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COMMENT

Treatment of renal congestion by tolvaptan
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Reduced renal function is associated with increased cardi-
ovascular events and mortality, and chronic kidney disease
is a risk factor for heart failure. Conversely, heart failure is a
known risk factor for renal dysfunction. Thus, a vicious
cycle is formed, mediated by cardio-renal functional cor-
relations, and this cycle is commonly observed in patients
with heart failure and exacerbates the prognosis of the
disease [1].
Several mechanisms have been reported to be involved in
the cardio-renal connection. Notably, vasoconstrictive
neurohormones including the renin–angiotensin system,
vasopressin and catecholamines are known to play a major
role. In heart failure, arterial underfilling stimulates these
neurohormones, which induce renal ischemia, hypoxia, and
Na retention and enhance volume overload.

In this regard, a recent report by Chiba et al. [2] exam-
ined the mechanism of the cardio-renal connection using
Dahl salt-sensitive rats and a model of hypertensive cardio-
renal failure. They conducted a study in which renal
hemodynamic changes were measured during the induction
of heart failure. Local renal blood flow (RBF) was measured
by renal ultrasound, and renal medullary pressure was
measured using a fiber-optic pressure sensor. The resistance
index and venous impedance index were significantly
increased in response to hypertensive cardio-renal failure by
a high salt diet, suggesting that renal medullary blood flow
was reduced.

Due to its vascular and tubular anatomy, the kidney is
hypoxic, especially in the renal medulla. The medulla is
actively rendered hypoxic by a countercurrent mechanism,
in which oxygen diffuses from arteries to veins that run

parallel to each other. The oxygen pressure at the deep renal
medulla can be as low as 10–20 mmHg [3].

The collecting duct and the thin limb of Henle, which are
major tubules in the inner medulla, do not actively transport
sodium and thus do not require much oxygen. In contrast,
the proximal tubules and the thick ascending limb in the
outer medulla actively transport sodium and require large
amounts of oxygen, causing the outer medulla to become
the most vulnerable region to hypoxia. Na–K–2Cl cotran-
sporters exist in the luminal side of the thick ascending
limb, whose activity is dependent on the concentration of
sodium, which is pumped out of the tubules by basolateral
Na–K ATPases. The Na–K ATPase activity is determined
by oxygen-consuming mitochondrial ATP production. In
addition, medullary blood flow is only 10% or less of the
total RBF, and even small changes in renal medullary blood
flow can induce hypoxia in the medulla [4]. Therefore, an
imbalance between renal medullary blood flow and oxygen
consumption could cause severe hypoxia in the outer
medulla. It has been reported that the outer medulla is where
a tubulointerstitial injury is initially observed in animal
models of ischemic renal diseases, such as hypertension,
diabetes and ischemic acute kidney injury [5].

Renal medullary circulation is important in the patho-
genesis of cardio-renal failure. Using laser Doppler flow-
metry in rats, it has been shown that medullary blood flow,
as well as total or cortical blood flow, is not autoregulated
during changes in renal arterial perfusion pressure [4]. Thus,
reduction of the renal perfusion pressure due to arterial
underfilling during heart failure results in the reduction of
medullary blood flow and enhances outer medullary ische-
mia and hypoxia.

Renal medullary circulation is also involved in the reg-
ulation of Na and fluid volume [4, 5]. A mere 10–30%
reduction in medullary blood flow results in increased Na
retention in the renal tubules. A reduction of medullary
blood flow in heart failure induces further increases in Na
retention and volume overload [5].

Moreover, renal venous congestion could also contribute
to the pathogenesis of cardio-renal failure [5]. It has been
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demonstrated that renal venous congestion may regulate
RBF and Na retention. The key factors that explain these
mechanisms are medullary blood flow and interstitial
pressure. Renal interstitial fluid is produced by the medul-
lary tubules, and one of the upstream origins is reabsorption
from the collecting ducts to the venous capillaries in the
cortex. Since the kidney is surrounded by a tight capsule,
congestion of the renal interstitial flow and interstitial
pressure can be increased by central or renal venous con-
gestion. An increase in interstitial pressure could lead to the
reduction of medullary blood flow and glomerular filtration
rate (GFR) due to the compression of venous capillaries,
such as the vasa recta, and tubules, respectively [6].

Medullary blood flow and GFR affect Na and water
excretion during volume overload, and renal venous con-
gestion reduces Na and water excretion through the inap-
propriate reduction of renal medullary blood flow and GFR.

Increased central venous pressure (CVP) and renal
venous pressure (RVP) are observed in congestive heart
failure patients compared to healthy subjects. Increased CVP
is associated with GFR and mortality. During advanced
decompensated chronic heart failure (CHF), increased CVP,
rather than the cardiac index, correlates with the future
reduction of GFR after discharge from the hospital. There-
fore, renal venous hypertension could play a role in the
pathogenesis of renal failure during heart failure. It has been
shown that high RVP induces increased renal interstitial
hydrostatic pressure (RIHP) and the reduction of GFR.

Although furosemide has been widely used for control-
ling fluid volume in heart failure, there are several concerns
over the use of this drug. First, vasoconstrictive mediators,
such as the renin–angiotensin system, vasopressin and
catecholamine, can be enhanced. Second, metabolic dis-
turbances, such as hyperammonemia, and electrolyte dis-
orders, such as hyponatremia, hypokalemia, hypocalcemia
and hypomagnesemia, can be seen. Third, a rebound of Na
reabsorption can be observed, since furosemide is a short-
acting drug and does not last 24 h. Finally, venous capillary
collapse can be observed despite remaining renal
congestion.

Tolvaptan has been used for volume control in heart and
liver failure in Japan. RBF is reduced when heart failure
patients are treated with furosemide, but the decrease is
improved by switching to tolvaptan [7]. There are several
mechanisms that could explain the differences between the
two diuretics. First, neuro-hormonal activations are different
between the two drugs. While furosemide strongly stimu-
lates plasma renin activity, catecholamine and vasopressin,
a Japanese phase 3 study has shown that plasma renin
activity and vasopressin are not significantly increased after
treatment with tolvaptan in heart failure patients [8]. Sec-
ond, tolvaptan can maintain RBF by retaining intracapillary
volume. As shown in Fig. 1, tolvaptan increases free water
excretion and crystal osmolality, which could induce
volume intake into the capillaries from the third space.
However, crystal osmolytes, such as sodium, do not remain
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Fig. 1 Hypothesis for renal congestion and tolvaptan treatment. Congestive heart failure induces central/renal venous congestion and increases
renal interstitial hydrostatic pressure (RIHP). The increase in RIHP reduces medullary blood flow (MBF) by increasing the resistance and venous
impedance indices. The reduction of MBF results in renal ischemia and Na retention. In contrast, treatment with tolvaptan improves heart failure
and reduces central/renal venous congestion and RIHP. The reduction of RIHP improves the resistance and venous impedance indices and MBF,
which could improve renal protection and Na excretion
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inside the capillaries and eventually diffuse into the inter-
stitium. Additionally, colloid osmolytes, such as albumin,
can pull water into the capillary. These two forces enable
the maintenance of RBF, despite the reduction of total body
water. We have previously reported that intracellular to
extracellular movement of water after tolvaptan treatment in
patients with cardio-renal failure was observed using
bioimpedance analysis [9].

Despite these clinical observations, the precise mechan-
ism of renal hemodynamic changes by tolvaptan remains to
be elucidated. The report by Chiba et al. demonstrated the
effects of tolvaptan on renal hemodynamics in Dahl salt-
sensitive rats. Rats treated with an 8% salt diet developed
hypertensive heart failure and renal dysfunction. Renal
medullary pressure and CVP were significantly reduced by
treatment with tolvaptan. The increased local renal resis-
tance index after salt loading was improved by tolvaptan
treatment. Interestingly, renal dysfunction and renal fibrosis
were also improved. Although plasma renin activity was
significantly increased, the plasma aldosterone concentra-
tion and renal tissue noradrenaline level were not increased.
This was consistent with the report by Morooka et al.,
which showed that tolvaptan improved glomerular and
tubulo-interstitial injury in high-salt diet Dahl salt-sensitive
rats [10]. In this study, the mRNA expressions of renin and
vasopressin type 1a (V1) and type 2 (V2) receptors were
reduced.

Vasopressin binds to both V1a and V2 receptors in the
kidney. V2 receptors induce water diuresis, while V1a
receptors reduce medullary blood flow. Thus, the blockade
of V2 receptors by tolvaptan may increase vasopressin
binding to V1a receptors and reduce medullary blood flow.
However, this was not observed in the present study, pos-
sibly due to the reduction of V1a expression.

In contrast to the study by Morooka et al., Chiba et al.
demonstrated a reduction in systolic blood pressure, which
does not often occur in human studies. This could lead to
the reduction of renal fibrosis, since blood pressure is a
major factor for renal injury in Dahl salt-sensitive rats.
However, systolic blood pressure was not correlated with
renal fibrosis in the current study, so it is unlikely that this is
the mechanism underlying the renoprotection by tolvaptan.
Rather, plasma renin activity was negatively correlated with
fibrosis. Plasma renin activity was suppressed after salt
loading in Dahl salt-sensitive rats, in response to the volume
expansion. Therefore, the increase in plasma renin activity
may be due to the volume reduction induced by tolvaptan.
Since it has been shown that the local renal renin angio-
tensin system is responsible for renal injury in Dahl salt-
sensitive rats, further investigation is required.

Dahl salt-sensitive rats develop hypertension with high
salt loading, resulting in heart and renal failure [11]. High
salt loading in Dahl salt-sensitive rats reduces renal

medullary blood flow and increases Na reabsorption.
Enhanced NADPH oxidase and reduced NOS activity in the
medulla are involved in the reduction of renal medullary
blood flow. Increasing nitric oxide (NO) by the intrame-
dullary infusion of L-arginine, or infusion of the superoxide
dismutase mimetic TEMPOL, reduces superoxide amelio-
rated salt-sensitive hypertension in these rats [11].

It has been shown that reactive oxygen species (ROS)
and NO are produced in the medullary thick ascending limb
of Henle, and diffuse into pericytes surrounding the vasa
recta, which is the main vessel that regulates medullary
blood flow. Pericytes are smooth, muscle-like cells that can
constrict the vasa recta and regulate medullary blood flow
independent of total renal flow. Medullary blood flow is
regulated by the balance between superoxide and NO dif-
fusion from the thick ascending limb of Henle into the
pericytes of the vasa recta [11].

The enhanced local renin–angiotensin system in Dahl
salt-sensitive rats could produce ROS in the renal medulla,
reduce renal medullary blood flow and increase Na reten-
tion. Thus, the increase in the resistance index observed by
Chiba et al. could be due to increased ROS in the renal
medulla.

We recently reported that an increase in RIHP and con-
gestion of the intrarenal capillaries were involved in the
pathogenesis of renal injury in a novel rat model of renal
venous congestion by ligating the inferior vena cava [6].
Renal congestion-induced renal injury was improved when
RIHP was reduced by renal decapsulation. In renal con-
gestion, pericytes of the vasa recta were detached, and then
a transition into myofibroblasts was observed. This was also
partially reduced by renal decapsulation.

How does tolvaptan protect the kidneys from injury in
Dahl salt-sensitive rats? First, although renin activity was
increased, the plasma aldosterone concentration was not
increased. This could be an initial mechanism to explain the
effect of tolvaptan. Second, volume loss by tolvaptan could
improve renal congestion. Third, tolvaptan blocks V2
receptors and inhibits water reabsorption by aquaporin.
Since water reabsorption by aquaporin occurs upstream of
the interstitial fluid, it increases the RIHP. Thus, treatment
by tolvaptan could reduce RIHP by reducing interstitial
fluid both upstream and downstream. This is consistent with
the results by Chiba et al. that renal medullary pressure was
reduced by treatment with tolvaptan in Dahl salt-sensitive
rats.

In summary, the manuscript by Chiba et al. presented a
novel possibility that tolvaptan improves renal medullary
circulation in Dahl salt-sensitive rats with a model of renal
congestion. The overall mechanism involved in the present
study is summarized in Fig. 1. Although the precise
mechanism is unknown, it is possible that the improvement
of renal hypoxia by the removal of renal congestion by
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tolvaptan plays an important role in the reduction of renal
injury. Further investigation is required regarding whether
RIHP and the pericyte–myofibroblast transformation are
involved in the renal protection by tolvaptan.
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