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Venous congestion and endothelial and neurohormonal activation are known to occur in acute
decompensated heart failure (ADHF), yet the temporal role of these processes in the
pathophysiology of decompensation is not fully understood. Conventional wisdom presumes
congestion to be a consequence of worsening cardiovascular function; however, the
biomechanically driven effects of venous congestion are biologically plausible contributors to
ADHF that remain largely unexplored in vivo. Recent experimental evidence from human models
suggests that fluid accumulation and venous congestion are not simply consequences of poor
cardiovascular function, but rather are fundamental pro-oxidant, pro-inflammatory, and
hemodynamic stimuli that contribute to acute decompensation. The latest advances in the
monitoring of volume status using implantable devices allow for the detection of venous
congestion before symptoms arise. This may ultimately lead to improved treatment strategies
including not only diuretics, but also specific, adjuvant interventions to counteract endothelial and
neurohormonal activation during early preclinical decompensation.
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Introduction

Patients with heart failure (HF) consume considerable health care resources due to frequent
hospitalizations for acute de-compensated HF (ADHF). These hospitalizations are primarily
driven by signs and symptoms of venous congestion, which has been shown to be an
important hemodynamic predictor of worsening renal failure, rehospitalization, and post-
discharge mortality in ADHF [1-9]. Two mechanisms have been proposed for the
pathogenesis of venous congestion in ADHF: fluid redistribution and fluid accumulation
[10-12]. The former is a primarily vascular pathway in which increased systemic resistance
leads to increased afterload. Simultaneously, this leads to reduced capacitance in large veins,
increased venous return to the heart, and increased preload. This mismatch between
increased load and impaired cardiac function cannot be tolerated by the failing heart,
ultimately leading to clinical decompensation [10, 12]. In the latter pathway, fluid
progressively accumulates in the setting of cardiorenal dysfunction, leading to increased
total body volume and venous congestion. In addition, medication and dietary non-
compliance may cause increased sodium and water retention. Accumulating evidence
suggests that venous congestion begins to develop weeks before the overt clinical
decompensation that brings patients to medical attention, suggesting that it may itself be a
primary contributor to disease in ADHF rather than merely a consequence of poor cardiac
function [13].

On a molecular level, ADHF in humans is characterized by endothelial and neurohormonal
activation, which are known to enhance oxidative stress, inflammation, and
vasoconstriction. These processes are associated with elevated levels of circulating
biomarkers of endothelial activation including adhesion molecules such as vascular cell
adhesion molecule-1 (VCAM-1) and intercellular adhesion molecule-1 (ICAM-1) [14-18],
as well as cytokines such as interleukin-1p (IL-1p), interleukin-6 (IL-6), and tumor necrosis
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factor-a (TNF-a) [19-27]. In addition, neurohormones including endothelin-1 (ET-1) [28,
29], angiotensin Il (A 1), and norepinephrine (NE) are also elevated [30-32]. These markers
acutely increase in patients with signs and symptoms of venous congestion who are
hospitalized for ADHF and then decline as patients clinically improve, though it is not clear
whether their elevation is causal or a secondary effect [33—-35].

While the negative pathophysiological impact and prognostic relevance of endothelial and
neurohormonal activation in ADHF is widely accepted, the biological forces driving these
pathophysiologic changes remain a source of intense debate. Recent experimental evidence
suggests that biomechanical forces generated by fluid retention and venous congestion are
important contributors to endothelial and neurohormonal activation. The following
discussion will review (i) the biomechanical modulation of the endothelial phenotype, (ii)
the translational strategies that have been used to study endothelial activation in patients
with ADHF, (iii) the biophysical models that allowed investigation of the effects of venous
congestion on endothelial and neurohormonal activation, and (iv) the working concept that
fluid accumulation and venous congestion in ADHF are not just epiphenomena, resulting
secondary to poor cardiac (and renal) function, but rather fundamental pro-oxidant, pro-
inflammatory, and hemo-dynamic stimuli that contribute to acute decompensation.

Biomechanical Stress and Endothelial Activation

The endothelium is a cellular monolayer that lines the entire cardiovascular system and,
from this strategic position, regulates many processes including vascular tone, thrombosis,
angiogenesis, and inflammation. Endothelial cells have been shown to be phenotypically
dynamic and, in response to a variety of local and systemic stimuli, are able to transition
between quiescent and activated states. In recent years, emerging research has demonstrated
that endothelial dysfunction is a major contributor to cardiovascular disease, including
hyper-tension, atherosclerosis, and more recently, congestive heart failure [36-38]. One of
the most potent endothelial stimuli is the biomechanical force from hydrostatic pressure,
shear, or circumferential wall stress. This force is detected by specialized mechanosensors
on the endothelial cell membrane, including integrins, tyrosine kinase receptors, ion
channels, and intercellular junction proteins [39]. Activation of these sensors by mechanical
stress triggers an intracellular signaling cascade and causes endothelial cells to undergo a
phenotypic switch to a pro-oxidant, pro-inflammatory, vasoconstricted state, both in vitro
and in vivo.

Nitric oxide (NO) is a key regulator of the vascular environment through its vasodilatory,
anti-oxidant and anti-inflammatory properties [40]. Released in proximity to smooth muscle
cells, NO leads to increased cyclic GMP and activation of GMP-dependent kinases that
decrease intracellular calcium and lead to vasorelaxation [41]. In endothelial cells, NO is
primarily produced by the action of the constitutively expressed endothelial NO synthase
(eNOS) [42]. In addition, inducible NO synthase (iNOS) is expressed by endothelial cells
and circulating inflammatory cells in response to environmental cues [39, 43]. In both
cultured endothelial cells and intact vessels ex vivo, application of biomechanical stress
leads to the production of reactive oxygen species (ROS) and the concomitant upregulation
of the expression and activity of both eNOS and iNOS [44, 45]. Excess NO can cause
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nitrosylation of proteins, leading to altered redox signaling. ROS and NO can also interact to
produce reactive nitrogen species and toxic metabolites such as peroxynitrate that
nitrosylates proteins on tyrosine residues and worsens local cellular damage. When
endothelial cells are chronically exposed to biomechanical stress, it can generate excessive
reactive oxygen species, which ultimately quench NO activity by oxidative degradation
making it less bioavailable and leading to vasoconstriction [38, 46].

Endothelins are a family of potent vasoconstrictor molecules produced selectively by
endothelial cells to oppose the vasodilatory effects of NO. Cultured endothelial cells
exposed to circumferential stress quickly upregulate the production of ET-1 [47]. Oxidative
stress, as well as other neurohormones including A 11, NE, vasopressin, and IL-6, also
promotes endothelin expression. Beyond endothelins, the production of other
neurohormones is also modulated by vascular stretch. In particular, mechanosensors that are
present in the renal vasculature are responsible for the activation of the reninangiotensin-
aldosterone axis and generation of A Il that in turn promote vasoconstriction both directly
and indirectly [48].

Biomechanical stress also induces cytokine production by endothelial cells. In vitro, cultured
endothelial cells exposed to circumferential or longitudinal stretch increase production of a
variety of vasoactive mediators including TNF-qa, IL-6, ICAM-1, and VCAM-1 [49-51]. In
mice, the inflammatory effect of non-laminar flow on arterial endothelium has been well
studied. In areas of the vessel wall that are exposed to flow reversal, oscillating shear stress,
or turbulence, there is significant upregulation of pro-inflammatory genes including
VCAM-1 [39, 52]. Reactive oxygen species and cytokines may also trigger an inflammatory
response through activation of nuclear factor (NF)-kB [53], a transcription factor that
promotes expression of iINOS and other pro-inflammatory genes such as cyclo-oxygenase-2
(COX-2), TNF-a, and ICAM-1 [54, 55].

In summary, substantial evidence from in vitro and animal studies demonstrates that the
endothelium may become activated in response to mechanical stretch in order to become a
primary source of oxidative stress, vasoactive peptides, and cytokine production. Whether
mechanical stretch is sufficient to activate the vascular endothelium in humans, such as in
the setting of venous congestion, remains unclear.

Assessment of In Vivo Endothelial Phenotype

In an attempt to bridge the gap between in vitro experiments, animal studies, and clinical
science, we have introduced and validated a safe, minimally invasive method to study the
venous endothelium in humans. In order to sample the venous endothelium, Bpediatric” J-
shaped endovascular wires are sequentially inserted into a superficial arm vein through a
small 20-gauge angiocatheter and advanced for approximately 5 cm to dislodge endothelial
cells and trap them in the serrated surface of the wire. Endothelial cells are rinsed from the
wires and then processed in the laboratory using molecular techniques.

We first employed this technique to study venous endothelial activation in a cohort of 15
patients hospitalized for ADHF [56, 57]. Quantitative immunofluorescence analysis of
protein expression in harvested endothelial cells revealed that nitrotyrosine (a marker of
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oxidative stress), COX-2, and iNOS (markers of inflammation) were significantly increased
in venous endothelial cells of ADHF patients when compared with age-matched healthy
subjects. Return to a steady compensated state after diuresis was associated with a
substantial reduction in these same endothelial markers of oxidative stress and inflammation
[58, 59]. Concurrently, plasma levels of 8-isoprostane (a systemic marker of oxidative
stress) that were elevated on admission also declined after resolution of the decompensation
episode.

While these findings were suggestive of an association between ADHF and endothelial
activation, they did not reveal a causal link between the two. To address this mechanistic
question, additional model systems were necessary in which the transition from
compensated to decompensated HF could be readily studied in a more controlled
experimental environment.

Venous Congestion Causes Endothelial and Neurohormonal Activation: Animal and
Human Models

Experimental Systemic Venous Congestion in Dogs—We first utilized a canine
model to study systemic venous congestion in a controlled in vivo system. Six normal dogs
were studied at baseline and 1 h after fluid load to a target CVP =20 mmHg. Blood and
endothelial cells were collected from jugular veins and mMRNA expression was analyzed by
reverse transcription polymerase chain reaction (RT-PCR). Administration of the fluid load
caused endothelial activation as evidenced by significantly increased expression of several
pro-oxidant and pro-inflammatory genes such as iNOS, COX-2, and TNF-a. Importantly,
this experimental model of systemic venous congestion also caused neurohormonal
activation as evidenced by significantly increased plasma NE and ET-1. Biomarkers of
inflammation such as IL-6 and TNF-a were also increased. Overall, this experimental model
provided the first evidence that systemic venous congestion is sufficient to cause endothelial
and neurohormonal activation [60].

Experimental Local Venous Congestion in Humans—To experimentally model
peripheral venous congestion in humans, we then developed a new model, termed the
venous stress test in 24 healthy subjects [61e°]. Venous arm pressure was increased to ~30
mmHg above baseline by inflating a tourniquet cuff around the dominant arm (test arm). At
baseline and after 75 min of venous congestion, blood and endothelial cells were sampled
from the test and control arm (lacking an inflated cuff) (Fig. 1). The induction of venous
congestion was associated with a 60 % increase in plasma levels of IL-6 and ET-1 in the test
arm compared to the control arm (Table 1). VCAM-1, ICAM-1, and A 1l were also
significantly increased in the test arm. In contrast to our earlier finding in the canine model,
plasma TNF-a levels did not change. Differences in experimental models (i.e., systemic vs.
local venous congestion) and between animal species (i.e., dogs vs. humans) may account
for this discrepancy. A major logistical step forward in the analysis of the endothelial
phenotype was achieved with the move from single candidate gene analyses such as RT-
PCR to high-throughput molecular biological techniques such as microarray. Experimental
local venous congestion was sufficient to cause endothelial and neurohormonal activation in
healthy humans. More than 3000 mMRNA probe sets were differentially expressed in venous
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endothelial cells between samples from test versus control arms, including ET-1 and
VCAM-1. Preliminary results from 42 compensated patients with heart failure with reduced
ejection fraction (HFrEF) on optimal medical treatment suggest that this new experimental
model of local congestion can also promote endothelial and neurohormonal activation, as
evidenced by an increase in plasma ET-1, IL-6, and VCAM-1 in this patient population [62].
In this more recent study, we also provided the first direct evidence that peripheral
experimental venous congestion causes local release of 8-isoprostane (a marker of oxidative
stress) into the blood stream. Additional preliminary data on plasma ET-1 suggest the
magnitude of activation to be dependent on the severity and duration of the congestion
protocol [63]. Future studies using venous stress test are warranted to investigate (i) whether
a similar pattern of endothelial and neurohormonal activation occurs in patients with heart
failure with preserved ejection fraction (HFpEF) and (ii) whether changes in endothelial cell
phenotype differ between healthy individuals and HF patients.

An alternative model of local venous congestion involves the infusion of normal saline in
the veins of an occluded vascular bed in the human forearm. Venous distention in this model
evoked systemic sympathetic activation in 19 healthy subjects, as evidenced by a large
increase in muscle sympathetic nerve activity (MSNA) and arterial blood pressure [64e¢].
Stimulation of muscle afferent nerves, which are located in proximity to small limb veins,
has been proposed as the responsible mechanism [65]. In additional studies, the same group
reported that the magnitude of the MSNA and blood pressure responses depended on the
volume and the rate of the saline infused [66]. Of note, a systemic sympathetic response was
specific to the peripheral venous compartment, as distention of central great veins did not
increase MSNA [67¢].

Overall, results from the above models indicate that experimental congestion is sufficient to
cause endothelial and neurohormonal activation as well as inflammation in large animals
and humans. Importantly, the pro-oxidant, pro-inflammatory, and vasoconstrictive
phenotype characterized in these models mimics, at least in part, notable aspects of the
neurohormonal and hemodynamic phenotype that is typical of patients with ADHF.

Cross-talk Between Fluid Accumulation Pathway and Fluid Redistribution (Vascular)
Pathway in the Pathophysiology of ADHF

Pulmonary venous congestion is found in the majority of patients hospitalized for ADHF.
Two mechanisms have previously been suggested for the pathophysiology of cardiogenic
pulmonary edema (and adopted by the European Society of Cardiology guidelines on the
diagnosis and treatment of ADHF): a vascular (fluid redistribution) pathway and a
cardiorenal (fluid accumulation) pathway. The first pathway results from vasoconstriction
causing an increase in preload and afterload with redistribution of intravascular volume from
the periphery to the pulmonary circulation. The second mechanism results from impaired
cardiac (and renal) function, de novo accumulation of fluid, and increase in preload leading
to progressive pulmonary congestion and worsening symptoms [10, 11, 68, 69].

While both pathways have been individually postulated to play an important role in the
development of ADHF, herein we have highlighted the animal and human models of venous
congestion that provide evidence for a new pathophysiological link between these two
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pathways (Fig. 2, red arrow). Endothelial stretch and tissue edema can cause
vasoconstriction through a local increase in oxidative stress and the systemic release of ET-1
and A 1l. In addition, peripheral venous dis-tension promotes an acute inflammatory
response that (i) may worsen arterial stiffness [70] and (ii) directly evokes systemic
sympathetic activation through a powerful autonomic reflex, further linking venous
congestion to vasoconstriction [64ee, 65, 66, 67¢¢, 71]. Importantly, because veins represent
a low-pressure reservoir that contains >70 % of the systemic blood volume, even relatively
small volume changes can cause substantial alterations in central blood volume, and thus in
cardiac filling pressures [72].

Figure 2 details this working concept. The mismatch between increased load (both preload
and afterload) and impaired cardiac function, which is typical of ADHF, may primarily stem
from (i) vasoconstriction and fluid redistribution (vascular pathway) and/or (ii) enhanced de
novo fluid accumulation (cardiorenal pathway). However initiated, the interaction of these
two pathways may provoke a vicious cycle as fluid accumulation causes vasoconstriction
while vasoconstriction increases cardiovascular filling pressures. The resulting progressive
deterioration in clinical symptoms may eventually lead to hospitalization for ADHF.

Conclusions

Collectively, the findings of the past decade linking fluid retention and venous congestion to
endothelial and neurohormonal activation have provided a new conceptual framework to
better understand the pathophysiology of ADHF. While unquestionably endothelial and
neurohormonal activation from venous congestion represent the effect of poor cardiac
function, they concurrently cause the progressive hemodynamic deterioration that is typical
of ADHF. Chronically implanted devices such as the recently FDA-approved cardioMEMS
[73e, 74<] will provide a valuable tool for the early detection and treatment of pulmonary
congestion in the setting of impending decompensation. An early treatment strategy with
diuretics and, hypothetically, adjuvant means (e.g., short-term anti-oxidant and/or anti-
inflammatory therapies) may not only improve symptoms but also restore the state of
endothelial and neurohormonal quiescence that keeps patients compensated and out of the
hospital.
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Fig. 1.
Venous stress test. Blood and endothelial cells were sampled from the antecubital or basilic

vein of the non-dominant arm (control arm) at baseline and of the dominant arm (test arm)
after 75 min of local venous congestion using angiocatheters and endovascular wires.
Peripheral venous pressure was increased ~30 mmHg above baseline levels by inflating a
tourniquet cuff around the test arm, proximally, just below the shoulder. Blood was also
obtained at 75 min from the control arm that was not exposed to venous congestion, thus
serving as a control (asterisk) [61ee]
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Fig. 2.
Hypothesized causal link between fluid accumulation and fluid redistribution pathways in

the pathophysiology of ADHF. The red and black arrows represent a positive feedback loop
between fluid accumulation and redistribution pathways. While the black arrow represents a
known mechanism, the red arrow represents a novel component of ADHF pathophysiology
suggesting fluid accumulation as a potential cause of vasoconstriction
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Table 1

Plasma measurements (meanzs.e.m.) before and after 75 min of venous congestion

Variable Baseline (B) (Omin) Control arm (C) (75min) Testarm (T) (75min) P(Tvs.B) P(Tvs. C)
IL-6 (pg/mL) 1.3740.44 1.79+0.53 2.26+0.58 <0.01 <0.01
TNF-a (pg/mL) 1.35+0.08 1.27+0.08 1.35+0.11 0.75 0.22
ET-1 (pg/mL) 1.46+0.19 1.26+0.13 2.43+0.27 <0.0001 <0.0001
All (pg/mL) 2743 2543 32+4 0.01 <0.01
VCAM-1 (ng/mL) 557+26 544424 589+25 <0.01 <0.01
ICAM-1 (ng/mL) 158+9 158+7 167+9 0.09 0.06
VWF:Ag (%) 10529 1006 1139 0.37 0.15
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From Colombo PC, Onat D, Harxhi A, Demmer RT, Hayashi Y, Jelic S, et al. Peripheral venous congestion causes inflammation, neurohormonal,
and endothelial cell activation. European heart journal. 2014;35(7):448-54, with permission from Oxford University Press

IL-6 interleukin-6, TNF-q tissue necrosis factor-a, ET-1 endothelin-1, All angiotensin Il, VCAM-1 vascular adhesion molecule-1, ICAM-1

intercellular adhesion molecule-1, VWF:Ag vonWillebrand factor antigen
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