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Abstract

Sepsis affects practically all aspects of endothelial cell (EC) function and is thought to be the key
factor in the progression from sepsis to organ failure. Endothelial functions affected by sepsis
include vasoregulation, barrier function, inflammation, and hemostasis. These are among other
mechanisms often mediated by glycocalyx shedding, such as abnormal nitric oxide metabolism,
up-regulation of reactive oxygen species generation due to down-regulation of endothelial-
associated antioxidant defenses, transcellular communication, proteases, exposure of adhesion
molecules, and activation of tissue factor. This review covers current insight in EC-associated
hemostatic responses to sepsis and the EC response to inflammation. The endothelial cell lining is
highly heterogeneous between different organ systems and consequently also in its response to
sepsis. In this context, we discuss the response of the endothelial cell lining to sepsis in the kidney,
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liver, and lung. Finally, we discuss evidence as to whether the EC response to sepsis is adaptive or
maladaptive. This study is a result of an Acute Dialysis Quality Initiative XIV Sepsis Workgroup
meeting held in Bogota, Columbia, between October 12 and 15, 2014.
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INTRODUCTION

The endothelial cell lining (ECL) of the vasculature is a unique cellular system that coats the
inside of blood vessels and forms the interface between the circulating blood and the
parenchymal cells responsible for organ function. It is critical for the regulation of
hemostasis, vasomotor control, and immunological function, by sensing and reaction
through secretion of molecules, which initiate transcellular and intra-cellular signaling. In
addition to these important functions, the endothelium forms the essential vascular barrier
for solute transport and osmotic balance. Sepsis is associated with severe endothelial cell
(EC) dysfunction leading to dysregulation of hemostasis and vascular reactivity, as well as
tissue edema. This failure of the ECL is considered central to the progression to organ
failure during sepsis.

This review discusses many of the latest insights into the physiological function of the ECL
and its dysfunction in sepsis. Since many excellent reviews on the septic endothelium have
preceded this study (1), we have focused our attention to studies published in the past 5
years. This endeavor arose as a part of an international Acute Dialysis Quality Initiative
(ADQI) X1V Sepsis Workgroup meeting held in Bogota, Columbia, between October 12 and
15, 2014, in which the authors participated. This meeting addressed the different cellular and
subcellular aspects of sepsis, and the working group of the present authors of this study
focused themselves on the role of endothelium in sepsis. In this review, we present a current
update on the central role of the endothelium in sepsis.

METHODS

Complete methods are available in the companion article to this series (2). Briefly, we
assembled a group of international experts with distinct clinical and scientific backgrounds;
this group included physicians; specialists in critical care, anesthesiology, nephrology,
surgery, and emergency medicine; and basic scientists with expertise in biology and
physiology, who were recruited on the basis of their expertise in sepsis and organ
dysfunction. The group consisted of 23 international experts from 5 continents. A set of
questions was generated through mutual agreement and we sought evidence to answer each
question by searching the Cochrane Controlled Trials Register, the Cochrane Library,
MEDLINE, and EMBASE, from 1966 to present. The search terms for questions regarding
epithelial dysfunction are provided in Appendix 2. Finally, we reviewed the evidence with
the group and used the Delphi method to achieve consensus.
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RESULTS

On the basis of the literature review and consensus among the workgroup members, the
following key questions were considered:

1 How does sepsis affect EC function and integrity?

2 What different techniques are available to assess EC function at the bedside?

3 What is the relationship between endothelial altered function and organ function?
4. Impact of usual and microvascular targeted therapies?

5 Is EC dysfunction adaptive or maladaptive?

The endothelial glycocalyx in sepsis

The ECL contains fenestrations and pores, which are heterogeneous between organs and the
different vascular generations (3) (Fig. 1). The integrity of the ECL as a barrier and
transporter of solutes is determined largely by the endothelial cytoskeleton and the
glycocalyx, which are tightly regulated. The glycocalyx is a 0.2 to 0.5-um thick gel-like
layer lining the luminal membrane of the ECL, thought to compromise some 20% of the
intravascular volume. It is a multicomponent layer consisting of proteoglycans (of which
50% to 90% is heparin sulfate) and glycoproteins, anchored to ECs by glycosaminoglycans
(4). Shedding of the glycocalyx occurs in the presence of oxidants, hyperglycemia,
cytokines, and bacterial endotoxins (5, 6), and is associated with many states of disease
including sepsis (Fig. 2). The glycocalyx mediates several key physiological processes such
as the vascular barrier function, hemostasis, leukocyte and platelet adhesion, the
transmission of shear stress to the endothelium (4), and anti-inflammatory and antioxidant
defenses. The main instigators for glycocalyx shedding are thought to be reactive oxygen
species (ROS) such as hydrogen peroxide, hydroxyl anions, and superoxide, but other
mediators include tumor necrosis factor-alpha (TNF-a) and heparanase (7, 8). Their action
results in an increase in shedding products of the endothelium and disruption of the barrier
function—an effect that can be reversed experimentally by treatment with antioxidant
enzymes such as catalase and superoxide dismutase (SOD) (9). Loss-of-barrier function
induced by glycocalyx shedding is associated with the formation of edema (6) and is a key
contributor to sepsis-induced organ failure. Shedding of the glycocalyx may also hamper the
ability to sense and transduce blood flood-induced sheer stress, resulting in the endothelial
release of nitric oxide (NO) or endothelin (ET), which regulates smooth muscle cell
contraction and constitutes the basis of a process referred to as myogenic control of vascular
regulation (4). Increased plasma concentrations of NO and ET metabolites have been
reported in endotoxic shock (10). In addition, loss of sheer stress flow monitoring can alter
further regional vascular control because such signals are communicated to proximal
vascular structures by interendothelial communication (11) through gap junctions, resulting
in upstream vasogenic control. Finally, neutrophil extracellular trap (NET)—a mechanism
implicated in host defense against infection—can also contribute to endothelial damage and
impair microvascular perfusion (12).
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Hemostasis and the endothelium

Sepsis is not only a state of systemic inflammation, it is also a state of deregulated
hemostasis. Hemostasis is a complex system mediated by the endothelium, soluble plasma
molecules, platelets, and leukocytes, which not only regulates the balance between pro and
anticoagulant forces, but it also directs platelet and fibrin clotting to areas of focal vascular
injury. The endothelium synthesizes and expresses molecules that are vital in regulating
hemostasis, such as von Willebrand factor (VWF), tissue factor (TF), and plasminogen
activator inhibitor type 1 (PAI-1). VWF—the largest multimeric glycoprotein in human
plasma (molecular masses from 500 to 20,000 kDa)—mediates initial platelet adhesion to
the damaged vessel wall by bridging platelet receptor platelet glycoprotein GPIB-1X
COMPLEX (GPIb-IX) to exposed subendothelial collagen. VWF is secreted by either the
constitutive pathway of lower molecular mass dimers, or the inducible pathway
[inflammatory stimulation: TNF-a, interleukin (IL)-6, IL-8] of the larger and ultralarge
multimers. The ultralarge multimers (ULVWEF) are highly thrombotic and so they are rapidly
cleaved to less active forms by a disintegrin and metalloproteinase with a thrombospondin
type 1 motif, member 13 (ADAMTS-13) (or VWF-cleaving protease) as they are released
into the plasma. Thus, during normal physiology, plasma VWF binds and aggregates
platelets only in the presence of modulators such as ristocetin or under conditions of high
shear stress. Recently, a previously unrecognized role for GPIb-1X was reported, suggesting
that platelets may actually exert an anti-inflammatory action in some models of experimental
sepsis.

In normal hemostasis, coagulation and fibrinolysis are tightly regulated and kept in balance
by the endothelium, such that they allow blood to flow freely without systemic bleeding or
clotting. TF is a procoagulant transmembrane glycoprotein synthesized by the endothelium
and leukocytes (13), which, by creating complexes with factor Vlla activates factors 1X and
X, which ultimately leads to clot formation. The endothelium regulates TF by producing TF
pathway inhibitor (TFPI), which limits fibrin deposition by binding to factor Xa, and inhibits
TF-factor VIla complex. In addition, the endothelium further regulates anticoagulation by
activating protein C via thrombomodulin and endothelial protein C receptor, which inhibits
factor V, factor VI1II, and PAI-1. PAI-1—another glycoprotein synthesized by the
endothelium and the liver—regulates fibrinolysis by inhibiting tissue plasminogen activator
(tPA) in health, but is incrementally released during inflammation.

Sustained inflammation during severe sepsis drives hemostasis toward a prothrombotic and
antifibrinolytic state, which can lead to disseminated microvascular thrombosis, organ
ischemia, and multiple organ dysfunction syndrome (MODS). Clinically, this phenomenon
can manifest as one of the following phenotypes—disseminated intravascular coagulation
(DIC), thrombotic thrombocytopenic purpura/hemolytic uremic syndrome (TTP/HUS), or
thrombocytopenia-associated multiple organ failure (TAMOF) (13, 14). Inflammatory
mediators during sepsis such as IL-6, plasma-free hemoglobin, VWF proteolytic fragments,
shiga toxin, and neutralizing autoantibodies can inactivate ADAMTS-13 (15, 16), the
proteolytic enzyme in charge of cleaving ULVWEF into smaller less thrombogenic multimers.
In addition, plasmin, thrombin, products of activated coagulation, and granulocyte elastase
released by activated neutrophils can proteolyze ADAMTS-13 into inactive fragments, and
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neutrophil-derived ROS can inhibit ADAMTS-13-mediated cleavage, which leads to an
acquired ADAMTS-13 deficiency, and thus increased risk for disseminated platelet/VWF-
rich microvascular thrombosis (14, 17). Furthermore, the normal anticoagulant system
regulated by TFPI and protein C is defective in sepsis because TFPI is decreased due to
reduced synthesis and proteolytic inactivation, and protein C activation is dysfunctional. In
addition, the fibrinolytic pathway is suppressed in sepsis by the increased release of PAI-1
by the endothelium. These imbalances can ultimately lead to the dissemination of fibrin-rich
microvascular thrombi as observed in DIC, which occurs in 25% to 50% of septic patients.

Drugs have been tested in attempts to address the hemostatic imbalances associated with
sepsis. For example, recombinant human (rh) TFPI, rh-activated protein C, rh-soluble
thrombomodulin, protein C concentrate, heparin, antithrombin I11, and platelet-activating
factor antagonist have all been unsuccessful in large randomized control trials as
monotherapy for sepsis (35). Because the hemostatic system is so complex with many
molecules being altered during sepsis, blood purification offers a chance to achieve
hemostatic balance by removing molecules that are causing harm and replenishing deficient
soluble plasma factors. Therapeutic plasma exchange has been tried with various successes
in patients with sepsis-induced disseminated microvascular thromboses (DIC, TTP/HUS,
and TAMOF) (18). A future approach of employing combination therapy would more likely
achieve success once clinicians have appropriate tools/biomarkers to fully assess the
underlying pathogenic mechanism of disseminated microvascular thrombosis.

The inflamed endothelium

Neutrophil/monocyte—-EC interaction plays an important role in the pathogenesis of sepsis,
leading to organ failure. This interaction is mediated by adhesion molecules to which
leukocytes anchor themselves, allowing them to eventually extravagate into the tissues cells
—a process referred to as diapedesis. There, they can release inflammatory mediators and
reactive molecules to destroy pathogens, but at the same potentially causing tissue damage.
The integrity of the glycocalyx is of prime importance in this process. The adhesion
molecules responsible for leukocyte adhesion leading to extravasation in conditions of health
are embedded in the glycocalyx, shielding them from adherence to the leukocytes (Fig. 1).
In conditions of inflammation and sepsis, cytokines and reactive species induce glycaclyx
shedding, exposing the adhesion molecules initiating leukocyte adhesion, leading to
transmigration to the tissues (Fig. 2).

Of the inflammatory mediators, oxidative and nitrosative stress (ROS, reactive nitrogen
species [RNS]) resulting from oxidant release by mitochondria, xanthine oxidase,
nicotinamide adenine dinucleotide phosphate hydrogen (NADPH) oxidase, and by
uncoupled endothelial NO synthase (eNOS) damages the ECL glycocalyx and alters
endothelial function. Shedding of the glycocalyx exposes the otherwise hidden adhesion
molecules to circulating leukocytes, which in turn facilitates adhesion and ultimately
transmigration through the ECL and into the parenchyma, in addition to altering NO and ET
production and contributing to the loss of vascular reactivity. Selectins (E, L, and P) mediate
sticking and rolling, whereas integrins such as intercellular adhesion molecule 1 (ICAM-1)
and vascular cell adhesion molecule 1 (VCAM-1) mediate firm adhesion and transcellular
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trafficking of the leukocytes to the parenchymal cells. Depletion of essential cofactors
necessary for eNOS activity, such as tetrahydrobiopterin, uncouples the enzyme and results
in the generation of superoxide anion and reduced NO production, a process referred to as
eNOS uncoupling. Because NO metabolism also plays a key role in the regulatory function
of the ECL, reduced activity of eNOS exacerbates organ injury. Mitochondria are regarded
as the main source of ROS in the endothelium, which is supported by the observation that
scavenging mitochondrial oxidants can reduce oxidative and nitrosative stress even in the
parenchyma (19). Finally, endothelial damage results in the release of endothelium derived
microparticles (20), which are composed of membrane lipids and proteins, and express
several endothelium-derived surface antigens such as adhesion molecules and ULVWEF.
Their action can cause vascular hyporeactivity, amplify the hemostatic response, and induce
increases in ROS and RNS, further fueling endothelial dysfunction (20).

The ECL is highly heterogeneous in morphology and function, not only between the wide
diversity of vessels (i.e., arteries, arterioles, capillaries, venules, and the veins) (3), but also
between the organs. Such diversity is reflected in the heterogeneity of the response of the
various organs to the septic insult, and thus, we will discuss the features of endothelial
dysfunction in three organ systems at special risk during sepsis: the kidney, the lung, and the
liver.

The kidney—The microcirculation of the kidney is unique in that it is comprised of two
specialized capillary beds—the glomerular and the peritubular beds—connected in series by
the efferent arteriole. Specialized ECs line each of these capillary beds and are the first
defense against a blood-borne systemic microbial infection. Accordingly, experimental
sepsis [by lipopolysaccharide (LPS) or cecal ligation and puncture (CLP)] results in early
(within hours) endothelial activation, increased neutrophil activation, adhesion and
migration (21), increased microvascular permeability in both the glomerular (21, 22) and
peritubular (23) capillary beds, impaired control of local perfusion with heterogeneous blood
flow distribution and areas of hypoperfusion and hypoxemia (23-29), and increased
microvascular coagulation, all of which can participate in the rapid development of acute
kidney injury (AKI).

Although the mechanisms responsible for renal microcirculatory failure are not fully
understood, disruption of the ECL is considered an important mechanism for enhanced
microvascular permeability during sepsis (30), which in turn has been associated with
progression of decreased flow and vascular congestion (19, 23, 27). The unique anatomical
arrangement of capillaries and tubules within the kidney means that changes in the
microcirculation will have a profound effect on renal function and that signaling cross-talk
between microvascular ECs and the tubular epithelium must be considered when exploring
new therapeutic options (31). In addition, changes in the interstitial space due, for example,
to edema, and/or tubular dilation and vacuolization, which occur during sepsis (28), can
compress the microcirculation, further reducing the nutritive flow. Also, ROS/RNS,
cytokines, and other stress-signaling molecules released from injured tubular epithelial cells
(21, 28) may directly damage the ECs, contributing to a cycle of injury.
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The glomerular capillary EC glycocalyx appears to be especially vulnerable during sepsis. In
rats subjected to CLP, increased urinary albumin is associated with ultrastructural changes in
the glomerular filtration barrier and decreased expression of syndecan-1, hyaluronic acid,
and sialic acid (22), which are the key components of the glycocalyx in the glomerular
capillary. Alterations to the glomerular glycocalyx also occur in mice following LPS
administration (21). The key question is why does the endothelial glycocalyx and
permeability barrier become damaged during sepsis? To begin to address this, Xu et al. (21)
found that administration of TNF-a produced similar changes to the glomerular
ultrastructure and glycocalyx, as did LPS. Moreover, they found that mice lacking the TNF
receptor 1 (TNFR17/") were resistant to LPS-induced changes in glomerular permeability
and were resistant to LPS-induced expression of heparanase, an enzyme that degrades
heparan sulfate and weakens the permeability barrier. This pathway of glycocalyx
degradation is also activated in the lung (7) and likely represents a common mode of injury
to the endothelium during sepsis throughout the microcirculation.

Targeting the endothelial permeability barrier to restore stability is a rapidly expanding area
of research. It is becoming clear that maintaining the endothelial permeability barrier
improves outcomes. Sphingosine-1-phosphate (S1P)—a phospholipid generated from
ceramide—enhances the endothelial permeability barrier through stimulation of the
endothelial Rac1 GTPase-coupled sphingosine-1-phosphate receptor 1 (S1P1), leading to the
assembly of adherens junctions, cytoskeletal reorganization, and focal adhesion formation.
Importantly, S1P has shown to protect the endothelial glycocalyx through S1P1 by inhibiting
matrix metalloproteinase-dependent shedding of glycosaminoglycans (32). Interestingly,
actinonin—an inhibitor of the tubule brush-border metalloproteinase meprin A—protects the
renal microcirculation during sepsis (33), supporting the notion of signaling cross-talk.
Recently, Wang et al. (19) showed that the S1P1 agonist SEW2871 was able to reduce renal
microvascular permeability and restore peritubular capillary perfusion in a murine CLP
model. These findings link stimulation of S1P1 to repair of the microcirculation and
preservation of renal function.

The endothelial permeability barrier can also be stabilized by agents that increase
endothelial cyclic adenosine monophosphate (cAMP) levels, which promote Racl activation
(34). Rolipram is a phosphodiesterase 4 inhibitor shown to protect the mesenteric
microvascular permeability barrier from LPS in the rat, and restore the renal microvascular
permeability barrier and peritubular capillary perfusion in the murine CLP model (35).
Phosphodiesterase inhibitors may offer an additional benefit during sepsis by reducing renal
vascular resistance to also improve the renal blood flow (35).

The liver—The liver receives about 25% of the cardiac output via the portal vein and the
hepatic artery. The liver microcirculatory bed is comprised of hepatic sinusoids, which are
lined by a thin discontinuous endothelium (open pores or fenestrae) with underlying basal
lamina that is absent over large areas. Anatomically, the fenestrae diameter decreases
slightly from the periportal to the centrilobular zone, and importantly, the diameter and
number of fenestrae can dynamically change because they are influenced by diverse stimuli
(36). Structural integrity of the sinusoidal endothelial fenestrae is believed to be
indispensable for the preservation of normal exchanges of fluids, solutes, particles, and
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metabolites between parenchymal and sinusoidal blood. Liver sinusoidal ECs (LSECs) and
Kupffer cells (KCs) represent the predominant nonparenchymal cell types of the hepatic
sinusoid, in addition to other cells with immunological activity, such as dendritic cells
(DCs). Nonparenchymal cells such as LSECs, resident DCs (comprising both myeloid and
plasmacytoid DCs), hepatic stellate cells (HSCs), and KCs have demonstrated capabilities to
recognize endotoxin, express TLR-4, and play a key role in liver immune tolerance. Along
with the KCs, the LSECs exert a key role in host defense mechanism and blood flow
regulation, and represent a major target for injury during the early phases of inflammation.
The LSECs have the capacity to produce immunoregulatory and proinflammatory cytokines,
such as IL-1, IL-6, and interferon. Furthermore, these cells produce eicosanoids such as
thromboxane A2 (TxA2) and prostaglandin E2 (PGE2), as well as other mediators that
contribute to the regulation of the vascular tone such as NO and ET. Importantly, intact
microvascular function requires that the diverse population of liver sinusoidal cells act in
concert.

The failure of sinusoidal perfusion has been shown in experimental models of sepsis to be a
key factor in the pathogenesis of organ failure. Microcirculatory failure of the liver during
sepsis is largely characterized by heterogeneity of the microvascular blood flow, resulting in
an oxygen supply-demand mismatch, with consequent depletion of high-energy phosphates,
which ultimately leads to hepatocellular injury and dysfunction. Several mechanisms have
been implicated. LPS injection induces a massive loss of the sieve-plate architecture of the
sinusoidal endothelium, with gap formation (37) and up-regulation of ICAM-1 on LSEC that
promotes leukocyte adhesion and sequestration, which facilitates leukocyte—hepatocyte
interactions (37), decreases flow velocities, and increases heterogeneity and flow perfusion
deficits. Endotoxin also decreases protein S mRNA levels in LSECs and thrombomodulin
activity (38), which contributes to a procoagulant state. The balance between vasodilators
and vasoconstrictors, critical for hepatic blood flow regulation, is altered in sepsis. Although
sepsis induces mMRNA encoding for vasoconstrictor (ET-1) and vasodilator (NO) mediators,
NO overproduction is generated by inducible nitric oxide synthase (iNOS), whereas eNOS
appears to be inactivated, which may actually contribute to microvascular dysfunction (39).
Finally, direct cytotoxic effects of LPS and TNF-a can happen without coexistence of such
sinusoidal perfusion failure.

A number of specific strategies have been used to prevent the liver microvascular failure.
The use of radical scavengers (SOD, tocopherol, and allopurinol) has been associated with
some beneficial effects in the setting of injury/reperfusion models by inhibition of leukocyte
accumulation and by improvement of microvascular perfusion failure and lipid peroxidation.
NADPH inhibitors can also prevent the generation of free radicals via NADPH oxidase,
thereby inhibiting nuclear factor-kappa beta (NF-xf) and TNF-a mRNA expression. Both
endogenous and exogenous NO can protect hepatocytes and LSECs against hepatic
ischemia/reperfusion injury and LPS-mediated liver damage (40). In addition, NO can
reduce the cytokine-mediated interaction between leukocyte and endothelium by inhibition
of adhesion molecule expression. However, RNS may also contribute to sepsis-induced
hepatic injury through generation of peroxynitrite (41). Hence, despite promising
experimental results demonstrating that preventing or reversing microvascular dysfunction
can attenuate injury, little of this knowledge has been translated to the clinical setting.
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The lung—Pulmonary endothelial dysfunction plays a major role in septic-induced lung
injury. Several pathogenic factors induce a variety of changes in ECs, resulting in secretion
of inflammatory and chemotactic substances, expression of adhesion molecules, enhanced
procoagulant pathways, and alteration of the alveolar-capillary barrier, with subsequent
increased permeability, pulmonary edema, and impairment of epithelial alveolar fluid
clearance mechanisms (42).

Pulmonary endothelial dysfunction may be a deleterious consequence of excessive cytokine
production. Mediators such as TNF-a activate signaling events that culminate in cytoskeletal
contraction and increased microvascular permeability (42). In addition, activated neutrophils
release NETs, macromolecular structures formed of extruded nuclear chromatin, and
bactericidal proteins, which have been shown to exert cytotoxic effects on ECs (43).
Blockade of cytokine signaling by inhibiting NF-xf activation in an endotoxic model results
in decreased lung inflammation and endothelial permeability, as well as in improved lung
function.

Alterations in tight junction proteins, key to maintaining the integrity of the alveolar-
capillary barrier, may increase paracellular permeability of the alveolar epithelium (30).
Similarly, vascular endothelial (VE)-cadherin is the major component of endothelial
adherens junctions—tightly regulated protein complexes that join adjacent ECs and prevent
leukocyte emigration and vascular leak. Endocytosis of VE-cadherin is sufficient to induce
gaps between ECs, leading to increased permeability (30). Tight junction proteins are also
targets of oxidative stress and, thus, ROS overproduction may alter alveolar—capillary barrier
function. Alveolar endothelial barrier function is also regulated by members of the connexin
(Cx) family, which form functional gap junctional channels in the endothelium and allow
cell-cell flux of small molecules and solutes (44). Cx43 has been shown to mediate
interendothelial Ca2* movement that upregulates the leukocyte adhesion receptor P-selectin,
thereby contributing to the propagation of inflammation. Inhibition of this Cx prevents the
increase in endothelial permeability observed in an experimental model of lung injury (44).
Finally, high-mobility group protein B1—a late mediator of sepsis—has been shown to
induce the formation of endothelial paracellular gaps, perhaps providing a potential
therapeutic target in acute respiratory distress syndrome (ARDS) secondary to sepsis (45).

The endothelial glycocalyx has also been recognized to be a critical regulator of barrier
integrity in the alveolar endothelium. The glycocalyx actively regulates barrier function via
mechanotransduction, and its alteration may lead to augmentation in EC hydraulic
conductivity and subsequent formation of pulmonary edema (42). During sepsis in the lung,
leukocytes interact with the endothelial glycocalyx and promote its degradation (7). In
summary, pulmonary edema from increased endothelial permeability is the hallmark of
acute lung injury during sepsis, and as summarized above, several pathogenic factors may be
involved in this process.

Assessment of endothelial function

Monitoring the function of the ECL at the bedside can be regarded as the single main
obstacle in the evaluation of the pathogenesis of endothelial dysfunction and in its
therapeutic management in states of critical illness such as sepsis. Several methods, mostly
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experimental, have been introduced at the bedside to monitor EC function (Table 1),
although, accurate validation of these as surrogates for ECL function is incomplete. Reactive
hyperemic response using, for example, laser Doppler (45), near-infrared spectroscopy (46),
or fingertip tonometry (47), has been used to identify endothelial dysfunction in sepsis. The
ability to directly visualize the microcirculation at the bedside using hand-held microscopes
has greatly increased the appreciation for the need to monitor the microcirculation in
critically ill patients (48). Several recent studies in septic patients have shown that
microcirculatory alterations are closely associated with organ failure and mortality (49, 50),
independent of variations in systemic hemodynamics. Such alterations are directly related to
EC dysfunction, although other factors such as red blood cell deformability or increased
aggregation can also cause microcirculatory alterations. Several studies, however, attempted
to use hand-held microscopy to specifically identify dysfunction of the ECL. These have
included the identification of leukocyte rolling (51), the response to acetylcholine
administration (52), and the measurement of capillary boundary changes as a means to
observe alterations in the glycocalyx (53). There is also growing interest in using the
presence of soluble adhesion molecules in the circulation as biomarkers of sepsis-related EC
activation.

Many biomarkers have been identified, which may serve as surrogates for endothelial
dysfunction, and excellent reviews have appeared on the subject (54). These include
proteases, soluble VCAMSs, glycocalyx components, and coagulation factors such as TF and
PAI-1. Selectins and integrins that are released during states of inflammation have been
linked in several studies as indicators of EC activation (54). Such soluble biomarkers can
indeed be sensitive indicators of subsequent development of sepsis (55). Recently, a large
prospective multicenter observational study (55) confirmed that biomarkers of EC activation
strongly correlate with outcome. In addition, it has been shown that the presence of ECs in
the circulation correlates with damage to the ECL in lung injury (56). The use of biomarkers
is, however, limited due to their uncertain origin, the cost and time to measure, the difficulty
in monitoring their presence over time, and importantly, the lack of standardization and
validation.

Glycocalyx shedding is a sensitive indicator of injury to the ECL. Heparin sulfate, sialic
acid, hyaluronic acid, and synde-can-1 can be detected in plasma from patients with sepsis
(57). However, as yet, there is no “‘gold standard’’ for /n vivo assessment of glycocalyx
shedding, and the validation of surrogate biomarkers is still underway. The use of vital dyes
of different sizes in combination with dyes measuring red blood cell volume, although very
cumbersome, has also been applied in clinical scenarios for measuring the presence of the
ECL glycocalyx (53). A different more experimental approach to evaluate the glycocalyx
has been to calculate its width by analysis of hand-held video images of sublingual
microcirculation and calculating the change in capillary perfused boundary width. A key
limitation that must be addressed during the validation of biomarkers is the heterogeneity of
the endothelium between organs and the heterogeneity of vessels within each organ. Still, as
technologies improve, advances in hand-held bedside imaging (58) coupled with biomarker
assays could reveal dynamic changes in the function of the ECL that should help direct
therapy.
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The impact of therapy

Conventional therapies used in the treatment of sepsis can actually cause injury to the ECL.
For example, fluid therapy may be beneficial when applied early in the course of sepsis (60),
but may be ineffective in correcting sepsis-induced microcirculatory alterations when
applied later (59, 60), and may even have deleterious effects on endothelial function when
applied in excessive amounts by altering sheer stress and inducing glycocalyx degradation,
leading to loss-of-barrier function (6, 61, 62). Catecholamines, which are often administered
during septic shock, have been suggested to contribute to endothelial dysfunction and
promote increases in glucose levels, which can potentially adversely affect the ECL. Also,
antibiotics such as vancomycin can have deleterious effects on endothelial cells (63) and
inducing the release of proinflammatory cytokines such as IL-6 (64), which can contribute to
organ failure (64).

The loss of antioxidant defenses in the glycocalyx of the ECL makes the antioxidant therapy
a logical candidate for protecting the ECL. Indeed, addition of catalase and SOD to EC
cultures can block HyoO»-shedding of the glycocalyx and loss-of-barrier function (9). Still,
randomized clinical trials have failed to show conclusively that generalized antioxidants
improve outcomes in septic patients. A possible reason for the mixed results of antioxidant
studies may be ineffective targeting of antioxidant therapy. In this regard, several animal
studies have tested targeted delivery, and have demonstrated, for instance, that conjugated
SOD with antibodies targeted to endothelial endosomes had beneficial effects in endotoxin-
challenged mice (65). Patil et al. (66) tested the mitochondria-targeted antioxidant,
MitoTEMPO, in mice made septic by CLP, and found improved organ function and
increased survival. Given the potential deleterious effects of RNS generated by sepsis-
induced iNOS, the use of selective iINOS inhibitors has been extensively investigated in
animal models of sepsis and has shown to be protective (28). Similarly, administration of
tetrahydrobiopterin analogs such as sepiapterin, targeting the uncoupling of eNOS to reduce
superoxide generation, can restore NO generation and protect the endothelium and organ
function (67, 68).

Although specific therapies directed at reducing adhesion of leukocytes such as antibodies
raised against adhesion molecules like CD11a have been shown to be effective in sepsis-
induced lung injury (69), no clinical therapies are available for limiting adhesion of
leukocytes to the endothelium. Of course, protecting the ECL in other ways, perhaps through
NO donors, could result, indirectly, in modulating leukocyte adhesion. It could be argued
that vasodilators may have favorable effects on rescuing endothelial function. For example,
phosphodiesterase 4 inhibition has been shown to improve microvascular flow, as well
endothelial barrier function, in animal models of sepsis (70, 71).

A number of different therapeutic strategies have been proposed, which target endothelial
tight junctions and leakage. The reader is directed to an excellent recent review on this topic
(72). Another emerging area of interest is the possibility of targeting endothelial repair
mechanisms with endothelial progenitor cells, but although promising, there is still much to
learn (47, 73).
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Endothelial NF-xp activation plays a key role in the cascade of events leading to EC
dysfunction in sepsis. Blocking NF-xf activation by anti-inflammatory drugs results in
reduced iNOS expression, reduced nitrosative stress, and attenuated eNOS downregulation
(74), all of which have a beneficial protective role for the ECS. Inhibiting NF-x activation
in an endotoxic model results in decreased lung inflammation and endothelial permeability,
as well as in improved lung function. Although controversial in sepsis, there are various
lines of evidence to suggest the protective effects of synthetic steroids to the endothelium
(75). Corticosteroids have been shown to protect the glycocalyx, and dexamethasone was
shown to be beneficial in protecting the renal microcirculation (76). The protective action of
synthetic steroids to EC function, however, can be neutralized by the excessive presence of
NO, which can block the glucocorticoid receptor (77). Although clinically no longer
available, activated protein C inhibits NF-xp and has been shown in a number of studies to
have a protective effect on the endothelial function in conditions of sepsis and improved
organ function (57, 78). An alternative innovative method of protecting the endothelium at
risk may be the use hemoperfusion with polymyxin B-immobilized fibers, which have
already been shown to have a beneficial effect in PaO4/FiO5 ratio in intensive care patients.
In a recent experimental study, it was shown to also reduce leukocyte and platelet adhesion
to ECs (79).

Alterations to the ECL: an adaptive or a maladaptive response?

An important question to address prior to considering therapeutic maneuvers is whether
microvascular alterations are adaptive or maladaptive, and in extension of this idea, an
initiator, a promoter, or just a bystander. The categorization as adaptive versus maladaptive is
context and time-dependent (Fig. 3, Table 2). Under conditions of focal infection (e.g.,
pneumonia or soft tissue infection), local vasodilation independent of metabolic needs and
increased permeability is required to allow leukocytes to reach the infection site and in
particular the interstitial tissue where microorganisms are populating. In addition, activation
of coagulation and downstream vasoconstriction helps to prevent dissemination of the
infection. In a model of focal pneumonia, early administration of activated protein C before
development of sepsis decreased local formation of fibrin, and favored dissemination of
infection and development of systemic sepsis (80). At more advanced stages, however,
alterations in the ECL contributed to the septic phenotype, with marked decrease in vascular
tone, diffuse alterations in microvascular perfusion, generalized increase in permeability, and
DIC. At these stages, it was difficult to imagine any adaptive benefit in the diffuse increase
in permeability, contributing to lung edema and compartmental syndrome (including in the
kidney) or in DIC.

With regard to alterations in microvascular perfusion, the benefit/detriment may be more
debatable. Because alterations in cellular metabolism occur in sepsis and microvascular
perfusion adapts to meet metabolic needs, one must consider whether alterations in
microvascular perfusion observed just after initial resuscitation is adaptive or maladaptive.
Several factors suggest that the alterations in microvascular perfusion at sites of ECL
dysfunction are primary events leading to organ injury. However, this notion is complicated
because of the heterogeneity of microvascular perfusion during sepsis. For example,
perfused capillaries are in close proximity to non-perfused capillaries, leading to alterations
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in oxygen extraction, hypoxic zones, and functional shunting, even when total blood flow to
the organ is preserved (81, 82). It is of significance to note that even in the presence of
severe microcirculatory alterations associated with sepsis, ECs can still be functional in
terms of their responsiveness to acetylcholine-induced vasodilation (52, 83). Heterogeneity
of perfusion is associated with heterogeneity in oxygenation (24), and also with altered
oxygen extraction capabilities (84). Under normal conditions, the heterogeneity of perfusion
is minimal and it further decreases under stress (i.e., hemorrhage). In sepsis, heterogeneity
of perfusion is already increased at baseline and further increases when stressed (84). These
heterogeneous alterations in microvascular perfusion are colocalized with low PO,,
production of hypoxia-inducible factor (85), altered redox potential, or even cell death (86)
in experimental models. Microvascular alterations can lead to cellular injury. In addition,
several trials have demonstrated an association between the severity of microvascular
dysfunction and the development of organ dysfunction (46, 87, 88) and mortality (49, 83,
89). Second, oxygen saturation at the capillary end of well-perfused capillaries is low, not
elevated, suggesting that the tissues are using the delivered oxygen (90), although in tissue
oxygenation measurements, venous pO, values higher than microcirculatory pO, values
have been reported, indicating the presence of functional shunting (82). Third, tissue-to-
arterial PCO, gradient—the PCO, gap—is increased in sepsis (52, 91-93). In addition, there
is an inverse relationship between sublingual microvascular perfusion and the PCO» gap
(52). A similar inverse relationship is found between ileal mucosal perfusion and ileal-to-
arterial PCO5 gap (93). If flow alterations were just matching metabolism, CO, production
would be low because the primary alteration is the decrease in metabolism, and PCO, gap
would be normal, even at low flows. Fourth, perfusion abnormalities precede alterations in
organ function (94). Finally, animal models of sepsis have shown that the improvement in
microvascular perfusion is associated with an improvement in redox potential (28) and
decrease in the number of dead cells (95). In patients with septic shock, the improvement in
the sublingual microcirculation in response to initial resuscitation procedures was associated
with an improvement of organ function 24 h later (96). The decrease in lactate levels was
also proportional to the improvement of the microcirculation during dobutamine
administration (52).

Admittedly, cellular metabolic alterations may also contribute to organ dysfunction, and this
will be covered in other part of this series. Importantly, there is an interplay between hypoxia
and inflammation, and mitochondrial dysfunction (97). Limiting perfusion abnormalities in
a timely fashion is associated with a lower expression of inflammation molecules, caspases,
and mitochondrial abnormalities (98). The second part of the question is probably the easiest
to address. In sepsis, infection always begins in a single spot and transformation from focal
infection to sepsis includes alterations in endothelial function. Propagation of the
inflammatory response and of endothelial dysfunction systemically results in the clinical
pattern of sepsis. Thus, in summary, the clinical challenge in being able to assess whether
ECL and by extension the microcirculatory response is adaptive or maladaptive lies in being
able to distinguish whether the ECL is able to respond to stimuli and then mediate an
appropriate change in microcirculatory perfusion. Assessment of such functional changes at
the bedside, although feasible, remains a challenge (52). If this limitation could be overcome
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and EC function be readily assessed at the level of the microcirculation at the bedside, it
could dramatically improve care of the septic patient.

CONCLUSIONS

It is clear from the recent literature that the ECL plays a central role in the pathogenesis of
sepsis leading to multiorgan failure syndrome. The implication of this conclusion offers a
major challenge to the clinical management of the septic patient. Hemodynamic
management in terms of fluids and vasopressors has little contribution to either protecting or
resuscitating EC function. The antioxidant and anti-inflammatory therapies, although used,
have not proven themselves in large randomized controlled trial (RCT) trials. One can draw
a conclusion that these compounds have limited effect, but one may also consider that large-
scale randomized controlled trials may not be adequate to evaluate therapies in complex and
heterogeneous populations. More mechanistically oriented trial designs are required,
focusing on phenotypes of organ and cellular function, to demonstrate potential benefits of
protective strategies for the ECS in the clinical management of sepsis. To this end,
diagnostic methods to assess EC function at the bedside will have to be further developed,
synchronous to therapeutic interventions to fortify and repair the endothelium system at risk
during sepsis.
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APPENDIX 2. SEARCH TERMS

Endothelium, sepsis, inflammation, barrier function, hemostasis, blood, glycocalyx,
vectorial transport, microcirculation, capillary, blood flow, acute respiratory distress
syndrome, ARDS, acute lung injury, ALI, adherens junction, gap junction, biomarkers,
plasma, blood, intestine, liver, translocation, bacteria, bacterial translocation, ions, transport,
microbiota, mucosa.
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Fig. 1. Theendothelium in health
This figure shows a number of the key elements of the endothelium in health responsible for

its key role in its interface between circulating blood and the parenchymal cells. Elements
relating to it function as a vascular barrier, vascular regulation, transcellular signaling, and
hemostasis are shown. Highlighted are the endothelium glycocalyx housing various
molecules, including mechanotransducers (and its transducer role between sensing sheer
stress and inducing NO affective for smooth muscle vasodilation, inactive adhesion
molecules embedded in the glycocalyx, molecules essential for hemostatic, and antioxidant
defense molecules such as SOD). Intra and transcellular elements of the endothelial shown
include mitochondria, with its contribution to ROS generation and oxidative
phosphorylation. Transcellular elements present include gap junctions for electrical
communication for upstream vascular regulation and intercellular tight junctions important
for maintaining vascular barrier. Morphological elements shown include transcellular
fenestrations and pores. Source: Acute Dialysis Quality Initiative 14, www.ADQI.net 2014;
used with permission.
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Fig. 2. The endothelium in sepsis
This figure shows the pathogenic effect of sepsis on the various elements of the ECL

resulting in its functional impairment in terms of its function as a vascular barrier, a
regulator of vasotone, and its hemostatic function. The destruction of the glycocalyx results,
among many other effects, in the exposure of adhesion molecules, resulting in the trapping
(selectins) and transmigration (integrins) of activated leukocytes, activation of hemostatic
compounds in favor of a proprocoagulant state, and the loss of mechanotransducer function
due to these molecules, losing their natural environment essential for the sensing of sheer
stress. The barrier function of the ECL is compromised by direct membrane destruction due
to lipid peroxidation induced by ROS/RNS, as well as the decomposition of molecules such
as tight junctions anchoring the EC together. The role of the EC as a vasomotor tone regular
is lost due to the loss of function of the mechanotransducer system, the overproduction of
iNOS-mediated NO, and the loss of transcellular gap junction essential for an integrative
control of vasotone along the ECL. Endothelial destruction also results in the release of
microparticles contributing to the pathogenic effect of EC dysfunction. Source: Acute
Dialysis Quality Initiative 14, www.ADQI.net 2014; used with permission. iNOS indicates
inducible nitric oxide synthase; RNS, reactive nitrogen species.
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Fig. 3. Adaptive ver sus maladaptive response to sepsis
Source: Acute Dialysis Quality Initiative 14, www.ADQI.net 2014; used with permission.
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Table 1

Functional monitoring of the septic endothelium

Function of normal endothelial Phenotype of septic endothelial

cells cell Techniques for bedside monitoring

Barrier function Capillary leak Dye exclusion, glycocalyx shedding, vital microscopy,
biomarkers, EVLW

Signal transduction Tissue hypoperfusion AcH challenge vital microscopy

Vasomoter regulation Vasoplegia Reactive hyperemia (NIRS, capillary refill, vital microscopy)

Control of coagulation DIC, purpura, HUS, TTP TAMOF Biomarkers, ex vivo functional coagulation Monitor

Oxidative defense Biomarkers

Immunological Leukocyte adhesion/rolling

Vital microscopy

DIC indicates disseminated intravascular coagulation; EVLW, extra vascular lung water; HUS, hemolytic uremic syndrome; NIRS, near infra red
spectroscopy; TAMOF, thrombocytopenia-associated multiple organ failure; TTP, thrombotic thrombocytopenic purpura.
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Adaptive and maladaptive responses of endothelial cell function in sepsis

Organ Location Adaptiveresponsein sepsis Maladaptive responsein sepsis
Kidney  Glomerular capillary Shedding of glycocalyx; increased permeability; activation of
coagulation
Peritubular capillary  Localized leukocyte adhesion/ Shedding of glycocalyx; widespread and sustained increase in

transmigration; generation of NO and permeability; generation of ROS/RNS; propagation of the
endothelin; blood flow regulation inflammatory response

Lung Alveoli Production of tight junction proteins such Secretion of inflammatory and chemotactic substances;
as
VE-cadherin; maintenance of endothelial expression of adhesion molecules; enhanced procoagulant
glycocalix pathways; increased permeability with pulmonary edema

Liver Liver sinusoids Localized leukocyte adhesion/ Loss of sieve-plate architecture of the sinusoidal endothelium;

transmigration; generation of NO and
endothelin; blood flow regulation; antigen
presentation; liver immune tolerance

inflammation-induced sinusoidal endothelial gap formation;
contribution to procoagulant state; changes in the patterns of
ET receptor expression; heterogeneous hepatic sinusoidal
perfusion, hypoxia

ET indicates endothelin; NO, nitric oxide; RNS, reactive nitrogen species; ROS, reactive oxygen species; VE, vascular endothelial.
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