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Abstract
Appreciation of the glomerular microcirculation as a specialized microcirculatory bed, rather than as an entirely
separate entity, affords important insights into both glomerular and systemic microvascular pathophysiology.
In this review we compare regulation of permeability in systemic and glomerular microcirculations, focusing
particularly on the role of the endothelial glycocalyx, and consider the implications for disease processes. The
luminal surface of vascular endothelium throughout the body is covered with endothelial glycocalyx, comprising
surface-anchored proteoglycans, supplemented with adsorbed soluble proteoglycans, glycosaminoglycans and
plasma constituents. In both continuous and fenestrated microvessels, this endothelial glycocalyx provides
resistance to the transcapillary escape of water and macromolecules, acting as an integral component of the
multilayered barrier provided by the walls of these microvessels (ie acting in concert with clefts or fenestrae across
endothelial cell layers, basement membranes and pericytes). Dysfunction of any of these capillary wall components,
including the endothelial glycocalyx, can disrupt normal microvascular permeability. Because of its ubiquitous
nature, damage to the endothelial glycocalyx alters the permeability of multiple capillary beds: in the glomerulus
this is clinically apparent as albuminuria. Generalized damage to the endothelial glycocalyx can therefore manifest
as both albuminuria and increased systemic microvascular permeability. This triad of altered endothelial glycocalyx,
albuminuria and increased systemic microvascular permeability occurs in a number of important diseases, such as
diabetes, with accumulating evidence for a similar phenomenon in ischaemia–reperfusion injury and infectious
disease. The detection of albuminuria therefore has implications for the function of the microcirculation as a
whole. The importance of the endothelial glycocalyx for other aspects of vascular function/dysfunction, such as
mechanotransduction, leukocyte–endothelial interactions and the development of atherosclerosis, indicate that
alterations in the endothelial glycocalyx may also be playing a role in the dysfunction of other organs observed
in these disease states.
Copyright  2012 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.

Keywords: glycocalyx; endothelium; albuminuria; proteinuria; permeability; diabetic nephropathy; diabetes; glomerulus;
ischaemia–reperfusion injury; dengue

Received 14 September 2011; Revised 4 November 2011; Accepted 5 November 2011

No conflicts of interest were declared.

Introduction

Exchange of water and solutes across the vessel wall
is the primary function of the microcirculation. Phys-
iological regulation of this exchange is a fundamental
homeostatic process achieved by modulation of aspects
of haemodynamics, including pressure, flow rate and
the surface area available for exchange, as well as the
permeability of the microvascular walls themselves.
Microvascular exchange, which can be measured as
flux or clearance, is therefore distinct from permeabil-
ity, which describes the intrinsic property of the capil-
lary wall to impede the movement of fluid or solutes.

Capillaries throughout the body have common fea-
tures but often possess unique adaptations for their par-
ticular role in microvascular exchange. All capillaries

are lined by endothelial cells supported by a base-
ment membrane, but differ in the details of this basic
structure, as well as in the type of supporting cell
they possess. The consequent multilayer arrangement
of capillary walls ensures that they function as multi-
component, composite exchange barriers. We will out-
line the components of those barriers in continuous and
fenestrated capillaries, and focus in particular on the
glomerular capillary wall as a uniquely adapted com-
posite barrier, in both anatomical and functional terms:
in the glomerulus, the selective permeability properties
of capillaries in general are harnessed to allow filtra-
tion of plasma and hence excretion of waste solutes.
One consequence of this composite arrangement is that
defects in any one of the components may result in
disordered permeability.
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Figure 1. Endothelial glycocalyx labelling in vivo and ex vivo with fluorescently-tagged lectin. (A) Systemic application of Alexa-594-
tagged wheat germ agglutinin (WGA) lectin (red) in vivo labels the endothelial glycocalyx (arrows) lining the luminal aspect of endothelial
cells (ec) in a mesenteric microvessel of a mouse that overexpresses green fluorescent protein (GFP) in endothelial cells, under control of
the Tie2 promoter. (B) Efferent arteriole of a manually dissected wild-type mouse glomerulus, cannulated and perfused with the plasma
membrane label R18 (red) and FITC-tagged WGA–lectin (green). WGA–lectin again labels the endothelial glycocalyx covering the luminal
aspect of the arteriolar wall (arrows). Confocal microscopy images of the endothelial glycocalyx appear similar in these in vivo and ex vivo
preparations; vl, vessel lumen; vw, vessel wall; scale bars = 5 µm.

The luminal surface of vascular endothelium
throughout the body is covered with a layer of glycoca-
lyx (Figure 1): a hydrated mesh rich in carbohydrates
and in dynamic equilibrium with plasma constituents
[1,2]. The endothelial glycocalyx has important roles
in transduction of shear stress, regulation of leuko-
cyte–endothelial cell interactions, regulation of clot-
ting and complement cascades, growth factor bind-
ing and, of particular interest here, it contributes
to the permeability of the capillary wall [3,4]. We
review the evidence that altered endothelial glyco-
calyx results in disordered microvascular permeabil-
ity, which in the kidney manifests as albuminuria.
We discuss the hypothesis that generalized damage
to the endothelial glycocalyx occurs in a number
of diseases characterized by both albuminuria and
altered systemic permeability, and address the contri-
bution that damage to the endothelial glycocalyx in
those conditions may make to other facets of those
diseases.

The structure of the capillary wall and transmural
pathways for fluid and solute exchange

The capillaries and postcapillary venules of the micro-
circulation are the site of solute exchange between the
intra- and extravascular compartments. The endothe-
lium of these vessels may be described as continuous,
fenestrated or discontinuous [5,6]. In continuous
endothelia, one cell directly contacts the next at inter-
cellular junctions. Continuous endothelia may possess
fenestrations, transcellular cytoplasmic holes, which
may or may not contain diaphragms [7]. The mature
glomerular endothelium is characterized by fenes-
trations without diaphragms [8]. In discontinuous
endothelial there are significant gaps between adja-
cent cells where basement membrane may also be
absent.

Continuous capillaries

Endothelial glycocalyx

Multiple constituents of the endothelial glycocalyx
are recognized [1,3,4], including cell surface-anchored
components such as proteoglycans (PGs) and sialopro-
teins, and adsorbed components such as albumin, oro-
somucoid and lumican [9]. PGs consist of a core pro-
tein, eg syndecan or glypican, and glycosaminoglycan
(GAG) side-chains. Heparan sulphate and chondroitin
sulphate GAGs are prominent in the endothelial glyco-
calyx and are largely responsible for its anionic charge.
Hyaluronan is a non-sulphated GAG which may be
anchored to the cell surface by various receptors and
interacting proteins or simply adsorbed onto the cell
surface-anchored components [4]. Sialoproteins, pos-
sessing a number of neuraminic acid residues, are also
prominent. Adsorbed components of the endothelial
glycocalyx are essential for normal function of the
layer [9,10]. Reports on the depth of the endothelial
glycocalyx vary greatly, but the layer extends up to
1 µm from the endothelial cell membrane and varies
in composition and appearance between different blood
vessels and vascular beds. Some of these differences
are at least partly due to variation introduced by prepa-
ration and imaging methods [3,11,12]. Little is known
regarding the regulation of glycocalyx composition but
this is likely to be determined by a the balance between
stimuli that increase glycocalyx biosynthesis (eg shear
stress [13]) and those that lead to its degradation (eg
inflammation [14])

Cell–cell junctions

The principle pathway of fluid and solute movement
across continuous endothelia is paracellular, ie through
interendothelial clefts, which occupy approximately
0.2% of the endothelial cell surface [15] (Figure 2A).
Junctional adhesion molecules form adherens and tight
junctions which are interspersed within the clefts,
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564 AHJ Salmon and SC Satchell

Figure 2. Pathways across capillary walls. (A) Continuous microvessel; (Ai) representation of the wall of a continuous microvessel, formed
by two endothelial cells (EC1, EC2) and an associated pericyte (Pe). A continuous endothelial glycocalyx layer (GLX: yellow) forms the
interface between the endothelial cells and the vessel lumen (L). Endothelial cells and the pericyte are invested by basement membrane
(grey) and embedded within interstitium (I). (Aii) 2D scaled representation of a cross-section across a continuous capillary wall. Endothelial
glycocalyx (GLX) overlies two adjacent endothelial cells (EC), including the entrance to an interendothelial cleft (IEC) containing two tight
junction strands (TJ). The major route of fluid and solute flux (red arrows) is between the fibres of the GLX, through the IEC and between
gaps in the TJ strands, and finally across the basement membrane (BM) to reach the interstitium; scale bar = 100 nm. (B) Fenestrated
glomerular capillary: (Bi) representation of the walls of two adjacent glomerular capillaries. Endothelial glycocalyx (GLX; yellow) forms
the interface between fenestrated endothelial cells (EC) and the vessel lumen (L). Glomerular basement membrane (grey) is interposed
between endothelial cells and the foot processes of podocytes (Po), which are either covered by podocyte cell bodies (subpodocyte space:
SPS) or revealed directly to the urinary space (US). Central-facing portions of these glomerular capillaries abut mesangial areas (Me).
(Bii) 2D scaled representation of a cross-section across a glomerular capillary wall. GLX is present above and within endothelial cell (EC)
fenestrae (fen). The glomerular basement membrane (GBM) is interposed between endothelial cells and podocyte foot processes (PFP).
Slit diaphragms (SD) bridge the filtration slit (fs) between adjacent PFPs; 60% of filtration slits are covered by restrictive spaces beneath
podocyte cell bodies [sub-podocyte space (SPS)], from which filtered fluid must exit via SPS exit pores (SPS-EP). The major route of fluid
and solute flux (red arrows) is between the fibres of the GLX, through fenestrae, and in divergent streams across the GBM before being
channelled through filtration slits into either SPS and thence via exit pores into urinary spaces, or directly into urinary spaces. Scale bar =
100 nm.

restricting the flux of water and solutes through them
[16]. The organization and abundance of these cell–cell
junctions varies throughout the vascular tree [16] and
confers specialized permeability properties, eg tight
junctions predominate in specialized circulations with
particularly low permeability (eg retina and brain)
[17–19].

Basement membrane

All endothelial cells are in direct association with a
basement membrane—a specialized 50–100 nm layer
of extracellular matrix [20,21]. Basement membranes

are composed of a meshwork of type IV collagen
and laminin with entactin (nidogen) acting as a bridg-
ing protein between them. Proteoglycans, in particular
perlecan, are another important component. The exact
composition of basement membranes varies, with par-
ticular isoforms of collagen type IV and laminin chains
characterizing individual locations [22].

Supporting cells

Pericytes are distributed at intervals along capil-
laries and postcapillary venules within the basement
membrane. The pericyte coverage ranges from 22% in
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cerebral cortex capillaries [23] to as much as 95% in
skeletal muscle capillaries [24]. Pericytes have long
cytoplasmic processes, which directly contact endothe-
lial cells forming communicating gap junctions [25].
Complex cell–cell communication between these cells
and endothelial cells via soluble mediators, as well as
direct contact via gap junctions, is vital for the func-
tional stability of the microvessel [26].

Fenestrated capillaries

Fenestrations Fenestrated capillaries share all of the
above features with continuous capillaries (endothe-
lial glycocalyx, intercellular junctions, basement mem-
brane and pericytes) but also have round or ovoid tran-
scellular holes (60–70 nm diameter) through the most
attenuated part of the endothelial cell cytoplasm [7].
They are found in the endothelium of organs, where a
higher rate of exchange between intra- and extravascu-
lar compartments is required including endocrine tissue
(eg pancreatic islets, adrenal cortex), gastrointestinal
mucosa, joint synovium and renal peritubular capillar-
ies. Fenestrae are typically both filled and covered with
endothelial glycocalyx [27] and are traversed by a thin
(3–5 nm) diaphragm [28].

Glomerular capillaries Glomerular capillaries also
exhibit the above structural features but with particular
adaptations (Figure 2B). Enzyme digestion and histo-
chemical studies confirm that rat glomerular endothe-
lial glycocalyx is anionic and made up principally from
sialoproteins in the non-fenestrated regions, and from
heparan sulphate, hyaluronic acid and sialoproteins in
the fenestrae [29].

Glomerular endothelial fenestrations cover up to
20–50% of the capillary surface area [30,31] and
do not contain diaphragms in the mature glomerulus
[8,32]. The mature glomerular basement membrane is
significantly thicker than others at 240–370 nm [33]
and is characterized by α3, α4 and α5 chains of type
IV collagen, α5, β2 and γ1 chains of laminin [34] and
the proteoglycans perlecan and agrin [1,35].

The glomerulus is supported by podocytes and
mesangial cells, both of which have some pericyte-
like properties. The interdigitating foot processes of
podocytes, spanned by a specialized intercellular junc-
tion termed the slit diaphragm [36–38], are covered
by the restrictive subpodocyte space in 60% of the
glomerulus [39–41]. Podocytes therefore form the
outer surface of the glomerular capillary wall. Mesan-
gial cells regulate glomerular structure and distensibil-
ity [1] and contribute to the essential cell–cell com-
munication within the glomerulus [42].

Contribution of the endothelial glycocalyx
to fluid and solute movement across the
microvascular wall

In both systemic continuous and glomerular capillary
beds, the structures that comprise the vascular wall act

in concert to determine the permeability of the vessel
wall to fluid and solute movement. Detailed reviews of
microvascular permeability are available [1,31,43–45].
Here we summarize evidence relevant to understanding
the contribution of the endothelial glycocalyx.

Continuous capillaries

Tight junction bands within the interendothelial cleft
of continuous capillaries are incomplete: breaks in
these bands occur over 3–10% of their length [46,47].
By measuring the frequency of these breaks in elec-
tron micrographs of individually perfused microves-
sels, modelling water flow through these breaks and
measuring actual rates of water flow across the walls
of the same vessels, Adamson and Michel [46] demon-
strated that these breaks would allow more fluid to
cross the vessel wall than is actually observed. This
indicates that overall resistance to water flow is pro-
vided by tight junction strands within the cleft in com-
bination with other components of the vessel wall,
such as the endothelial glycocalyx [48]. In addition,
the endothelial glycocalyx overlying the cleft entrance,
together with breaks in the tight junction strand within
the cleft, act together to form a ‘fibre matrix–junction
break’ pathway that accounts for the degree of macro-
molecular sieving exerted by continuous capillary walls
[49,50]. Hu et al [51] and Adamson et al [52] have
demonstrated in frog and rat mesenteric (continuous)
microvessels, respectively, that changing the oncotic
pressure gradient in the interstitium immediately adja-
cent to the vessel wall has a minimal effect on steady-
state transvascular fluid flux, in contrast to the symmet-
rical predictions of the traditional Starling equation.
This supports a model in which the endothelial gly-
cocalyx reflects a considerable proportion of albumin
molecules back into the vessel lumen (ie high reflec-
tion coefficient), such that the concentration of albumin
molecules immediately beneath the endothelial gly-
cocalyx is considerably lower than the concentration
of albumin in plasma. In addition, fluid crossing the
endothelial glycocalyx enters the interendothelial cleft
and streams towards breaks in tight junction strands,
thereby washing out albumin beneath the endothelial
glycocalyx and preventing albumin from diffusing back
up the cleft from the interstitium. The oncotic pres-
sure gradient is therefore set up across the endothelial
glycocalyx, rather than across the entire capillary wall;
hence, changing the oncotic pressure in the interstitium
has little effect on transvascular fluid flux [44,53]. This
combination of reflection of albumin by the endothelial
glycocalyx and continuous wash-out of the interen-
dothelial cleft provides an explanation for the obser-
vation that microcirculatory networks perfused in the
steady state do not reabsorb fluid [54], even at the
venous end of the network [44].
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Fenestrated capillaries

The surface area available for fluid exchange through
fenestrae significantly exceeds that available via inter-
cellular clefts, although there are large differences
between capillary beds (∼0.65% fenestral area in syn-
ovium, 15.7% in renal peritubular capillaries) [15].
There is a strong linear relation between hydraulic con-
ductance and fenestral density (correlation coefficient
0.99) [15]. However, the geometry of the cellular and
diaphragmatic portions of the fenestral pathway pre-
dicts hydraulic conductance across fenestrated capillary
walls that greatly exceeds experimental measurements.
The same discrepancy is also apparent for small solute
permeability across fenestrated capillaries. Additional
resistance across the fenestral pathway, attributable
to overlying endothelial glycocalyx and/or underlying
basement membrane, is required to reconcile phys-
iological measurements with biophysical predictions
[15].

Glomerular capillaries

Fenestral density is very high in the glomerulus
(∼ 22.5% [15]) and, accordingly, glomerular hydraulic
conductivity is also very high [55]. Mathematical mod-
els indicate that glycocalyx-filled fenestrae contribute
about one-quarter of the overall resistance of the
glomerular capillary wall [31]. As with other types
of capillaries, the layers of the glomerular capillary
wall act in concert to hinder fluid movement: the
hydraulic resistance of individual layers summate, and
the structure and composition of each layer modifies
the resistance of (or the pathways available for move-
ment across) other layers [31].

The resistance of the glomerular capillary wall to
the passage of macromolecules is fundamentally dif-
ferent—the contributions of each layer are multiplied
together [31] in contrast to the addition of hydraulic
resistances of individual layers. Thus, an order of mag-
nitude change in the macromolecular permeability of
an individual layer results in the same order of magni-
tude change in the macromolecular permeability of the
entire barrier. Whilst tubular function modifies the pre-
cise amount of albumin in final urine, the majority of
current evidence indicates that changes in glomerular
permeability are responsible for significant albumin-
uria [1]. Glomerular sieving coefficients (the ratio of
macromolecule concentrations in urine and plasma, rel-
ative to that of a freely-filtered molecule) decreases
as glomerular filtration rate (GFR) increases [56–58].
If a downstream structure (such as the podocyte slit
diaphragm) was the main site of macromolecular resis-
tance, then elevated flow rates would result in accu-
mulation of macromolecules on the upstream side of
this resistance, shortening the effective distance for
diffusion of these molecules into the urinary space
and hence elevating the sieving coefficient. That the
converse situation is observed (fall in sieving coeffi-
cient with increased GFR) indicates that molecules are

predominantly excluded by upstream layers of the bar-
rier (eg endothelial glycocalyx) and the concentrated
layer of macromolecules does not form, partly because
of continuous stirring by flowing blood [59]. Sieving
by upstream layers of the glomerular capillary wall
is therefore analogous to the situation in continuous
capillaries, where the majority of albumin is reflected
by the innermost layer (endothelial glycocalyx). An
inverse relation between sieving coefficient and GFR
has been demonstrated for dextran [56], Ficoll [58]
and albumin [57]. It is noteworthy, however, that this
inverse relation between sieving coefficient and GFR
is no longer apparent when the charges on albumin
are neutralized [57], supporting evidence from enzyme
degradation studies that upstream layers of the barrier
(eg endothelial glycocalyx) make an important contri-
bution to charge selectivity.

Similarity of endothelial glycocalyx in different
capillary beds
Whilst hydraulic conductivity varies with the pro-
portion of the endothelial surface available for fluid
exchange, the reflection coefficient varies little between
fenestrated and continuous capillary beds [60], which
may imply that a structure common to continuous
and fenestrated capillary beds, such as the endothe-
lial glycocalyx (Figure 3), provides a common degree
of macromolecular sieving in these diverse micro-
circulations [45]. Whilst some endothelial glycocalyx
labelling techniques (eg cationic ferritin) have revealed
differences in the gross appearance of the endothelial
glycocalyx in different capillary beds [61], selective
filtration by the endothelial glycocalyx occurs at the
level of spaces between the individual nanofibres that
comprise the matrix. The endothelial glycocalyx is pre-
dicted to act as an efficient barrier to macromolecules
if the fibres of the matrix are regularly arranged and
if the spacings between the matrix fibres are sufficient
to exclude macromolecules (and particularly albumin)
[45]. Squire et al [62] used autocorrelation analysis of
electron micrographs of the endothelial glycocalyx of
continuous capillaries to study the arrangement of these
individual fibres of the endothelial glycocalyx, and
identified both a regular arrangement of matrix fibres
and inter-fibre spacing sufficient to exclude albumin
molecules. Recently, this regularity within the endothe-
lial glycocalyx was shown to be strikingly similar
across fenestrated and continuous capillaries, includ-
ing above the fenestrae of glomerular capillaries [63],
supporting the notion that the endothelial glycocalyx
provides a relatively constant degree of macromolec-
ular exclusion throughout the microcirculation. The
final degree of macromolecular exclusion exhibited by
individual capillaries, particularly in specialized micro-
circulations such as the glomerulus, is likely to be
achieved by specializations of the structure and com-
position of the endothelial glycocalyx within these
microcirculations, coupled with specialized anatomy
(eg additional resistance to macromolecular movement
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Figure 3. Endothelial glycocalyx lines the luminal surface of continuous and fenestrated microvessels. Electron micrographs of the walls
of microvessels from four different organs, using oxygenated fluorocarbon perfusion to preserve the endothelial glycocalyx. (A) Continuous
microvessel from psoas muscle. Endothelial glycocalyx (EG) forms an uninterrupted layer over the surface of two adjacent endothelial cells
(EC1, EC2), including across the luminal aperture ( ∗) of the interendothelial cleft (IEC), and across the luminal surface of caveolae (c); v,
vesicles; L, lumen of vessel; scale bar = 200 nm. (B) Glomerular capillary wall. Endothelial glycocalyx (EG) again forms an uninterrupted
layer with uniform appearance, covering endothelial cell (EC) cytoplasmic surfaces (black arrowhead) and filling fenestrae (f, white
arrowhead). Note that the technique also reveals a continuous layer of podocyte glycocalyx (pg, grey arrowhead) covering podocyte foot
processes (pfp); L, lumen of vessel; GBM, glomerular basement membrane; sd, slit diaphragm; US, urinary space; scale bar = 200nm.
(C) Fenestrated microvessel from fundus of stomach. A plaque of four fenestrae (f) and an adjacent, non-fenestrated segment of endothelial
cell (EC) surface both exhibit endothelial glycocalyx (EG) coverage. Whilst EG covering fenestrae (white arrowhead) is arranged into ‘sieve
plugs’, whereas that overlying cell cytoplasm (black arrowhead) is more diffuse, autocorrelation analysis reveals a common arrangement of
fibres in both fenestrated and non-fenestrated regions [63]; L, lumen of vessel; v, vesicles; scale bar = 200 nm. (D) Fenestrated capillary
from retinal choroidal microvessel. Endothelial glycocalyx (EG) appears uniform, both within fenestrae (f, white arrowhead) and overlying
endothelial cell (EC) cytoplasmic surfaces (black arrowhead); L, lumen of vessel; scale bar = 200 nm. Images courtesy of Arkill, Rostgaard,
Qvortrup and colleagues (analysed in [63]). (A) has previously appeared in [141] and is used here with permission.

imposed by relatively thick basement membrane com-
bined with podocyte slit diaphragms in the glomerulus)
and/or by specialized haemodynamics (eg high filtra-
tion rate across the glomerular capillary wall, reducing
the magnitude of sieving towards a minimum value
approximating the reflection coefficient of albumin)
[64].

Altered microvascular permeability in disease
states

In disease states, defects in any of the multiple com-
ponents of composite microvascular wall barriers may
result in changes in permeability: this is true for all of
the aforementioned types of capillary beds. In both ani-
mal models and patients with diabetes, for example, a
reduction in tight junctions within the interendothelial
cleft of retinal microvessels has been described [65,66],
and this corresponds to the diabetes-induced increase
in retinal microvessel permeability [66]. Inflammatory
mediators also increase endothelial cell–cell junction
width, and in some cases induce para-junctional tran-
scellular holes, associated with increased permeabil-
ity [67]. A number of mediators combine to effect
endothelial cell junctions in conditions such as adult
respiratory distress syndrome [68].

In the glomerulus the importance of the podocyte
for the integrity of the barrier to macromolecules is
clearly demonstrated by the profound proteinuria which
results from genetic abnormalities of key proteins
associated with the slit diaphragm, eg nephrin and
podocin [69,70]. Although the GBM is thought to
make a relatively small direct contribution to the
barrier to macromolecules [71], GBM abnormalities
do lead to proteinuria through disrupting the cellular
contribution to the barrier [34]. The reduction in
GFR associated with loss of endothelial fenestral
area predicted by biophysical models does indeed
occur in pre-eclampsia, and there is good evidence
that this is the mechanism of acute renal failure in
this condition [72]. The glomerular endothelium is
similarly damaged in a number of other conditions,
including diabetic nephropathy [73] and transplant
glomerulopathy [74,75].

It should be noted that multiple layers of the
microvascular wall may be affected simultaneously
and that dysfunction of one layer may compromise
that of another, including by altered signalling via
soluble mediators. For example, in the glomerulus,
damage to the podocytes may result in reduced vascular
endothelial growth factor production, which leads to
glomerular endothelial cell dysfunction and potentially
also to glycocalyx disruption [32,76].
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Experimental manipulation of the endothelial
glycocalyx results in altered permeability
Damage to the endothelial glycocalyx also results in
abnormal permeability, both in continuous and fenes-
trated capillary beds. Adamson [48] found that partial
removal of the endothelial glycocalyx in frog mesen-
teric capillaries caused a greater than two-fold increase
in LP. A similar approach was used to demonstrate
that the endothelial glycocalyx contributes to the bar-
rier to solute permeability in swine coronary arte-
rioles [77]. Conversely, the endothelial growth fac-
tor angiopoetin-1 increased the endothelial glycocalyx
thickness, caused a corresponding decrease in hydraulic
conductivity and increased retention of albumin in
mesenteric microvessels [78].

In glomeruli, enzymatic degradation of GAG reduces
glomerular filtration barrier anionic sites and increases
the clearance of albumin in anaesthetized mice and in
cooled isolated perfused kidneys [79,80]. Long-term
administration of hyaluronidase also caused protein-
uria [81]. Notably, chondroitinase increased the clear-
ance of charged macromolecules, but not of neutral
molecules of an equivalent size [80]. Removal of sialic
acid residues in the glomerulus also results in loss of
anionic sites and albuminuria [82,83]. Elution of non-
covalently bound components of the endothelial glyco-
calyx caused a 12-fold increase in the fractional clear-
ance of albumin [9], supporting evidence from continu-
ous capillaries [10,48] that both the soluble and bound
components of the endothelial glycocalyx determine
permeability. Similar effects of disruption of heparan
sulphate and sialic acid components of the endothe-
lial glycocalyx have been observed in monolayers of
human glomerular endothelial cells, in which potential
confounding effects of enzymatic degradation on the
glomerular basement membrane are eliminated [84,85].
Overall, these studies provide additional support for the
concept that the endothelial glycocalyx is a functionally
important layer in the glomerular filtration barrier.

Disruption of glomerular endothelial glycocalyx
coincides with albuminuria in glomerular disease
The observation that experimental damage to the
glomerular endothelial glycocalyx results in increased
clearance of unmodified, negatively-charged albumin is
recapitulated in albuminuric disease, and particularly
in the early albuminuric phase of diabetic nephropa-
thy. Jeansson et al [86] reported a change in a number
of molecular components of the endothelial glycoca-
lyx in diabetic animals, coupled with an increase in
the fractional clearance of albumin. Loss of glomerular
labelling of glycosaminoglycans (specifically hyaluro-
nan and heparan sulphate) within the glomerular cap-
illary wall has been demonstrated in streptozotocin-
induced diabetic rats with albuminuria [87], and similar
observations in Zucker fatty rats [88] included demon-
strable changes in the endothelial glycocalyx. Heparan
sulphate biosynthesis and endothelial glycocalyx struc-
ture of human glomerular endothelial cell monolayers

were both severely disrupted by exposure to high glu-
cose concentrations, associated with increased passage
of albumin across the monolayer [89]. These changes
in glomerular endothelial glycocalyx in early diabetic
nephropathy (and high glucose exposure) are consistent
with the early loss of charge (but not size) selectivity
that occurs in animal models of diabetic nephropathy,
and in individuals with type 1 and type 2 diabetes and
microalbuminuria [86,90,91].

Recently, changes in glomerular endothelial glyco-
calyx have also been demonstrated in non-diabetic
nephropathy. Administration of adriamycin to mice
caused a reduction in endothelial glycocalyx depth and
change in a number of endothelial glycocalyx compo-
nents, and these changes preceded demonstrable dam-
age to other layers of the glomerular capillary wall
and coincided with increased glomerular clearance of
albumin [92].

Triad of damage to the endothelial glycocalyx,
albuminuria and widespread increase in
microvascular permeability in disease states

The evidence outlined above indicates that localized
damage to the glomerular endothelial glycocalyx may
result in albuminuria, and that localized damage to the
endothelial glycocalyx of continuous capillaries may
result in increased systemic microvessel permeabil-
ity. However, the diabetic milieu is imposed on the
endothelial glycocalyx of all blood vessels: if dam-
age to the endothelial glycocalyx is generalized, then
changes in glomerular permeability (ie albuminuria)
and systemic permeability may coincide. This is con-
sistent with the Steno hypothesis, which held that albu-
minuria in diabetes is indicative of widespread vascular
damage [93]. However, the evidence reviewed points
to endothelial glycocalyx damage as that aspect of
endothelial dysfunction that is responsible for albu-
minuria, rather than (or possibly in addition to) other
extracellular matrix defects, as the Steno hypothesis
originally proposed. What evidence is there that this
triad of damage to the endothelial glycocalyx, albu-
minuria and increased systemic permeability occurs in
diabetes, and is there evidence indicating that the same
triad occurs in other diseases?

Diabetes

Albuminuria is the hallmark of diabetic nephropathy,
but the presence of albuminuria is associated with
vascular dysfunction and disease outside the kidney.
Albuminuria-associated vascular diseases in diabetes
include microvascular complications, such as retinopa-
thy and neuropathy, as well as macrovascular dis-
ease, such as adverse cardiovascular events [32,94,95].
Permeability coefficients, ie the amount of substance
exchanged across a microvessel wall per unit pres-
sure per unit area, have only been assessed in animal
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models of diabetes, since these studies permit con-
trol of confounding factors that cannot be achieved in
humans [96]. In these models, the apparent solute per-
meability coefficient of albumin is elevated in coronary
microvessels of diabetic pigs [97], and hydraulic con-
ductivity is elevated in frog mesenteric microvessels
exposed to hyperglycaemia [98]. The closest approx-
imation to these studies in humans was achieved by
Jaap et al [99,100], who measured capillary filtra-
tion coefficient (CFC: the product of LP and avail-
able exchange area) using a sensitive plethysmogra-
phy technique. Increased CFC was noted in individ-
uals with type 1 diabetes, particularly in those with
microalbuminuria.

This demonstration of increased permeability in dia-
betes, with a greater increase in diabetic subjects
with albuminuria, closely resembles the demonstra-
tion by Nieuwdorp and colleagues [101] that there is
widespread loss of endothelial glycocalyx in patients
with type 1 diabetes, and that the endothelial glyco-
calyx is more disrupted in diabetic subjects with albu-
minuria. Subsequent studies in patients with type 2 dia-
betes have demonstrated that these patients also have a
reduction in endothelial glycocalyx [102]. Whilst many
methods of endothelial glycocalyx detection are limited
to some extent (eg [103]), these studies have used a
range of detection methods to assess endothelial glyco-
calyx volume, all of which have indicated a reduction
in endothelial glycocalyx depth in diabetic subjects.
Thus, the triad of damage to the endothelial glycoca-
lyx, albuminuria and increased systemic permeability
occurs in type 1 [99–101] and possibly type 2 [102]
diabetes.

The importance of the endothelial glycocalyx to
widespread changes in microvascular permeability
(including albuminuria) in diabetes does not exclude
the possibility that functionally important changes in
other capillary wall components are also relevant. In
the glomerulus, thickening of the glomerular basement
membrane and broadening of podocyte foot processes
have been reported in early diabetic nephropathy [32],
both of which may contribute to increased glomeru-
lar clearance of albumin because of the multiplicative
nature of sieving by individual layers of the glomerular
capillary wall [31]. In non-renal capillaries, changes in
tight and adherens junction composition and structure
occur [104]. Disruption of endothelial cell molecu-
lar cascades, including those resulting from increased
oxidative stress [32,104], affect the integrity of interen-
dothelial junctions [105] as well as the endothelial
glycocalyx [88,106].

The diabetes-induced changes in endothelial gly-
cocalyx may, in part, reflect direct suppression of
the turnover of endothelial glycocalyx components by
hyperglycaemia [107]. However, there is accumulating
evidence that the same triad of damage to the endothe-
lial glycocalyx, albuminuria and widespread changes in
permeability also occurs in other diseases, independent
of hyperglycaemia.

Ischaemia–reperfusion
Ischaemia–reperfusion, in response to aortic cross-
clamp during abdominal aortic aneurysm repair, results
in significant, transient albuminuria in humans
[108,109]. Similarly, aortic clamping increased the
renal clearance of albumin 16-fold in rats. Notably,
no changes in the structure of podocytes, glomeru-
lar basement membrane or endothelial cell bodies
was noted in these rats, implicating a change in the
endothelial glycocalyx [110]. Ischaemia–reperfusion
also results in an increase in the plasma levels
of syndecan-1 and heparan sulphate, both of which
are important components of the endothelial gly-
cocalyx [111,112]. Damage to the endothelial gly-
cocalyx following ischaemia–reperfusion has been
directly demonstrated with electron microscopy in iso-
lated guinea-pig hearts [111] and with a brightfield
microscopy-exclusion technique in human kidneys
donated for transplantation after cardiac death [112].
Ischaemia-reperfusion induced by systemic hypoten-
sion in rats causes near-complete loss of microvas-
cular endothelial glycocalyx in the small intestine
(the only organ bed studied) [113]. These find-
ings demonstrate endothelial glycocalyx damage in
various organs in response to either organ-specific
ischaemia–reperfusion or systemic hypotension. As
with the development of albuminuria in kidneys
exposed to ischaemia–reperfusion [110], increased
coronary fluid flux is observed in isolated perfused
heart preparations subjected to ischaemia–reperfusion
[114]. Moreover, agents that restore the endothelial
glycocalyx reduce the degree of coronary fluid flux
[114,115]. No physiological assessments of microvas-
cular permeability were made in the systemic hypoten-
sion model [113], but significant thickening of the wall
of lung alveoli was noted, which is compatible with
increased transcapillary fluid flux. Notably, plasma (but
not crystalloid) resuscitation resulted in both partial
restoration of the endothelial glycocalyx and a signifi-
cant reduction in alveolar thickness following hypoten-
sion, which is consistent with the notion that plasma
components (including albumin and orosomucoid) are
required to maintain the structure and function of the
endothelial glycocalyx and thereby regulate microvas-
cular permeability [9,10].

Infectious disease
The same triad may also occur in a number of infec-
tious diseases. Wills and colleagues propose that dam-
age to the microvascular endothelial glycocalyx occurs
in dengue infection, and that this is the pathophysio-
logical mechanism that explains the profound plasma
leakage and consequent hypovolaemia that occurs in
the shock phase of dengue fever [116]. Whilst clini-
cally apparent sequestration of fluid in the abdomen
and thorax occurs during this shock phase, subclinical
extravascular fluid accumulation has been noted early
in the febrile phase of the disease [117]. Patients with
dengue infection also display a 50% increase in CFC,
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suggesting that plasma leak may be a consequence of
increased microvascular permeability (or surface area
available for exchange), rather than as a primary result
of changes in haemodynamics [118].

This apparent increase in systemic permeability in
dengue infection is accompanied by an increase in uri-
nary clearance of albumin and other macromolecules.
Increased fractional clearances of four macromolecules
(antithrombin, albumin, transferrin and IgG) of vary-
ing size (59–150 kDa) and charge (neutral to anionic)
was observed in children with active dengue infec-
tion, relative to the clearance of these molecules after
1 month of convalesence in the same individuals [119].
An increase in the urinary clearance of heparan sul-
phate, a constituent of the endothelial glycocalyx, was
also noted during dengue infection [119]. Whilst this
evidence for dengue-induced changes in the endothe-
lial glycocalyx is currently circumstantial, it is certainly
compatible with widespread changes in microvascular
permeability resulting from damage to the endothelial
glycocalyx.

A similar phenomenon has also been proposed to
occur in other infectious diseases, such as meningococ-
cal septicaemia [120], in which systemic vascular leak,
increased urinary protein leak, and increased plasma
and urine concentrations of GAGs have been noted.
A correlation between urinary GAG and urinary pro-
tein leak was also observed, leading the authors to
suggest that infection-induced loss of GAG from the
glomerular endothelial glycocalyx contributes to albu-
minuria. Again, direct examination of the endothelial
glycocalyx in patients with and without meningococ-
cal septicaemia remains outstanding. Shedding of the
endothelial glycocalyx has been demonstrated more
widely in experimental and clinical studies of sepsis
in general [121–124]. The concomitant occurrence of
microalbuminuria in these settings [125] suggests that
altered microvascular permeability as a consequence of
glycocalyx disruption plays a role in many pathophys-
iological states.

Implications of the relationship between damage
to the endothelial glycocalyx and widespread
permeability dysfunction

Because the endothelial glycocalyx is an important
component of the permeability barrier throughout the
body, widespread damage to the endothelial glyco-
calyx would be predicted to result in albuminuria
and systemic changes in permeability. However, the
endothelial glycocalyx also mediates a host of other
important vascular functions, such as mechanotrans-
duction and leukocyte adhesion [4]. If damage to the
endothelial glycocalyx is an important pathophysio-
logical phenomenon in disease states, then the third
component of the damage to the endothelial gly-
cocalyx/albuminuria/widespread change in permeabil-
ity triad could be substituted for disruption of any

other endothelial glycocalyx-dependent function, such
as mechanotransduction and flow-mediated vasodilata-
tion. Whilst direct experimental support is currently
lacking, damage to the endothelial glycocalyx pro-
vides a theoretical explanation for the association
between albuminuria and disruption of flow-mediated
vasodilatation [126]. In addition, leukocyte adhesion to
microvascular endothelium is regulated by the endothe-
lial glycocalyx, with endothelial glycocalyx removal
enhancing adhesion [127,128]. Endothelial glycoca-
lyx damage in diabetes may therefore also contribute
to leukocyte adhesion in the retina [129] and kidney
[130]. Certainly factors that restore endothelial glyco-
calyx (such as angiopoietin-1) [78] decrease leukocyte
adhesion in the retina [129], although again the role
of the endothelial glycocalyx needs to be considered
alongside other factors that regulate leukocyte adhesion
in diabetes [129,131].

Cardiovascular disease and microalbuminuria are
both closely associated with endothelial dysfunction,
and so it has been proposed that endothelial glyco-
calyx dysfunction explains the link between microal-
buminuria and cardiovascular disease [32]. This is
supported by the observation that modification of the
endothelial glycocalyx accelerates atherosclerosis in
apolipoprotein-E-deficient mice [132]. However, a sig-
nificant component of the cardiovascular disease asso-
ciated with albuminuria, particularly in diabetes, is a
consequence of microvascular dysfunction leading to
cardiomyopathy, diastolic dysfunction and cardiac fail-
ure [133–135]. Indeed cardiomyopathy may develop
in diabetic patients in the absence of significant coro-
nary artery disease [136]. This appreciation suggests an
alternative (and possibly complementary) hypothesis
of endothelial glycocalyx dysfunction in the coronary
microcirculation contributing to diabetic cardiomyopa-
thy. As in other vascular beds, control of coronary
microvascular permeability is a fundamental homeo-
static process in which the endothelial glycocalyx plays
an important role [137,138]. Arguably this control is
particularly significant in the heart, which is exquisitely
sensitive to increases in microvascular permeability
and consequent myocardial interstitial oedema: only
a few percent increase in interstitial fluid volume
compromises cardiac function [139]. Diabetes-induced
damage to the endothelial glycocalyx resulting in
increased coronary microvascular permeability would
be predicted to result not only in accelerated atheroscle-
rosis [140] but also myocardial oedema, and therefore
may directly contribute to the impaired cardiac function
frequently observed in individuals with diabetes.

Conclusion

Endothelial glycocalyx makes a significant contribu-
tion to the permeability barrier in both systemic and
glomerular capillaries. Understanding the glomeru-
lus as a specialized microcirculation, including by
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applying physiological insights from the systemic
microcirculation to the glomerulus, affords greater
understanding of glomerular function and pathophys-
iology. Damage to any layer of capillary walls, includ-
ing the endothelial glycocalyx, frequently results in
altered permeability: in the glomerulus, this is clinically
apparent as albuminuria. Widespread damage to the
endothelial glycocalyx would be predicted to result in
albuminuria and systemic changes in permeability, and
this triad of damage to the endothelial glycocalyx, albu-
minuria and widespread change in permeability occurs
in diabetes, with accumulating evidence for a similar
phenomenon in a number of other diseases. Widespread
damage to the endothelial glycocalyx may also con-
tribute to the associations between albuminuria and
other facets of vascular dysfunction and disease, such
as impaired flow-dependent vasodilatation, increased
leukocyte adhesion and predisposition to atheroscle-
rosis. Hence, whilst the microcirculation as a whole
provides a basis to understand glomerular filtration,
the glomerular circulation provides a unique ‘window’
on the systemic circulation: in certain circumstances,
microalbuminuria, resulting from disturbed glomerular
filtration barrier function, potentially provides an index
of glycocalyx-dependent vascular functions as a whole.
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