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The endothelial glycocalyx is a gel-like structure that is bound

to the luminal surface of the vascular endothelium. At the

interface between flowing blood and endothelial cells, the

glycocalyx has several functions that are critical for the

maintenance of a healthy vasculature, particularly in regard to

the vascular endothelium. Within the vasculature, the

glycocalyx modulates vascular resistance to maintain blood

flow homogeneity in the microcirculation, mechanotransduces

fluid shear stress to the endothelium, and buffers endothelial

cells from plasma oxidants, cytokines, and circulating immune

cells. In advanced age and cardiovascular disease (CVD), the

glycocalyx is deteriorated. Moreover, glycocalyx deterioration

may precede traditional measurements of age-related vascular

dysfunction, such as impaired endothelium-dependent dilation

and large artery stiffness, suggesting that a deteriorated

glycocalyx could initiate age-related CVD pathology.
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Introduction
The endothelial glycocalyx is a gel-like structure that is

bound to the luminal surface of the vascular endothelium,

and is composed of a network of glycosaminoglycans,

glycoproteins, and glycolipids with the predominant gly-

cosaminoglycans being heparin sulfate, chondroitin sul-

fate, and hyaluronan [1]. Within the microvasculature the

glycocalyx has several important functions including

modulating vascular resistance to maintain blood flow

homogeneity in the microcirculation [2,3��], mechano-

transducing fluid shear stress to the endothelium [4,5],

modulating vascular permeability [6,7], and buffering

endothelial cells from plasma oxidants [8], cytokines
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[9], and circulating immune cells [10,11]. These func-

tional properties of the glycocalyx were identified using

invasive surgical techniques in animal models, but recent

technological advances in intravital microscopic imagery

coupled with automated capture and analysis software

have permitted glycocalyx properties in humans to be

non-invasively imaged and rapidly evaluated in an unbi-

ased fashion in a large number of microvessels. Subse-

quently, the deterioration of the glycocalyx using this

technique has been identified in healthy older adults

[12��], several age-related chronic disease states, such

as cardiovascular disease (CVD) [13], end-stage renal

disease [14], and diabetes [15–17], as well as in patients

with sepsis [18] and the auto-immune disease, systemic

sclerosis [19��,20]. Currently, there is little direct mecha-

nistic evidence to link a deteriorated glycocalyx to age-

related CVD pathology. The focus of this brief review will

be to explore the working hypothesis that a deteriorated

glycocalyx plays a role in pathological features that pre-

cede age-related CVD (Figure 1).

Glycocalyx structure and function
In Figure 2, we have included an electron micrograph

from our laboratory that shows a mouse soleus microvessel

with a glycocalyx that lines its endothelial wall. Indeed,

the first visual evidence of the endothelial glycocalyx was

demonstrated by Luft in 1966 using electron microscopy,

in which the glycocalyx was described as an ‘endocapillary
layer’ that had ‘an irregular, fluffy, indeterminate boundary’,
and, therefore, must be the ‘interface over which blood flows
in the vascular system, its presumptive mucus-like properties
very likely have an important bearing on normal vascular
function, and in vascular disease as well’ [21]. Before the

discovery of the glycocalyx, a relationship between arte-

rial diameter and blood hematocrit (i.e. percentage of red

blood cells [RBCs] per unit of blood) had been reported,

indicating that with decreasing vessel diameter, blood

hematocrit is reduced [22]. The Fåhræus effect can partly

explain this relationship, as there is a tendency for flowing

RBCs to travel in the center of a glass tube, leaving a

RBC-free plasma layer near the tube wall. Thus, with any

given decrease in tube diameter, the proportion of space

taken up by the RBC-free plasma layer is increased,

lowering tube hematocrit (i.e. the volume percentage

of RBCs in a linear segment) [23]. However, tube hemat-

ocrit in isolated microvessels in vivo is lower than would

be expected in glass tubes. This led Klitzman and Duling

to theorize that an additional RBC-free plasma layer

exists near the capillary wall that was distinct from the

plasma layer that occurs as a result of the Fåhræus effect
www.sciencedirect.com
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Working hypothesis demonstrating how the deterioration of the

glycocalyx in advanced age leads to age-related cardiovascular

disease.
[24]. Support for the existence of this additional plasma

layer came from a subsequent study that simultaneously

compared capillary tube hematocrit to discharge hemato-

crit (i.e. volume percentage of RBC outflow from capillar-

ies) in microvessels across a range of diameters [25].

Indeed, the discrepancy between hematocrit measure-

ments in live microvessels versus glass tubes can be
Figure 2
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Electron micrograph of a mouse soleus microvessel with a glycocalyx

that lines its endothelial wall. EC, endothelial cell; RBC, red blood cell.
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explained by the existence of the glycocalyx, a compo-

nent of the vessel that is not freely permeable to RBCs.

Later studies would find that heparinase infusion, which

enzymatically degrades heparin sulfates, eliminates the

glycocalyx, and transiently increases tube hematocrit [26]

and lowers flow resistance in mesenteric arterioles [27].

Moreover, epi-illumination, which also degrades the gly-

cocalyx, has been shown to increase the column width of

flowing RBCs in microvessels [28]. These findings pro-

vided a proof of principle that the glycocalyx has a strong

influence on microvascular hemodynamics and tube

hematocrit in microvessels.

Aside from being the interface between flowing blood and

endothelial cells, the glycocalyx has several functions that

serve to promote a more appropriate blood flow distribu-

tion in the microcirculation that may be critical for the

maintenance of a healthy vasculature (Figure 3a). In

advanced age, although there is no deficit in bulk blood

flow at rest or during exercise to the hindlimb muscula-

ture in rats, the distribution of blood flow to exercising

muscles is markedly altered in old rats, resulting in a

distributional shift in blood flow from oxidative to glyco-

lytic muscles during submaximal endurance exercise [29].

The apparent mismatch in exercise-induced blood flow

distribution has major ramifications on exercise perfor-

mance, and may be the result of impaired microvascular

perfusion in advanced age [30,31]. Indeed, we have

observed lower markers of microvascular perfusion at rest

in older mice and humans that is accompanied by a

deteriorated glycocalyx [12��]. The glycocalyx passively

modulates resistance to blood flow in microvessels, which

serves to maintain blood flow homogeneity within the

microvasculature [2,3��]. Without a glycocalyx, differ-

ences in microvessel diameter at bifurcations result in

inconsistencies in blood flow distribution due to a greater

resistance and blood viscosity in the smaller microvessel

at a bifurcation. Thus, one potential explanation for

alterations in blood flow hemodynamics in advanced

age may be the inability to efficiently and effectively

distribute blood flow within the microvasculature that

result from a deteriorated glycocalyx. In addition to

promoting a more appropriate blood flow distribution

within the microvasculature, the glycocalyx also acts as

a buffer to lessen the impact of capillary irregularities on

flowing RBCs, resulting in a lower driving pressure

required for RBC passage in capillaries [32]. Although

the role of the glycocalyx in facilitating oxygen transfer

from RBCs to target tissues is less understood, a thicker

and less penetrable glycocalyx requires greater RBC

deformability that could promote elongation of RBCs,

increasing their velocity and longitudinal passage, which

could augment oxygen exchange capacity at the associ-

ated capillaries [33]. Taken together, without the glyco-

calyx the microvasculature appears to lack efficiency in

blood flow distribution. The result of this could lead to

impaired microvascular perfusion, which may also impact
Current Opinion in Pharmacology 2019, 45:66–71
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Figure 3
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The role of glycocalyx in maintaining the blood flow distribution. (a) depicts the arterial vasculature in youth, where the glycocalyx contributes to

the maintenance of blood flow homogeneity, protects endothelial cells from the inflammatory cytokines, oxidants, and immune cell adhesion, and

mechanotransduces shear stress to the endothelial cells stimulating nitric oxide (NO) production by endothelial NO synthase (eNOS). (b) Depicts

the arterial vasculature in advanced age. Age-related glycocalyx deterioration results in greater blood flow heterogeneity between branch points,

while impairing mechanotransduction of shear stress to the endothelium lessening NO production, and leaving the endothelium vulnerable to

plasma inflammatory cytokines, oxidants, and immune cell adhesion that further reduce NO bioavailability.
some of the pathophysiological alterations in vascular

function that occur in larger arteries in age-related

CVD (i.e. hypertension, tissue hypoxia).

Role of glycocalyx in aged endothelium
The endothelium is a dynamic tissue that performs many

vital functions throughout the arterial tree, such as releas-

ing molecules that regulate a properly functioning vascu-

lar network, exchanging fluid and molecules between the

blood and surrounding tissues, participating and facilitat-

ing the immune response, and controlling vascular resis-

tance in response to changes in blood flow through the

regulation of arterial tone in resistance vessels [34,35].

Advancing age is the strongest independent predictor of
Current Opinion in Pharmacology 2019, 45:66–71 
endothelial dysfunction [36], and the age-related decline

in endothelial function in both the microcirculation and

larger arteries contributes to a host of pathophysiological

changes, including augmented large and resistance arte-

rial tone, induction of greater oscillatory shear stress, and

large artery stiffening [37,38]. Our laboratory has exten-

sively studied the effects of aging on vascular physiology

[39], and has observed a dysfunctional endothelium that

is accompanied by a deteriorated glycocalyx in several

animal models of aging and age-related diseases (unpub-

lished observations). Because the glycocalyx resides on

the luminal surface of the endothelial cell membrane, it is

the interface between endothelial cells and flowing blood,

stimulating the release of nitric oxide from endothelial
www.sciencedirect.com
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cells via mechanotransduction of fluid shear stress to the

endothelium [4,5]. Indeed, the glycocalyx is the

endothelium’s ‘shear sensor’, as endothelial cells in cul-

ture proliferate and align to the direction of laminar flow

when a glycocalyx is present, but do not proliferate and

align after heparinase-induced glycocalyx degradation

[5]. Hyaluronan also has a critical role in mechanotrans-

duction of shear stress to the endothelium, as laminar

shear stress stimulates the integration of hyaluronan into

the glycocalyx [40], and hyaluronan integration into the

glycocalyx augments nitric oxide release in response to

increased shear stress [41]. These findings indicate that

increases in shear stress are critical to glycocalyx synthe-

sis, which then allows endothelial cells to rapidly respond

to changes in shear stress. Recently, we reported that aged

arteries have a reduction in arterial HAS2, the enzyme

responsible for the synthesis of high molecular weight

hyaluronan [12��]. Thus, it is plausible that age-related

changes in endothelial function may result from an arte-

rial HAS2 deficiency-mediated lack of high molecular

weight hyaluronan that impairs glycocalyx synthesis.

Further study is warranted in this area, particularly to

better define the timeline of these pathophysiological

changes as they occur across the lifespan.

The vascular endothelium is particularly vulnerable to

chronic elevations in oxidative stress [42], and prevention

of oxidative stress-induced endothelial dysfunction can be

achieved by an intact glycocalyx [8] (Figure 3b). Arterial

oxidants can induce endothelial dysfunction by reducing

nitric oxide bioavailability via uncoupling of nitric oxide

synthase within endothelial cells [43]. Although the gly-

cocalyx can act as a physical barrier to plasma oxidants, it

also can quench plasma oxidants via glycocalyx bound

superoxide dismutase [8]. Thus, an intact glycocalyx

may augment endothelial function by alleviating the

plasma oxidant-mediated suppression of nitric oxide bio-

availability in endothelial cells. It is unknown whether a

degraded glycocalyx precedes or is a consequence of age-

related CVD. To the best of our knowledge no data exist

that support the idea that a degraded glycocalyx precedes

age-related vascular endothelial dysfunction, although

accumulated vascular function data from large cross-sec-

tional studies of healthy humans indicate that small artery

endothelial dysfunction is initiated nearly two decades

before larger conduit artery endothelium dysfunction is

present [39]. Our laboratory has observed a reduction in

endothelial glycocalyx thickness in mice by 12 months of

age (unpublished observations), corresponding to early

middle-age in humans. Therefore, it is possible that micro-

vascular dysfunction, as a consequence of a degraded

glycocalyx in early middle-age, initiates a gradual decline

in endothelial function that progresses from small to large

arteries over a period of decades.

In addition to elevations in plasma oxidants, advanced age

is also associated with chronic, low grade inflammation,
www.sciencedirect.com 
characterized by increases in pro-inflammatory cytokines

and immune cell adhesion [44,45] that are also deleterious

to the vascular endothelium [9]. Similar to plasma oxi-

dants, pro-inflammatory cytokines and immune cells can

be buffered from coming into contact with cell adhesion

sites on endothelial cells by the endothelial glycocalyx [9–

11]. Although acute TNF-a infusion degrades the gly-

cocalyx, it is likely that the glycocalyx can, at least

partially, protect endothelial cells from TNF-a, as well

as other pro-inflammatory cytokines [46]. When the gly-

cocalyx is deteriorated via pro-inflammatory cytokines the

endothelium becomes a more hospitable site for immune

cell adhesions and infiltration [46], which itself promotes

further inflammation. On its own, both plasma oxidants

and pro-inflammatory cytokines can induce endothelial

dysfunction, but in advanced age, increases in plasma

oxidants and pro-inflammatory cytokines occur simulta-

neously, acting in a vicious cycle to negatively impact the

aged vasculature [47].

Conclusions
In this short review, we have provided evidence to

support our working hypothesis that age-related glycoca-

lyx deterioration is an initiating factor in vascular dys-

function that occurs in advanced age and age-related

CVD. A healthy glycocalyx promotes a more efficient

microvasculature that is characterized by a more appro-

priate blood flow distribution and microvascular perfusion

that prevents many of the upstream pathophysiological

alterations that occur in age-related CVD. In addition to

microvascular perfusion, there is evidence that the gly-

cocalyx is also critical for a properly functioning vascular

endothelium. Foremost, the glycocalyx facilitates the

ability of the endothelium to sense and respond to

changes in shear stress by releasing nitric oxide. An intact

glycocalyx also protects the endothelium from plasma

oxidants and pro-inflammatory cytokines that would oth-

erwise bombard endothelial cells, leading to a reduction

in endothelial cell nitric oxide bioavailability. We, and

others, have shown that the glycocalyx is deteriorated in

advanced age and in a multitude of age-related CVD

states. Moreover, we have observed a deteriorated gly-

cocalyx in as early as middle age (unpublished observa-

tions), indicating that glycocalyx deterioration may pre-

cede age-related impairments in vascular endothelial

function, as endothelial dysfunction tends to occur later

in this timeline. Further study is warranted to explore this

working hypothesis that a degraded glycocalyx is one of

the earlier consequences of vascular aging that then

initiates vascular dysfunction and ultimately results in

age-related CVD. If so, it is likely that the glycocalyx

could be a novel therapeutic target to ameliorate age-

related vascular dysfunction. One potential strategy is to

administer glycocalyx precursors via dietary supplemen-

tation, which has been shown to restore the glycocalyx in

patients with diabetes [17]. However, it remains to be

seen whether dietary supplementation with glycocalyx
Current Opinion in Pharmacology 2019, 45:66–71
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precursors and similar strategies that can restore the

glycocalyx are also capable of ameliorating arterial

dysfunction.
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