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The polysaccharide heparan sulfate is ubiquitously expressed as a proteoglycan in
extracellular matrices and on cell surfaces. In the glomerular filtration barrier, the
action of the heparan sulfate is directly related to the function of glomerular filtration,
mostly attributed to the sulfated domains that occur along the polysaccharide chain,
as evidenced by fact that release of fragments of heparan sulfate by heparanase
significantly increases the permeability of albumin passage through the glomerular
endothelium, event that originates proteinuria. This review aims to show the importance
of the structural domains of heparan sulfate in the process of selective permeability and
to demonstrate how these domains may be altered during the glomerular inflammation
processes that occur in preeclampsia.

Keywords: glomerular endothelia dysfunction, preeclampsia, heparan sulfate (HS), systemic inflammatory
response, renal damage

INTRODUCTION

Preeclampsia (PE) is characterized as a progressive multisystemic disorder diagnosed by
hypertension and proteinuria after 20 weeks of pregnancy. In some clinical cases, proteinuria is
absent, and the disease is diagnosed by another clinical findings such as thrombocytopenia, elevated
liver enzymes, among others (Visintin et al., 2010; ACOG, 2013). Preeclampsia is accompanied by
a mild to severe microangiopathy of target organs, such as the placenta, kidney, liver, and brain
(Gilstrap and Ramin, 2002). The placental tissue is a determinant in the establishment of the disease,
which is always “cured” after the delivery of the placenta. Evidence related to the role of the placenta
in this disease has led to the proposal that failed trophoblast invasion is the central pathogenic
mechanism (Kang et al., 2011). Thus, some authors have suggested that preeclampsia is a disease of
two stages: in the first stage, poor placentation and the subsequent hypoxic and oxidative damage of
trophoblast occur; whereas in the second stage, an endothelial dysfunction and hypertensive signs
are evidenced (Goldman-Wohl and Yagel, 2009; Kang et al., 2011).

Preeclampsia exhibits diverse clinical manifestations such as mild or severe, early onset
(<34 weeks) or late onset (>34 weeks), or the presence or absence of intrauterine growth
retardation (Gilstrap and Ramin, 2002; Giachini et al., 2017). Accumulating evidence
has shown that pathological features of preeclampsia involve a shallow trophoblast
invasion and poor spiral artery remodeling, resulting in placental hypoperfusion. These
events occur in the first trimester of pregnancy and initially compromise maternal–
fetal interface one, but they result in increased production of antiangiogenic and
inflammatory factors (Schiessl, 2007; Palei et al., 2013). Additionally, hypertensive disorders
of pregnancy are associated with endothelial damage of target organs including the kidneys.
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Although the clinical manifestations of PE are present after
20 weeks of pregnancy, some evidences indicate that the
pathophysiological changes leading to the disease occur in
the placental bed during the placentation process. Reported
findings suggest that these events promote exacerbated systemic
inflammatory responses and the subsequent production of
soluble factors, including proinflammatory cytokines, as well as
changes in the ratio of angiogenic/proangiogenic factors, which
are the determinant variables of changes in the endothelium, the
target organ of PE (Levine et al., 2004; Goswami et al., 2006).

Pregnancy has been described as a controlled state of mild
inflammation, whereas a state of exacerbated inflammation
apparently occurs in PE (Sargent et al., 2007). Our research
group has shown that the activation of natural killer (NK)
cells is increased compared with other cell populations, which
is evidenced by the higher production of both pro- and anti-
inflammatory cytokines in patients with early-onset severe PE
(Bueno-Sanchez et al., 2013). However, other authors have
found that the intracellular production of pro-inflammatory
cytokines [interleukin-1 beta (IL-1β), tumor necrosis factor-alpha
(TNF-α), IL-6, and IL-8] by circulating maternal monocytes
is increased in patients with PE (Luppi and Deloia, 2006).
The increased production of proinflammatory cytokines from
different cellular sources (NK cells according to our data and
monocytes or neutrophils according to other studies) initially
triggers inflammatory changes in the vascular endothelium and
then compromises the endothelium of other organs (Stella and
Sibai, 2006). Accordingly, Rops et al. (2008) have shown that IL-
1β and TNF-α may alter the expression of glycocalyx structures,
including the specific domains of heparan sulfate (HS), a
glycosaminoglycan present in the renal glomerular endothelium.

Histopathological changes in the glomerular endothelium,
which partly explain the proteinuria observed in women with
PE, are among the aforementioned changes (Karumanchi et al.,
2005). Studies have shown that the structural integrity of the
glomerular filtration barrier (GFB) consists of two cellular
components, the glomerular endothelium, and podocytes, as
well as an extracellular matrix structure with a high content of
glycoconjugates, including the glomerular basement membrane
(Karumanchi et al., 2005). Reports have suggested that the
structural integrity of the GFB is crucial for proper functioning
during the process of renal filtration. Thus, a structural damage of
the glomerular filtration barrier can be explained by a competitive
blocking of vascular endothelial growth factor (VEGF) in
the murine model after administration of a synthetic VEGF
antagonist. These mice presented nephrotic-range proteinuria
and hypertension compared with controls (Eremina et al., 2008).
These findings raise the possibility of assessing the biochemical
aspects of the glomerular endothelium, including its function
in filtration, as a means of clarifying the mechanisms of renal
damage that occur in women with PE.

We have reported evidence of changes in the membrane
distribution of podocin and CD2AP in podocytes, which are
cellular components of the GFB, when stimulated with sera
from women with PE (Henao et al., 2008). However, few
studies have investigated the role of the glomerular endothelium
in PE. In turn, Singh et al. (2007) have proposed a key

role for the glycocalyx of glomerular endothelial cells in the
GFB-mediated restriction of albumin permeability, suggesting
elements that can be used to evaluate renal damage in PE.
Among these carbohydrates, glycosaminoglycans, particularly
HS glycosaminoglycans, are components of the glomerular
endothelium glycocalyx that are associated with structures
referred to as proteoglycans. HS activity is directly involved in
glomerular filtration, and its involvement is mostly attributed
to the sulfated domains throughout the polysaccharide chain.
This is evidenced by the heparanase-mediated release of HS
fragments, which significantly increase albumin permeability
through the glomerular endothelium, albeit without affecting the
transendothelial electrical resistance (Singh et al., 2007).

Based on the above evidence, this review aims to show the
possible role of the structural domains of HS in the process of
selective permeability through the GFB and how these domains
may be altered during the glomerular inflammation processes
that occur in PE.

THE SULFATED DOMAINS OF HS
MEDIATE ITS INTERACTIONS WITH
DIFFERENT PROTEINS

Heparan sulfate proteoglycans (HSPGs) are biomolecules
with structural and regulatory functions that are capable of
establishing ionic interactions with several proteins through
structural regions in the polysaccharide chains. HSPGs consist of
a protein core covalently bound to the side chains of HS (Coombe
and Kett, 2005). This polysaccharide consists of alternating units
of glucuronic acid (GlcA) and N-acetylglucosamine (GlcNAc),
which undergo various enzymatic modifications including
N-deacetylation and N-sulfation of the GlcNAc units (Carbon
6 and Carbon 3), epimerization in the C5 of GlcA to iduronic
acid (IdoA) and O-sulfation in Carbon 2 (Kreuger et al., 2006).
The various modifications do not occur randomly along the
polysaccharide chain. Instead, they have the distribution of a
typical domain because of limitations imposed by substrate
specificity (and factors that are still unknown). Disaccharide
units alternating between GlcNS and IdoA with 2-O-sulfate
substitutions (NS domains) provide highly sulfated regions that
may be interspersed with N-acetylated GlcNAc and GlcA regions
lacking substitutions by sulfate group residues (NA domains).
Similarly, forms with alternating NS/NA domains may also
be found, albeit without O-sulfate groups (Maccarana et al.,
1996; Sasisekharan and Venkataraman, 2000). The study of
HS structures, which have been characterized in several mouse
tissues, shows that the disaccharide composition, total degree of
N- and O-sulfations and domain organization are specific to each
tissue (Ledin et al., 2004). Furthermore, immunohistochemistry
analyses have revealed the selective expression of different HS
glycotopes in rat kidney tissues (van den Born et al., 1995;
van Kuppevelt et al., 1998). The structural complexity of HS
domains is even greater when considering that the HS chains
may be modified after biosynthesis by endo-6-O-sulfatases,
which generate HS fragments that have been functionally
implicated in various signaling pathways (Ai et al., 2003).
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Furthermore, HS domains may undergo endoglycosidic cleavage
by heparanases, thereby releasing extracellular HS fragments
(Vlodavsky et al., 1999). In summary, these observations suggest
that HS biosynthesis is highly regulated at different points of
enzymatic processing in events that apparently vary with the
tissue conditions or cellular environment.

This structural diversity could largely explain the interactions
between HS and various proteins. Although the types of chemical
interactions between HS and proteins have been difficult to
elucidate, some proteins are known to require HS sequences with
a well-defined length and structure, especially proteins whose net
charge is positive, thereby suggesting that such interactions are
not as nonspecific as initially thought.

The best characterized interaction between HS and a protein
involves the binding of HS to antithrombin III, which is
involved in hemostasis. Evidence first reported by Lindahl et al.
(1980) shows that the pentasaccharide GlcNAc6S-GlcAGlcNS3S-
IdoA-GlcNS is essential for the high-affinity interaction with
antithrombin to occur and, therefore, for anticoagulant activity.
However, these results most notably demonstrate the importance
of specific HS structural domains, including the presence of a
3-sulfate group in the terminal glucosamine residue, which is
crucial for such activity (Lindahl et al., 1980).

Another example of an interaction between HS and a protein
involves a specific 3-O-sulfated domain of the GlcN3S unit
that apparently mediates the specific binding of the herpes
simplex virus (HSV) protein gD to the cell surface during viral
infection (Shukla et al., 1999). According to some authors, in
addition to this domain, the most common sulfate substituents
in biosynthesis (3-O sulfate and 2-N sulfate) could also be
specifically arranged in a sequence for selective binding to a
protein (Salmivirta et al., 1996). Interaction studies involving
the fibroblast growth factor protein family have shown that a
particular type of sulfated domain (6-O-sulfate) could contribute
more to the interaction than other domains (Salmivirta et al.,
1996). These findings and the strict regulation of HS biosynthesis
suggest that HS–protein interactions are mostly mediated by
specific saccharide-binding domains with restricted specificity.

THE GLOMERULAR ENDOTHELIAL
GLYCOCALYX IS A BARRIER THAT IS
SELECTIVELY PERMEABLE TO
ALBUMIN

Evidence shows that the NS domains of HS mediate its
interactions with some proteins, and these interactions may
be associated with its biological action. This suggests that the
negative charges of the HS domains in the GFB could play a
role in its selective permeability to positively charged proteins,
including albumin, which are retained in the plasma. Conversely,
small peptides, electrolytes, and even immunoglobulins are
filtered into the urine during the glomerular filtration process
(Singh et al., 2007).

The GFB is described as a set of three tissue layers: glomerular
endothelium, glomerular basement membrane, and podocytes

(Figure 1). Special large epithelial cells with cytoplasmic
extensions (pedicels or foot processes) called podocytes are
found toward the outer surface of the glomerular basement
membrane and the fenestrated glomerular endothelium toward
the innermost location, which is in contact with the plasma
(Satchell, 2013). The GFB is highly selective and permeable to
water and small molecules. However, for some proteins including
albumin, only 0.008% of the plasma fraction is filtered into
the urinary space compared with 0.2% through other systemic
capillaries (Norden et al., 2001). Some authors have highlighted
proteins expressed in the filtration diaphragm between pedicels
because proteinuria is usually accompanied by changes in
the distribution of these proteins, thereby suggesting a causal
relationship between the expression of diaphragm proteins and
albumin excretion. However, the size of the podocyte clefts is
inconsistent with the size of albumin, which is much smaller,
thereby raising questions of whether this could explain urinary
albumin excretion as previously proposed (Haraldsson and
Sorensson, 2004; Henao et al., 2008). Accordingly, some examples
indicate that proteinuria may be found in diseases such as
nephrotic syndrome even when podocyte integrity is maintained.
Animal experiments show that the down-regulation of circulating
VEGF or neutralization by either antibodies or Soluble fms-
like tyrosine kinase-1 (sFIt-1) may play a key role in inducing
proteinuria without changes in podocyte proteins in various
renal diseases or PE, wherein a high level of sFIt-1 has been
associated with the endothelial dysfunction observed in these
women (Maynard et al., 2003; Sugimoto et al., 2003; Stillman
and Karumanchi, 2007). This condition has also been examined
in humans. A previous study involving 27 cases of nephrotic
syndrome with minimal changes at different stages that assessed
podocyte morphology using electron microscopy showed greater
changes in podocyte pedicels in the more chronic forms of the
disease. However, no significant differences in proteinuria were
found between the study groups formed according to the time
of evolution, thereby conclusively indicating that changes in
podocytes are unrelated to protein loss (van den Berg et al., 2004).

By the other hand, it is known that HSPGs are abundant in
the glomerular basal membrane and it has been thought to play
a major role in the charge-selective glomerular filtration barrier.
However, knockout of Ext3 (an enzyme that adds GlcNAc to
the fixed tetrasaccharides on the core protein in proteoglycans)
in podocytes and glomerular basal membrane did not lead to
overt proteinuria (Aoki et al., 2018). Aoki et al. (2018) found a
bumpy glomerular basal membrane and podocyte effacement by
electron microscopy using a Extl3KO mice model compared with
Diabetes Mellitus and high sodium intake mice groups, however
they had some limitations in their study because the follow-
up period was too short for remarkable renal impairments and
establishment of hypertension. Additionally, renal function tests
and HS urine measurements were not assessed in all groups of
mice, which would help to support the possible role of HSPGs in
the physiology of the GFB.

Thus, the summarized evidence shows that changes in
podocytes or glomerular basal membrane fail to explain
completely the onset of proteinuria, suggesting that the
glomerular endothelium and its glycocalyx structures could
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FIGURE 1 | Inflammation of the glomerular endothelium causes the loss of HS, thereby triggering proteinuria in women with PE: a proposed model. In normal
conditions (left side), the GFB performs its function of filtration, which is characterized by selective permeability to albumin due to HS in the glomerular endothelial
glycocalyx, through its three layers. When a glomerular endothelial inflammation is established (right side), as is the case of PE, the increase in pro-inflammatory
cytokines promotes the heparanase-mediated endoglucosidic activity of HS, which leads to the loss of anionic sites and, consequently, proteinuria.

be involved in selective permeability to albumin because this
the first layer in contact with plasma and, therefore, the first
structure to provide a barrier to albumin. Reported evidence
on glomerular endothelium damage in diseases including PE,
which is characterized by the presence of hypertension with the
onset of proteinuria in most diagnosed cases, suggests that the
endothelium may play a key role in the onset of proteinuria in this
disease (Maynard et al., 2003). Other studies support a selective
permeability layer (glycocalyx) at the endothelial level (Sorensson
et al., 1998; Ohlson et al., 2000; Ciarimboli et al., 2003; Jeansson
and Haraldsson, 2006).

The glomerular endothelium has two key structural
characteristics. The first is a set of fenestrations or pores
that are sufficiently large enough (36 Å or 3.6 nm) for water
and other molecules, including albumin, to move through the
endothelial cell layer (Levick and Smaje, 1987). This characteristic
alone contradicts the aforementioned evidence implying the

additional presence of a barrier within the fenestrations.
The second component is the glycocalyx, which covers the
fenestrations and has molecular and charge characteristics
that could restrict albumin movement through the glomerular
endothelium. Its complex structure consists of proteoglycans,
including syndecan, glypican, or biglycan – with HS, N-, and
O – glycoproteins containing sialic acid that is expressed on the
endothelium luminal surface (Reitsma et al., 2007; Weinbaum
et al., 2007). Jeansson was one of the first researchers to study
in detail the selective permeability of the GFB in mice and
proposed that hyaluronic acid, chondroitin sulfate, sialic acid,
and HS are important for selective permeability because of
their electrical charges (Jeansson and Haraldsson, 2006). A key
observation is the increased ratio of HS and hyaluronic acid
over sialic acid (Avasthi and Koshy, 1988). This observation in
particular suggests that HS may make a greater contribution to
the electrical charge of the GFB because hyaluronic acid lacks
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TABLE 1 | Involvement of HS and heparanase expression in proteinuric diseases.

Disease/Animal Model Species Glomerular Heparanase Expression HS Expression Proteinuria Reference

Diabetic nephropathy Human Increased Reduced (+) Makino et al., 1992; van den
Born et al., 1993; Tamsma
et al., 1994; Katz et al., 2002;
Maxhimer et al., 2005; van den
Hoven et al., 2006; Wijnhoven
et al., 2008; Garsen et al., 2016

Systemic lupus erythematosus Human/mouse Increased Reduced (+) Seyger et al., 1998; Rops et al.,
2007b; Kim et al., 2017;
Szymczak et al., 2017

Membranous glomerulonephritis Human/mouse Increased Reduced (+) van den Born et al., 1993;
Garsen et al., 2016; Szymczak
et al., 2017

Dense deposit disease Human/Rat Increased Reduced (+) Smith et al., 2007; Zaferani
et al., 2012

Ig A nephropathy Human Increased Reduced (+) Sakagami et al., 2004; Celie
et al., 2008; Szymczak et al.,
2017

Minimal change disease Human Not analyzed Reduced (+) Dong et al., 2009

significant negative charges when compared with the sulfated
domains of HS. This hypothesis may be supported by studies
conducted by Singh et al. (2007), who assessed the glycocalyx
structure in a glomerular endothelial cell line to examine its
relevance to endothelial-selective permeability. They found
that the removal of HS after treatment with human heparanase
(the only endogenous enzyme described in mammals that
degrades HS) was associated with increased albumin movement
through the fenestrations without changing the transendothelial
electrical resistance. These results suggest a possible role for
the glycocalyx in restricting protein movement through the
GFB and raise the possibility that heparanase levels in humans
are related to proteinuria in kidney damage (Jin and Zhou,
2017). Additionally, the HS fragments induced by heparanase
from GFB could contribute to release local proinflammatory
cytokines or chemokines in the extracellular space, modifying
the inflammatory response, and the endothelial glycocalix (Digre
et al., 2017; Martin et al., 2017; O’Callaghan et al., 2018) (Table 1).

Immortalized human glomerular endothelial cells have a
glycocalyx of approximately 200 nm in culture (Singh et al.,
2007). The enzymatic removal of glycans, including HS and
sialic acid, increases the rate of albumin passage through the
monolayers of the glomerular endothelial cells. This has been
demonstrated in studies by Singh et al. (2007) and in another by
Wijnhoven et al. (2007), who assessed the loss of sialic acid from
the glomerular endothelial glycocalyx with neuraminidase, which
was directly correlated with the increase in urinary albumin
excretion. Glycan expression in the glomerular endothelium
may be modulated at high glucose concentrations, which reduce
the quantity of HS glycoaminoglycans and increase the passage
of FITC-labeled albumin without affecting the interendothelial
junctions (Singh et al., 2011). Reactive oxygen species may also
cause changes to the glycocalyx of glomerular endothelial cells by
depolarizing glycosaminoglycans, thereby inducing an increase
in transendothelial albumin movement (Singh et al., 2013). The
importance of HS in the GFB to the passage of albumin has been

confirmed by assays in which heparanase knockout mice failed to
develop albuminuria, whereas the albuminuria exhibited by the
wild-type diabetic mice was reduced with a heparanase inhibitor
(Gil et al., 2012).

RENAL DAMAGE IN WOMEN WITH PE
INVOLVES A LOSS OF ANIONIC SITES IN
THE GLOMERULAR ENDOTHELIUM

Normal pregnant women have higher levels of glomerular
protein filtration than do non-pregnant women. Conversely,
proteinuria above 300 mg has been detected in 24-h urine
samples from women with PE (ACOG, 2013), which indicates
a loss of the histological integrity of the GFB. Methods,
including dextran sieving, have been described for assessing the
restriction of albumin permeability. This polysaccharide is not
reabsorbed or secreted by renal tubules. Therefore, it reflects
the average permeability of the entire barrier. With sieving and
mathematical models, researchers have identified a loss of the
restriction of permeability to albumin, particularly at the end
of pregnancy in women with PE, allowing for greater excretion
than at the beginning of pregnancy or compared with the non-
pregnant women who served as controls (Moran et al., 2003).
Could the loss of anionic charges of HS from the glomerular
endothelium glycocalyx explain the loss of albumin in women
with PE?

This question may be partly answered with the following
evidence: Histological analyses of this hypertensive disorder
show that the lesions on the filtration barrier are mainly
limited to endothelial cells, with no significant changes in
podocytes (Lafayette et al., 1998; Strevens et al., 2003). Thus,
if the damage occurs in the glomerular endothelium, some
of its cellular structures must be altered (including the
glycocalyx). A study has revealed a decrease in the electrical
charge of the glomerular endothelium by morphometrically
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assessing the glomerular anionic charge and examining the
pathological changes in the renal histology of African women
with early onset PE (Naicker et al., 1997). Furthermore, the
results showed a strong correlation between the number of
anionic sites and the severity of proteinuria (Naicker et al.,
1997).

Evidence supporting this earlier hypothesis and providing a
more accurate approximation can be found in a more recent
study. Khedun et al. (2002) evaluated 84 patients, including
normotensive and proteinuric hypertensive pregnant women, as
well as women with PE. This result showed a correlation between
the reduction in glomerular charges and proteinuria severity.
They also assessed HS levels using spectrophotometric methods
with dimethylmethylene blue (DMB) and observed an increase
in urinary glycosaminoglycan excretion.

The results discussed thus far indicate that HS may play a
role in selective permeability as a function of the electrical charge
when present in the glomerular endothelial glycocalyx. Thus,
anionic charges may generate repulsion to proteins, including
albumin, particularly the sulfated domains found throughout
the HS chain. However, the specific chemical structures of these
domains have not yet been identified.

In this scenario, it is not very clear how damage to
the glomerular endothelium and the loss of HS in the
glycocalyx occur. Inadequate placentation could lead to an
increase in oxidative stress, thereby explaining the increased
release of soluble factors including sFIt-1 (Levine et al.,
2004; Goswami et al., 2006). This VEGF antagonist prevents
proper communication between the podocytes that produce
this antagonist and the glomerular endothelium that expresses
the VEFGR receptors, thereby causing a loss of endothelial
fenestrations (Sugimoto et al., 2003). Moreover, increased
production of IL-1, IL-8, and TNF-α resulting from systemic
inflammatory responses in women with PE could trigger
glycocalyx loss due to increased heparanase activity, as will be
discussed shortly (Luppi and Deloia, 2006; Bueno-Sanchez et al.,
2013) (Graph 1).

SYSTEMIC INFLAMMATORY RESPONSE
IN PE COULD HELP TO EXPLAIN THE
PROTEINURIA?

HS involvement has been described in several steps of the
inflammatory process: initial binding and leukocyte rolling
into the inflamed endothelium, stable adhesion of activated
leukocytes to the endothelium, glycocalyx degradation, and,
finally, leukocyte migration (Parish, 2006; Taylor and Gallo, 2006;
Rops et al., 2007a).

Some studies have shown that HS is capable of interacting with
L-selectin and P-selectin, thereby participating in the leukocyte
rolling process of the adhesion step. Norgard-Sumnicht showed
that there is an interaction between Sulfur-35-(an analog of HS
with more substitutions by sulfate groups)-labeled heparin and
L-selectin through a calcium-dependent process in endothelial
cell cultures (Norgard-Sumnicht et al., 1993). Supporting this
hypothesis, the ability of HS to bind L-selectin and P-selectin

was assessed in in vitro models of endothelial cells, and a direct
correlation was observed. The same study assessed the ability
of heparin to interact with these adhesion molecules, and the
results showed that the binding was dependent on highly sulfated
NS domains, which had a higher binding affinity for adhesion
molecules in heparin than HS (Norgard-Sumnicht et al., 1993).

These and other findings suggest that the HS-analog heparin
could be useful as a powerful anti-inflammatory agent by
inhibiting the function of L-selectin and P-selectin (Koenig
et al., 1998). It has reported strong evidence that HS is the
ligand for L-selectin in the endothelium during inflammatory
processes. In this study, mice in which the enzyme N-deacetylase-
N-sulphotransferase-1 (NDST-1), which is required to add
sulfate groups to HS chains, was knocked out exhibited normal
development, although neutrophil infiltration was observed in
several tissues. These effects resulted from changes in HS that
were specific to endothelial cells. In contrast, the results showed
that leukocytes migrated to inflammatory sites when partially
sulfated HS was expressed (Wang et al., 2005).

In addition to interacting with L-selectin and P-selectin,
HS also interacts with cytokines to allow for leukocyte
extravasation. Indeed, approximately 45 chemokines have been
implicated in the recruitment of leukocytes during endothelial
inflammation according to bioinformatic analyses. Furthermore,
it is noteworthy that all of these chemokines have the ability
to interact with HS in four possible ways at the binding sites
(Lortat-Jacob et al., 2002). Reported evidence that chemokines
are unable to perform their full range of functions at sites
of inflammation unless they can bind to HS highlights the
importance of this interaction. Different approaches have
shown that HS may control the function of chemokines.
First, HS may sequester chemokines by increasing the local
concentration, thereby facilitating binding to its receptors that
are expressed in leukocytes. Studies using IL-8 have shown
that HS may induce oligomerization, and this form is more
active. Similarly, the removal of glycosaminoglycan from CHO
cells expressing chemokine receptors resulted in decreased
binding to RANTES (regulated on activation, normal T cell
expressed and secreted), MCP-1 (Monocyte Chemoattractant
Protein-1), and IL-8 (Hoogewerf et al., 1997). Second, without
chemokines, leukocytes are unable to form selectin-mediated
stable interactions with the endothelium or migrate directionally
through the endothelium. A study reported such evidence
by showing that endothelium-bound chemokines induce an
association between lymphocytes and their antigen receptor
(lymphocyte function-associated antigen 1 – LFA1), whereas
nonsoluble chemokines failed to exhibit this behavior (Shamri
et al., 2005). Lastly, chemokine transport through the endothelial
cell layer, known as the transcytosis process, apparently depends
on HS expression (Wang et al., 2005). Concerning data from
Talsma et al. (2018) indicate a pivotal role of endothelial HS in
the development of renal inflammation and fibrosis in diabetic
nephropathy in mice (Talsma et al., 2018). The results showed
that a decrease in sulfations of endothelial HS induced an
increased glomerular macrophage infiltration, mannose binding
lectin complement deposition, and glomerulosclerosis (Talsma
et al., 2018).
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Leukocytes that bind to endothelial cells through different
selectins (a process in which different cytokines are involved as
mentioned above) are apparently able to cross the subendothelial
space and, therefore, the basement membrane, which consists
of a dense glycocalyx forming a sort of barrier. Leukocytes
use several glycosidase-like enzymes that degrade glycocalyx
structures to overcome the barrier. Although several enzymes
have been reported, heparanase, an endo-β-glucoronidase, is the
most studied in the inflammatory process. HS cleavage resulting
from heparanase activity not only allows for the passage of
leukocytes through the endothelium but also contributes to
the increase in vascular permeability observed in inflammation
(Edovitsky et al., 2006). Several studies have reported heparanase
expression during the inflammatory response. Different cells,
including platelets, leukocytes, neutrophils, and endothelial cells,
are able to produce heparanase and degrade the extracellular
matrix after stimulation with cytokines, such as IL-1, IL-8, and
TNF-α (Bartlett et al., 1995; Vlodavsky et al., 1999).

Normal pregnancy is reportedly characterized by a controlled
local inflammatory response, which is evident during the luteal
phase of the menstrual cycle before implantation and develops
as pregnancy progresses. In contrast, an exacerbated systemic
inflammatory response, which may alter the endothelium
and, therefore, different organs including the kidney, has
been observed in PE (Sargent et al., 2007). Accumulated
evidence suggests that PE might be an immune system-
mediated disease, mainly an exacerbated pro-inflammatory state
of pregnancy in which an injured endothelium promotes changes
in leukocyte recruitment, release of pro-inflammatory cytokines,
dysregulation of angiogenic pathways, and disturbances of the
glomerular filtration barrier (Germain et al., 2007; Kanasaki and
Kalluri, 2009). This systemic inflammation could be explained
by the increase in placental factors, including soluble factors
and proinflammatory cytokines, or by placental oxidative stress.
The soluble receptor for VEGF, known as sFIt-1, is a possible
inducer of this inflammation. sFIt-1 is able to neutralize the
angiogenic functions of VEGF, and systemic inhibition would
lead to generalized endothelial dysfunction because sFIt-1 is a key
factor related to angiogenesis (Maynard et al., 2003). HS release
from inflamed endothelium can modulate and promote some
pathophysiological aspects evidenced in PE, such as the augment
of neutrophil trafficking or availability of pro-inflammatory
cytokines among others (Rashid et al., 2007; Goodall et al.,
2014). These HS actions has not been explored in the context
of inflammatory response in PE but some indirect evidences
support a possible relationship between renal damage and the
systemic pro-inflammatory state observed in PE.

Thus, previous reports described the histopathological finding
of glomerular endotheliosis as pathognomonic of PE (Strevens
et al., 2003). However, this pathological finding has been reported
in women with various glomerular lesions absent from PE
and in some pregnant women without complications (Strevens
et al., 2003). Furthermore, an increase in proinflammatory
cytokines, including TNF-α, is typical of endothelial dysfunction
in pregnant women with PE (Luppi and Deloia, 2006; Rops
et al., 2008; Bueno-Sanchez et al., 2013). In our laboratory,
we have evaluated the effects of TNF-α, IL-1β, VEGF, and

sFlt-1 in the release of heparan sulfate on a cell line of
human glomerular endothelial Genc. Our fluorescence results
by confocal microscopy show a decrease in the expression of
50% heparan sulfate (P < 0.05) after treatment with TNF-α (1,
5, and 25 ng/mL) for 24 h, largely explained by the increase
in heparanase expression observed by Western blotting in a
concentration dependent effect. These results were confirmed by
the increase in glycosaminoglycans (800 mg/L ± 78) in culture
supernatant compared to basal (400 mg/L± 94) (Galvis-Ramirez,
2017). The enzymatic elimination of heparan sulfate induced
by TNF-α contributes to the deterioration of the glycocalyx of
the glomerular endothelium, which could partially explain the
proteinuria observed in preeclampsia.

This inflammatory response scenario leads us to propose
a hypothesis according to which PE occurs. The increase
in pro-inflammatory cytokines leads to leukocyte activation
and deposition in the glomerular endothelium. This triggers
heparanase activity, thereby increasing glycocalyx excision,
especially of HS, which would explain the loss of anionic sites
in the GFB and, therefore, the associated proteinuria. Although
mechanisms underlying the relation between renal disease
and systemic endothelial cell dysfunction remain incompletely
understood, a structural defect in the endothelial surface layer
has been proposed as a mechanistic link between vascular
dysfunction and albuminuric kidney disease. This approach
could be common to all inflammatory diseases, as it is shown
in Table 1, in which HS and heparanase are differentially
expressed. Thus, inflammatory diseases whose etiology are
different may promote an endothelial glycocalix dysfunction
by several associated pathways and initiate albuminuria. More
evidence needs to be provided in order to verify this hypothesis.

In the case of preeclampsia, this approach is based on the
findings of Rops et al. (2007a), who assessed the glomerular
endothelial expression of different HS domains in a mouse
model of lupus nephritis and in biopsies from patients
with this same condition. They observed a decrease in the
N- and 6-O-sulfate domains in biopsies from patients and
associated this decrease with albuminuria. A second study
from the same research group assessed the adhesion of a
cell line consisting of 32Dd3 granulocytes and monocytes to
immortalized glomerular endothelial cells that were stimulated
with two cytokines, TNF-α and IL-8. Their results showed
that TNF-α activates the rolling of granulocytes and monocytes
into endothelial cells, and this adhesion is mediated by HS
and not by other proteoglycans. This was based on the
evidence showing that the use of synthetic heparanase reduced
the amount of adhesion under basal conditions, and this
degraded HS was also found in the cell culture supernatant.
A key observation was the increase in the relative expression
of heparanase under stimuli with cytokines. However, the
evaluation of the specific HS domains that may play a role
in the adhesion process stands out the most among these
results. Inhibition assays using antibodies directed against
specific HS sequences revealed that the N- and 6-O-sulfate
domains are crucial for leukocyte adhesion to the glomerular
endothelium under dynamic flow conditions (Rops et al.,
2008). These results and evidence reported in this review
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support our hypothesis, and these phenomena identified under
other conditions may be occurring in the inflammatory processes
that are triggered in PE.

CONCLUSION

HS may play a key role in PE by interacting with different proteins
through their sulfated domains. Furthermore, HS contributes
to the GFB in a process known as selective permeability to
the passage of albumin through the effects of the negatively
charged glomerular endothelial glycocalyx. The HS-sulfated
domains may contribute to this effect and, therefore, to the
selective permeability of the GFB to albumin. Proinflammatory
cytokines levels are increased in women with PE and systemic
inflammation, which ultimately activates heparanase activity.
Therefore, HS could be cleaved from the glycocalyx, which would
partially explain the proteinuria observed in PE.

AUTHOR CONTRIBUTIONS

JQ-C, MG-R, and JB-S contributed to the conception,
interpretation of data, and design of the manuscript.
Additionally, all of them revised it critically for important
intellectual content and provided approval for publication of the
content. MG-R is a master student who looked for and selected
the bibliography. JQ-C and JB-S designed the paper and proposed
the hypothesis.

ACKNOWLEDGMENTS

The financial support of the Departamento Administrativo de
Ciencia y Tecnología e Innovacion COLCIENCIAS, Proyecto
RC728-2013, Estrategia Sostenibilidad Universidad de Antioquia
and Comité Nacional para el Desarrollo de la Investigación
CONADI, Universidad Cooperativa de Colombia.

REFERENCES
ACOG. (2013). Hypertension in pregnancy. Report of the American college

of obstetricians and gynecologists’ task force on hypertension in pregnancy.
Obstet. Gynecol. 122, 1122–1131.

Ai, X., Do, A. T., Lozynska, O., Kusche-Gullberg, M., Lindahl, U., and Emerson,
C. P. (2003). QSulf1 remodels the 6-O sulfation states of cell surface heparan
sulfate proteoglycans to promote Wnt signaling. J. Cell Biol. 162, 341–351.
doi: 10.1083/jcb.200212083

Aoki, S., Saito-Hakoda, A., Yoshikawa, T., Shimizu, K., Kisu, K., Suzuki, S.,
et al. (2018). The reduction of heparan sulphate in the glomerular basement
membrane does not augment urinary albumin excretion. Nephrol. Dial.
Transplant. 33, 26–33. doi: 10.1093/ndt/gfx218

Avasthi, P. S., and Koshy, V. (1988). The anionic matrix at the rat glomerular
endothelial surface. Anat. Rec. 220, 258–266. doi: 10.1002/ar.1092200306

Bartlett, M. R., Underwood, P. A., and Parish, C. R. (1995). Comparative analysis
of the ability of leucocytes, endothelial cells and platelets to degrade the
subendothelial basement membrane: evidence for cytokine dependence and
detection of a novel sulfatase. Immunol. Cell Biol. 73, 113–124. doi: 10.1038/
icb.1995.19

Bueno-Sanchez, J. C., Agudelo-Jaramillo, B., Escobar-Aguilerae, L. F., Lopera, A.,
Cadavid-Jaramillo, A. P., Chaouat, G., et al. (2013). Cytokine production
by non-stimulated peripheral blood NK cells and lymphocytes in early-
onset severe pre-eclampsia without HELLP. J. Reprod. Immunol. 97, 223–231.
doi: 10.1016/j.jri.2012.11.007

Celie, J. W., Reijmers, R. M., Slot, E. M., Beelen, R. H., Spaargaren, M., Ter Wee,
P. M., et al. (2008). Tubulointerstitial heparan sulfate proteoglycan changes
in human renal diseases correlate with leukocyte influx and proteinuria.
Am. J. Physiol. Renal Physiol. 294, F253–F263. doi: 10.1152/ajprenal.00429.
2007

Ciarimboli, G., Hjalmarsson, C., Bokenkamp, A., Schurek, H. J., and Haraldsson, B.
(2003). Dynamic alterations of glomerular charge density in fixed rat kidneys
suggest involvement of endothelial cell coat. Am. J. Physiol. Renal Physiol. 285,
F722–F730. doi: 10.1152/ajprenal.00227.2001

Coombe, D. R., and Kett, W. C. (2005). Heparan sulfate-protein interactions:
therapeutic potential through structure-function insights. Cell Mol. Life Sci. 62,
410–424. doi: 10.1007/s00018-004-4293-7

Digre, A., Singh, K., Åbrink, M., Reijmers, R. M., Sandler, S., Vlodavsky, I.,
et al. (2017). Overexpression of heparanase enhances T lymphocyte activities
and intensifies the inflammatory response in a model of murine rheumatoid
arthritis. Sci. Rep. 7:46229. doi: 10.1038/srep46229

Dong, L. Q., Wang, Z., Yu, P., Guo, Y. N., Wu, J., Feng, S. P., et al. (2009).
Expression of glomerular heparan sulfate domains in pediatric patients with

minimal change nephrotic syndrome. Sichuan Da Xue Xue Bao Yi Xue Ban 40,
55–58.

Edovitsky, E., Lerner, I., Zcharia, E., Peretz, T., Vlodavsky, I., and Elkin, M. (2006).
Role of endothelial heparanase in delayed-type hypersensitivity. Blood 107,
3609–3616. doi: 10.1182/blood-2005-08-3301

Eremina, V., Jefferson, J. A., Kowalewska, J., Hochster, H., Haas, M., Weisstuch, J.,
et al. (2008). VEGF inhibition and renal thrombotic microangiopathy. N. Engl.
J. Med. 358, 1129–1136. doi: 10.1056/NEJMoa0707330

Galvis-Ramirez, M. F. (2017). Alteraciones Estructurales del Heparan Sulfato del
Glicocalix del Endotelio Glomerular Bajo el Efecto de Factores Proinflamatorios
y Angiogenicos Presentes en el Suero de Mujeres con Preeclampsia. [Magister en
Ciencias Básicas Biomedicas]. Medellin: Universidad de Antioquia.

Garsen, M., Lenoir, O., Rops, A. L., Dijkman, H. B., Willemsen, B., Van Kuppevelt,
T. H., et al. (2016). Endothelin-1 induces proteinuria by heparanase-mediated
disruption of the glomerular glycocalyx. J. Am. Soc. Nephrol. 27, 3545–3551.
doi: 10.1681/ASN.2015091070

Germain, S. J., Sacks, G. P., Sooranna, S. R., Soorana, S. R., Sargent, I. L., and
Redman, C. W. (2007). Systemic inflammatory priming in normal pregnancy
and preeclampsia: the role of circulating syncytiotrophoblast microparticles.
J. Immunol. 178, 5949–5956. doi: 10.4049/jimmunol.178.9.5949

Giachini, F. R., Galaviz-Hernandez, C., Damiano, A. E., Viana, M., Cadavid, A.,
Asturizaga, P., et al. (2017). Vascular dysfunction in mother and offspring
during preeclampsia: contributions from latin-American countries. Curr.
Hypertens. Rep. 19:83. doi: 10.1007/s11906-017-0781-7

Gil, N., Goldberg, R., Neuman, T., Garsen, M., Zcharia, E., Rubinstein, A. M., et al.
(2012). Heparanase is essential for the development of diabetic nephropathy in
mice. Diabetes Metab. Res. Rev 61, 208–216.

Gilstrap, L., and Ramin, S. (2002). ACOG practice bulletin. diagnosis and
management of preeclampsia and eclampsia. Obs. Gynecol 99, 159–167.

Goldman-Wohl, D., and Yagel, S. (2009). Preeclampsia—a placenta developmental
biology perspective. J. Reprod. Immunol. 82, 96–99. doi: 10.1016/j.jri.2009.05.
002

Goodall, K. J., Poon, I. K. H., Phipps, S., and Hulett, M. D. (2014). Soluble
heparan sulfate fragments generated by heparanase trigger the release of pro-
inflammatory cytokines through TLR-4. PLoS One 9:e109596. doi: 10.1371/
journal.pone.0109596

Goswami, D., Tannetta, D. S., Magee, L. A., Fuchisawa, A., Redman, C. W.,
Sargent, I. L., et al. (2006). Excess syncytiotrophoblast microparticle shedding
is a feature of early-onset pre-eclampsia, but not normotensive intrauterine
growth restriction. Placenta 27, 56–61. doi: 10.1016/j.placenta.2004.11.007

Haraldsson, B., and Sorensson, J. (2004). Why do we not all have proteinuria? An
update of our current understanding of the glomerular barrier. News Physiol.
Sci. 19, 7–10.

Frontiers in Physiology | www.frontiersin.org 8 October 2018 | Volume 9 | Article 1470

https://doi.org/10.1083/jcb.200212083
https://doi.org/10.1093/ndt/gfx218
https://doi.org/10.1002/ar.1092200306
https://doi.org/10.1038/icb.1995.19
https://doi.org/10.1038/icb.1995.19
https://doi.org/10.1016/j.jri.2012.11.007
https://doi.org/10.1152/ajprenal.00429.2007
https://doi.org/10.1152/ajprenal.00429.2007
https://doi.org/10.1152/ajprenal.00227.2001
https://doi.org/10.1007/s00018-004-4293-7
https://doi.org/10.1038/srep46229
https://doi.org/10.1182/blood-2005-08-3301
https://doi.org/10.1056/NEJMoa0707330
https://doi.org/10.1681/ASN.2015091070
https://doi.org/10.4049/jimmunol.178.9.5949
https://doi.org/10.1007/s11906-017-0781-7
https://doi.org/10.1016/j.jri.2009.05.002
https://doi.org/10.1016/j.jri.2009.05.002
https://doi.org/10.1371/journal.pone.0109596
https://doi.org/10.1371/journal.pone.0109596
https://doi.org/10.1016/j.placenta.2004.11.007
https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles


fphys-09-01470 October 19, 2018 Time: 18:22 # 9

Galvis-Ramírez et al. Glycans and Glomerular Disturbances in Preeclampsia

Henao, D. E., Arias, L. F., Mathieson, P. W., Ni, L., Welsh, G. I., Bueno, J. C., et al.
(2008). Preeclamptic sera directly induce slit-diaphragm protein redistribution
and alter podocyte barrier-forming capacity. Nephron Exp. Nephrol. 110, e73–
e81. doi: 10.1159/000166993

Hoogewerf, A. J., Kuschert, G. S., Proudfoot, A. E., Borlat, F., Clark-Lewis, I.,
Power, C. A., et al. (1997). Glycosaminoglycans mediate cell surface
oligomerization of chemokines. Biochemistry 36, 13570–13578. doi: 10.1021/
bi971125s

Jeansson, M., and Haraldsson, B. (2006). Morphological and functional evidence
for an important role of the endothelial cell glycocalyx in the glomerular barrier.
Am. J. Physiol. Renal Physiol. 290, F111–F116. doi: 10.1152/ajprenal.00173.2005

Jin, H., and Zhou, S. (2017). The functions of heparanase in human diseases. Mini
Rev. Med. Chem. 17, 541–548. doi: 10.2174/1389557516666161101143643

Kanasaki, K., and Kalluri, R. (2009). The biology of preeclampsia. Kidney Int. 76,
831–837. doi: 10.1038/ki.2009.284

Kang, J. H., Song, H., Yoon, J. A., Park, D. Y., Kim, S. H., Lee, K. J., et al. (2011).
Preeclampsia leads to dysregulation of various signaling pathways in placenta.
J. Hypertens. 29, 928–936. doi: 10.1097/HJH.0b013e328344a82c

Karumanchi, S. A., Maynard, S. E., Stillman, I. E., Epstein, F. H., and Sukhatme,
V. P. (2005). Preeclampsia: a renal perspective. Kidney Int. 67, 2101–2113.
doi: 10.1111/j.1523-1755.2005.00316.x

Katz, A., Van-Dijk, D. J., Aingorn, H., Erman, A., Davies, M., Darmon, D., et al.
(2002). Involvement of human heparanase in the pathogenesis of diabetic
nephropathy. Isr. Med. Assoc. J. 4, 996–1002.

Khedun, S. M., Naicker, T., Moodley, J., and Gathiram, P. (2002). Urinary heparan
sulfate proteoglycan excretion in black African women with pre-eclampsia. Acta
Obstet. Gynecol. Scand. 81, 308–312. doi: 10.1034/j.1600-0412.2002.810405.x

Kim, H. J., Hong, Y. H., Kim, Y. J., Kim, H. S., Park, J. W., Do, J. Y., et al. (2017).
Anti-heparan sulfate antibody and functional loss of glomerular heparan
sulfate proteoglycans in lupus nephritis. Lupus 26, 815–824. doi: 10.1177/
0961203316678674

Koenig, A., Norgard-Sumnicht, K., Linhardt, R., and Varki, A. (1998). Differential
interactions of heparin and heparan sulfate glycosaminoglycans with the
selectins. Implications for the use of unfractionated and low molecular weight
heparins as therapeutic agents. J. Clin. Invest. 101, 877–889. doi: 10.1172/
JCI1509

Kreuger, J., Spillmann, D., Li, J.-P., and Lindahl, U. (2006). Interactions between
heparan sulfate and proteins: the concept of specificity. J. Cell Biol. 174,
323–327. doi: 10.1083/jcb.200604035

Lafayette, R. A., Druzin, M., Sibley, R., Derby, G., Malik, T., Huie, P., et al. (1998).
Nature of glomerular dysfunction in pre-eclampsia. Kidney Int. 54, 1240–1249.
doi: 10.1046/j.1523-1755.1998.00097.x

Ledin, J., Staatz, W., Li, J. P., Gotte, M., Selleck, S., Kjellen, L., et al. (2004). Heparan
sulfate structure in mice with genetically modified heparan sulfate production.
J. Biol. Chem. 279, 42732–42741. doi: 10.1074/jbc.M405382200

Levick, J. R., and Smaje, L. H. (1987). An analysis of the permeability of a fenestra.
Microvasc. Res. 33, 233–256. doi: 10.1016/0026-2862(87)90020-3

Levine, R. J., Maynard, S. E., Qian, C., Lim, K. H., England, L. J., Yu, K. F., et al.
(2004). Circulating angiogenic factors and the risk of preeclampsia. N. Engl. J.
Med. 350, 672–683. doi: 10.1056/NEJMoa031884

Lindahl, U., Backstrom, G., Thunberg, L., and Leder, I. G. (1980). Evidence for a
3-O-sulfated D-glucosamine residue in the antithrombin-binding sequence of
heparin. Proc. Natl. Acad. Sci. U.S.A. 77, 6551–6555. doi: 10.1073/pnas.77.11.
6551

Lortat-Jacob, H., Grosdidier, A., and Imberty, A. (2002). Structural diversity of
heparan sulfate binding domains in chemokines. Proc. Natl. Acad. Sci. U.S.A.
99, 1229–1234. doi: 10.1073/pnas.032497699

Luppi, P., and Deloia, J. A. (2006). Monocytes of preeclamptic women
spontaneously synthesize pro-inflammatory cytokines. Clin. Immunol. 118,
268–275. doi: 10.1016/j.clim.2005.11.001

Maccarana, M., Sakura, Y., Tawada, A., Yoshida, K., and Lindahl, U. (1996).
Domain structure of heparan sulfates from bovine organs. J. Biol. Chem. 271,
17804–17810. doi: 10.1074/jbc.271.30.17804

Makino, H., Ikeda, S., Haramoto, T., and Ota, Z. (1992). Heparan sulfate
proteoglycans are lost in patients with diabetic nephropathy. Nephron 61,
415–421. doi: 10.1159/000186959

Martin, L., Gombert, A., Chen, J., Liebens, J., Verleger, J., Kalder, J., et al.
(2017). The β-D-endoglucuronidase heparanase is a danger molecule that

drives systemic inflammation and correlates with clinical course after open and
endovascular thoracoabdominal aortic aneurysm repair: lessons learnt from
mice and men. Front. Immunol. 8:681. doi: 10.3389/fimmu.2017.00681

Maxhimer, J. B., Somenek, M., Rao, G., Pesce, C. E., Baldwin, D. Jr., Gattuso, P.,
et al. (2005). Heparanase-1 gene expression and regulation by high glucose
in renal epithelial cells: a potential role in the pathogenesis of proteinuria in
diabetic patients. Diabetes Metab. Res. Rev. 54, 2172–2178.

Maynard, S. E., Min, J. Y., Merchan, J., Lim, K. H., Li, J., Mondal, S., et al. (2003).
Excess placental soluble fms-like tyrosine kinase 1 (sFlt1) may contribute to
endothelial dysfunction, hypertension, and proteinuria in preeclampsia. J. Clin.
Invest. 111, 649–658. doi: 10.1172/JCI17189

Moran, P., Baylis, P. H., Lindheimer, M. D., and Davison, J. M. (2003). Glomerular
ultrafiltration in normal and preeclamptic pregnancy. J. Am. Soc. Nephrol. 14,
648–652. doi: 10.1097/01.ASN.0000051724.66235.E0

Naicker, T., Randeree, I. G., Moodley, J., Khedun, S. M., Ramsaroop, R., and Seedat,
Y. K. (1997). Correlation between histological changes and loss of anionic
charge of the glomerular basement membrane in early-onset pre-eclampsia.
Nephron 75, 201–207. doi: 10.1159/000189532

Norden, A. G., Lapsley, M., Lee, P. J., Pusey, C. D., Scheinman, S. J., Tam, F. W.,
et al. (2001). Glomerular protein sieving and implications for renal failure in
Fanconi syndrome. Kidney Int. 60, 1885–1892. doi: 10.1046/j.1523-1755.2001.
00016.x

Norgard-Sumnicht, K. E., Varki, N. M., and Varki, A. (1993). Calcium-dependent
heparin-like ligands for L-selectin in nonlymphoid endothelial cells. Science
261, 480–483. doi: 10.1126/science.7687382

O’Callaghan, P., Zhang, X., and Li, J. P. (2018). Heparan sulfate proteoglycans
as relays of neuroinflammation. J. Histochem. Cytochem. 66, 305–319. doi: 10.
1369/0022155417742147

Ohlson, M., Sorensson, J., and Haraldsson, B. (2000). Glomerular size and charge
selectivity in the rat as revealed by FITC-ficoll and albumin. Am. J. Physiol.
Renal Physiol. 279, F84–F91. doi: 10.1152/ajprenal.2000.279.1.F84

Palei, A. C., Spradley, F. T., Warrington, J. P., George, E. M., and Granger,
J. P. (2013). Pathophysiology of hypertension in pre-eclampsia: a lesson in
integrative physiology. Acta Physiol. 208, 224–233. doi: 10.1111/apha.12106

Parish, C. R. (2006). The role of heparan sulphate in inflammation. Nat. Rev.
Immunol. 6, 633–643. doi: 10.1038/nri1918

Rashid, R. M., Lee, J. M., Fareed, J., and Young, M. R. I. (2007). In vitro heparan
sulfate modulates the immune responses of normal and tumor-bearing mice.
Immunol. Invest. 36, 183–201. doi: 10.1080/08820130600992024

Reitsma, S., Slaaf, D. W., Vink, H., Van Zandvoort, M. A., and Oude Egbrink, M. G.
(2007). The endothelial glycocalyx: composition, functions, and visualization.
Pflugers Arch. 454, 345–359. doi: 10.1007/s00424-007-0212-8

Rops, A. L., Jacobs, C. W., Linssen, P. C., Boezeman, J. B., Lensen, J. F., Wijnhoven,
T. J., et al. (2007a). Heparan sulfate on activated glomerular endothelial cells
and exogenous heparinoids influence the rolling and adhesion of leucocytes.
Nephrol. Dial. Transplant. 22, 1070–1077.

Rops, A. L., Van Den Hoven, M. J., Bakker, M. A., Lensen, J. F., Wijnhoven, T. J.,
Van Den Heuvel, L. P., et al. (2007b). Expression of glomerular heparan sulphate
domains in murine and human lupus nephritis. Nephrol. Dial. Transplant. 22,
1891–1902. doi: 10.1093/ndt/gfm194

Rops, A. L., Van Den Hoven, M. J., Baselmans, M. M., Lensen, J. F., Wijnhoven,
T. J., Van Den Heuvel, L. P., et al. (2008). Heparan sulfate domains on cultured
activated glomerular endothelial cells mediate leukocyte trafficking. Kidney Int.
73, 52–62. doi: 10.1038/sj.ki.5002573

Sakagami, Y., Nakajima, M., Takagawa, K., Ueda, T., Akazawa, H., Maruhashi, Y.,
et al. (2004). Analysis of glomerular anionic charge status in children with IgA
nephropathy using confocal laser scanning microscopy. Nephron Clin. Pract.
96, c96–c104. doi: 10.1159/000076747

Salmivirta, M., Lidholt, K., and Lindahl, U. (1996). Heparan sulfate: a piece of
information. FASEB J. 10, 1270–1279. doi: 10.1096/fasebj.10.11.8836040

Sargent, I. L., Borzychowski, A. M., and Redman, C. W. (2007). NK cells and
pre-eclampsia. J. Reprod. Immunol. 76, 40–44. doi: 10.1016/j.jri.2007.03.009

Sasisekharan, R., and Venkataraman, G. (2000). Heparin and heparan sulfate:
biosynthesis, structure and function. Curr. Opin. Chem. Biol. 4, 626–631.
doi: 10.1016/S1367-5931(00)00145-9

Satchell, S. (2013). The role of the glomerular endothelium in albumin
handling. Nat. Rev. Nephrol. 9, 717–725. doi: 10.1038/nrneph.
2013.197

Frontiers in Physiology | www.frontiersin.org 9 October 2018 | Volume 9 | Article 1470

https://doi.org/10.1159/000166993
https://doi.org/10.1021/bi971125s
https://doi.org/10.1021/bi971125s
https://doi.org/10.1152/ajprenal.00173.2005
https://doi.org/10.2174/1389557516666161101143643
https://doi.org/10.1038/ki.2009.284
https://doi.org/10.1097/HJH.0b013e328344a82c
https://doi.org/10.1111/j.1523-1755.2005.00316.x
https://doi.org/10.1034/j.1600-0412.2002.810405.x
https://doi.org/10.1177/0961203316678674
https://doi.org/10.1177/0961203316678674
https://doi.org/10.1172/JCI1509
https://doi.org/10.1172/JCI1509
https://doi.org/10.1083/jcb.200604035
https://doi.org/10.1046/j.1523-1755.1998.00097.x
https://doi.org/10.1074/jbc.M405382200
https://doi.org/10.1016/0026-2862(87)90020-3
https://doi.org/10.1056/NEJMoa031884
https://doi.org/10.1073/pnas.77.11.6551
https://doi.org/10.1073/pnas.77.11.6551
https://doi.org/10.1073/pnas.032497699
https://doi.org/10.1016/j.clim.2005.11.001
https://doi.org/10.1074/jbc.271.30.17804
https://doi.org/10.1159/000186959
https://doi.org/10.3389/fimmu.2017.00681
https://doi.org/10.1172/JCI17189
https://doi.org/10.1097/01.ASN.0000051724.66235.E0
https://doi.org/10.1159/000189532
https://doi.org/10.1046/j.1523-1755.2001.00016.x
https://doi.org/10.1046/j.1523-1755.2001.00016.x
https://doi.org/10.1126/science.7687382
https://doi.org/10.1369/0022155417742147
https://doi.org/10.1369/0022155417742147
https://doi.org/10.1152/ajprenal.2000.279.1.F84
https://doi.org/10.1111/apha.12106
https://doi.org/10.1038/nri1918
https://doi.org/10.1080/08820130600992024
https://doi.org/10.1007/s00424-007-0212-8
https://doi.org/10.1093/ndt/gfm194
https://doi.org/10.1038/sj.ki.5002573
https://doi.org/10.1159/000076747
https://doi.org/10.1096/fasebj.10.11.8836040
https://doi.org/10.1016/j.jri.2007.03.009
https://doi.org/10.1016/S1367-5931(00)00145-9
https://doi.org/10.1038/nrneph.2013.197
https://doi.org/10.1038/nrneph.2013.197
https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles


fphys-09-01470 October 19, 2018 Time: 18:22 # 10

Galvis-Ramírez et al. Glycans and Glomerular Disturbances in Preeclampsia

Schiessl, B. (2007). Inflammatory response in preeclampsia. Mol. Aspects Med. 28,
210–219. doi: 10.1016/j.mam.2007.04.004

Seyger, M. M., Van Bruggen, M. C., Hardeman, H. K., Van Den Hoogen,
F. H., Berden, J. H., Van Den Born, J., et al. (1998). Decreased staining
of heparan sulfate in non-lesional skin of a subgroup of patients with
systemic lupus erythematosus. Acta Derm. Venereol. 78, 326–330. doi: 10.1080/
000155598442971

Shamri, R., Grabovsky, V., Gauguet, J. M., Feigelson, S., Manevich, E., Kolanus, W.,
et al. (2005). Lymphocyte arrest requires instantaneous induction of an
extended LFA-1 conformation mediated by endothelium-bound chemokines.
Nat. Immunol. 6, 497–506. doi: 10.1038/ni1194

Shukla, D., Liu, J., Blaiklock, P., Shworak, N. W., Bai, X., Esko, J. D., et al. (1999).
A novel role for 3-O-sulfated heparan sulfate in herpes simplex virus 1 entry.
Cell 99, 13–22. doi: 10.1016/S0092-8674(00)80058-6

Singh, A., Friden, V., Dasgupta, I., Foster, R. R., Welsh, G. I., Tooke, J. E., et al.
(2011). High glucose causes dysfunction of the human glomerular endothelial
glycocalyx. Am. J. Physiol. Renal Physiol. 300, F40–F48. doi: 10.1152/ajprenal.
00103.2010

Singh, A., Ramnath, R. D., Foster, R. R., Wylie, E. C., Friden, V., Dasgupta, I., et al.
(2013). Reactive oxygen species modulate the barrier function of the human
glomerular endothelial glycocalyx. PLoS One 8:e55852. doi: 10.1371/journal.
pone.0055852

Singh, A., Satchell, S. C., Neal, C. R., Mckenzie, E. A., Tooke, J. E., and Mathieson,
P. W. (2007). Glomerular endothelial glycocalyx constitutes a barrier to protein
permeability. J. Am. Soc. Nephrol. 18, 2885–2893. doi: 10.1681/ASN.2007010119

Smith, R. J., Alexander, J., Barlow, P. N., Botto, M., Cassavant, T. L., Cook, H. T.,
et al. (2007). New approaches to the treatment of dense deposit disease. J. Am.
Soc. Nephrol. 18, 2447–2456. doi: 10.1681/ASN.2007030356

Sorensson, J., Ohlson, M., Lindstrom, K., and Haraldsson, B. (1998). Glomerular
charge selectivity for horseradish peroxidase and albumin at low and normal
ionic strengths. Acta Physiol. Scand. 163, 83–91. doi: 10.1046/j.1365-201x.1998.
00315.x

Stella, C. L., and Sibai, B. M. (2006). Preeclampsia: diagnosis and management
of the atypical presentation. J. Matern. Fetal Neonatal Med. 19, 381–386.
doi: 10.1080/14767050600678337

Stillman, I. E., and Karumanchi, S. A. (2007). The glomerular injury of
preeclampsia. J. Am. Soc. Nephrol. 18, 2281–2284. doi: 10.1681/ASN.
2007020255

Strevens, H., Wide-Swensson, D., Hansen, A., Horn, T., Ingemarsson, I., Larsen, S.,
et al. (2003). Glomerular endotheliosis in normal pregnancy and pre-eclampsia.
BJOG 110, 831–836. doi: 10.1111/j.1471-0528.2003.02162.x

Sugimoto, H., Hamano, Y., Charytan, D., Cosgrove, D., Kieran, M., Sudhakar, A.,
et al. (2003). Neutralization of circulating vascular endothelial growth factor
(VEGF) by anti-VEGF antibodies and soluble VEGF receptor 1 (sFlt-1) induces
proteinuria. J. Biol. Chem. 278, 12605–12608. doi: 10.1074/jbc.C300012200

Szymczak, M., Kuzniar, J., Kopec, W., Zabinska, M., Marchewka, Z., Koscielska-
Kasprzak, K., et al. (2017). Increased granulocyte heparanase activity in
neutrophils from patients with lupus nephritis and idiopathic membranous
nephropathy. Arch. Immunol. Ther. Exp. 65, 83–91. doi: 10.1007/s00005-016-
0396-8

Talsma, D. T., Katta, K., Ettema, M. A. B., Kel, B., Kusche-Gullberg, M., Daha,
M. R., et al. (2018). Endothelial heparan sulfate deficiency reduces inflammation
and fibrosis in murine diabetic nephropathy. Lab. Invest. 98, 427–438. doi:
10.1038/s41374-017-0015-2

Tamsma, J. T., Van Den Born, J., Bruijn, J. A., Assmann, K. J., Weening, J. J., Berden,
J. H., et al. (1994). Expression of glomerular extracellular matrix components in
human diabetic nephropathy: decrease of heparan sulphate in the glomerular
basement membrane. Diabetologia 37, 313–320. doi: 10.1007/BF00398060

Taylor, K. R., and Gallo, R. L. (2006). Glycosaminoglycans and their proteoglycans:
host-associated molecular patterns for initiation and modulation of
inflammation. FASEB J. 20, 9–22. doi: 10.1096/fj.05-4682rev

van den Berg, J. G., van den Bergh Weerman, M. A., Assmann, K. J., Weening, J. J.,
and Florquin, S. (2004). Podocyte foot process effacement is not correlated with
the level of proteinuria in human glomerulopathies. Kidney Int. 66, 1901–1906.
doi: 10.1111/j.1523-1755.2004.00964.x

van den Born, J., Gunnarsson, K., Bakker, M. A., Kjellen, L., Kusche-Gullberg, M.,
Maccarana, M., et al. (1995). Presence of N-unsubstituted glucosamine units in
native heparan sulfate revealed by a monoclonal antibody. J. Biol. Chem. 270,
31303–31309. doi: 10.1074/jbc.270.52.31303

van den Born, J., van den Heuvel, L. P., Bakker, M. A., Veerkamp, J. H., Assmann,
K. J., Weening, J. J., et al. (1993). Distribution of GBM heparan sulfate
proteoglycan core protein and side chains in human glomerular diseases.
Kidney Int. 43, 454–463. doi: 10.1038/ki.1993.67

van den Hoven, M. J., Rops, A. L., Bakker, M. A., Aten, J., Rutjes, N.,
Roestenberg, P., et al. (2006). Increased expression of heparanase in overt
diabetic nephropathy. Kidney Int. 70, 2100–2108. doi: 10.1038/sj.ki.500
1985

van Kuppevelt, T. H., Dennissen, M. A., van Venrooij, W. J., Hoet, R. M., and
Veerkamp, J. H. (1998). Generation and application of type-specific anti-
heparan sulfate antibodies using phage display technology. Further evidence for
heparan sulfate heterogeneity in the kidney. J. Biol. Chem. 273, 12960–12966.
doi: 10.1074/jbc.273.21.12960

Visintin, C., Mugglestone, M. A., Almerie, M. Q., Nherera, L. M., James, D.,
Walkinshaw, S., et al. (2010). Management of hypertensive disorders during
pregnancy: summary of NICE guidance. BMJ 341:c2207. doi: 10.1136/bmj.
c2207

Vlodavsky, I., Friedmann, Y., Elkin, M., Aingorn, H., Atzmon, R., Ishai-
Michaeli, R., et al. (1999). Mammalian heparanase: gene cloning, expression
and function in tumor progression and metastasis. Nat. Med. 5, 793–802.
doi: 10.1038/10518

Wang, L., Fuster, M., Sriramarao, P., and Esko, J. D. (2005). Endothelial heparan
sulfate deficiency impairs L-selectin- and chemokine-mediated neutrophil
trafficking during inflammatory responses. Nat. Immunol. 6, 902–910.
doi: 10.1038/ni1233

Weinbaum, S., Tarbell, J. M., and Damiano, E. R. (2007). The structure and
function of the endothelial glycocalyx layer. Annu. Rev. Biomed. Eng. 9, 121–
167. doi: 10.1146/annurev.bioeng.9.060906.151959

Wijnhoven, T. J., Lensen, J. F., Wismans, R. G., Lamrani, M., Monnens,
L. A., Wevers, R. A., et al. (2007). In vivo degradation of heparan
sulfates in the glomerular basement membrane does not result in
proteinuria. J. Am. Soc. Nephrol. 18, 823–832. doi: 10.1681/ASN.200607
0692

Wijnhoven, T. J., Van Den Hoven, M. J., Ding, H., Van Kuppevelt, T. H., Van
Der Vlag, J., Berden, J. H., et al. (2008). Heparanase induces a differential loss
of heparan sulphate domains in overt diabetic nephropathy. Diabetologia 51,
372–382. doi: 10.1007/s00125-007-0879-6

Zaferani, A., Vives, R. R., Van Der Pol, P., Navis, G. J., Daha, M. R., Van Kooten, C.,
et al. (2012). Factor h and properdin recognize different epitopes on renal
tubular epithelial heparan sulfate. J. Biol. Chem. 287, 31471–31481. doi: 10.1074/
jbc.M112.380386

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

Copyright © 2018 Galvis-Ramírez, Quintana-Castillo and Bueno-Sanchez. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Physiology | www.frontiersin.org 10 October 2018 | Volume 9 | Article 1470

https://doi.org/10.1016/j.mam.2007.04.004
https://doi.org/10.1080/000155598442971
https://doi.org/10.1080/000155598442971
https://doi.org/10.1038/ni1194
https://doi.org/10.1016/S0092-8674(00)80058-6
https://doi.org/10.1152/ajprenal.00103.2010
https://doi.org/10.1152/ajprenal.00103.2010
https://doi.org/10.1371/journal.pone.0055852
https://doi.org/10.1371/journal.pone.0055852
https://doi.org/10.1681/ASN.2007010119
https://doi.org/10.1681/ASN.2007030356
https://doi.org/10.1046/j.1365-201x.1998.00315.x
https://doi.org/10.1046/j.1365-201x.1998.00315.x
https://doi.org/10.1080/14767050600678337
https://doi.org/10.1681/ASN.2007020255
https://doi.org/10.1681/ASN.2007020255
https://doi.org/10.1111/j.1471-0528.2003.02162.x
https://doi.org/10.1074/jbc.C300012200
https://doi.org/10.1007/s00005-016-0396-8
https://doi.org/10.1007/s00005-016-0396-8
https://doi.org/10.1038/s41374-017-0015-2
https://doi.org/10.1038/s41374-017-0015-2
https://doi.org/10.1007/BF00398060
https://doi.org/10.1096/fj.05-4682rev
https://doi.org/10.1111/j.1523-1755.2004.00964.x
https://doi.org/10.1074/jbc.270.52.31303
https://doi.org/10.1038/ki.1993.67
https://doi.org/10.1038/sj.ki.5001985
https://doi.org/10.1038/sj.ki.5001985
https://doi.org/10.1074/jbc.273.21.12960
https://doi.org/10.1136/bmj.c2207
https://doi.org/10.1136/bmj.c2207
https://doi.org/10.1038/10518
https://doi.org/10.1038/ni1233
https://doi.org/10.1146/annurev.bioeng.9.060906.151959
https://doi.org/10.1681/ASN.2006070692
https://doi.org/10.1681/ASN.2006070692
https://doi.org/10.1007/s00125-007-0879-6
https://doi.org/10.1074/jbc.M112.380386
https://doi.org/10.1074/jbc.M112.380386
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles

	Novel Insights Into the Role of Glycans in the Pathophysiology of Glomerular Endotheliosis in Preeclampsia
	Introduction
	The Sulfated Domains of Hs Mediate Its Interactions With Different Proteins
	The Glomerular Endothelial Glycocalyx Is a Barrier That Is Selectively Permeable to Albumin
	Renal Damage in Women With Pe Involves a Loss of Anionic Sites in the Glomerular Endothelium
	Systemic Inflammatory Response in Pe Could Help to Explain the Proteinuria?
	Conclusion
	Author Contributions
	Acknowledgments
	References


