of the different
EV populations [6].

EVs are generated from the cell surface as microvesicles (diameter ~100–1000 nm) or as
exosomes (~20–150 nm) by fusion of multivesicular bodies with the plasma membrane [10];
thus, they could comprise the same surface glycosylation profile as their host cells [11].
This, in turn, implies a surface-dependent interaction of EVs with various ligands.

Since surface structures or ECM components in general fulfill multifaceted functional
effects and function as a carrier of information in pathologically altered tissue [12]; they are
promising targets for a tissue- and disease-specific molecular imaging. Imaging probes that
might be useful for radiological imaging of ECM-associated pathophysiological conditions
are very small superparamagnetic iron oxide particles (VSOPs). VSOPs are currently used
to visualize inflammatory sites in diseases including multiple sclerosis, atherosclerosis,
and inflammatory bowel diseases by magnetic resonance imaging (MRI) [13,14]. These
studies suggest that VSOPs interact with tissues and cells through the binding of VSOPs to
glycosaminoglycans (GAGs) [13,15].

In a previous study on imaging experiments on atherosclerotic rabbits, we found a
co-localization of EVs with VSOPs in areas rich in GAGs [14], which implies an interaction
between EVs, VSOPs and GAGs.

GAGs are long negatively charged polysaccharides covalently attached to core pro-
teins to form proteoglycans. These proteoglycans are major constituents of the ECM and
are essential for life by driving many biological processes, including structural integrity,
inflammation, growth and development, and many others. GAGs are assembled in re-
peating disaccharide units of uronic acid and hexosamine. In heparan sulfate (HS), the
uronic acid is either a D-glucuronic acid (GlcA) or a L-iduronic acid (IdoA) coupled to a
N-acetyl-d-glucosamine (GlcNAc). The HS chain can be modified by sulfation, with an
N-deacetylase/N-sulfotransferase converting the GlcNAc to an N-sulfated glucosamine,
as well as the addition of sulfates by sulfotransferases at the carbon-2 position of the
GlcA/IdoA and the carbon-3 and 6 positions of the glucosamine. Chondroitin sulfate (CS)
has a repeating unit of D-glucuronic acid (GlcA) and N-acetyl-D-galactosamine (GalNAc),
which can be sulfated at the carbon-2 position of the GlcA and the carbon-4 and 6 positions
of the GalNAc. Dermatan sulfate is composed of a repeating IdoA-GalNAc unit, which
can be modified by sulfation at the carbon-2 position of the IdoA and the carbon-4 and
-6 positions of the GalNAc. While the exact alterations in the primary structure of these
glycosaminoglycans are currently unidentified, numerous studies have confirmed the
occurrence of structures in disease pathology that are absent in healthy tissues.

Continuing our previous study on pathophysiological effects of uremic conditions
on EV [6], we therefore aim to analyze the effects of uremic toxins on the abundance and
composition of GAGs in isolated EVs and in their host cells. Against the background of
a potential future imaging of EVs, we apply 1H-T1-relaxometry measurements to study
the interaction between EVs and VSOPs. Together with the pharmacokinetic properties,
the longitudinal T1- and transverse T2-relaxivities determine the efficacy and the magnetic
properties of an MRI in contrast to agent-like VSOPs. Certain factors such as the physiologi-
cal environment and the interaction of VSOPs with surrounding binding partners—such as
EVs—modulate the local electromagnetic field of VSOPs. This provides a direct relationship
between a strong interaction of VSOPs with binding partners and decreasing T1-relaxivities
of VSOPs and vice versa [16–18].
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2. Results

2.1. EVs Derived from Endothelial Cells and Vascular Smooth Muscle Cells Reduce the
T1-Relaxivity of VSOPs in a Concentration-Dependent Manner

First insights into potential interactions between EVs and VSOPs were obtained by
T1-relaxivity measurements with VSOPs alone and in combination with rising EV concen-
trations. EV populations isolated from untreated VSMCs and ECs significantly reduced the
T1-relaxivity of VSOPs in a concentration-dependent manner (Figure 1A), which indicates
an interaction between EVs and VSOPs. To confirm this interaction, magnetic particle
spectroscopy (MPS) measurements were performed. EV populations derived from both
cell lines changed the magnetic behavior of VSOPs indicated by an increase in the high
harmonic A5/A3 ratio (Figure 1B). Again, the effects of EC-derived EVs were stronger than
the effects of VSMC-derived EVs.

Figure 1. EVs, and in particular uremic toxin-induced EVs, strongly impact the T1 relaxivity and
magnetic properties of VSOPs. (A) EVs were isolated from ECs or VSMCs. T1 relaxation rates of
VSOPs were determined in the presence of rising concentrations of the respective EVs. T1 relaxivites
(r1) were determined by linear fitting of T1 relaxation rates in relation to VSOP concentrations. Shown
are means ± SD (n = 4). (B) EVs isolated from ECs or VSMCs were mixed with VSOPs and the
resulting effects on the A5/A3 ratio of VSOPs were determined by magnetic particle spectroscopy
measurements. Measurement of the vehicle (0.009% NaCl solution) without EVs served as control.
Shown are means ± SD (n = 3, * p < 0.05). (C) ECs and VSMCs were treated with Pi or UI for 7 d.
EVs were isolated from supernatants. T1 relaxation rates of VSOPs were determined in the presence
of rising concentrations of the respective EVs. T1 relaxivites (r1) were determined by linear fitting
of T1 relaxation rates in relation to VSOP concentrations. Shown are means ± SD (n = 4). (D) EV
isolated from Pi-treated ECs or VSMCs or (E) EVs from UI-treated ECs or VSMCs were injected to
VSOPs and the resulting effects on the A5/A3 ratio of VSOPs were determined by magnetic particle
spectroscopy measurements. Injection of the vehicle (0.009% NaCl solution) served as control. Shown
are means ± SD (n = 3, * p < 0.05, ns not significant). Abbr.: A5/A3, dynamic magnetization behavior
of VSOPs; EC, endothelial cells; EV, extracellular vesicles; Pi, inorganic phosphate; UI, mixture of
urea and indoxyl sulfate; VSMC, vascular smooth muscle cells; VSOP, very small superparamagnetic
iron oxide nanoparticles.
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2.2. EVs Derived from Cells Treated with Uremic Toxins Show a Stronger Interaction with VSOPs
in T1 Relaxivity Measurements Compared to Control

Previous data show that the milieu of the host cells could affect the properties of
secreted EVs [6]. To experimentally mimic pathophysiological conditions that occur during
chronic kidney disease (CKD), ECs and VSMCs were treated with the inorganic uremic
toxin phosphate (Pi) or with a mixture of the organic uremic toxins urea and indoxyl
sulfate (UI). For ECs, EVs from Pi- and UI-treated cells provoked a stronger reduction
in T1 relaxivity of VSOPs than respective EV controls (Figure 1C). A similar effect was
observed for EVs from Pi-treated VSMCs (Figure 1D). In contrast, EVs from UI-treated
VSMCs had a weaker effect on T1 relaxivity compared to control EVs (Figure 1C). Again,
these observations were confirmed by MPS measurements, in that EVs from Pi- treated
ECs and VSMCs had a stronger effect on changes in A5/A3 values of VSOPs compared to
control (Figure 1D). A similar result was obtained for EVs from UI-treated ECs (Figure 1E).
No distinct differences to control on A5/A3 values of VSOPs were observed for effects of
EVs from UI-treated VSMCs (Figure 1E).

2.3. Treatment of ECs and VSMCs with Pi or UI Alter the Gene Expression Profile of Proteins
Being Involved in GAG Homeostasis and Enhances the Amount of GAG in Cells and Isolated EVs

Aiming to investigate the reasons for the different effects of the EV populations,
we focused on the abundance of GAGs on the EVs, as these seem to be involved in the
interaction between VSOPs and cells (and therefore also EVs) [13]. In the first step, we
investigated differences in gene expressions of proteins being involved in cellular GAG
metabolism in the host cells. A short description of the respective function of the genes can
be found in Table 1.

Table 1. Function of the genes examined in the study.

Gene Function Reference

B3GNT2 Galactosyltransferase which catalyzes the chain
elongation process in GAG synthesis [19]

B4GALT1 Involved in the synthesis and elongation of GAG
chains [20]

CHST15
Encodes for a 6-O-sulfotransferase being
involved in the formation of sulfated
GalNAc4S6S residues of CS/DS

[21]

CHSY1 Involved in the synthesis and elongation of GAG
chains [22]

EXT1 Involved in the synthesis of HS-chains [23]

HAS1 Hyaluronan synthase responsible for the
synthesis of hyaluronic acid [24]

HEX A Involved in the hydrolysis of GAG components [25]
HEX B Involved in the hydrolysis of GAG components [25]
RPL19 Housekeeping gene [26]

SLC26A2 Sulfate transporter which regulates sulfation of
GAGs [27]

XYLT2
Glycosyltransferase that initiates biosynthesis of
GAG chains in proteoglycans including CS, HS
and DS

[28]

Pi significantly upregulated genes B4GALT1 (1.86-fold) and CHSY1 (1.80-fold) in ECs
(Figure 2A), which, amongst others, are involved in the synthesis and elongation of GAG
chains [29,30]. Interestingly, genes HEXA and HEXB, which encode for β-hexosaminidases
being involved in the hydrolysis of GAG components [25], were also significantly upregu-
lated (2.58-fold and 1.57-fold, respectively) (Figure 2A).
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UI (20 mM UREA, 375 µM IS) or vehicle only as control. Gene expressions were determined by 
qPCR and were normalized to RPL19 expressions. Shown are means ± SD (n = 3). * p < 0.05 versus 
control. (B) GAG contents in cells and EVs were quantified using the BlyscanTM assay. Shown are 
means ± SD (n = 3, * p < 0.05, ns not significant). Abbr.: EC, endothelial cells; EV, extracellular vesicles; 
Pi, inorganic phosphate; RPL19, ribosomal protein L19; GAG, sulfated glycosaminoglycans; UI, 
mixture of urea and indoxyl sulfate; VSMC, vascular smooth muscle cells. 
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VSOPs in T1 relaxivity measurements. 

We treated VSMCs and ECs with genistein, a known inhibitor of cellular GAG syn-
thesis [31]. Genistein-treated cells as well as isolated EVs comprised reduced GAG con-
tents compared to controls (Figure 3A). In T1 relaxivity experiments, EVs derived from 
genistein-treated ECs and VSMCs showed an alleviated effect on T1 relaxivity of VSOPs 
compared to control (Figure 3B). 

Figure 2. Uremic toxins impact the GAG-relevant gene expression in host cells and modify GAG
contents in host cells and isolated EVs. (A) ECs and VSMCs were treated for 7 d with Pi (3.5 mM), UI
(20 mM UREA, 375 µM IS) or vehicle only as control. Gene expressions were determined by qPCR
and were normalized to RPL19 expressions. Shown are means ± SD (n = 3). * p < 0.05 versus control.
(B) GAG contents in cells and EVs were quantified using the BlyscanTM assay. Shown are means
± SD (n = 3, * p < 0.05, ns not significant). Abbr.: EC, endothelial cells; EV, extracellular vesicles; Pi,
inorganic phosphate; RPL19, ribosomal protein L19; GAG, sulfated glycosaminoglycans; UI, mixture
of urea and indoxyl sulfate; VSMC, vascular smooth muscle cells.

In Pi-treated VSMCs, expressions of several GAG-specific genes like XYLT2, CHSY1
and HEXA tended to be enhanced; however, only the CHST15 (4.34-fold) gene, which en-
codes for a 6-O-sulfotransferase involved in the formation of sulfated GalNAc4S6S residues
of CS/DS [21], and HAS1 (2.63-fold), which is involved in the synthesis of hyaluronic acid,
were significantly upregulated (Figure 2A).

In ECs treated with UI, gene expressions of XYLT2 (1.32-fold), B3GNT2 (1.31-fold)
and CHSY1 (1.39-fold) were significantly upregulated (Figure 2A). In contrast, UI-treated
VSMCs comprised a downregulation of CHSY1 (0.61-fold) and CHST15 (0.52-fold) while
genes HAS1 (6.48-fold) and HexB (1.45-fold) were significantly upregulated (Figure 2A).

We subsequently quantified the amounts of GAG in the cells and in the respective
isolated EVs using the BlyscanTM Sulfated Glycosaminoglycan Assay kit. Significantly in-
creased GAG contents were measured in Pi- and UI-treated ECs (Figure 2B). In VSMCs, only
Pi significantly enhanced GAG contents while UI showed only minor effects (Figure 2B).
Like the host cells, isolated EVs from Pi- and UI-treated ECs also comprised significantly
higher GAG contents compared to those of EVs derived from supernatants of control
cells (Figure 2B). The Pi- and UI-treated VSMC-derived EV populations also contained ele-
vated levels of GAGs; however, only GAGs in Pi-induced EVs were significantly enhanced
compared to control (Figure 2B).

2.4. Indirect Modulation of GAG Contents in EVs Affects the Interaction between VSOPs and EVs
in T1 Relaxivity Measurements

Since GAG homeostasis and/or the quantity of GAGs in host cells is affected by uremic
toxins, we next aimed to selectively modulate the GAG composition in the cells to test the
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implications on the strength of interaction between the respective isolated EVs and VSOPs
in T1 relaxivity measurements.

We treated VSMCs and ECs with genistein, a known inhibitor of cellular GAG synthe-
sis [31]. Genistein-treated cells as well as isolated EVs comprised reduced GAG contents
compared to controls (Figure 3A). In T1 relaxivity experiments, EVs derived from genistein-
treated ECs and VSMCs showed an alleviated effect on T1 relaxivity of VSOPs compared to
control (Figure 3B).
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Figure 3. Artificially reduced GAG contents in host cells entail reduced GAG contents in EVs and
an attenuated interaction of the EVs with VSOPs. ECs and VSMCs were treated with 15 µM of the
inhibitor of cellular GAG synthesis genistein for 3 d or left untreated. EVs were isolated from culture
supernatants. (A) Contents of GAGs in cells and isolated EVs were determined using the BlyscanTM

assay. Shown are means ± SD (n = 3). (B) Different concentrations of the EVs were mixed with
VSOPs and T1 relaxivities were determined by linear fitting of T1 relaxation rates in relation to VSOP
concentrations. Shown are means ± SD (n = 4, * p < 0.05, ns not significant). Abbr.: EC, endothelial
cells; EV, extracellular vesicles; GAG, sulfated glycosaminoglycans; VSMC, vascular smooth muscle
cells; VSOP, very small superparamagnetic iron oxide nanoparticles.

2.5. Treatment of EVs with GAG Lyases Attenuates the Interaction between VSOPs and EVs in T1
Relaxivity Measurements

We next treated isolated EVs directly with heparinase III and/or chondroitinase ABC,
which specifically degrade HS and/or CS/DS, respectively [32]. As expected, treatment
of EC- and VSMC-derived EVs with the individual enzymes and a combination thereof
distinctly reduced the contents of GAGs in the EVs (Figure 4A). In parallel, the effects of
the lyase-treated EVs on T1 relaxation of VSOPs were distinctly decreased compared to
control. The strongest effects in both EV populations were achieved by treatment with a
combination of heparinase III and chondroitinase ABC (Figure 4B).

We next tested this effective combination of both enzymes regarding its effects on
the VSOP-T1 relaxation of Pi-induced EVs. Figure 4C shows that the lyase treatment of
EC-derived EVs significantly attenuated the effects of the Pi-induced EVs to a level below
that of respective control EVs.
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VSOPs, we next used EVs isolated from supernatants of commercially available genet-
ically modified CHO cell lines. These are either HS deficient (CRL-2244TM) or total GAG 
deficient due to a defect in xylosyltransferase I (CRL-2242TM). The wild-type CHO cell line 
CCL-61™ served as control.  

First, we quantified GAG contents of cells and EVs. As expected, wild-type CHO cells 
displayed the highest content of GAGs followed by HS-deficient cells. No GAGs were 
detectable in CRL-2242 cells (Figure 5A). In the respective isolated EVs, similar patterns 
for GAG contents were observed (Figure 5A). 

Like EVs from ECs and VSMCs, also EVs derived from the control cell line CCl-61™ 
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Figure 4. Degradation of GAGs by lyases attenuate the effects of EVs on T1 relaxivities of VSOPs. EVs
were incubated with lyases as indicated for 1 h at 37 ◦C. (A) GAG contents in EVs were determined
using the BlyscanTM assay. Shown are means ± SD from three independent experiments. (B) Different
concentrations of control- and lyase-treated EVs were mixed with VSOPs and T1 relaxivities were
determined by linear fitting of T1 relaxation rates in relation to VSOP concentrations. Shown are
means ± SD (n = 4). (C) Pi-induced EVs from ECs were treated with lyases as indicated or left
untreated. T1 relaxivities were determined as described above. Shown are means ± SD (n = 4,
* p < 0.05, ns not significant). Abbr.: Chon ABC, chondroitinase ABC; EV, extracellular vesicles; GAG,
sulfated glycosaminoglycans; hep III, heparinase III; Pi, inorganic phosphate; VSMC, vascular smooth
muscle cells; VSOP, very small superparamagnetic iron oxide nanoparticles.

2.6. EVs from GAG-Depleted Cells Show a Decreased Interaction with VSOPs in
T1 Relaxation Studies

To further highlight the functional role of GAGs in the interaction between EVs and
VSOPs, we next used EVs isolated from supernatants of commercially available genetically
modified CHO cell lines. These are either HS deficient (CRL-2244TM) or total GAG deficient
due to a defect in xylosyltransferase I (CRL-2242TM). The wild-type CHO cell line CCL-61™
served as control.

First, we quantified GAG contents of cells and EVs. As expected, wild-type CHO cells
displayed the highest content of GAGs followed by HS-deficient cells. No GAGs were
detectable in CRL-2242 cells (Figure 5A). In the respective isolated EVs, similar patterns for
GAG contents were observed (Figure 5A).

Like EVs from ECs and VSMCs, also EVs derived from the control cell line CCl-61™
reduced T1 relaxivity of VSOPs in a concentration-dependent manner (Figure 5B). In
comparison, the effects of EVs from HS- and total GAG-deficient cells on T1 relaxivity of
VSOPs were significantly reduced for every EV concentration used (Figure 5B).

2.7. EVs Isolated from Pi- and UI-Treated ECs and VSMCs Comprise Treatment-Dependent
Differences in HS and CS Contents including the Degree of Sulfation

Aiming to move one step further in analysis of treatment-dependent changes in GAGs
in EVs, we next investigated the structure and the degree of GAG sulfation in the different
EV populations.

EVs derived from UI-treated ECs contained distinctly increased overall levels of HS
and CS compared to control EVs (Figure 6A). Remarkably, UI-induced EVs comprised a
higher degree of 6-O-sulfation in HS and in 4-O-/6-O-sulfation in CS compared to control
(Figure 6A).
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Figure 5. EVs were isolated from different CHO cell lines either with normal GAG contents (CCL-61),
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with VSOPs and T1 relaxivities were determined by linear fitting of T1 relaxation rates in relation to
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Figure 6. Treatment of host cells with uremic toxins leads to changes in sulfate patterns of GAGs
in isolated EVs. (A,B) ECs and VSMCs were treated with UI for 7 d or left untreated. EVs were
isolated from culture supernatants and the analysis of sulfate patterns in GAG oligosaccharides in
isolated EVs was performed by UHPLC. Shown are means ± SD (n = 4, * p < 0.05). (C,D) ECs and
VSMCs were treated with Pi for 7 d or left untreated. EVs were isolated from culture supernatants
and the analysis of sulfate patterns in GAG oligosaccharides in isolated EVs was performed by
UHPLC. Shown are means ± SD (n = 4, * p < 0.05). Abbr.: EC, endothelial cells, EV, extracellular
vesicles; GAG, glycosaminoglycans; Pi, inorganic phosphate; UHPLC, ultra-high-performance liquid
chromatography; UI, mixture of urea and indoxyl sulfate; VSMC, vascular smooth muscle cells.
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In contrast, EVs derived from UI-treated VSMCs displayed slightly decreased amounts
of GAGs compared to control (Figure 6B). Also, the degree of sulfation in HS and CS
subunits was reduced (Figure 6B).

The treatment of ECs with Pi also provoked higher GAG contents in the respective
isolated EVs compared to control. Besides significantly enhanced contents of the chon-
droitin unit uronic acid-N-acetylgalactosamine (UA-GalNAc)(4S), a trending increase in
UA-GalNAc(6S), UA-GalNAc(4S,6S) and UA(2S)-GalNAc units was measured in Pi-treated
ECs (Figure 6C). Further, Pi induced significantly higher levels of the HS units uronic acid-
N-acetylglucosamine (UA-GlcNAc) and uronic acid-N-sulfated glucosamine (UA-GlcNS)
in EC-derived EVs (Figure 6C).

In VSMCs, Pi also significantly increased the contents of the sulfated chondroitin
units UA-GalNAc(4S) and UA-GalNAc(4S,6S) and provoked a trending increase in UA(2S)-
GalNAc(4S) compared to control. In contrast, Pi reduced HS (Figure 6D).

2.8. The Sulfate Transporter SLC26A2 Is Involved in Uremic Toxin-Induced Formation of
GAG-Enriched EVs

The data sets indicate that treatment-dependent changes of GAG contents in cells
influence the interaction between isolated EVs and VSOPs. We therefore analyzed the
involvement of the sulfate transporter SLC26A2, which regulates the sulfation of GAGs [27].
Indeed, treatment with Pi or UI significantly increased gene expressions of SLC26A2 after
3 days in ECs and VSMCs compared to control. After 7 days of treatment, the effects were
less pronounced (Figure 7A). In line with the gene expression data, Pi and UI also induced
a higher protein expression of SLC26A2 in ECs after 3 days of treatment (Figure 7B). In
VSMCs, only Pi induced SLC26A2 protein contents, while UI-treated cells rather showed
slightly decreased protein contents of SLC26A2 compared to control (Figure 7B).

We subsequently used specific siRNA to transiently knock down SLC26A2 in ECs
and VSMCs by ~80–90% (Supplementary Figure S2) and repeated the previous stimulation
experiments with the uremic toxins. A knockdown of SLC26A2 significantly decreased the
Pi- and UI-induced generation of GAGs in ECs (Figure 7C). Also, in VSMCs, the depletion
of SLC26A2 blocked the Pi-induced formation of GAGs (Figure 7C). As expected from our
initial experiments, UI-treated VSMCs comprised no significantly enhanced GAG contents
compared to control and the depletion of SLC26A2 had no significant effects (Figure 7C).

In subsequent relaxivity experiments, EVs isolated from SLC26A2-depleted ECs ex-
erted significantly attenuated effects on T1 relaxivity of VSOPs compared to control EVs
from Pi- and UI-treated cells with normal SLC26A2 protein expression (Figure 7D). In
VSMCs, only the Pi-induced effects of EVs on T1 relaxivity of VSOPs were significantly
reduced compared to control, while the effects of EVs from UI-treated VSMCs were not af-
fected by decreased SLC26A2 contents (Figure 7E). As expected from similar GAG contents
between the control group and the control+siRNA group (Figure 7C), treatment of cells
with siRNA in the absence of uremic toxins had no impact on the effects of isolated EVs on
the relaxivity of VSOPs compared to control (Supplementary Figure S3).

2.9. Uremic Toxin-Induced Upregulation of SLC26A2 Involves PI3K/AKT Signaling

Activation of PI3K/AKT signaling is obligatory for the function of SLC26A2 [27].
Hence, we investigated if the observed effects of Pi and UI involve the activation of this
pathway. A short treatment of 15 min with Pi and UI led to enhanced phosphorylation of
AKT in ECs (Figure 2.9A) and VSMCs (Figure 2.9B). As expected, the effects of the uremic
toxins on phosphorylation of AKT could be blocked be the presence of the PI3K/AKT
pathway inhibitor Ly294002 (Ly29) (Figure 2.9A,B). Further, the inhibition of AKT phos-
phorylation by Ly29 reduced the Pi-induced protein expression of SLC26A2 in ECs and
VSMCs (Figure 2.9C). In line with this, the presence of Ly29 during the stimulation with
uremic toxins led to distinctly reduced amounts of GAGs in ECs and VSMCs (Figure 2.9D)
and in their respective isolated EVs (Figure 2.9E).
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Figure 7. Uremic toxins impact the expression of the sulfate transporter SLC26A2 in host cells which
entails altered GAG contents in isolated EVs and a modified EV–VSOP interaction. ECs and VSMCs were
treated as indicated. EVs were isolated from culture supernatants. (A) Effects of the uremic toxins on
relative gene expression of SLC26A2 in the cells were determined by qPCR. Shown are means ± SD (n = 3,
* p < 0.05, ns not significant). (B) Protein expression of SLC26A2 in the cells was determined by Western
blot. Shown is one representative blot out of three. (C) SCL26A2 was transiently knocked down in the
cells by specific siRNA treatment. Effects on GAG contents in isolated EVs were determined using the
BlyscanTM assay. Shown are means ± SD (n = 3, * p < 0.05, ns not significant). (D,E) Effects of the SLC26A2
knock-down on the interaction between uremic toxin-induced EVs and VSOPs were determined by T1
relaxivity measurements. Different concentrations of the EVs were mixed with VSOPs and T1 relaxivities
were determined by linear fitting of T1 relaxation rates in relation to VSOP concentrations. Shown are means
± SD (n = 4, * p < 0.05, ns not significant). Abbr.: EC, endothelial cells, EV, extracellular vesicles; Pi, inorganic
phosphate; GAG, sulfated glycosaminoglycans; SLC26A2, solute carrier family 26 member 2; UI, mixture of
urea and indoxyl sulfate; VSMC, vascular smooth muscle cells; VSOP, very small superparamagnetic iron
oxide nanoparticles.
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Figure 8. Functional role of PI3K/AKT-signaling for GAG contents and binding properties of EVs. (A)
ECs and (B) VSMCs were treated with Pi or UI for 15 min or left untreated with or without the presence of
the PI3K/AKT-inhibitor Ly294002. Protein expression and phosphorylation of AKT was determined by
Western blot. Shown are representative blots of three independent experiments.
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(C) ECs and VSMCs were treated for 3 d with Pi or UI with or without the presence of Ly294002.
Protein expressions were determined by Western blot. Shown are representative blots of three
independent experiments. (D,E) ECs and VSMCs were treated 3 d with Pi or UI with or without the
presence of Ly294002. EVs were isolated from culture supernatants. Treatment-dependent effects on
GAG contents in cells and EVs were determined using the BlyscanTM assay. Shown are means ± SD
(n = 3, * p < 0.05, ns not significant). Abbr.: EC, endothelial cells, EV, extracellular vesicles; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase; Ly29, Ly294002—PI3K/AKT-inhibitor; Pi, inorganic
phosphate; GAG, sulfated glycosaminoglycans; SLC26A2, solute carrier family 26 member 2; UI,
mixture of urea and indoxyl sulfate; VSMC, vascular smooth muscle cells.

2.10. EVs from Plasma of Uremic Rats also Reduce T1 Relaxivity of VSOPs

In the first approach to translate our in vitro studies to in vivo, isolated EVs from
the plasma of control rats and rats with adenine-induced CKD were applied in T1 relax-
ivity measurements as well. Both EV populations decreased the T1 relaxivity of VSOPs
(Figure 9A). In concordance with the in vitro data, the effects of the uremic EV population
were significantly stronger than the effects of the control EVs (Figure 9A). These effects
were accompanied by higher contents of GAGs in the uremic EVs compared to the control
EVs (Figure 9B).

Like for the in vitro-derived EVs, a combined treatment with the lyases hep III and
chon ABC distinctly decreased GAG contents in the EVs (Figure 9C) accompanied by a
reduced interaction between the EVs and VSOPs in T1 relaxivity measurements (Figure 9D).
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Figure 9. EVs from plasma of uremic rats contain more GAGs and interact stronger with VSOPs
compared to control EVs. EVs were isolated from the plasma of uremic rats which were fed adenine
or from healthy control animals. (A) Different concentrations of EVs were mixed with VSOPs and T1
relaxivities were determined by linear fitting of T1 relaxation rates in relation to VSOP concentrations.
Shown are means ± SD (n = 4). (B) Contents of GAGs in isolated EVs were determined using the
BlyscanTM assay. Shown are means ± SD (n = 3). (C) Isolated EVs were treated with lyases as
indicated for 1 h and resulting GAG contents were determined using the BlyscanTM-assay. Shown
are means ± SD (n = 3). (D) Effects of the lyases on effects of the EVs on VSOPs were determined
by T1 relaxivity measurements. Shown are means ± SD (n = 4). * p < 0.05, ns not significant. Abbr.:
Chon ABC, chondroitinase ABC; EV, extracellular vesicles; hep III, heparinase III; GAG, sulfated
glycosaminoglycans; VSOP, very small superparamagnetic iron oxide nanoparticles.

3. Discussion

Here, we provide evidence that exosome-like EVs that were isolated from supernatants
of ECs or VSMCs as host cells interact with the imaging probe VSOPs. This interaction
depends on the presence of GAGs on the EVs. Pathophysiological conditions such as
the exposure of cells with uremic toxins influence the GAG composition of cells and EVs,
thereby also influencing the interaction of EVs with VSOPs. This might enable VSOPs
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as imaging probes to study EVs and GAG-associated pathophysiological conditions by
radiological imaging.

Recent own studies indicated that EVs co-localized with the areas of GAGs and VSOPs
in atherosclerotic plaques in rabbits [14], suggesting EVs to be suitable imaging targets
for VSOPs. One central aim of this study was therefore to gain insights into the possible
interaction between EVs and VSOPs. Indeed, we initially found that exosome-like EVs
isolated from ECs and VSMCs dose dependently decreased the T1 relaxivity of VSOPs.
Together with the obtained data from the MPS measurements, this indicates a direct
interaction between VSOPs and EVs, which presumably leads to increased agglomeration
of VSOP cores.

The T1 relaxivity measurements were used as a surrogate measurement for direct
binding studies between EVs and VSOP. The EV-mediated effects on VSOP relaxivity can
be explained by a process called transchelation [33]. The negatively charged citrate coating
of VSOPs can be replaced by negatively charged surface structures of potential binding
partners. The present study shows that EVs contain negatively charged GAGs which could
interact with the cationic iron oxide core of VSOPs. These interactions with neighbored
molecules decrease VSOP mobility, thereby modulating the local magnetic field of VSOPs
and subsequently causing diminished T1 relaxivity values for VSOPs [14,34,35]. The T1
relaxivity values therefore provide a direct relationship between the interactions of VSOPs
with binding partners such as EVs.

This is in line with previous studies showing that VSOPs bind to negatively charged
GAGs on cell surfaces [14,34]. This was reflected by changes in the magnetization of
VSOPs as assessed by MPS measurements, e.g., during cellular uptake of VSOPs [36].
Here-observed EV-mediated alterations of the magnetic properties of the VSOPs, indicated
by an altered A5/A3 ratio after contact with EVs, therefore support our assumption of a
direct interaction between VSOPs and EVs, presumably via transchelation.

Further experiments revealed that the GAG composition and thus the strength of this
interaction varies between different EVs and depends on the origin of the EVs. Treatment
with the uremic toxins led to an upregulation of genes relevant for the metabolism of
GAGs in the host cells. Amongst others, Pi induced the GAG chain synthesizing enzymes
B4GLAT1 and CHSY1 as well as the GAG-degrading enzyme HEXA in ECs. In VSMCs, the
sulfotransferase CHST15 and HAS1, one out of three isoenzymes responsible for cellular
hyaluronan synthesis, were significantly upregulated. This entailed subsequent alterations
of GAG contents in the isolated EVs as well. The experimental uremic conditions therefore
indirectly influence the interaction of EVs with VSOPs in relaxivity and MPS measurements.

Other studies demonstrated that pathophysiological conditions such as inflammation
can alter the synthesis and sulfation of GAGs as well and, thus, alter the binding of VSOPs
to the inflamed tissues or alter the uptake by, e.g., immune cells [13]. For instance, TNF-α
induces B4GALT1 in HUVECs [37] and TGF-β induces CHSY1 expression in VSMC [38].

Further own experiments supported the relevance of the toxin-mediated changes in
GAG composition for the interaction between EVs and VSOPs. The inhibition of cellular
GAG synthesis by genistein reduced GAG contents in cells and EVs and led to attenuated
effects of the respective EVs on VSOP-T1 relaxivity. Similar attenuating effects on VSOP-T1
relaxivity were obtained after the incubation of isolated EVs with GAG-degrading lyases.
A combination of chondroitinases and heparinases provoked the strongest effects, which
confirms the contribution of sulfated CS and HS to the interaction between EVs and VSOPs.

The functional relationship between GAG contents and the interaction between VSOPs
and EVs was further proved by experiments using isolating EVs from supernatants of
GAG-deficient CHO cells [39]. In line with previous studies [40], EVs from HS-deficient and
total GAG-deficient cells comprised significantly decreased GAG contents and decreased
interactions with VSOPs compared to EVs from CHO control cells.

Our hitherto data indicated that the quantity and presumably also the structure of
GAGs in cells and EVs are influenced under pathophysiological conditions in our cell
culture models, namely elevated levels of organic and inorganic uremic toxins in the
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culture medium. This complements other studies showing, e.g., an up to 50-fold increase
in 6-O-sulfated CS in gastrointestinal carcinoma [41] or elevated 6-O-sulfated and 4-O-,
6-O-disulfated CS structures in ovarian cancer [42,43].

Our data confirmed that the experimental uremic conditions provoked significant
changes in total GAG contents and GAG fine structures in isolated EVs, including altered
degrees of 6-O-sulfation in HS and 4-O-/6-O-sulfation in CS. These data complement the
gene expression data in that the Pi-induced upregulation of the sulfotransferase CHST15
in VSMCs, which transfers sulfate to Position 6 of GalNAc4S residues, is reflected by
higher contents of sulfated GalNAc4S6S residues in Pi-treated VSMCs. In this context,
previous data show significantly increased GAG-contents in arteries of uremic rats [44],
which supports the fact that uremic conditions modify GAGs in the cardiovascular system.

Aiming for underlying mechanisms of the uremic toxin-induced alterations of GAG
sulfation in cells and EVs, we found that primarily Pi and to a lesser extent UI induced the
expression of SLC26A2 in ECs and VSMCs. A known function of SLC26A2 is the transport
of sulfate into chondrocytes to maintain adequate sulfation of proteoglycans [45]. Amongst
others, mutations of this sulfate transporter gene are associated with chondrodysplasias [46].
Its transient knockdown in ECs and VSMCs led to reduced GAG contents in cells and
attenuated the interaction of isolated EVs with VSOPs in relaxation experiments.

Activation of the PI3K/AKT pathway has been shown to be a prerequisite for the
proper function of the SLC26A2 transporter [27] and to play a central role in the remodeling
of the ECM including ECs and VSMCs [47,48]. This enables the inhibition of AKT to be an
interesting target to prevent cardiovascular remodeling [49]. We here demonstrate that the
induced upregulation of SLC26A2 by uremic toxins is accompanied by the activation of
AKT signaling and the inhibition of AKT-attenuated SLC26A2 protein expression as well
as the generation of GAG in cells and isolated EVs. Such stimulating effects of Pi on AKT
signaling have also been described earlier, e.g., in lung cells [50,51].

In line with own previous studies [6], we confirmed our in vitro data by comparing
plasma-derived EVs from uremic rats with EVs from healthy rats. EVs from uremic rats
contained more GAGs and had a stronger effect on VSOP-T1 relaxivity compared to EVs
from control animals. This once again confirmed the important function of GAGs for the
interaction between EVs and potential ligands like VSOPs and the functional role of the
(patho)physiological environment of the host cells.

In conclusion, our data indicated that the pathophysiological condition of uremia
impacts not only the cargo load of EVs [6] but also the surface structure like the degree of
sulfation of GAGs. This, in turn, could influence the interaction of EVs with ligands such
as VSOPs. The results might help for the development of novel EVs, or tissue selective
imaging probes.

Limitations

Our cell culture models were performed under “classical” static culture conditions.
Previous data show that physiological surface shear stress impacts, e.g., the structure of
the cellular glycocalyx [52]. Whether the culture conditions also influence the structure
or the cargo load of EVs needs to be investigated in further studies. However, our data
indicate that in vivo-derived EVs from rats with CKD showed comparable effects and GAG
contents like our in vitro-derived EVs from uremic toxin-treated cells.

After the lyases treatment of the EVs, the EVs were obtained using the exosome
isolation reagent as already used during the initial isolation of the EVs from cell culture su-
pernatants or rat plasma. We cannot exclude that parts of the enzymes or of degraded GAGs
co-precipitated alongside the EVs and thereby impacted subsequent EV measurements.

A previous study identified contaminating structures without a limiting membrane in
exosome preparations, isolated from biological fluids such as plasma or urine [53]. These
structures were found to be 20–100 nm in size, thus showing the same size as exosomes.
Those contaminations and a potential influence on biological effects of extracellular vesicles
cannot be excluded from our study.
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4. Materials and Methods

4.1. Cell Culture

Human endothelial cells (EC; EA.Hy926 cell line, ATCC® CRL-2922™) and rat aortic
vascular smooth muscle cells (VSMC; A7r5 cell line, ATCC® CRL-1444™) were routinely
cultured in a standard culture medium which consisted of DMEM (Gibco/Thermo Fisher,
Hennigsdorf, Germany) with 862 mg/L L-alanyl-L-glutamine, 1.0 g/l glucose, 50 µg/mL
streptomycin, 50 units/mL penicillin and 10% heat-inactivated foetal bovine serum (FBS,
Gibco/Thermo Fisher).

Chinese hamster epithelial-like ovary cell lines (ATCC® CRL-2242TM, CRL-2244TM,
CRL-61TM) were cultured in the DMEM/F-12 (1:1) GlutaMAXTM-I medium (Gibco/Thermo
Fisher) supplemented with 50 µg/mL streptomycin, 50 unit/mL penicillin and 10% heat-
inactivated FBS (Gibco/Thermo Fisher).

FBS was used from the same lot throughout the whole study. Cells were cultured in a
humidified atmosphere at 37 ◦C and 5% CO2. Cells were maintained at 70–80% confluence
by passaging as needed.

4.2. Treatment of Cells with Uremic Toxins

ECs and VSMCs were treated for 7 days in 75 cm2 or 125 cm2 flasks (NUNC, Roskilde,
Denmark) with a standard culture medium containing 3.5 mM NaH2PO4 (Pi; final con-
centration) or a mixture (UI) of 20 mM urea (Merck, Darmstadt, Germany) and 375 µM
(50 µg/mL) indoxyl sulfate (Sigma-Aldrich, Taufkirchen, Germany). The concentrations
of the toxins correspond to concentrations seen during chronic renal failure [54,55]. The
medium was replaced every second day. Vehicle-treated cells served as control.

For a later analysis of cells using qPCR, Western blot or the BlyscanTM assay, the cells
were treated in 6-well or 12-well plates (NUNC).

4.3. Isolation and Characterization of EVs

After treatment with the uremic toxins, the cells were washed two times with sterile-
filtered PBS and cultured for additional 24 h in standard culture medium supplemented
with a 5% exosome-depleted FBS (Gibco/Thermo Fisher). The culture medium was then
centrifuged at 700× g for 5 min to remove cells followed by centrifugation at 2000× g for
20 min to remove cellular debris. The remaining supernatants were then concentrated using
Vivaspin 20 centrifugal filter devices with 3K NMWL (GE Healthcare, Chicago, IL, USA)
at 3220× g followed by centrifugation for 30 min at 20,000× g to obtain the microvesicle
fraction. The supernatant was diluted 1:2 with the Total Exosome Isolation (from cell culture
media) Reagent (Invitrogen, Waltham, MA, USA) and incubated on a rotary shaker for 18 h
at 4 ◦C. The exosome fraction was obtained by centrifugation of the solution for 60 min
at 10,000× g. The pellet was washed twice with ice cold 0.9% NaCl solution (B. Braun
Melsungen AG, Melsungen, Germany), resuspended in 100 µL ice cold 0.9% NaCl solution
and used immediately or stored for further analyses and experiments at −80 ◦C. The
protein contents of the isolated EV fractions were used as a surrogate marker for the vesicle
quantity. They were determined by the Pierce™ BCA™ Protein-Assay (Thermo Fisher).

EVs from rat plasma were isolated with the Total Exosome Isolation (from plasma)
Reagent (Invitrogen) without Proteinase K treatment. The pellets were washed, pooled
and stored in a NaCl solution as described above. The protein contents of the isolated EV
fractions were determined by the Pierce™ BCA™ Protein-Assay. Briefly, the EV samples
(dissolved in NaCl) were diluted 1:4 with H2O and were directly subjected to the BCA
assay according to the manufacturer’s instructions. The different EV populations of interest
showed hydrodynamic diameters between 20 and 100 nm and were positive for protein
expressions of the exosomal markers CD9, CD63 and CD81 (Supplementary Figure S1).

4.4. Synthesis of VSOP

The different steps of VSOP synthesis are described in detail in [56]. Briefly, iron (II)
and iron (III) salts were dissolved in water and were precipitated as hydroxides at alkaline
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conditions. The addition of citric acid lead to solubilization and stabilization of the iron
oxide particles by formation of a citrate coat.

4.5. T1 Relaxivity Measurements

We here focused on T1 relaxivity only. The determination of proton T1 relaxation
rates was performed at 40 ◦C and 40 MHz (0.94 T) using an MR spectrometer (Minispec
mq 40; Bruker, Karlsruhe, Germany). T1 relaxation rates were determined with an inver-
sion recovery pulse sequence, which is the standard measuring and analysis method of
the equipment.

Measurements were performed in nanopure water containing 0.009% NaCl. For the
determination of T1 relaxivities of VSOPs with and without the presence of EVs, VSOPs at a
constant concentration of 0.0188 mM were mixed with different EV concentrations (protein
contents between 0 and 5.0 µg/mL). Three solutions with different concentrations were
measured for each sample. The relaxivity coefficients r1 were obtained by linear fitting of
T1 relaxation rates, and values were normalized to the iron concentrations.

4.6. Magnetic Particle Spectroscopy (MPS) Measurements

The MPS measurements on VSOP samples were performed using a commercial
magnetic particle spectrometer (MPS-3, Bruker, Karlsruhe, Germany), as previously de-
scribed [36]. MPS detects the non-linear magnetic susceptibility of magnetic nanoparticles
such as VSOPs by applying a sinusoidal excitation field Bex of 25 mT at a frequency f 0 of
25 kHz to the VSOP sample. Due to the inherent non-linearity of the magnetization curve,
the measured response of the VSOP contains odd multiples of f 0, i.e., higher harmonics. In
this study, we used the concentration-independent ratio of the fifth and third harmonic,
A5/A3, which represents the shape of the spectrum, to assess changes in the dynamic
magnetization behavior of VSOPs due to interaction with EVs.

MPS measurements were performed in a standard operation mode. Briefly, the in-
teractions between VSOPs and EVs were investigated by in situ real-time MPS measure-
ments. Initially, 125 µg/mL EVs, diluted in a 75 µL NaCl solution, were assembled in a
glass tube (Bruker NMS PC 7.5). After placing the glass tube into the MPS pick-up coil,
repetitive measurements were started without VSOPs to check the EV preparations for
magnetic impurities.

To determine the effects of EVs on the A5/A3 ratio of VSOPs, MPS spectra were
recorded every 5 s over a time course of 500 s. After 80 s, 75 µL of VSOPs with an iron
concentration of 1.34 mmol/L were added to the EVs. As a control, the same procedure
was performed without EVs.

4.7. Determination of GAG Contents in Cells and EVs

GAG contents in cells and EVs were determined using the BlyscanTM Sulfated Gly-
cosaminoglycan Assay (Biocolor, Carrickfergus, UK). Cells grown in 6-well plates were
washed with PBS and 1.5 mL of the papain protein digestion solution was added. After
10 min, the mixture was transferred to a 2.0 mL tube and the tubes were incubated for
3 h at 65 ◦C in a water bath with regular shaking every 30 min. For the determination of
GAGs in isolated EVs, the EV pellets in 1.5 mL tubes were mixed with 1.0 mL of the papain
protein digestion solution. After thorough mixing, the tubes were incubated in the water
bath. After 3 h, the papain solutions were centrifuged for 10 min at 10,000× g and the
supernatants were stored for further analyses at −20 ◦C.

As a prerequisite for the normalization of measured GAG contents, the amount of
double-stranded DNA (dsDNA) in the samples was determined in the supernatants using
the Quant-iT Picogreen dsDNA Assay-Kit (Invitrogen, #P11496) as described [57].

For the quantification of GAGs, 100 µL (for EV) or 50 µL (for cells) of the supernatants
were mixed with the BlyscanTM-dye reagent and the amounts of GAGs were quantified
photometrically according to the manufacturer’s protocol. Finally, the data sets were
normalized to the dsDNA contents of the samples.
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4.8. Incubation of EVs with the Lyases Heparinase III and Chondroitinase ABC

For the digestion of surface-associated GAGs, the isolated EVs (125 µg/mL) were
incubated with 0.25 sigma units/mL chondroitinase ABC (chon ABC, Sigma, #C3667) or
heparinase III (hep III, Sigma, #H8991) alone or as a 1:1 mixture of both enzymes for 1 h
at 37 ◦C in a water bath. The final reaction volume was 100 µL. To obtain the EVs from
the solution, the same procedure as for isolating EVs from cell culture supernatants was
used [6].

4.9. Transfection of Cells with siRNA

By using the HiPerFect Transfection Reagent (Qiagen, Hilden, Germany), VSMCs
were transfected with SLC26A2-specific siRNA (Silencer®, #AM16708, Thermo Fisher) or
a negative control (Silencer™ Negative Control No. 1 siRNA, #AM4611, Thermo Fisher).
Cells with a ~75% confluence were treated with a 2 µL siRNA and a 10 µL transfection
reagent in a 2 mL standard culture medium for 48 h followed by a 24 h incubation without
siRNA and transfection reagent. Cells were then subjected to Western blot and qPCR
analysis or were incubated for additional 24 h with a standard culture medium containing
a 5% exosome-depleted FBS (Gibco/Thermo Fisher) to isolate EVs from supernatants as
described [6].

4.10. Western Blot Analyses

Treated cells or pellets of isolated EVs were lysed with a 100 µL lysis buffer and protein
concentrations were determined using the Pierce™ Rapid Gold BCA Protein-Assay-Kit
(Thermo Fisher). Equivalent amounts (10–50 µg) of protein were subjected to 10% Mini-
PROTEAN® TGX™ Precast Protein Gels (Bio-Rad, Feldkirchen, Germany). Blotting of gels
was performed using a Mini Trans-Blot® Cell (Bio-Rad). All primary antibodies used are
given in Table 2. Bound antibodies on the membranes were visualized using anti-mouse or
anti-rabbit WesternBreeze® Chromogenic Immunodetection System Kits (Thermo Fisher).
Band densities were quantified using Image J software (version 1.50i; National Institutes of
Health, Bethesda, MA, USA).

Table 2. Primary antibodies used for Western blot analyses.

Target Dilution Company Product Number

CD9 1:1000
StemcellTM

Technologies (Köln,
Germany)

#100-0211

CD63 1:1000 StemcellTM

Technologies
#100-0211

CD81 1:1000 StemcellTM

Technologies
#100-0211

CHST15 1:1000 Thermo Fisher #100440
GAPDH 1:2000 Thermo Fisher #MA5-15738

p-p-AKT 1:1000 Cell Signaling
(Danvers, MA, USA) #2965S

p-AKT 1:1000 Cell Signaling #4691S
SLC26A2 1:1000 Thermo Fisher #PA576918

4.11. Inhibition of AKT-Signaling in the Host Cells

The phosphatidylinositol 3 kinase (PI3K)/AKT inhibitor LY294002 (Ly29, Cell sig-
nalling) was applied at a concentration of 20 µM to block the uremic toxin-induced phos-
phorylation of AKT, the toxin-induced expression of SLC26A2 in EC and VSMC, and the
toxin-induced generation of GAGs in both cell types. Ly29 was dissolved in DMSO. The
maximum DMSO concentration in the experiments was 0.05%. For Western blot exper-
iments, the cells were pre-incubated with 20 µM Ly29 for 10 min prior to the respective
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treatment with uremic toxins. For longer experiments, the cells were treated prior to every
planned medium change (every second day) for 10 min with Ly29.

4.12. Rat Model of Chronic Kidney Diseases (CKD)

CKD in rats was induced by adenine-feeding as described [6]. In brief, 9–10-week-old
male Wistar rats (Charles River, Écully, France) were fed with adenine (0.3%; Altromin,
Lage, Germany) for 4 weeks followed by feeding a high-phosphate diet (1.4% vs. 0.5%) for
16 weeks. Blood samples were collected at the end of the experiments and plasma samples
were stored at −20 ◦C.

4.13. Manipulation of GAG Contents in Host Cells

To artificially decrease GAG contents in host cells, the cells were treated with 15 µM
genistein (Sigma) for 3 d. After the treatments, the cells were incubated for 24 h with
standard culture medium containing 5% exosome-depleted FBS (Thermo Fisher) to isolate
EVs from supernatants as described [6].

4.14. HS and CS/DS Disaccharide Analysis of EVs

EV pellets were resuspended in a 50 mM Tris/10 mM CaCl2 pH 7.6. A pronase enzyme
was added up to a concentration of 10 mg/mL and then the samples were incubated at
37 ◦C for 18 h. After incubation, 250 U of benzonase in a 2 mM MgCl2 were added and
incubated in the mixture for 4 h at 37 ◦C. Afterwards, GAGs were enriched using manual
anion exchange chromatography with Q-sepharose beads. Self-packed columns were
equilibrated with 20 mM NaOAc/100 mM NaCl pH 5.0 before acidified samples were
applied. After thoroughly washing with the equilibration buffer, elution was performed
using 20 mM NaOAc/1 M NaCl pH 5.0. After complete elution, desalting of samples
was carried out using cold, salt-saturated ethanol precipitation. The samples were stored
in ethanol and incubated over night at −20 ◦C, followed by centrifugation at 4 ◦C at
21,000× g for 20 min. The supernatant was removed, and pellets were dried completely.
Pelleted GAGs were resuspended in 20 mM Tris/5 mM CaCl2/200 mM NaCl pH 7.0 and
incubated at 30 ◦C. A heparinase cocktail (10 mU for each heparinase I, II and III) was
added for heparin disaccharide analysis; for chondroitin sulfate disaccharide analysis,
chondroitinase ABC (10 mU) was added. The total volume of each reaction was 40 µL. The
mixtures were incubated overnight at 30 ◦C. After incubation, enzymes were inactivated
by heat and samples were centrifuged at 21,000× g for 10 min at 4◦ C. The supernatants
were transferred and freeze dried. A small volume of a 0.1 M AMAC solution in acetic
acid/DMSO (3:17 vol/vol) was added to the pellets. Dissolved samples were incubated
for 15 min in the dark at room temperature. After incubation, an equal volume of 1 M
sodium–cyanoborohydride was added. The samples were incubated for 3 h at 45 ◦C. After
incubation, the samples were centrifuged at 21,000× g at 4 ◦C for 15 min. The supernatants
were collected and freeze dried. Pure acetone (500 µL) was added to lyophilized samples.
After centrifugation at 21,000× g, 4 ◦C, 15 min, the supernatants were removed and pellets
were washed with acetone again. Precipitated samples were dried completely, dissolved in
a 2% acetonitrile and then loaded onto an Aquity UPLC BEH C18 column (2.1 × 150 mm,
1.7 µm) which was installed in a Knauer Azura UHPLC system. The mobile phase consisted
of 150 mM NH4OAc pH 5.6 (A) and the eluent was 100% acetonitrile (B). The starting
conditions were 97% A/3% B. A gradient from 3% B to 13% B within 20 min was applied.
The detection was performed at an excitation wavelength of 425 nm and emission at 520 nm.

4.15. PCR Measurements

Relative gene expressions in host cells were determined by qPCR using TaqMan™
assays. A detailed list of all applied TaqMan probes is given in Table 3. Gene expressions in
samples relative to controls were determined by using the 2−∆∆Ct method and normalized
to the gene expression of the housekeeping gene ribosomal protein L19 (RPL19).



Int. J. Mol. Sci. 2023, 24, 14253 18 of 21

Table 3. List of applied TaqMan™ probes (Thermo Fisher) in the gene expression experiments.

Gene Full Name Assay-ID (Rat) Assay-ID
(Human)

B3GNT2 UDP-GlcNAc:BetaGal Beta-1,3-N-
Acetylglucosaminyl-transferase 2 Rn02112835_s1 Hs01935859_s1

B4GALT1 UDP-Gal:betaGlcNAc beta
1,4-galactosyltransferase, polypeptide 1 Rn01764643_m1 Hs00155245_m1

CHST15 Carbohydrate (N-acetylgalactosamine
4-sulfate 6-O) sulfotransferase Rn00597859_m1 Hs01031067_m1

CHSY1 Chondroitin sulfate synthase 1 Rn01478125_m1 Hs00208704_m1
EXT1 Exostosin Glycosyltransferase 1 Rn00468764_m1 Hs00609162_m1
HAS1 Hyaluronan synthase 1 Rn01455687_g1 HS04398914_m1

HEX A Hexosaminidase A Rn01422539_m1 Hs00942655_m1
HEX B Hexosaminidase B Rn01493909_m1 Hs01077594_m1
RPL19 Ribosomal Protein L19 Rn00821265_g1 Hs02338565_gH

SLC26A2 Solute Carrier Family 26 Member 2 Rn00589156_m1 Hs00164423_m1
XYLT2 Xylosyltransferase 2 Rn00574186_m1 Hs01048792_m1

4.16. Statistics

Statistics were calculated using GraphPad Prism version 6.01. Data sets were tested for
outliers and normal distribution. The in vitro data were analyzed as follows: two treatment
groups were compared by using unpaired t tests. Comparisons of three groups were
performed by two-way ANOVA and Tukey’s multiple comparisons test. The in vivo data
were analyzed by multiple t tests, Mann–Whitney test (two groups), and Kruskal–Wallis
test with Dunn’s multiple comparisons test (more than two groups). p-values of <0.05 were
considered to be statistically significant.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms241814253/s1.

Author Contributions: Conceptualization, C.F. and M.T.; formal analysis, C.F.; investigation, C.F.,
A.Z. and N.L.; resources, C.F.; writing—original draft preparation, C.F.; writing—review and editing,
all authors.; visualization, C.F.; supervision, C.F., M.T. and J.S.; project administration, M.T. and
J.S.; funding acquisition, M.T., J.S., K.P. and F.W. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Deutsche Forschungsgemeinschaft (DFG, German Re-
search Foundation)—Grant No. 372486779 (SFB 1340/2) and the Open Access Publication Fund of
Charité—Universitätsmedizin Berlin and the German Research Foundation (DFG).

Institutional Review Board Statement: The animal study protocol was approved by the Landesamt
für Gesundheit und Soziales (protocol code G0169/18).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: The authors thank Susanne Metzkow and Kerstin Sommer for excellent technical
assistance and Nicola Stolzenburg and Julia Hahndorf for providing the rat plasma samples. In
addition, we thank Rebecca Miller for tips and suggestions for creating the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

A5/A3: high harmonic A5/A3 ratio—describes the magnetic behavior of magnetic particles like
VSOPs and could be changed by interaction of VSOPs with binding partners; Chon ABC, chon-
droitinase ABC; CHO, immortalized Chinese hamster ovary cells; CKD, chronic kidney disease; CS,
chondroitin sulfate; ECs, endothelial cells; EVs, extracellular vesicles; GAG, sulfated glycosaminogly-
cans; GalNAc, N-acetyl-D-galactosamine; GlcA, D-glucuronic acid; GlcNAc, N-acetyl-d-glucosamine;
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hep III, heparinase III; HS, heparan sulfate; IdoA, L-iduronic acid; Ly29, Ly294002—PI3K/AKT-
inhibitor; Pi, inorganic phosphate; r1, T1 relaxivity—property of a contrast agent like VSOP which
is affected by interaction of VSOPs with surrounding binding partners; SLC26A2, solute carrier
family 26 member 2—a sulfate transporter in cell membranes; UHPLC, ultra-high-performance liquid
chromatography; UI, mixture of the uremic toxins urea and indoxyl sulfate; VSMCs, vascular smooth
muscle cells; VSOPs, very small superparamagnetic iron oxide nanoparticles—a contrast agent for
magnetic resonance imaging measurements.
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