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Abstract Heart and kidney interactions are fascinating,

in the sense that failure of the one organ strongly affects the

function of the other. In this review paper, we analyze how

principal driving forces for glomerular filtration and renal

blood flow are changed in heart failure. Moreover, renal

autoregulation and modulation of neurohumoral factors,

which can both have repercussions on renal function, are

analyzed. Two paradigms seem to apply. One is that the

renin-angiotensin system (RAS), the sympathetic nervous

system (SNS), and extracellular volume control are the

three main determinants of renal function in heart failure.

The other is that the classical paradigm to analyze renal

dysfunction that is widely applied in nephrology also

applies to the pathophysiology of heart failure: pre-renal,

intra-renal, and post-renal alterations together determine

glomerular filtration. At variance with the classical para-

digm is that the most important post-renal factor in heart

failure seems renal venous hypertension that, by increasing

renal tubular pressure, decreases GFR. When different

pharmacological strategies to inhibit the RAS and SNS and

to assist renal volume control are considered, there is a

painful lack in knowledge about how widely applied

drugs affect primary driving forces for ultrafiltration, renal

autoregulation, and neurohumoral control. We call for

more clinical physiological studies.
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Introduction

There is growing awareness that renal function determines

outcome in heart failure (HF). Moreover, any combination

of heart and renal failure is associated with worse outcomes

[1–3]. Yet, how best to approach the interactions between

the failing heart and the failing kidney, is not trivial. A

categorization has been proposed, where order and chro-

nicity in which the two organs fail are considered [2].

However, by design, this does not take into consideration

the mechanisms involved. We previously emphasized that

both hemodynamic and non-hemodynamic mechanisms are

involved in cardiorenal crosstalk [1].

Regarding renal dysfunction in HF, classically, there has

been very strong emphasis on arterial pressure and neuro-

humoral control (renin-angiotensin system, RAS, and

the sympathetic nervous system, SNS). More recently,
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evidence from epidemiological and clinical studies sup-

ports a strong influence of central venous pressure on renal

perfusion [4, 5]. In acute patients with advanced HF and

worsening kidney function, increased central venous pres-

sure was reported, as compared to patients in whom renal

function remained stable [5]. In a chronic setting, lower

GFR was strongly related to elevated central venous

pressure [4]. These observations have revived interest in

renal venous pressure as a determinant of renal function

[6]. The goal of this review is to summarize current

understanding of the pathophysiology of renal hemody-

namics in HF, and explore areas that need further

investigation.

Physiological regulation of RBF and glomerular

filtration rate

One can analyze renal hemodynamics in a three-step

approach: the primary driving forces for glomerular filtra-

tion, intrinsic renal mechanisms affecting these forces

(autoregulation, pressure natriuresis), and finally neurohu-

moral factors. In principle, the GFR is determined by the

permeability characteristics of the glomerular membrane,

and hydrostatic and oncotic pressures in the glomerular

capillary and in Bowman’s space. These driving forces,

together with the structural integrity of the glomerulus,

govern filtration and also dictate the pressure decline from

the entry of the afferent arteriole into the glomerular cap-

illary network, then to the beginning of the efferent arte-

riole, and finally the peritubular capillaries (Box 1).

Primary driving forces

Figure 1 depicts the process of filtration along the glomer-

ular capillaries and the Starling forces in the glomerulus. In

humans, the Starling forces in the glomerulus cannot be

measured directly and are extrapolated from extensive

micropuncture studies performed in rats [7–10]. Single

nephron GFR (whole kidney GFR divided by glomerular

number) in humans is approximately 60–70 nl/min. Based

on filtration fraction (GFR/RPF, about 20–25% in humans),

plasma protein concentration at the end of the glomerulus

can be estimated, and hence plasma oncotic pressure.

Tubular hydrostatic pressure and Kf, the filtration coeffi-

cient, are not known in humans. Tubular protein concen-

tration is not considered to be a relevant determinant of

glomerular filtration, even in the presence of nephrotic-

range proteinuria. Modeling of the process of glomerular

filtration based on the Starling forces was first reported in a

classical paper by Deen [7]. From the model, it is predicted

that a decrease in mean arterial pressure, without adjust-

ments in afferent and efferent arteriolar resistances, will

lead to substantial changes in GFR. Similarly, plasma pro-

tein concentration and changes in tubular pressure will

directly impact on the filtration process. It is immediately

clear that HF can affect all of these factors.

In order to properly understand what impact changes in

RBF will have on GFR, it is necessary to understand the

concept of filtration equilibrium. Filtration equilibrium is

the condition in which the sum of plasma oncotic pressure

and tubular hydrostatic pressure equal glomerular capillary

pressure before the end of the glomerular capillary network

[7, 11]. The dependency of GFR on RBF is related to

whether filtration equilibrium is reached or not. Unfortu-

nately, we are not informed about this in healthy humans,

or patients with reduced GFR. Nevertheless, independent

of neurohumoral control or structural abnormalities,

intrinsically to the basic mechanism of glomerular ultra-

filtration, GFR can depend on RBF.

Autoregulation

Intrinsic to the vascular bed is the phenomenon of auto-

regulation. This is not specific for the kidney; however, the

renal vasculature differs in several respects from the other

tissues. First of all, it has not one, but two regulatory

arteriolar regions, that serve to maintain glomerular pres-

sure at a level that permits ultrafiltration. Second, RBF

does not seem to be regulated by metabolic demand. Third,

there are at least two systems that contribute to the sta-

bilization of RBF, whereas regular capillary beds have one.

Historically, descriptions of stabilization of RBF upon

fluctuations in renal perfusion pressure date back to the

Box 1 Basic principles of renal hemodynamics

1. The primary driving forces for glomerular ultrafiltration are glomerular pressure, plasma oncotic pressure, tubular fluid pressure and

permeability, and surface area of the glomerular membrane.

2. The two components of renal autoregulation are myogenic response (fast) and tubuloglomerular feedback (slow).

3. RBF and GFR are stabilized in parallel upon fluctuations in renal perfusion pressure by renal autoregulation via adjustment of afferent

arteriolar tone.

4. Since TGF functions via the Na-2Cl-K-cotransporter, a high dose of furosemide deactivates the tubuloglomerular feedback system.

5. Agents that block the actions of ANG II inhibit the TGF system.
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early years of the 20th century by Bayliss [12]. We now

recognize that at least two mechanisms contribute to auto-

regulation in the kidney, a fast vasoconstriction mediated by

increased wall tension in the vascular wall (‘‘myogenic

response’’) and a slow vasoconstriction mediated by

increased delivery of solutes to the macula densa (‘‘tubu-

loglomerular feedback’’, TGF) [13, 14]. The nature of a

third mechanism to stabilize RBF upon changes in perfu-

sion pressure is not yet clear, but both TGF and this 3rd

mechanism seem to be slow [14, 15]. It is beyond the scope

of this review to describe the components in detail [13].

Essentially, myogenic response is the intrinsic capability

of the renal vasculature, in particular the small diameter

vessels (arcuate arteries, cortical radial arteries and afferent

arterioles) [16], to respond to an increase in wall tension

with an increase in intracellular calcium, activation of

myosin light chain kinase and vascular smooth muscle cell

contraction. This mechanism is extremely fast [17]. The

TGF system is a negative feedback system [13, 18–20]. In

response to an increase in glomerular filtration, and con-

sequently an increase in solute concentration, probably

chloride, sensed by the macula densa, a mediator is

released that constricts the afferent arteriole, which will

stabilize the macula densa solute delivery [21]. The sub-

stance is still subject to investigation, but could be aden-

osine, which would then act via the adenosine A1 receptor

on the afferent arteriole [22, 23]. As mentioned, this system

is considerably slower than the myogenic response.

Of relevance to this review are three considerations.

First, autoregulation primarily seems to be a pressure-

mediated phenomenon and not a flow-mediated

phenomenon. Second, since autoregulation is mediated

primarily, if not entirely, by changes in afferent arteriolar

tone, RBF and GFR are regulated in parallel. Finally,

diuretics that decrease sodium reabsorption upstream of the

macula densa will increase distal sodium delivery and will

activate TGF, and consequently will lead to an afferent

vasoconstriction [24, 25]; the typical example of such a

diuretic is acetazolamide, acting on carbonic anhydrase in

the proximal tubule. Parenthetically, such maneuvers will

also increase proximal tubular pressure, and thereby

decrease net ultrafiltration pressure [24]. Interestingly, the

Na-2Cl-K cotransporter in the loop of Henle, that is

blocked by furosemide, is also the sensor for TGF.

Depending on the extent to which furosemide blocks

the sensing of the TGF system, this drug can evoke a

TGF-mediated decrease in GFR or induce a complete

deactivation of the TGF system, and consequently an

increase in GFR (see below).

Neurohumoral factors

The third layer of factors is neurohumoral control sys-

tems acting at systemic (integrative) level. The most

relevant for heart and kidney interactions seem currently

the RAS, natriuretic factors, the SNS, and nitric oxide

(NO). At this point, we will only discuss briefly their

impact on the basic driving forces for glomerular filtra-

tion and on the autoregulation systems. In particular, the

actions of the RAS are complex. Although it is usually

stated otherwise in textbooks, direct measurements of

afferent and efferent arteriolar tone show that ANG II

Fig. 1 Hydrostatic pressure

decrease and oncotic pressure

increase along the glomerular

capillary network and filtration

in normovolemic (solid lines)

and hypovolemic (dashed lines)

states a Estimated values for the

primary determinants of

glomerular filtration b Please

note the relatively low value for

net ultrafiltration pressure.

Abbreviations: Pglom
glomerular capillary hydrostatic

pressure, pglom glomerular

capillary oncotic pressure,

Kf filtration coefficient, Part,

mean systemic arterial pressure,

Pven renal venous pressure,

Ptub intratubular pressure,

SNGFR single nephron GFR
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can constrict both arteriolar beds [26, 27]. Confusingly,

this would result in an increase in filtration fraction, since

filtration fraction is GFR/RPF, RPF decreases and GFR

stays constant. This increase in filtration fraction is often

incorrectly attributed to indicate efferent vasoconstriction,

which is not necessarily the case [27]. A similar para-

doxical situation can be found with respect to the actions

of ANG II to enhance proximal tubular reabsorption,

which might be expected to lead to a decrease in distal

delivery, and consequently an increase in GFR mediated

by TGF. However, the concomitant sensitization of TGF

by ANG II leads to a stable GFR [28, 29]. This is

illustrated in Fig. 2.

An acute increase in renal sympathetic nerve activity

(RSNA) does not seem to affect net RBF very much under

healthy conditions [30, 31], however, it does substantially

affect tubular reabsorption [32]. Moreover, acute renal

denervation does not seem to affect the function of the TGF

system significantly [33, 34]. This seems to be different in

(experimental) renal disease and HF (see below). Chronic

manipulation of RSNA has important actions on blood

pressure by affecting renin release. Since both renal failure

and HF are characterized by inappropriate stimulation of

the SNS, the SNS–RAS axis will be of relevance for our

discussion.

The natriuretic peptide family, atrial natriuretic peptide

(ANP), brain natriuretic peptide (BNP), C-type natriuretic

peptide (CNP), and urodilatin, has well-defined renal

hemodynamic effects. ANP and BNP (!) are secreted by the

heart in response to increased wall stretch or stress [35]

whereas CNP and urodilatin are produced by the kidney.

Several receptors (Type A, B, and C) for the natriuretic

peptide family have been identified. Receptors have been

found in the glomerulus as well as in the afferent and

efferent arterioles. The renal hemodynamic effects of all

members of the natriuretic peptide bear a similar profile

[36]. Therefore, here we discuss only results pertaining to

ANP.

Exogenous administration of ANP in humans results in

an increase in GFR, filtration fraction, and sodium excre-

tion. Indeed in vitro ANP dilates pre-constricted vessels

and in animals ANP induces pre-glomerular vasodilation

through NO production, and increased guanylate cyclase

activity and cGMP production. This is in agreement with

the finding that ANP does not increase renal plasma flow

[37]. The role of ANP in the regulation of GFR and renal

plasma flow in (patho)physiologic conditions is illustrated

in studies in which the ANP system was blocked. In con-

ditions in which ANP and BNP levels are increased (high

salt intake, hyperaldosteronism, diabetes) blockade of the

ANP system decreases GFR suggesting a role for the

natriuretic peptide family in regulating GFR and ERPF

under these conditions. However, in rats with heart failure

ANP seemed not to play a role in the regulation of renal

hemodynamics [38].

Nitric oxide has well-described profound and tonic

influence on the systemic and renal vasculature [39, 40].

Although hard to discriminate from the consequences on

systemic hemodynamics transmitted to the renal vascula-

ture, NO seems to dilate the afferent arteriole [41], thereby

increasing glomerular capillary pressure and GFR. In both

normal rats [42, 43] and in non-clipped kidneys of 2K1C

Goldblatt hypertensive rats (model for renovascular

hypertension), NO synthesis inhibition improves the effi-

cacy and decreases the lower limit of autoregulation [44].

This likely is due to combined actions on myogenic

response and TGF [45]. Responsiveness of the latter is

enhanced during local NO synthesis inhibition, which

indicates a stronger response to constrict the afferent

arteriole upon increases in PGC [46, 47]. The actions of

ANG II to increase TGF responsiveness are also enhanced

by local NO synthesis inhibition [47].

Changes in primary driving forces for glomerular

filtration in heart failure

Classically, renal failure in HF has been interpreted as pre-

renal failure, where forward failure leads to a decrease in

renal perfusion pressure, a decrease in glomerular capillary

pressure and thereby a decrease in GFR. However, GFR

would remain stable until a severe hypotension develops if

Fig. 2 Synergistic actions of ANG II on proximal reabsorption and

tubuloglomerular feedback (adapted from [28]. ANG II increases

proximal tubular reabsorption, thereby decreasing the amount of fluid

leaving the proximal tubule and reaching the macula densa. This

would deactivate TGF, and increase single nephron GFR. However,

ANG II also makes the TGF system more sensitive, so that single

nephron GFR all together does not change
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autoregulation is intact. Severe hypotension that would be

below the lower limit of autoregulation of healthy kidneys

is uncommon in both patients with HF with preserved

ejection fraction (HFPEF) and with reduced ejection frac-

tion (HFREF). Distinction between an acute cardiorenal

and a chronic cardiorenal syndrome has been proposed [2].

While this may be of some assistance in clinical manage-

ment, it should not distract from discriminating the various

mechanisms. We propose that in order to address worsen-

ing of renal function in HF, the following questions be

addressed to support the understanding of the mechanism:

• If blood pressure decreases, initially the kidney will

dilate the afferent arteriole to maintain glomerular

pressure. Is hypotension so severe that it exceeds the

ability of the kidneys to autoregulate and maintain

GFR?

• Is (acute) HF occurring in the presence of pre-existing

renal disease or atherosclerotic renovascular artery

stenosis(ARAS)?

• Are (intravenous) vasoconstrictors or other (vasodila-

tor) drugs used that could compromise renal perfusion

or renal autoregulation of RBF and GFR?

• Does HF coincide with congestion, pulmonary hyper-

tension [48], and an increase in central venous

pressure? Is intra-abdominal pressure elevated?

• Are there other causes suspected to impair renal

function (e.g., interstitial nephritis or a primary kidney

disease)?

Returning to the principal driving forces of glomerular

filtration, these questions address predominantly glomeru-

lar pressure and tubular pressure, because plasma oncotic

pressure will be reduced, and information about glomerular

permeability is lacking. Using such an approach, worsening

kidney function in HF can be discriminated as arterial,

venous or intra-renal. This follows a classical approach

used to diagnose renal failure in general, albeit that the

post-renal axis generally is viewed as urological post-renal

obstruction. Since current studies are not documenting

these factors systematically, it can be suspected that out-

come studies in general include very heterogeneous patient

groups, and may fail to show consistent results.

One observation concerning GFR and RBF relationships

deserves attention. In several studies, it has been noted that

there is a strong positive correlation between GFR and

RBF in cohorts of HF patients [49, 50]. In individual

patients, this finding has been interpreted as GFR becoming

strongly dependent upon RBF. There are, however, two

interpretations possible. The first is that if GFR decreases

due to progressive loss of nephrons, RBF declines also. In

that case, the observation is not related to specific driving

forces, autoregulation or neurohumoral factors. Alterna-

tively, GFR is functionally dependent on RBF in each

individual person. The latter may be true but is an unten-

able conclusion based upon the available data. If individ-

uals have fluctuations in renal perfusion pressure within the

autoregulatory range, GFR is not much dependent upon

RBF, since they are stabilized together. In case renal per-

fusion pressure falls below the autoregulation range, as

happened in a substantial number of patients in at least one

report [50], GFR might become more and more dependent

on RBF.

Because of its relevance, we would like to analyze

further which physiological phenomena determine the

coupling between cardiac output and RBF, and which

factors determine the coupling between RBF and GFR.

RBF, in principle, is determined by the renal perfusion

pressure, RPP, and by intrarenal resistances. If a decrease

in cardiac output occurs, and this coincides with a decrease

in RBF, either renal perfusion pressure has decreased,

intrarenal resistances have increased, or both. If the

decrease in RBF is more pronounced than the decrease in

cardiac output, this is likely due to the combination of a

decrease in renal perfusion pressure and an increase in

renal resistance. It should be remarked that a decrease in

renal perfusion pressure within the autoregulatory range of

a healthy kidney elicits a decrease in intrarenal resistances

to stabilize RBF. A dissociation between cardiac output

and RBF, therefore would implicate that the autoregulatory

possibilities of the kidney are exhausted, or overruled by

another mechanism (e.g., sympathetic nervous system). An

example of a factor that could lead to a disproportional

decrease in RBF upon a decrease in cardiac output is

angiotensin II.

Regarding the RBF (or renal plasma flow for that mat-

ter) dependency of GFR, there is debate whether this could

be relevant or not in humans. Again, in principle, perfusion

pressure and intrarenal resistances determine RBF. Proba-

bly the best way to analyze RBF dependency of GFR is to

look at (a) isolated changes in efferent resistance, (b) iso-

lated changes in afferent resistance, (c) a concomitant

unidirectional change in both resistances and (d) a change

in renal perfusion pressure only. An isolated increase in

efferent arteriolar resistance is generally associated with

dissociation of RBF and GFR: RBF will tend to decrease

and GFR will tend to increase. An isolated increase in

afferent arteriolar resistance will generally decrease RBF

and GFR in parallel. The debate is not closed at which level

of vasoconstriction, and concomitantly low RBF, reduction

of GFR will be more pronounced than reduction of RBF

decrease. Simultaneous increases in afferent and efferent

arteriolar resistances can be considered together with the

scenario of a decrease in renal perfusion pressure. At

higher blood flows (i.e., lower resistances or higher per-

fusion pressure), GFR will become less dependent upon

RBF; conversely, low perfusion pressures or very high
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resistances will leave GFR very sensitive to blood

flow[51]. This seems true in particular in circumstances of

volume depletion (in rats). It must be remarked that this is

not carved in stone, and direct data in humans is lacking.

Concluding, both structural and functional reasons may

underlie the suggestion, from data in large cohorts of

patients with HF, that GFR becomes quite RBF-dependent.

This seems relevant in the perspective of selective renal

vasodilator therapies.

Changes in neurohumoral control systems affecting

renal function

This review does not provide a comprehensive list of all the

factors that can contribute to alterations in GFR and RBF in

heart failure. Instead, we will apply a classical framework:

the triad RAS–SNS–extracellular volume.

First, the RAS is activated. At least three pathways are

responsible for the activation of the RAS:

1. Decreased systemic arterial pressure: If HF leads to a

decrease in systemic and renal perfusion pressure, the

RAS is activated in a classical way. It should be noted

that both systemic and intrarenal levels of ANG II

increase, and that renal angiotensinogen levels corre-

late with renal ANG II levels [52].

2. Increased renal venous pressure (see below).

3. Increased activity of the SNS

Second, the SNS is activated. The reasons for SNS

activation in HF are also complex. Mechanisms leading to

SNS activation partly overlap with the mechanisms acti-

vating the RAS:

1. Decreased systemic arterial pressure, via the barore-

ceptor reflex

2. Increased central stimulation of the SNS in the

paraventricular nucleus (presumably by a combination

of factors, increased ANG II, decreased NO, increased

afferent renal sympathetic nerve activity) [53].

Increased SNS activity can affect renal function by

increasing afferent arteriolar resistance, thereby decreasing

RBF and GFR [54, 55]. If renal failure coexists, both the

RAS and the SNS are inappropriately activated. This

means that at normal blood pressure and normal volume

status, there is increased renin release [56]. The SNS is

activated by renal failure [57] and the baroreceptor curve is

shifted to the right, indicating that at any blood pressure,

sympathetic outflow is increased in renal patients com-

pared to healthy controls; this effect seems to be strongly

dependent upon ANG II [57]. The tight connection

between the RAS and the SNS probably results in a vicious

cycle in HF.

Third, volume control mechanisms will lead to extra-

cellular volume expansion, and form the main reason for

the congested state, eventually leading to further forward

and backward failures. Besides the RAS and the SNS, both

taking part in the volume retention, several other control

mechanisms will function inappropriately:

1. Decreased renal sensitivity to the natriuretic peptides

lead to volume expansion. Levels of ANP, BNP, and

CNP are elevated, yet there seems to be a renal

insensitivity.

2. Decreased levels of nitric oxide (NO) lead to volume

expansion. NO leads to an integrated natriuretic

response by decreasing tubular transport, and also

decreases responsiveness of the TGF system [58].

3. Increased adenosine A1 receptor activation leads to

volume expansion. Adenosine A1 receptor activation

can lead to a renal vasoconstriction [59, 60] and is

probably the mediator of the TGF system [22, 23, 61].

Nevertheless, the hypothesis that targeting adenosine is

beneficial for renal function is currently under strong

dispute since clinical observations in patients with

acute HF do not suggest any beneficial effect of

adenosine A1 receptor blockade [62].

4. Increased vasopressin-mediated volume control, lead-

ing to preferential water retention and hyponatremia

[63]. It should be mentioned that ANG II can induce

salt appetite and vasopressin release [64].

If one synthesizes this information, it seems that the

RAS, SNS, and volume control, which are all intrinsically

related, collectively disturb renal hemodynamic control.

Figure 3 summarizes the role for the triad RAS–SNS–

extracellular volume in determining GFR in HF.

Focus on renal venous hypertension and intratubular

pressure

Several epidemiological and clinical studies have shown

association between central venous pressure and eGFR in

large cohorts, and have linked this to an increase in renal

venous pressure [4]. Moreover, both paracentesis and

ultrafiltration have been associated with a decrease in

plasma creatinine [5]. The effect of volume removal was

quite substantial, with a decrease in serum creatinine from

about 3.4 to 2.4 mg/dL without significant changes in

systemic hemodynamic measurements. A primary increase

in renal venous pressure seems particularly relevant for

observed changes in renal function in HF. As long ago as

1931, Winton observed in dogs the association of increased

renal venous pressure with reduced RBF [65]. Later, renal

venous pressure was shown to be elevated in subjects with

HF [66]. In the last few years, there is revived interest for
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the importance of renal venous pressure. The mechanism is

still under debate [67, 68]. Nevertheless, there is quite

substantial literature to explain these observations.

From a theoretical point of view, an increase in renal

venous pressure would decrease the arterio–venous pres-

sure difference across the renal vasculature, which would

lead to a decrease in RBF if resistances remained constant.

Moreover, as all pressures within the renal bed would

increase, glomerular pressure would also marginally

increase. These events, however, would evoke an auto-

regulation response involving myogenic response and

TGF, which would theoretically stabilize GFR. So, to a

certain extent a perfectly functioning kidney should be able

to stabilize the increase in renal venous pressure. In line

with such a scenario is the observation that in dogs, GFR

and RBF only decreased when RVP was substantially

elevated [69]. Besides the consequences for the vascular

pressure (gradients) in the renal vasculature, renal inter-

stitial pressure would increase, because the interstitium has

a low compliance and the kidney has a tight capsule. This

will increase renal tubular pressure as a consequence and

directly decrease the driving forces for GFR by decreasing

the net hydrostatic pressure difference between the glo-

merular capillaries and the tubule. What do we know about

the principal determinants of GFR upon an increase in

RVP?

In a very beautiful study more than 50 years ago, the

consequences of an increase in renal venous pressure for

peritubular capillary and intratubular pressure were asses-

sed [70]. Interestingly, the initial increase in pressure from

about 0–15 mmHg did not result in any change in either

peritubular capillary pressure or intratubular pressure. A

further increase, though, resulted in a linear increase in

pressure in both the tubules, and in small and larger cap-

illaries. The transmission of the pressure increase to the

tubules is of great importance: one of the main driving

forces for filtration is affected, and directly decreases GFR.

Furthermore, the only way this observation can be recon-

ciled, is that the venous pressure raised interstitial pressure,

which brings into play interstitial compliance and tubular

compliance as factors as well. Several reports have indi-

cated that GFR and RBF decrease when renal venous

Fig. 3 Diagram indicating the

central role of the triad renin-

angiotensin system (RAS),

sympathetic nervous system

(SNS), and extracellular fluid

volume in determining renal

function in heart failure
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pressure is increased [65, 69, 71]. It should be stressed at

this point that the decrease in GFR and the decrease in RBF

have a different origin. The decrease in A–V pressure

difference directly affects RBF but hardly GFR, the

increase in intratubular pressure strongly affects GFR, but

hardly affects RBF. Note that a strong decrease in GFR in

the face of a mild decrease in RBF would result in a

decreased FF, in this situation that could incorrectly be

interpreted as a change in intrarenal resistances, i.e., a

relatively large fall in efferent arteriolar resistance.

Few studies to our knowledge have directly assessed the

consequences of renal venous pressure for autoregulation

of RBF. De Wardener [72] reported that an isolated

increase in renal venous pressure reduced RBF, but an

increase in both renal venous pressure and arterial pressure

was associated with a stable RBF. Later, this was put into

further perspective: increasing renal interstitial pressure

(and thereby renal venous pressure) decreased RBF, even

in the presence of furosemide (to block TGF), renal

decapsulation (to permit interstitial expansion), or inhibi-

tion of the SNS using phentolamine [73]. Taken together, it

seems that increases in renal venous and interstitial pres-

sure decrease RBF but also strongly affect the myogenic

response. TGF does not seem to be critically involved.

Experimental models have indicated that both an

increase in abdominal pressure [74] and in renal venous

pressure [75, 76] lead to a prompt increase in plasma renin

activity. One study in swine also reported an increase in

aldosterone levels [71]. Although two observations used

pressure increases in the range of 25–30 mmHg, which

would be in the high pathophysiological range, the study by

Kishimoto also observed increases in renin release at very

mild increases in renal venous pressure [75]. Studies

investigating the role of this increase in RAS activity for

renal and systemic hemodynamics, and exploring the

mechanisms involved in the RAS activation are not

available.

Altogether, all of these data support the idea that renal

venous pressure is an important determinant of renal

hemodynamics and RAS activation. Renal venous pressure

obviously becomes increased when there is a renal venous

outflow obstruction or when any of the vascular beds

downstream of the kidney has increased venous pressure.

Factors determining renal venous pressure are summarized

in Table 1 and consequences of increased renal venous

pressure are summarized in Box 2.

Special case: renal artery stenosis

Renal artery stenosis comes with several consequences for

the renal circulation. First of all, the kidney behind the

stenosis can experience lower perfusion pressure. This will

elicit several responses: (a) autoregulation induced afferent

arteriolar vasodilation due to myogenic response and TGF

deactivation, and (b) an increase in renin release due to

decreased perfusion pressure per se, decreased macula

densa sodium delivery, and increased efferent SNS traffic.

The increased renin will constrict the afferent and the

efferent arterioles. However, any effects on the afferent

arteriole are likely minimal due to autoregulatory vasodi-

latation. Together, these adaptations are directed at main-

taining that kidney’s GFR and RBF. Thus, if systemic

blood pressure falls to low values in HF (or is reduced from

hypertensive levels to normal), the stenotic kidney’s

adjusting capacity is exhausted, and renal perfusion pres-

sure (behind the stenosis) will fall below the lower limit of

autoregulation. The severity of the stenosis is clearly rel-

evant, although it could well be that a minimal stenosis,

Table 1 Factors determining renal venous pressure

Mechanism Examples

Local obstruction Renal venous thrombosis

Tumor creating pressure on renal vein

Inferior vena cava syndrome

Intra-abdominal

pressure

Any reason for significant ascites (e.g., heart

failure, liver failure)

Intra abdominal hemorrhage

Increase in central

venous pressure

(right sided or congestive) heart failure

Pulmonary hypertension

Box 2 Consequences of increases in renal venous pressure for renal hemodynamics

1 RVP by itself is determined by central venous pressure, intra-abdominal pressure and peripheral venous pressure.

2 An increase in RVP would

(a) Decrease the AV-pressure gradient and thereby decrease RBF,

(b) Could increase glomerular capillary pressure if autoregulation does not adjust,

(c) Increase interstitial and intratubular pressures and thereby decrease net ultrafiltration pressure.

All in all this would lead to a decrease in GFR and RBF.

3 Autoregulation, including TGF, does not seem to be importantly affected by increases in RVP.

4 An increase in RVP increases the activity of the RAS and the SNS, both compromising RBF.
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only discernable by an asymmetry in left to right RBF,

already affects renal regulation of blood pressure [77]. The

other aspect involves both the stenotic and the contralateral

kidney: enhanced actions of ANG II will lead to sodium

retention directly and indirectly due to aldosterone for-

mation, with increased extracellular fluid volume as a

consequence. While good experimental or clinical evi-

dence is lacking, this may further aggravate the renal

venous congestion in HF and compromise GFR and RBF.

Renal artery stenosis is frequent in patients with HF. In

both the STAR [78] and ASTRAL trials [79], which

compared the renal consequences of angioplasty versus

medication, about 50% of the patients had coronary artery

disease and 10% had HF. When specifically studied in

patients with ARAS, LV morphology and function was

seldom normal and about 75% had diastolic dysfunction

[80]. In a small group of patients with combined heart and

renal failure, prevalence of ARAS was above 50% [81].

Therefore, consideration of ARAS in HF patients seems

relevant. Nevertheless, success of angioplasty for the

improvement of blood pressure control or renal failure

seems limited [78, 79]. In addition, the angioplasty pro-

cedure comes with significant morbidity. Studies have been

underpowered to judge whether intervention in the renal

artery could be of benefit for the heart [82]. Support for

beneficial actions of angioplasty with respect to HF (and

thereby for the pathophysiological relevance of ARAS)

comes from a small retrospective cohort. In this study,

patients with HF and ARAS who underwent angioplasty

had better survival than patients who were medically

treated [83]. While the presence of ARAS might well be

relevant for the management of the patient with HF, the

high complication rate of the procedure per se and the

inability to identify the patients in which an intervention

would clearly improve renal and cardiac functions, cur-

rently form an obstacle. The latter problem includes the

current inability to identify patients where the kidney

behind the stenosis is so severely damaged (due to long

standing high blood pressure or due to ischemic nephrop-

athy) that an intervention cannot be helpful. With all these

issues in mind, a study about renal and cardiac functions in

cardiorenal patients with ARAS would be warranted.

How do medications affect the renal circulation

in chronic heart failure?

Pharmacological manipulation of the RAS

Renin inhibitors, ACE inhibitors, and angiotensin receptor

antagonists are different strategies to inhibit the actions of the

main effector pathway of the RAS, ANG II binding to the

AT1 receptor, and thereby inhibition of downstream events

[84]. As abundantly emphasized in recent reviews, renin

inhibition decreases Ang I and ANG II, and supposedly

thereby activation of all AT receptors, and possibly the Mas,

Ang [1–7] receptor [84–87]. ACE inhibitors also decrease

ANG II, but increase Ang I, which might leave the Mas

receptor activation via ACE2 untouched [88], and increase

accumulation of vasodilator kinins [89], which seems to be

relevant in physiological [90] and pathophysiological con-

ditions [91]. Finally, AT1 receptor antagonists obviously

leave the other receptors untouched, but these are now

exposed to high ANG II levels, because of the interruption of

the negative feedback loop that normally limits renin tran-

scription [92]. Despite the wide speculation and arousal about

these differences, solid clinical evidence for significantly

different actions of the various modes of RAS inhibition on

renal hemodynamics in general and in HF is lacking.

Therefore, we will limit the discussion to renal hemodynamic

consequences of decreased ANG II, AT1 receptor-mediated

actions irrespective of the applied pharmacological approach.

That being said, two questions are of importance. The

first is what the consequences are of angiotensin inhibition

for glomerular hemodynamics and renal autoregulation in

HF? Table 2 lists the general actions of ANG II on the

Table 2 Direct and indirect

actions of angiotensin II on

renal hemodynamics

Action SNGFR RBF FF

Primary driving forces

Afferent vasoconstriction [26] ; ; ;

Efferent vasoconstriction [120] : ; :

Decrease in Kf ; = ;

Net effect ;/=/:

Influence on autoregulation (TGF only)

Enhancement of proximal tubular sodium reabsorption : : ..

Increased responsiveness of the TGF system ; ; ..

Net effect = =

Neurohumoral control

Increased release of catecholamines ; ; ;
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determinants of GFR and on TGF. There are a few remarks

pertinent to HF. Inhibition of ANG II may lead to hypo-

tension, to levels below the lower limit of autoregulation

with a decrease in glomerular capillary pressure and GFR

as a consequence. Furthermore, the high prevalence of

ARAS in cardiac patients will frequently lead to a situation

where afferent arteriolar vasodilation is insufficient to

buffer a decrease in renal perfusion pressure. While ANG

II inhibition does not affect the autoregulation process per

se [93], it assists in aligning the autoregulation process

around the prevailing renal perfusion pressures [94, 95]. It

goes beyond the purpose of this paper to discuss in detail

the difficult phenomenon that ANG II inhibition can cause

a (slight) dissociation between the efficiency of GFR

(poorer) and RBF (better) autoregulation [93], and the

relevance of this in clinical conditions is not known. So, in

short, ANG II inhibition can specifically cause a decrease

in GFR by hypotension in particular in the presence of

ARAS. The second question is to what extent the effects of

elevated renal venous and renal interstitial pressure (and

almost certainly tubular pressure) are mediated via the

RAS in HF? Although several studies have indicated that

renal venous hypertension increases renin release, this

remains to be addressed.

Pharmacotherapy affecting the SNS with emphasis

on beta blockade

Despite the fact that beta-blockers are widely used in HF,

and renal dysfunction is prevalent, there are very few

studies directly assessing renal hemodynamics upon beta-

blockade initiation in HF. One study documented a slightly

less pronounced decrease in GFR (using MDRD) upon

carvedilol versus metoprolol [96]. No RBF was measured.

Another study assessed the renal response to carvedilol in

HF and found a marginal increase in RPF after 4 months

treatment and a marginal decrease in GFR [97]. One study

has reported a decrease in renal vascular resistance upon

selective a blockade using prazosin in HF patients [98].

Renal vascular resistance tended to decrease in HF patients

in one study [99]. Besides acting directly, beta-blockers

consistently decrease plasma renin activity. One can con-

clude that 1) the number of studies precisely assessing

renal function in HF upon manipulation of the SNS is

extremely limited and 2) no consistent clear changes in

renal function have been reported in the few studies

available.

Pharmacologic control of extracellular fluid volume

Loop diuretics inhibit the Na?2Cl-K?-cotransporter,

NKCC2, which, within the nephron, is expressed in the

loop of Henle. This same Na?2Cl-K?-cotransporter is

responsible for the sensing of sodium in the macula densa

(at the end of the thick ascending limb) pivotal for both

renin release and the TGF system [100]. Loop diuretics can

affect renal hemodynamics in several ways:

– Stimulation of renin release, activation of the RAS by

inhibition of macula densa sodium transport, which

would mimic a situation of low sodium delivery to the

macula densa; this would elicit renin secretion (see

above).

– Activation or inhibition of the TGF system resulting in a

decrease or an increase in GFR. Incomplete blockade of

the macula densa transport, in concert with increased

sodium delivery to the macula densa could increase

TGF activity. Strong blockade of macula densa trans-

port, however, could desensitize the macula densa and

decrease TGF activity. Although it is unknown at

which systemically applied dose of furosemide this

occurs, one probably needs very substantial dosages to

inhibit TGF significantly. Altogether, in the clinical

setting effects of loop diuretics on TGF could both

decrease or increase GFR, depending upon whether

TGF sensing becomes inhibited.

– Increased tubular pressure: in particular if there is

already venous congestion, a further increase in tubular

pressure would directly affect glomerular filtration

pressure and decrease GFR.

– Direct vasodilation: Loop diuretics inhibit the NKCC1

transporter, which is expressed widely outside the

nephron. Inhibition of NKCC1 in the vasculature has

been shown to result in vasodilation [101]. Afferent

vasodilation has been convincingly shown to be

independent from the TGF mechanism in the hydrone-

phrotic in vitro perfused kidney model, which lacks a

TGF response [102].

In an elegant study in rats, the team of Schnermann

demonstrated the relevance of all of the above-mentioned

mechanisms, except for TGF activation [101]. Furosemide

dilated isolated afferent arterioles, however, decreased

RBF in vivo. The latter was accompanied by increases in

proximal tubular pressure; decapsulation, and RAS inhi-

bition diminished the impact of furosemide on RBF. It will

therefore not come as a great surprise that both decreases

and increases in RBF and GFR have been reported in the

literature.

A trial in stage IV HF patients with mild renal failure

showed that patients maintained on a high water intake, the

lower dose of furosemide in the study together with a low

sodium intake had the highest number of adverse events,

and had the most pronounced increase in aldosterone and

BNP [103]. Patients were all treated with a low to inter-

mediate dose of captopril and most of them with

170 Heart Fail Rev (2012) 17:161–175

123



spironolactone 25 mg once a day. These results are hard to

explain, other than that further volume expansion affected

renal interstitial and renal venous pressures, i.e., CVP. The

study illustrates how complex the response to salt, water

and diuretics is in this patient group. Moreover, incomplete

RAS and aldosterone blockade may have triggered the

responses in BNP, due to volume retention. Indeed, more

pronounced diuretic effects of furosemide have been

reported in HF patients when they were receiving high

doses, or really low doses of ACEi [104, 105]. To com-

plicate the matter further, furosemide has direct systemic

vasodilator properties [106], as mentioned, and dose-

dependently diminishes the concentration gradient in the

renal medulla, thus diminishing vasopressin-mediated

water retention [107]. In this respect, the studies reporting

that higher dosages of (loop) diuretics are associated with

worse renal function are extremely hard to interpret. One

would not use very high dosages of diuretics in a euvo-

lemic state, and more extensive extracellular fluid volume

expansion is associated with poorer cardiac function, more

venous congestion etc. In a similar manner, an RCT would

not be able to discriminate the patients, who would have a

benefit for their GFR versus patients in whom renal func-

tion would be further compromised, unless it were specif-

ically designed for that purpose. It is doubtful that simply

calling loop diuretics ‘‘nephrotoxic’’ is going to be of any

help for the treatment of individual patients. Rather, the

physiological characterization of the cardiac patient should

be improved to better predict the response to treatment with

loop diuretics [108]. In that respect, two different issues

still need a comment. The first is that when one compares

the effects of ACE inhibitor therapy and other therapies,

the functional (or cosmetic) decrease in GFR should not be

confused with a real decline in renal function. This issue

has been discussed elsewhere[109, 110].The other issue is

that the current knowledge does not allow us to decide,

whether continuous infusion versus bolus injection of

furosemide is better for renal and cardiac outcome: one

recent trial was unable to discriminate differences between

continuous and bolus, and low and high dose of furosemide

regarding outcome and renal function[111]. From a phys-

iologic perspective, this is not surprising, if one does not

stratify patients according to relevant parameters such as

central venous pressure.

Regarding thiazides, direct renal hemodynamic conse-

quences are not prominent, and are also not to be expected.

A more recent study indicates that one year treatment with

thiazide in hypertensives has no effect on RBF, GFR or

serum creatinine [112]. However, there will be hemody-

namic effects via activation of the RAS. It should be

emphasized that thiazides induce the RAS mainly by

inducing a decrease in extracellular fluid volume, and not

by directly interacting with the control mechanisms of

renin release. A head-to-head comparison of thiazides

versus loop diuretics has not been done (and is complicated

by the difference in natriuretic action) in HF patients.

Because thiazides principally act beyond the macula densa,

in principle, they interfere less with renal hemodynamics

than loop diuretics.

Other pharmacologic approaches (calcium antagonists,

adenosine A1 antagonists, AVP antagonists,

and endothelin antagonists) and non-pharmacologic

approaches

Precise reporting of renal hemodynamic effects of other

strategies is scarce. Regarding calcium antagonists, mini-

mal decreases in renal vascular resistance, and increases in

RBF have been reported [113–115]. Despite the well-

described adenosine A1 receptor-mediated renal vasocon-

striction, also via the TGF system, A1 antagonism has

clinically not been shown clearly to improve renal out-

come. In one uncontrolled study, an improvement of renal

function was observed as assessed by cystatin C, used as

marker for GFR [116]. In a recent large placebo-controlled

trial, however, worsening of renal failure was described

during the first 7 days of treatment with the A1 antagonist

rolofyline [62], and no clear benefit for overall outcome

was reported. This is surprising, given the expectations

from experimental studies. Vasopressin V2 receptor

antagonists are an extremely interesting class of drugs in

HF, since one could consider part of the volume retention

the consequence of an appropriate stimulation of vaso-

pressin. Although the V2 receptor probably does not play

an important direct role in glomerular hemodynamics, V2

antagonism better preserved GFR than furosemide in rats

with heart failure induced by cardiomyositis [117]. In

humans, a V2 receptor antagonist did not affect GFR [118].

Finally, the enthusiasm for the use of endothelin antgonists

in heart failure has declined considerably, since they are

associated with volume retention and pulmonary edema

[119] and liver function abnormalities.

This last section about therapeutic options considers

non-pharmacological manipulation of water and sodium

balance. From the above, it emerges that maneuvers to

diminish extracellular fluid volume expansion are far from

neutral in hemodynamic terms. Therefore, decreased intake

of salt and water is an obvious therapeutic option. As

mentioned above, one of the most systematic studies about

diuretics, sodium and water intake has left us with many

questions [103]. This study reported the most pronounced

adverse (renal) outcome in the lower dose of furosemide

and low sodium diet group, which can possibly only be

explained by incomplete RAS blockade. Because of the

difficulties associated with removal of excess fluid and

water, follow-up studies are warranted.
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Clinical translation and further research need

The key message of the present review is a call for appli-

cation of clinical physiology to perform carefully designed

studies to better understand the pathophysiology of renal

failure coinciding with heart failure. We propose two

strategies to view renal hemodynamics in heart failure. One

is to analyze glomerular hemodynamics by systematically

addressing (a) principal driving forces of glomerular fil-

tration, (b) autoregulation, and (c) neurohumoral control

mechanisms. The second is that both systemic and renal

hemodynamics in HF are strongly determined by the triad

RAS–SNS–volume control (Fig. 3).

All in all, a number of important questions regarding

disturbed renal hemodynamics emerge regarding renal

hemodynamics in patients with congestive HF.

1. Pre-renal: Is ARAS more frequent in combined heart

and renal failures than in CKD or HF separately? At

which level does ARAS become relevant for the

function of the kidneys in HF? Does resolution of

ARAS improve cardiac function? Does ARAS accen-

tuate the relations between renal venous pressure and

GFR or RBF in patients with congestive heart failure?

2. Intrarenal: Is a real cardio–renal connection existent,

i.e., does HF result in induction or acceleration of renal

disease? Does this have any specific characteristics?

How do common pharmacological strategies (RAS

inhibition, SNS inhibition, natriuretics/diuretics) alone

or in combination affect principal determinants of

GFR, autoregulation, and neurohumoral control

mechanisms.

3. Post-renal: Is renal venous pressure inversely related

to GFR and RBF in patients with congestive heart

failure? Are the characteristics of this relationship

(slope and intercept) blunted (i.e., shifted down and to

the left) by RAS blockade? Is intra-abdominal pressure

inversely related to GFR and RBF in patients with

congestive heart failure? Is there a direct relation

between renal venous pressure and renal interstitial

pressure in patients with congestive HF? Is there a

direct relation between renal venous pressure and

activity of the RAS (and SNS) in patients with

congestive HF?

There is a beauty in evolving concepts around the

consequences of heart failure for renal function and vice

versa, in the sense that epidemiological and physiological

approaches take turns in leading in new directions. The call

is now for physiology.
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