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Abstract

Purpose of review—Visceral venous congestion of the gut may play a key role in the 

pathogenesis of right-sided heart failure (HF) and cardiorenal syndromes. Here we review the role 

of right ventricular (RV) dysfunction, visceral congestion, splanchnic hemodynamics, and the 

intestinal microenvironment in the setting of right-sided HF. We review recent literature on this 

topic, outline possible mechanisms of disease pathogenesis, and discuss potential therapeutics.

Recent Findings—There are several mechanisms linking RV-gut interactions via visceral 

venous congestion which could result in (1) hypoxia and acidosis in enterocytes, which may lead 

to enhanced sodium-hydrogen exchanger 3 (NHE3) expression with increased sodium and fluid 

retention; (2) decreased luminal pH in the intestines which could lead to alteration of the gut 

microbiome which could increase gut permeability and inflammation; (3) alteration of renal 

hemodynamics with triggering of the cardiorenal syndrome; and (4) altered phosphate metabolism 

resulting in increased pulmonary artery stiffening, thereby increasing RV afterload. A wide variety 

of therapeutic interventions that act on the RV, pulmonary vasculature, intestinal 

microenvironment, and the kidney could alter these pathways and should be tested in patients with 

right-sided HF.

Summary—The RV-gut axis is an important aspect of HF pathogenesis that deserves more 

attention. Modulation of the pathways interconnecting the right heart, visceral congestion, and the 

intestinal microenvironment could be a novel avenue of intervention for right-sided HF.
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Introduction

Right-sided heart failure (RHF) is a major public health problem that affects between one-

third to one-half of all heart failure (HF) patients regardless of underlying left ventricular 

(LV) ejection fraction [1, 2]. Evidence of right ventricular (RV) dysfunction or signs of RHF 

(i.e., venous congestion) portend a poor prognosis when present in patients with HF, with 

multiple studies demonstrating worse outcomes in HF patients who have evidence of 

abnormalities of RV structure/function, pulmonary hypertension (PH), and/or venous 

congestion [3–5]. Thus, the right heart plays a critical role in the pathogenesis of HF. 

Despite this fact, our understanding of the effects of RHF on HF pathogenesis and the effect 

of venous congestion on systemic organs is still in its infancy. Furthermore, unlike the left 

ventricle (LV), there are few available therapies that specifically target the RV, right-sided 

HF, or its downstream consequences (i.e., venous congestion).

One specific organ system that may play an essential role in the pathogenesis of RHF is the 

gut. Visceral venous congestion of the intestines may be central to the pathogenesis of right-

sided HF and cardiorenal syndromes, via the interaction between the right heart, the 

splanchnic venous circulation, the liver/kidney, and the intestinal microenvironment. Here 

we review the role of RV dysfunction, visceral congestion, splanchnic hemodynamics, and 

the intestinal microenvironment in the setting of RHF. We review recent literature on this 

topic, and discuss possible mechanisms of disease pathogenesis which could elucidate novel 

therapeutic targets for RHF.

The clinical importance of venous congestion

Elevated jugular venous pressure is one of the hallmarks of HF, but it is not universally 

present in all HF patients. The prognostic value of this physical exam finding was tested in a 

study by Drazner et al., who performed a retrospective analysis of the Studies of Left 

Ventricular Dysfunction (SOLVD) treatment trial [4]. SOLVD enrolled 2569 patients with 

HF and reduced ejection fraction (HFrEF) who underwent comprehensive physical 

examination at the time of enrollment, and these patients were followed for HF 

hospitalization, HF-related death, or a composite end-point of death or hospitalization. The 

investigators found that elevated jugular venous pressure was associated with increased the 

risk of HF hospitalization (relative risk [RR], 1.32; 95% confidence interval [CI], 1.08–1.62; 

P<0.01), death or HF hospitalization (RR, 1.30; 95% CI, 1.11–1.53; P<0.005), and death 

from pump failure (RR, 1.37; 95% CI, 1.07–1.75; P<0.05) [4]. This study underscores the 

importance of venous congestion in the prognosis—and possible progression—of HF.

Historically speaking, worsening renal function (WRF) in hospitalized patients has been 

attributed to over-diuresis and/or poor perfusion due to reduced cardiac output. However, a 

study by Mullens et al. challenged this notion. These investigators prospectively enrolled 

145 patients with acute HF admitted to a dedicated intensive care unit for HF patients (mean 

LV ejection fraction = 20±8%), where they underwent pulmonary artery (PA) catheter-

guided therapy [6]. WRF was defined as an increase of serum creatinine ≥ 0.3 mg/dL during 

the hospitalization, and 58/145 (40%) of the study participants met this criteria. Invasive 

hemodynamic data were obtained from an experienced HF cardiologist upon insertion of the 
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PA catheter, and again prior to its removal once therapy goals were achieved. Comparing 

those who developed WRF vs. those who did not, the prevalence of moderate-to-severe RV 

dysfunction was similar between those with vs. without WRF (60% in both groups; p = NS), 

as was B-type natriuretic peptide (median [interquartile range]: 1,100 [497, 1,921] pg/ml vs. 

874 [333, 1,430] pg/ml; p = NS). Statistically significant correlations between baseline 

cardiac index and baseline creatinine (r = 0.32, p = 0.001) and glomerular filtration rate (r = 

–0.3, p = 0.002) were observed, but no correlation between baseline cardiac index and 

central venous pressure (CVP) was observed. Compared to those who did not develop WRF, 

participants who developed WRF were no different in terms of heart rate, systolic blood 

pressure, PA systolic pressure, pulmonary capillary wedge pressure, or cardiac index 

(p>0.05 for all comparisons). Only elevated CVP at baseline (p < 0.001), and follow-up (p < 

0.04), was observed to be predictive of WRF. This study yielded several interesting 

conclusions: (1) worse baseline renal function was associated with a higher, not lower, 

cardiac index; (2) there is incremental risk of WRF with increasing CVP; (3) renal perfusion 

pressure (mean arterial pressure – CVP) was similar between patients with and without 

WRF; (4) higher CVP at the time of hospital admission was predictive of incident WRF 

during the hospitalization. This study suggests there may be mechanisms of WRF directly 

related to venous congestion. Thus, venous congestion may not simply be a physical exam 

finding that denotes a high risk patient; rather it may be integral in the pathogenesis of WRF 

and HF. Furthermore, these findings suggest that increased CVP may prove to be a 

pathogenic cause of other organ dysfunction, such as the gastrointestinal tract.

The relationship between RV dysfunction and the gastrointestinal system has been examined 

previously. A study by Valentova et al. observed that RV dysfunction, not LV structural 

abnormalities or reduced LV ejection fraction, was correlated with increased liver enzymes 

and cardiac cachexia in HF patients [7]. Furthermore, these investigators found impaired RV 

function to be strongly associated with cardiac cachexia (area under the receiver operating 

characteristic curve = 0.89; 95% CI [0.83–0.94]), characterized by gastrointestinal 

discomfort, postprandial fullness, and pro-inflammatory activation [8]. Sandek et al. 

performed a comprehensive analysis in patients with chronic HF compared to controls, 

measured intestinal permeability, ischemia, absorption, and bacterial growth [9]. The 

findings were striking. The investigators observed significant differences in bowel wall 

thickness, altered absorption, increased permeability, increased bowel wall ischemia, and 

increased mucus-adherent bacterial growth in patients with chronic HF compared to controls 

[9]. Together, these findings suggest that RHF-induced hepatic and gastrointestinal 

dysfunction may be an important source of chronic inflammation in HF patients, as the gut 

becomes more permeable and susceptible to bacterial translocation is the setting of RHF 

[10]. The clinical implications of such findings may be considerable for patients with HF 

and RV dysfunction.
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Normal and abnormal gut physiology: Implications for patients with right-

sided heart failure

NHE3 and sodium balance

The gastrointestinal tract, once thought of as an innocent bystander, is garnering increasing 

attention for its role in cardiovascular disease [11–23]. The intestines hold tremendous 

surface area for absorption of nutrients and fluids. The gastrointestinal system secretes and 

reabsorbs several liters of fluid on a daily basis. Disruptions in these absorptive mechanisms 

are well observed in diarrheal illness, a testament of the incredible fluctuations in fluid 

balance possible with slight perturbations in this tightly controlled system. This fluid 

balance is maintained by several families of ion channels, one of which is the sodium-

hydrogen exchanger 3 (NHE3). Several isoforms exist, but NHE3 appears to be most 

important in Na+ and H+ regulation for the epithelial cells [24–27]. Activity of NHE3 is the 

primary mechanism of sodium balance in the intestines, and is therefore closely regulated. 

Several different signaling pathways up-regulate NHE3 function, including aldosterone, 

glucocorticoids, and increased concentrations of intracellular H+ [27, 28, 24, 29, 25]. 

Upregulation of NHE3 leads to extrusion of H+ from the gastrointestinal epithelial cells 

(enterocytes) into the gut lumen with concomitant absorption of Na+. This electrolyte 

exchange appears to have at least 2 direct consequences: (1) increased Na+ absorption from 

the gastrointestinal lumen conceivably results in an increase in fluid absorption, delivering 

the cardiovascular system an acute salt and water load; (2) extrusion of H+ from the 

enterocytes into the gut lumen may cause a local alteration in the pH and environmental 

conditions, thereby affecting the gut microbiome and altering the micro-organismal 

landscape within the gut lumen. NHE3 has also been observed to be closely related to 

phosphate and calcium absorption [30], which could have further implications in the 

pathogenesis of cardiorenal syndrome, RHF, and PH, as described below.

Short chain fatty acids in barrier function

Short-chain fatty acids (SCFA) are small molecules supplied to the body from 2 major 

sources: (1) a healthy diet high in fiber and leafy green vegetables; and (2) symbiotic 

bacteria in the gut. Several studies have shown bacteria in the gut lumen produce signaling 

molecules which exert their effects on the gut epithelia. An example of such is butyrate, an 

SFCA secreted by gut flora and subsequently absorbed by the intestinal epithelial cells. 

Butyrate is believed to act on the mitochondria to alter cell metabolism in a slight way to 

keep the concentration of oxygen in the epithelial cell in a range which is below normal for 

other cells [31]. This slightly hypoxic environment stabilizes hypoxia-inducible factor (HIF), 

a polypeptide signaling molecule which is necessary for the production and maintenance of 

several epithelial cell barrier proteins [31]. Loss of butyrate production in the gut lumen has 

been associated with reduced intestinal barrier function, and improvement in available 

butyrate has been the target of some therapies for inflammatory bowel disease [31]. In 

patients with RHF, changes in the gut microbiome due to increased acidity in the gut lumen 

(due to increased NHE3 activity) or poor diet may result in the decreased production of 

butyrate, which may increase gut permeability and lead to increased low-grade 

endotoxinemia and inflammation.
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Short chain fatty acids and arteriolar vasodilation

SFCAs also play a role in several downstream hemodynamic regulatory functions. Pluznick 

and colleagues identified 2 novel receptors (G protein-coupled receptor 41 [Glfr41] and 

olfactory receptor 78 [Olfr78]) that are linked to SCFAs and alter blood pressure 

homeostasis [32]. These investigators found that these receptors, regulated by SCFAs, play 

important roles in arteriolar vasoconstriction and influence the regulatory pathways of the 

renin-angiotensin-aldosterone system [32, 33]. They also found SCFA-inducible response to 

Glfr41 in the juxtaglomerular apparatus, which is partially responsible for renin activation 

[33, 32]. Glfr41 and Olfr78 are also found on vascular smooth muscle cells, and stimulation 

by SCFA induces smooth muscle relaxation [33, 34].

Trimethylamine N-oxide (TMAO)

TMAO is another small gut-derived biomolecule with known cardiovascular effects. Several 

studies have found that elevated serum TMAO is associated with increased incidence of 

myocardial infarction, HF, and cardiovascular mortality [35–40]. The mechanisms 

underlying these adverse associations between TMAO and cardiovascular have been 

partially described. For example, TMAO functions as a pro-thrombotic molecule [41, 42]. In 

one study, Organ et al. examined pressure-overloaded mice (created by transverse aortic 

constriction) and compared a control, choline-, or TMAO-supplemented diet for 12 weeks. 

These investigators found that the mice fed TMAO or choline had significantly worse 

pulmonary edema, lower LV ejection fraction, and higher cardiac mass and cardiac fibrosis 

when compared to control diet [35]. These findings suggest TMAO or choline-supplemented 

diets enhanced HF susceptibility and may accelerate HF progression.

Bacterial invasion

The human gastrointestinal tract is a key element of the body’s host defenses. There are 

multiple layers of protection from potentially pathogenic bacteria, protozoa, and viral 

infectious agents which pass through or reside in the gut lumen. In advanced cirrhosis, portal 

venous pressures are increased due to an outlet obstruction imposed by a cirrhotic liver. In 

these patients, studies have demonstrated improved hemodynamics and reduced progression 

to cardiorenal syndrome with the administration of rifaximin, an oral, non-absorbable 

antibiotic [43, 44]. The mechanism of renal protection in this setting is believed to be from 

the eradication of pathologic microorganisms in the gut lumen, with reduced endotoxinemia 

and improved splanchnic hemodynamics [45]. Supporting this hypothesis are studies that 

have found increased serum endotoxin concentrations have been observed in patients with 

chronic HF [46], though the clinical implications of these findings require further 

investigation. It is believed that in patients with reduced gut-barrier function, RHF-induced 

liver and venous congestion cause poor clearance of toxic bacterial products and activation 

of the inflammatory cascade [10, 47, 48].

Visceral congestion, the gut, and the pathogenesis of heart failure

The detrimental effects of visceral congestion in HF are poorly understood, though several 

studies have linked RHF to the gastrointestinal system and associated adverse outcomes 

such as cachexia [49–51, 9, 52, 8, 7, 53] (Table 1). Here we propose several potential 
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mechanisms through which visceral congestion may worsen the condition of the HF patient 

(summarized in Figure 1). Elevated CVP reduces the arterial-venous pressure gradient 

across the intestinal capillary network. The microstructure of the intestinal villus forms a 

plexus, an ideal structure to optimize nutrient absorption, but also susceptible to shunting of 

oxygenated blood through the base of the villus, putting the villus tip at risk of a relative 

ischemia. This relative ischemia creates a unique microenvironment for enterocytes in RHF 

patients. First, the anaerobic conditions imposed by visceral congestion may produce an 

intracellular and regional acidosis. Intracellular acidosis is a known activator of NHE3, 

which, as described above, is a major source of Na+ absorption in the gut. Increased 

absorption of Na+ would be counter-productive in the setting of RHF, increasing volume 

overload, thereby adding further stress on the cardiovascular system, and worsening venous 

congestion.

Second, acidotic conditions within the enterocytes are extended to the intestinal brush border 

through normal mechanisms of homeostasis and shifting the H+ load to the gut lumen. The 

reduced pH in the gut may alter the bacterial flora of the brush border in a way that is 

deleterious to SCFA-producing bacteria, thereby promoting the growth of species which 

secrete TMAO. The shift in these novel regulatory biomolecules may prove deleterious to 

the decompensated RHF patient. TMAO has been shown to be associated with higher 

mortality in HF patients [38], and has been shown to be associated with a pro-atherosclerotic 

state [37]. Moreover, SCFAs have recently been demonstrated to function as vasodilators 

and reduce peripheral vascular resistance [34, 32]. Reduction in serum SCFA is associated 

with worsening HF [19]. Identifying how HF patients become predisposed to these adverse 

biochemical profiles may lead to the development of therapies that could slow the 

progression of HF and renal dysfunction.

Third, both ischemia and relative depletion of SCFAs can destabilize HIF, the 

aforementioned enterocyte regulatory protein that promotes intact barrier function of the gut. 

Loss of the gut-blood barrier allows gut-derived bacterial endotoxins to enter the blood, 

triggering a pro-inflammatory state, which has been observed in acute HF patients [54]. 

Indeed, endotoxinemia and sub-clinical septic hemodynamic vasodilation has been observed 

in acute decompensated HF. This period of vasodilation may actually improve the patient in 

the short term; however, once the gut recovers and the vasodilatory proteins clear, a rebound 

vasoconstriction can occur, increasing late-systolic aortic pulse-wave reflections, which 

contributes to additional cardiac compromise.

Furthermore, some studies have found increased levels of bacterial endotoxins within the 

blood of patients in acutely decompensated HF, and may function as a causal factor for renal 

dysfunction in these patients. Finally, some studies have shown that lipopolysaccharide can 

directly affect proteins in epithelial cells, including NHE3, and NHE8, a basolateral 

exchange protein involved in pH and Na+ balance [55].

Cardiorenal syndrome, phosphate balance, and pulmonary hypertension

PH is common in patients with left-sided HF due to passive elevation of pulmonary venous 

pressure [56]. However, in some patients with left-sided HF, superimposed pulmonary 

Polsinelli et al. Page 6

Curr Heart Fail Rep. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



vascular remodeling occurs, and has been extensively reviewed elsewhere [57, 56, 58]. The 

cause of elevated pulmonary vascular resistance and/or diastolic pulmonary gradient 

(elevated PA diastolic pressure – pulmonary capillary wedge pressure gradient) in left-sided 

HF is likely multifactorial. However, one potential contributor may be chronic kidney 

disease (CKD). In a detailed study of 299 patients with HF and preserved ejection fraction 

(HFpEF), CKD was associated with higher PA systolic pressure and worse intrinsic RV 

systolic function (lower absolute RV free wall strain, a sensitive indicator of RV function) 

[59].

CKD could result in increased PA pressures due to volume overload. Elderly patients with 

left-sided HF often have stiff systemic vasculature, and a similar process is likely present in 

the central pulmonary vasculature. Volume loading of the stiff pulmonary arteries in the 

setting of CKD could itself raise PA pressure. In addition, elevated pulmonary venous 

pressure in patients with CKD (due to volume overload) could raise pressure in the central 

pulmonary arteries via increased reflected waves with pressure augmentation of the PA 

systolic pressure [60]. However, CKD may also increase PA stiffening due to direct actions 

of dysregulated mineral metabolism. CKD is associated with secondary hyperparathyroidism 

with increased phosphate and FGF23 levels [61, 62]. In a canine nephrectomy model, CKD 

was associated with increased PA pressure and pulmonary vascular calcification in the 

setting of secondary hyperparathyroidism [63]. These adverse effects of CKD on the 

pulmonary vasculature were abrogated by prophylactic parathyroidectomy, suggesting a 

potential role of mineral metabolism in the cardiorenal-pulmonary vascular-RHF interaction.

The gut plays a major role in mineral metabolism based on the absorption of phosphate. 

Furthermore, there may be interactions between NHE3 and phosphate absorption based on 

the observation that tenapanor, a gut NHE3 inhibitor also inhibits phosphate absorption [64]. 

Thus, the gut-kidney-pulmonary-RV interaction could possibly also involve deranged 

mineral metabolism.

Potential therapeutic interventions

In addition to standard of care decongestion with loop diuretics, further discovery of gut-

related pathological mechanisms in the setting of RHF opens avenues for novel 

therapeuticss. Potential interventions for RHF-induced visceral congestion, gut dysfunction, 

and cardiorenal syndrome include treatments in the following broad categories: (1) direct 

improvement of RV function; (2) reduction of RV afterload (pulmonary vasodilation) and 

improvement of RV-PA coupling; (3) alteration of visceral hemodynamics; (4) NHE3 

inhibition; (5) enhancement of gut barrier function; and (6) improvement of mineral 

metabolism with reduction of PO4 and FGF23. Below we briefly describe potential therapies 

in each of these categories (Figure 2).

Direct improvement of RV function

Several potential methods for augmentation of RV function are available, though there has 

been limited testing of these therapies in patients with RHF. Traditional inotropes such as 

dobutamine, milrinone, and dobutamine can augment RV contractile function at the expense 

of increasing myocardial oxygen demand. Direct myosin activators, such as omecamtiv 
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mecarbil, directly increase LV contractility without increasing oxygen demand [65]; 

however, they have not been studied systematically in patients with RV failure. Ranolazine, a 

late inward Na+ current inhibitor, may improve RV diastolic function by decreasing the 

amount of Na+ in RV cardiomyocytes, thereby decreasing calcium overload in these cells 

[66]. Theoretically, a reduction in cardiomyocyte calcium concentration in diastole would 

decrease diastolic tension in these cells thereby improving diastolic microvascular coronary 

blood flow with improved oxygen delivery to the failing RV. In a small, open-label pilot 

study, ranolazine was associated with improve RV contractile function during exercise in 

patients with pulmonary arterial hypertension and evidence of RV failure [66]. Istaroxime, a 

novel combined Na/K-ATPase and SERCA2a agonist [67] could theoretically increase RV 

contractility and relaxation, but has not been specifically examined in the setting of RHF. 

Partial and full support RV assist devices, including the RV Impella, TandemHeart, and 

continuous flow ventricular assist devices, could provide short- and long-term unloading of 

the RV [68, 69], but these therapeutic modalities have been understudied in the setting of 

RHF.

Reduction of RV afterload and improvement of RV-pulmonary artery coupling

Theoretically, pulmonary vasodilators could decrease RV afterload and improve RV-PA 

coupling in patients with RHF and high pulmonary vascular resistance. However, these 

drugs have not fared well in patients with left-sided heart failure with multiple failed trials of 

prostacyclins, endothelin receptor antagonists, phosphodiesterase-5 (PDE5) inhibitors, and 

soluble guanylate cyclase (sGC) stimulators [56]. However, it is possible that trials 

specifically in left-sided HF patients with significant RHF would benefit from these drugs, 

as seen in small studies of PDE5 inhibitors [70, 71] and sGC stimulators [72].

There are 2 multi-center, randomized controlled trials that are underway to examine 

pulmonary vasodilators in patients with HFpEF and evidence of superimposed pulmonary 

vascular disease and/or RHF. These include the SERENADE trial (macitentan) and 

SOUTHPAW trial (oral treprostinil). The inclusion/exclusion criteria for both trials are 

designed to specifically target patients with RHF. Furthermore, both studies are designed 

with safety in mind given the theoretical possibility that pulmonary vasodilation could result 

in pulmonary edema in these patients. In the SERENADE trial, a 1-month observation/

stabilization period, followed by a 1-month open-label treatment run-in period with 

macitentan will be required in all patients to ensure clinical stability and lack of sodium/

fluid retention prior to randomization to macitentan vs. placebo. In the SOUTHPAW trial, 

low starting doses and capped maximum dose titration will be required in the initial patients 

enrolled in the trial, with subsequent gradual escalation of maximum allowable doses. This 

strategy will allow careful safety monitoring and will prevent rapid titration to high doses of 

oral treprostinil prior to determining whether low doses are safe in patients with left-sided 

HF and pulmonary vascular disease (i.e., combined post- and pre-capillary PH).

NHE3 inhibition

Tenapanor is a non-absorbable oral NHE3 inhibitor recently FDA-approved for the treatment 

of hyperphosphatemia in patients with late-stage CKD. In studies of tenapanor compared 

with placebo, humans treated with tenapanor had greater stool sodium concentrations, and 

Polsinelli et al. Page 8

Curr Heart Fail Rep. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



lower urinary sodium excretion, suggesting reduced sodium absorption by the intestines [73, 

74]. In a CKD rat model (nephrectomy plus high-salt diet), which exhibits volume overload, 

cardiac hypertrophy, and arterial stiffening, treatment with tenapanor decreased extracellular 

fluid volume, LV hypertrophy, albuminuria, and blood pressure in a dose-dependent manner. 

[74]. It has been proposed that sodium-glucose co-transporter (SGLT) inhibitors may 

antagonize NHE3 in the gut and the kidney [75, 76]. These drugs, particularly combined 

SGLT-1/2 inhibitors, may be a novel method to improve RHF given their actions on NHE3 

in the gut and kidney.

Enhancement of gut barrier function

As described above, rifaximin, a non-absorbable antibiotic, has been studied previously and 

found to improve splanchnic hemodynamics in cirrhosis via alteration of the gut 

microbiome, which could help enhance gut barrier function [44, 45]. Metformin may also 

improve gut barrier function through tightening of gut epithelial cell junctions via the AMP-

activated protein kinase (AMPK) pathway [77]. Compared to other anti-diabetic drugs, 

metformin is associated with decreased risk for sepsis, which supports this potential 

therapeutic effect of metformin [78]. However, the effects of metformin in patients with 

RHF remains to be determined.

Improvement of mineral metabolism with reduction of PO4 and FGF23

Given the potential for dysregulated mineral metabolism as an underlying cause of PH in 

patients with left-sided HF, reduction in phosphate via the use of phosphate binders or 

parathyroidectomy (for secondary hyperparathyroidism in patients with cardiorenal 

syndrome) may reduce PA calcification and stiffening either directly or via lowering of 

FGF23. As described above, in a canine nephrectomy model of secondary 

hyperparathyroidism, parathyroidectomy rescued the animals from the development of PH 

[63]. Whether these therapies could help improve pulmonary vascular function and 

secondarily result in RV unloading in humans remains to be seen.

Future directions

Despite the clear role of RV dysfunction and RHF in the pathogenesis and progression of 

HF, the RV, visceral congestion, and RHF in general remain underappreciated therapeutic 

targets. Both acute and chronic HF studies should focus on visceral congestion, particularly 

in advanced HF patients, and especially in patients with HFpEF, for which there are very 

limited treatment options. Furthermore, translational studies of RHF and visceral congestion 

are needed. Better animal models of RHF and detailed mechanistic human studies of RHF 

and visceral congestion are additional unmet needs. Instead of continually testing LV-

targeted therapies in HF, we advocate for improved targeting of the RV and its downstream 

consequences (e.g., visceral congestion) in clinical trials. As mentioned above, there are 

numerous potential treatments that could be studied in patients with RHF. Given the poor 

prognosis of patients with RHF, finding adequate treatments for these patients is essential.
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Conclusions

RV dysfunction in left-sided HF is a common problem that is often unrecognized. 

Detrimental effects of increased visceral congestion as a result of RHF and its relation to the 

gut is likely multifactorial and involves several potential mechanisms: (1) visceral 

congestion may affect the sodium and phosphate transport metabolism of the gut; (2) 

increased venous pressure imposes relative ischemia on the intestinal microvillus, leaving 

enterocytes at the villus tip susceptible to ischemic injury, acidosis, and modulation of the 

sodium transporter NHE3; (3) relative ischemic conditions in the gut may cause reduced 

barrier function and translocation of potentially pathogenic microorganisms and bacterial 

endotoxin into the bloodstream; (4) visceral congestion and generation of relative ischemic 

conditions may impose environmental alterations in the bacterial microbiome of the 

intestinal lumen and potentially predisposing the host to colonization with TMAO-producing 

or SCFA-deficient bacteria. Taken together, these conditions may play an incremental but 

important role in the progression of HF and the cardiorenal syndrome that warrants further 

investigation.
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Figure 1. Conceptual diagram: Right-sided heart failure, splanchnic hemodynamics, and the gut 
microenvironment in relation to the cardiorenal syndrome, pulmonary hypertension, and 
adverse outcomes
It is well known that right-sided heart failure is associated with the cardiorenal syndrome, 

worsening renal failure, worsening heart failure, and death. However, the mechanisms by 

which these processes are inter-related are less clear. Here we propose a conceptual 

overview of potential pathophysiologic mechanisms underlying the aforementioned 

associations. Right-sided heart failure results in venous congestion, which leads to 

splanchnic congestion. Venous congestion of the intestines results in reduced blood flow to 

the gut enterocytes thereby resulting in hypoxia within these cells. Anaerobic metabolism 

ensues, with build-up of lactate and acidosis. In an effort to extrude hydrogen ions into the 

gut lumen, the NHE3 channel gets upregulated and this results in increased sodium 

absorption, which exacerbates the fluid overload. Right-sided heart failure may also directly 

result in increased aldosterone secretion, which also stimulates NHE3. Meanwhile, the 

increased hydrogen ions in the gut lumen result in decreased pH in the gut lumen; this may 

result in microbial dysbiosis, which is known to increase TMAO and may trigger 

inflammation which is involved in cardiac cachexia and poor outcomes in heart failure. 

Renal failure results in increased retention of phosphates and increased production of the 

phosphoturic hormone FGF23. Both of these factors may be playing a role in the promotion 

of PA stiffening which is associated with increased PA pressure and increased load on the 

right ventricle, thereby worsening right-sided heart failure.

HF = heart failure; NHE3 = sodium-hydrogen exchanger 3; Na+ = sodium; H+ = hydrogen; 

TMAO = trimethylene N-oxide; PA = pulmonary artery; PO4 = phosphate; FGF23 = 

fibroblast growth factor 23.
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Figure 2. Potential therapies for the maladaptive right heart-gut interaction in heart failure
There are several potential therapies that could ameliorate the pathophysiological changes 

relevant to the right heart-gut axis in heart failure. Shown here are potential therapies that 

could improve the right ventricle, pulmonary vasculature, intestinal microenvironment, and 

the kidney. These treatments are theoretical for the most part, and still need to be thoroughly 

examined and proven effective.

RVAD = right ventricular assist device; ERAs = endothelin receptor antagonists; PDE5 = 

phosphodiesterase-5; sGC = soluble guanylate cyclase; FGF23 = fibroblast growth factor-23; 

NHE3 = sodium-hydrogen exchanger 3.
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Table 1

Studies linking right-sided heart failure to the gastrointestinal tract and associated adverse outcomes

Author Year N HF patient population Main findings

Mullens et al. 2008 40 Patients admitted to cardiac intensive care 
unit for acute HF medical management; 

mean LVEF = 19±9%

⇑ Intra-abdominal pressure was common, 
and most closely associated with 
worsening renal function.

Nikolaou et al. 2013 1134 Acute HF patients from SURVIVE cohort; 
LVEF <30% requiring inotropes

⇑ Alkaline phosphatase and hepatic 
transaminases were associated with 
increased short-term mortality.

Pasini et al. 2016 60 HF patients, 20 
controls

30 NYHA class I–II, mean LVEF 39±1.2%; 
30 NYHA class III-IV, mean LVEF 35±1.4%

⇑ Intestinal overgrowth of pathogenic 
bacteria + candida associated with disease 
severity, venous congestion, and 
inflammation.

Poelzl et al 2013 1290, 253 with 
hemodynamic 
measurements

Ambulatory HF patients, mean LVEF 29%, 
NYHA class I (25%), II (47%), III/IV (27%)

Impaired renal and hepatic function is 
associated with poor prognosis. Venous 
congestion, not reduced cardiac output is 
associated with hepatic and renal 
congestion.

Sandek et al. 2014 65 HF patients, 25 
controls

LVEF ≤ 40%; mean NYHA 2.5±0.5 ⇓ Intestinal blood flow in patients with 
cachexia.

Sandek et al. 2007 22 HF patients, 22 
controls

LVEF ≤ 40% ⇑ Bowel wall thickness, ⇑ gut 
permeability, ⇑ bowel wall ischemia, ⇑ 
adherent gut bacteria.

Valentova et al. 2016 165 Outpatients, LVEF ≤ 40% ⇑ RAP is best predictor of cardiac 
cachexia.

Valentova et al. 2013 118 LVEF ≤ 40%, NYHA class II, III & III with 
cachexia

⇑ RV function is associated with 
cachexia.
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