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Abstract

English:

Pulmonary hypertension (PH) is a severe and highly prevalent complication of chronic kidney disease (CKD). Conversely,
patients with pulmonary arterial hypertension (PAH) frequently develop renal dysfunction. These cardio—renal interactions predict
poorer outcomes, yet their mechanisms are not entirely understood. This narrative review explores the pathophysiological inter-
actions between the pulmonary circulation and the kidney and the impact on patient care. PH in CKD is driven by a combination
of left heart disease, volume overload and endothelial dysfunction. Molecular mechanisms include an imbalance of endogenous
vasoactive agents favouring increased vasoconstriction, as well as vascular remodelling induced by mediators of mineral bone
metabolism (parathyroid hormone, fibroblast growth factor 23, a-Klotho). In haemodialysis patients, arteriovenous fistulas (AVFs)
contribute to PH via a high cardiac output state. Management of CKD-PH relies on strict volume control, treating underlying
comorbidities and modulating high AVF flow. Targeted PAH therapies are generally contraindicated in CKD-PH. Kidney transplan-
tation can reverse PH in a significant proportion of patients. Pulmonary vascular remodelling in PAH can induce renal dysfunction
through reduced renal perfusion and increased venous congestion (the right heart cardio—renal syndrome). Impaired kidney
function in PAH predicts increased mortality and warrants more aggressive vasodilator therapy. The association of PH and CKD
is frequent and confers a poor prognosis. Accurate diagnosis and effective management require a multidisciplinary approach
involving pulmonologists, cardiologists and nephrologists.
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Hipertensiunea pulmonara si disfunctia renala: sinteza
de literatura

Rezumat

Romanian:

Hipertensiunea pulmonara (HTP) este o complicatie severa si prevalenta a bolii cronice de rinichi (BCR). Pacientii cu hipertensiune
arteriala pulmonara (HTAP) dezvolta de asemenea frecvent disfunctie renald. Aceste interactiuni cardio-renale prezic o evolutie
nefavorabild, dar mecanismele lor nu sunt pe deplin intelese. Aceasta sinteza de literaturd exploreaza interactiunile fiziopato-
logice dintre circulatia pulmonara si rinichi, precum si implicatiile lor pentru ingrijirea pacientilor. HTP din BCR este rezultatul unei
combinatii de insuficienta cardiaca stanga, supraincarcare volemica si disfunctie endoteliald. Mecanismele moleculare includ un
dezechilibru al agentilor vasoactivi endogeni in favoarea vasoconstrictiei, precum si remodelarea vasculara indusa de mediatori
ai metabolismului mineral-osos (parathormonul, factorul de crestere fibroblastica 23, a-Klotho). La pacientii hemodializati, fistula
arteriovenoasd contribuie la HTP prin cresterea excesiva a debitului cardiac. Tratamentul HTP-BCR se bazeaza pe controlul
volemiei, tratarea comorbiditatilor si modularea fluxului prin fistula arteriovenoasd. Medicamentele specifice HTAP sunt in general
contraindicate in HTP-BCR. Transplantul renal poate normaliza HTP intr-o proportie substantiald de pacienti. Remodelarea
vasculara pulmonara din HTAP poate induce disfunctie renala prin scaderea perfuziei renale si prin cresterea congestiei venoase
(sindromul cardio-renal de cord drept). Asocierea dintre HTP si BCR este frecventa si conferd un prognostic rezervat. Afectarea
functiei renale in HTAP este predictiva pentru mortalitate crescuta si necesita intensificarea tratamentului vasodilatator. Diagnos-
ticul precis si tratamentul eficient impun o abordare multidisciplinaré care include pneumologia, cardiologia si nefrologia.
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Introduction

Chronic kidney disease (CKD) is a major global health burden,
progressively leading to end-stage renal disease (ESRD) and
necessitating renal replacement therapies (1). Cardiovascular
disease remains the leading cause of morbidity and mortality
in this population (2). Among the spectrum of cardiovascular
complications, pulmonary hypertension (PH) has emerged as
a highly prevalent and severe complication in patients with
CKD (3, 4).

The pulmonary circulation and the kidneys exhibit a
constant, complex and bidirectional interaction. While some
patients develop PH secondary to established left heart or
respiratory comorbidities, a significant proportion develop
PH driven directly by the uraemic milieu, severe endothelial
dysfunction, volume overload and the haemodynamic burden
of arteriovenous fistulas (AVFs) used for haemodialysis (3,
4). Reflecting this complex aetiology, current PH guidelines
classify CKD-PH within group 5—PH with unclear and/or
multifactorial mechanisms (5-7).

The development of PH in patients with CKD is independently
associated with poorer outcomes, including a higher risk of
death. Similarly, renal dysfunction in patients with PH and
specifically with pulmonary arterial hypertension (PAH) is
an independent predictor of mortality (3). Given the growing
recognition of this cardiopulmonary—renal axis, this narrative
review aims to summarise the current literature regarding
the definition, epidemiology and intricate pathophysiological
mechanisms linking PH and CKD. Furthermore, we outline
the diagnostic, clinical and therapeutic implications of this
dual burden, highlighting the critical need for multidisciplinary
collaboration between pulmonologists, nephrologists and
cardiologists to optimise patient outcomes.

Definition and classification of PH

PH is defined as a mean pulmonary artery pressure (mPAP)
>20 mmHg, measured using right heart catheterisation (RHC)
(5-7). PH can be subdivided into three subtypes depending
on other haemodynamic variables: pre-capillary PH, isolated
post-capillary PH (IpcPH) and combined pre- and post-
capillary PH (CpcPH). Pre-capillary PH is present when
pulmonary artery wedge pressure (PAWP) is <15 mmHg and
pulmonary vascular resistance (PVR) is >2 Wood units (WU).
IpcPH is defined as PH with PAWP >15 mmHg and PVR <2
WU. In CpcPH, both PAWP and PVR are elevated (5-7).

Although RHC is the gold standard for PH diagnosis,
echocardiography is widely used for non-invasive
assessment of right heart morphology and function, as
well as estimating systolic pulmonary artery pressure
(sPAP) (5, 6). Doppler echocardiography can be used to
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measure the peak tricuspid regurgitation velocity (TRV)
and derive the tricuspid regurgitation pressure gradient
(TRPG). Other echocardiographic variables such as
inferior vena cava (IVC) diameter and collapsibility can
be used to estimate right atrial pressure (RAP). The sum
of TRPG and RAP is the estimated sPAP (5, 6). RAP
approximation on echocardiography can be inaccurate
when compared with directly measured RAP on invasive
RHC (8), while TRPG is an indirectly derived value. For
these reasons, echocardiographic estimates of sPAP
correlate only moderately with direct measurements on
RHC (9).

Current PH guidelines recommend that modern
echocardiographic screening assigns a low, intermediate or
high probability of PH based primarily on TRV rather than
estimated sPAP (5, 6). Specifically, a TRV >2.8 m/s, particularly
when accompanied by other indirect echocardiographic
signs of right ventricular (RV) pressure overload (such as
right ventricle dilation or flattened interventricular septum),
indicates an intermediate or high probability of PH (5, 6).
Despite these recommendations, estimated sPAP has been
widely used in older clinical studies to define PH, especially
in cohorts without strict indications for RHC, such as CKD or
ESRD patients (10). Most of these studies used estimated
sPAP >35 mmHg as a cut-off for PH, as this value was shown
to correlate with elevated mPAP on RHC (11).

PH is classified into five groups, based on pathophysiological
mechanisms, clinical features and haemodynamic profile:
PAH (group 1), PH associated with left heart disease (group
2), PH associated with chronic lung disease or hypoxia (group
3), PH associated with pulmonary artery obstruction (group 4)
and PH with unclear and/or multifactorial mechanisms (group
5) (56-7). Group 5 includes several disorders that can lead
to PH through various mechanisms, including CKD with or
without haemodialysis. Patients with PH can present with
features of more than one group; in those cases, clinicians
are encouraged to classify them based on the dominant
pathophysiological mechanism (7).

Definition and classification of CKD

CKD is defined as a clinically relevant abnormality in the
structure or function of the kidneys, which is persistent for
at least 3 months (1). These abnormalities include changes
in urine sediment, haematuria, albuminuria, electrolyte
imbalances due to tubular dysfunction and structural anomalies
detected by imaging or histological examination (1).

CKD is classified using the "cause", "glomerular filtration
rate" and "albuminuria" (CGA) system, which includes
cause, glomerular filtration rate (GFR) category (G1-G5) and
albuminuria category (A1-A3) (1).
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Epidemiology of PH in CKD

PH is frequent in CKD patients and is associated with
poorer outcomes, with decreased survival and a higher risk
of cardiovascular events (3). Most studies on CKD cohorts
have used echocardiography to define PH (10), but there
are several reports that confirm the same results in RHC-
confirmed PH (Table 1). The prevalence of PH is higher in
more advanced stages of CKD, with the highest prevalence
in patients with ESRD undergoing renal replacement therapy
(RRT) (4, 10, 12, 13). Among RRT modalities, haemodialysis
is consistently associated with a higher risk of PH compared

Table 1. Studies investigating renal function and RHC-confirmed PH

with peritoneal dialysis (10, 14—-16). In a large retrospective
study of 2351 CKD patients, the prevalence values for PH
in CKD stages G1, G2, G3a, G3b, G4 and G5 were 2.2%,
6.7%, 9.4%, 6.6%, 15.2% and 20%, respectively (17). In this
same study, haemodialysis patients had a PH prevalence of
37.5% (17).

This observation was first reported in 2003, in a study of
58 haemodialysis patients which showed a PH prevalence
of 39.7% (16). PH was associated with poorer survival
(16). Notably, patients with potential causes of PH, such
as cardiac or pulmonary disease, were excluded from this
cohort, suggesting an effect of either CKD or dialysis on the

Study Population

Key findings

Leuchte et al. 2007 (18)

Shah et al. 2008 (19) 500 patients with PAH (1982-2006).

118 patients with PH undergoing RHC, excluding those
with left-heart disease or ESRD on haemodialysis

eGFR <60 mL/min/1.73 m? has a prevalence of 19% and is
associated with increased mortality.

NT-proBNP lost correlation with haemodynamics in patients
with renal impairment.

Serum creatinine 21 mg/dL was independently associated

Pabst et al. 2012 (20)

Navaneethan et al. 2014 (13)

O’Leary et al. 2017 (21)

Bitker et al. 2018 (22)

Chakinala et al. 2018 (23)

Nickel et al. 2019 (24)

Edmonston et al. 2020 (25)

Meservey et al. 2025 (26)

Excluded patients without baseline serum creatinine or
ESRD. Only 460 patients had baseline RHC

62 patients with CKD stage 4 or 5, with or without
haemodialysis, presenting with unexplained dyspnoea.
Excluded patients with left ventricular ejection fraction
<50%, significant valvular disease and severe lung
disease

1088 patients with mPAP 225 mmHg. Excluded patients
on chronic dialysis or with kidney transplants

4635 patients undergoing RHC, with a baseline eGFR
measurement

179 patients with RHC-confirmed PAH

2368 PAH patients from the REVEAL registry with
baseline and follow-up eGFR

283 patients with PAH, with measured urinary ACR

12,618 patients with RHC (all indications), with baseline
serum creatinine

6694 patients from 18 phase Il clinical trials in
PAH and CTEPH

with increased mortality. The association between renal
function and death was most prominent in patients with RAP
<10 mmHg.

Post-capillary PH prevalence:

- 65% in dialysis

- 71% in non-dialysis

Pre-capillary PH prevalence:

- 13% in dialysis

- 6% in non-dialysis

All cases of pre-capillary PH in dialysis were unmasked only
after haemodialysis.

36% of the PH cohort had eGFR <60 mL/min/1.73 m?
Lower eGFR was independently associated with higher all-
cause mortality.

In patients with CKD, 68% had PH. Post-capillary PH was the
most frequent (76% of all PH). CKD severity and PH were
associated with increased mortality.

29% had CKD (eGFR <60 mL/min/1.73 m2).

CKD was independently associated with increased mortality.
Lower Cl and higher RAP were key haemodynamic determi-
nants of eGFR decline during follow-up.

A 210% decline in eGFR over 1 year independently predicted
higher risk of death and clinical worsening.

Lower baseline eGFR correlated significantly with higher
mean RAP and lower CO.

Albuminuria (ACR >30 mg/g) was present in 20.1% of patients
and associated with higher mortality.
Albuminuria did not correlate with right heart haemodynamics.

74% of patients with CKD had PH, predominantly isolated
post-capillary (39.0%) or CpcPH (38.3%).

CpcPH was associated with the highest mortality risk among
patients with CKD.

13.5% had a baseline eGFR <60 mL/min/1.73 m2.

Lower eGFR correlated with higher mean RAP and lower CI.
PH therapy resulted in a minimal but statistically significant
improvement in eGFR (+2.0 mL/min/1.73 m? at 12—-16 weeks).

ACR, albumin to creatinine ratio; ADMA, asymmetric dimethylarginine; CI, cardiac index; CKD, chronic kidney disease; CO, cardiac output; CpcPH, combined
pre- and post-capillary PH; CTEPH, chronic thromboembolic pulmonary hypertension; eGFR, estimated glomerular filtration rate; ESRD, end-stage renal
disease; NT-proBNP, N-terminal pro B-type natriuretic peptide; PH, pulmonary hypertension; RAP, right atrial pressure; REVEAL, Registry to Evaluate Early and
Long-term PAH Disease Management; RHC,
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pulmonary vasculature (16). Based on these findings, the
fourth World Symposium on PH from 2008 included ‘chronic
renal failure on dialysis’ among the causes of PH with
unclear and/or multifactorial mechanisms (group 5 of the PH
classification) (27).

Mechanisms of PH in CKD

Comorbidities

Some cases of PH in CKD may be explained by other causes
(Figure 1). There is epidemiological overlap between CKD
and several known aetiologies of PH (4). Connective tissue
diseases which cause PAH (group 1 PH), such as systemic
sclerosis and systemic lupus erythematosus, frequently
involve the kidneys as well (28, 29). Cardiovascular
comorbidities such as heart failure, atrial fibrillation and
ischaemic heart disease, which cause group 2 PH, are
frequent in CKD (2, 30). In particular, heart failure with
preserved ejection fraction is exceptionally common in this
cohort due to CKD-induced systemic inflammation, arterial
stiffness and left ventricular hypertrophy, making it a primary
driver of post-capillary PH (group 2), which is the most
common type of PH in CKD (11, 29). Chronic obstructive
pulmonary disease is one of the causes of group 3 PH and
it is an important comorbidity in CKD (31). Obesity, which

is linked to hypoventilation syndromes—another cause
of group 3 PH—is also frequent in CKD (32, 33). Venous
thromboembolism, which can cause group 4 PH, has
a higher prevalence in patients with reduced estimated
glomerular filtration rate (eGFR), especially in ESRD (34—
36). However, not all associations between CKD and PH can
be explained by comorbidities. Some CKD patients have
‘unexplained PH’, a term first introduced by Yigla et al. (37)
in 2000. It is also plausible that in some patients who do
have an identified cause of PH, renal impairment or dialysis
may contribute to the pathophysiology of PH.

Volume overload

Volume overload is frequent in patients with ESRD (38).
Haemodialysis patients in particular can experience significant
changes in volemia in the interdialytic period (38). Even in the
absence of overt left heart disease, volume overload is an
important driver of PH in CKD via increased left-heart filling
pressures, leading to post-capillary PH (3). In echocardiographic
studies in large cohorts of CKD patients, markers of volume
overload such as increased left atrial volume are significantly
associated with PH (25). A higher RAP is associated with poorer
outcomes in patients with CKD and PH, independent of mPAP
and other variables (3, 13, 21). In patients with CKD, volume
overload can cause increased renal venous congestion, leading
to increased renal intraparenchymal pressure, tubular collapse

COMORBIDITIES
» Left heart disease

COPD
ILD

Hypoventilation
Venous thromboembolism

Volume TRAP
overload TmPAP  —— IS
CKD TPAWP
RAAS
overactivation
TPVR

Uremic endothelial
dysfunction

+ TET-1, ADMA
* UNO, prostacyclin

1FGF-23 / Va-Klotho

VASOACTIVE IMBALANCE

Figure 1. Pathophysiological mechanisms of pulmonary hypertension in chronic kidney disease. ADMA, asymmetric dimethylarginine;
CKD, chronic kidney disease; COPD, chronic obstructive pulmonary disease; ET-1, endothelin-1; FGF-23, fibroblast growth factor 23; ILD,
interstitial lung disease; mPAP, mean pulmonary artery pressure; NO, nitric oxide; PAWP, pulmonary artery wedge pressure; PH, pulmonary
hypertension; PVR, pulmonary vascular resistance; RAP, right atrial pressure; RAAS, renin-angiotensin-aldosterone system.
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and a decline in renal function (3). The direct link between
volume status and PH in ESRD can be further demonstrated
during dialysis, where fluid removal results in significant
reduction in pulmonary artery pressure (20, 39).

Uraemia and endothelial dysfunction

Uraemia plays a central role in the pathophysiology of PH in
CKD by promoting vasoconstriction, endothelial dysfunction
and vascular remodelling (4). The uraemic environment
disrupts normal pulmonary vascular tone by shifting the
balance of vasoactive substances towards vasoconstriction.
Uraemic patients exhibit impaired production of, and
decreased sensitivity to, vasodilators like nitric oxide (NO) and
prostacyclin, as well as elevated levels of vasoconstrictors
such as endothelin-1 (ET-1), asymmetric dimethylarginine
(ADMA) and thromboxane (4). This imbalance leads to
persistent pulmonary vasoconstriction and decreased
compliance of the pulmonary vasculature (4). In addition to
vasoconstriction, high concentrations of uraemic solutes may
promote pulmonary vascular remodelling and endothelial
dysfunction (3). For example, high blood urea nitrogen levels
correlate with increased PVR in patients with CKD (40). In
vitro studies have shown that urea concentrations similar
to those found in kidney failure directly induce endothelial
cell dysfunction (3). Beyond its effects on the pulmonary
vasculature, uraemia also has direct toxic effects on the
heart muscle. This uraemia-mediated dysregulation of
cardiomyocytes contributes to left ventricular dysfunction (3,
4). This cardiac impairment subsequently elevates left-sided
filling pressures, leading to pulmonary venous congestion and
post-capillary (group 2) PH (3).

ET-1

The endothelin (ET) signalling pathway plays a crucial role
in the pathobiology of PAH (41) and ET receptor antagonists
are a cornerstone of PAH treatment (5, 6, 42). Plasma levels
of ET-1 are elevated in CKD, regardless of cause, and are
correlated with CKD severity (43). Higher levels of ET-1 are
associated with a higher risk of death, cardiovascular events
and progressive renal dysfunction in CKD (44). However,
there are no studies specifically addressing the association
between ET-1 and PH in CKD.

ADVA

ADMA s an endogenous inhibitor of nitric oxide (NO) synthase
(45). Inhibition of NO signalling is one of the main mechanisms
involved in the pathogenesis of PAH (41). High levels of ADMA
have been linked to PH in both mice (46) and humans (47).
CKD have higher serum ADMA, due to increased synthesis,
reduced degradation and impaired excretion through the
kidneys (48, 49). Elevated ADMA is associated with a higher
risk of death and cardiovascular events in CKD (50).

The renin-angiotensin-aldosterone system
Overactivation of the renin—angiotensin—aldosterone
system (RAAS) promotes vasoconstriction, inflammation
and fibrosis in both the systemic and pulmonary vessels
(51). In CKD patients, RAAS activity is increased and plays
an important role in the pathogenesis and progression of
renal dysfunction (52). In idiopathic PAH, systemic RAAS
activity is also elevated and associated with an increased
risk of disease progression, death or lung transplantation
(53). Increased production of angiotensin Il in pulmonary
endothelial cells and overexpression of angiotensin Il type 1
receptor mediate pulmonary vascular remodelling in PAH (53,
54). Treatment with angiotensin converting enzyme inhibitors
or angiotensin receptor blockers (ARB) are associated
with improved outcomes in pre- and post-capillary PH (55).
In an experimental model of PAH, treatment with ARB
delayed disease progression, reduced pulmonary vascular
remodelling and RV afterload and improved RV diastolic
function and coupling between the RV and the pulmonary
artery (53).

Fibroblast growth factor 23 and a-Klotho

Fibroblast growth factor 23 (FGF-23) is a bone-derived,
endocrine hormone that regulates phosphate and vitamin
D homeostasis by acting on the renal proximal tubule and
parathyroid glands via FGF receptors and the co-receptor
a-Klotho (56, 57). FGF-23 rises early in the course of CKD (58)
and elevated levels are independently associated with CKD
progression, development of ESRD and mortality (59). FGF-
23 also influences cardiovascular physiology, as elevated
levels are associated with heart failure and left ventricular
hypertrophy (60). In dialysis patients, elevated levels of FGF-
23 correlate with elevated sPAP on echocardiography (61). In
patients with PAH and chronic thromboembolic PH (CTEPH),
higher levels of FGF-23 are associated with higher mPAP and
PVR and lower cardiac index, independent of eGFR (62),
suggesting a role on the pulmonary circulation.

a-Klotho is a transmembrane protein expressed in the renal
tubules, parathyroid gland and choroid plexus, with soluble
form found in blood, urine and cerebrospinal fluid (63, 64).
It acts as an obligatory co-receptor for FGF-23, regulating
phosphate and vitamin D metabolism (63). Overexpression of
this molecule extends the lifespan of mice, while its disruption
causes premature ageing, hence the name derived from the
Fate in Greek mythology who spins the thread of life (64, 65).
CKD is a state of a-Klotho deficiency (65) and lower levels
are associated with CKD progression, ESRD and mortality
(66). Rats with monocrotaline-induced PAH have significantly
lower levels of a-Klotho expression in lung tissue and
restoration of a-Klotho expression is associated with reduced
pulmonary artery pressure, reverse remodelling of pulmonary
vessels and reduced RV hypertrophy (67). Infants with PH
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associated with bronchopulmonary dysplasia have lower
levels of a-Klotho in the umbilical cord (68). Overexpression
of a-Klotho in a bronchopulmonary dysplasia rodent model
of PH reduces pulmonary artery pressure and pulmonary
vascular remodelling (68).

Parathyroid hormone

The parathyroid hormone (PTH) is secreted by the parathyroid
glands in response to imbalances in serum calcium and
phosphorus. In CKD, serum PTH levels are chronically
increased due to secondary parathyroidism and the increase
is proportional to the severity of renal dysfunction (69, 70).
PTH is an important risk factor for cardiovascular morbidity
and mortality in CKD (71). In a recent study on animal models
of PH, exogenous PTH administration worsened PH and RV
hypertrophy, while inhibition of PTH signalling improved PH
(72). In humans with PH, serum PTH levels are correlated with
mPAP and PVR (72). In cultured human pulmonary vascular
smooth muscle cells, PTH signalling promotes proliferation
and migration (72). These findings suggest that PTH plays a
role in pulmonary vascular remodelling and could represent a
pathophysiological mechanism for PH in CKD.

Arterio-venous fistulas

AVFs used for vascular access in haemodialysis create
a shunt between a systemic artery and a systemic vein,
bypassing smaller arteries, capillaries and veins. The
consequence is a reduction in systemic vascular resistance
and a subsequent increase in the pre-load of the right
ventricle, leading to a high cardiac output (CO) state which
can increase PAP (3, 73). In addition, blood shunting
through the AVF can reduce blood pressure, followed by
an increase in heart rate and contractility via sympathetic
activation (3). These effects are stronger in proximal upper
arm AVFs compared with forearm AVFs, since proximal
AVFs are characterised by higher flow rates (74, 75). High
AVF flow (Qa) 22 L/min and Qa to CO ratios (>0.3) are
strongly associated with high-output cardiac failure and PH
(74, 75). In patients with Qa > 1.5 L/min, surgical reduction
of Qa leads to a decrease in sPAP and improvements in RV
morphology and function (76).

PH and kidney transplantation

Kidney transplantation (KT) is the definitive treatment of
ESRD as it restores normal glomerular filtration, reverses
uraemia-induced endothelial dysfunction, normalises volume
status and mitigates bone-mineral metabolism dysregulation
(77). In addition, after successful KT, AVFs can be ligated, as
haemodialysis is no longer necessary. KT thus resolves many
of the mechanisms of PH in CKD. Indeed, patients with CKD
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and PH who undergo KT survive longer than those who remain
on dialysis (77). A significant proportion of patients with PH
who undergo KT experience normalisation of PAP after KT
(16, 78, 79). The resolution of PH post-KT is associated with
improved survival, similar to that of patients without PH before
KT (79).

Clinical implications of PH in patients with CKD

The presence of PH in patients with CKD poses significant
diagnostic and therapeutic challenges that require
multidisciplinary collaboration. From a diagnostic perspective,
echocardiography remains the primary non-invasive
screening tool, but its timing is critical in patients undergoing
haemodialysis. Because volume fluctuations between dialysis
sessions affect haemodynamics, echocardiography should
ideally be performed post-dialysis, when the patient has
achieved their dry weight, in order to avoid overestimation
of sPAP (39). If the clinical probability of PH is high and its
confirmation would alter management, RHC is needed to
accurately differentiate between pre-capillary and post-
capillary phenotypes (20, 39).

Pulmonary vasodilators used in the treatment of PAH are not
approved in group 5 CKD-associated PH (5, 6). Given the
significant contribution of volume overload and left heart disease
in CKD-PH, the off-label use of pulmonary vasodilators in these
patients may cause harm and should be reserved strictly for
patients who have an overlapping group 1 PAH diagnosis or,
occasionally, as an off-label ‘bridge to transplant’ in carefully
selected candidates with severe pre-capillary haemodynamics
(5, 6, 39). When prescribing PAH drugs in severe CKD,
rigorous monitoring is mandatory, as many of these agents or
their active metabolites require dose adjustments in the setting
of reduced eGFR to avoid systemic toxicity (39).

The management of CKD-PH relies primarily on addressing
underlying conditions and modifiable mechanisms (3, 39).
Strict volume control by optimising dialysis and ensuring
adequate ultrafiltration can lead to marked reductions in
pulmonary artery pressures (20, 39). Furthermore, clinicians
must proactively screen for and treat comorbid left heart
disease (PH group 2) and chronic lung disease (PH group
3), which are highly prevalent in CKD patients (4). For
patients with high flow AVFs, surgical flow reduction should
be considered to offload the right ventricle (76). If alternative
therapies like peritoneal dialysis or KT are feasible, complete
AVF ligation is also a viable option.

PH should be taken into consideration when establishing the
indication and timing of KT. Current guidelines do not take
PH into account and severe PH is sometimes considered
a contraindication for KT due to increased peri-operative
mortality (3, 79). However, evidence suggests that KT may
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improve or resolve PH in a substantial number of patients, an
effect which is associated with improved survival (79).

Renal dysfunction in PH

Just as PH is frequently identified in CKD patients, renal
dysfunction is also frequent in patients with PH (3). The
prevalence of renal dysfunction, typically defined as eGFR
<60 mL/min/1.73 m?, ranges between 13.5% and 36%
depending on study population, PH aetiology and diagnostic
criteria for PH. In a cohort of 1088 patients with all-cause PH,
the prevalence of eGFR <60 mL/min/1.73 m? was over 30%
(13). In a cohort of 2386 PAH patients from the American
Registry to Evaluate Early and Long-term PAH Disease
Management (REVEAL), the prevalence was 28.3% (23). Even
when eGFR is normal, 20% of PAH patients exhibit elevated
urinary albumin-to-creatinine ratios (24). In a meta-analysis of
6694 participants from 18 phase 3 clinical trials for PAH and
CTEPH, the prevalence was only 13.5%, but this was likely
due to the fact that renal dysfunction was an exclusion criterion
in half of the trials included in the meta-analysis (26). At any
rate, the prevalence of renal dysfunction in PH is higher than
the estimated 9.1% prevalence in the general population (3).
Across multiple large cohorts, worsening renal function is
consistently associated with higher PH disease severity.
Patients with lower eGFR have a worse haemodynamic
profile on RHC, in particular higher mPAP, RAP and PVR and
lower CO (19, 26). They have a more severe World Health
Organization (WHO) dyspnoea functional class (19, 23) and
walk shorter distances at the 6-min walk test (19, 23, 26).
They also have higher levels of brain natriuretic peptide (BNP)
and N-terminal pro-BNP (NTproBNP) (18, 23, 26). NTproBNP
is particularly elevated in renal dysfunction because it is
primarily cleared by the kidneys (18).

Renal dysfunction is independently associated with poorer
outcomes in PH (3). Lower eGFR at baseline predicts shorter
survival across all groups of PH and the risk of death increases
progressively with worsening kidney function (13, 23). In PAH
and CTEPH, a 10 mL/min/1.73 m? decrease in baseline eGFR
is associated with a 16% increased risk of mortality or clinical
worsening (26). Beyond baseline renal function, a longitudinal
decline in eGFR of 210% also predicts mortality and all-cause
hospitalisation (23).

Mechanisms of renal dysfunction in PH: the right-
heart cardio-renal syndrome

The mechanisms of renal dysfunction in patients with PH
include impaired renal arterial perfusion, increased renal
venous congestion and neurohumoral dysregulation stemming

from RV failure (3). The interplay of these mechanisms has
been described as the ‘right-heart cardio—renal syndrome’ (3).
Patients with PH have increased PVR, which leads to RV
dysfunction and decreased CO. This can be exacerbated by
the bowing of the interventricular septum, which impairs left
ventricular filling (3, 26). This state of low CO underfills the
renal arterial system and lowers renal perfusion pressure.
The kidneys respond to this perceived volume depletion by
overactivating the RAAS and the sympathetic nervous system
(3, 23). This neurohumoral activation causes afferent arteriolar
vasoconstriction, salt and fluid retention (hypervolemia), and
reduced eGFR (3).

Right heart failure directly elevates RAP and central venous
pressure, causing blood stasis in the systemic and renal
veins (23, 26). Because the kidneys are enclosed in a rigid
capsule, this venous congestion significantly increases
intraparenchymal pressure, leading to parenchymal oedema,
tubular compression and collapse, intracapsular tamponade
and tissue hypoxia (3, 26). The combination of elevated venous
pressure and decreased arterial perfusion severely impairs the
trans-glomerular pressure gradient, driving a sharp decline in
the GFR (3). Venous congestion triggers an abnormal tubulo—
glomerular feedback loop where the release of adenosine
causes the afferent arteriole to constrict and the efferent
arteriole to dilate, further reducing GFR (3). Additionally, right-
heart failure and systemic congestion trigger the release of
various inflammatory cytokines (such as interleukin-6 and
tumor necrosis factor) and vasoactive substances (such as
ET-1, arginine-vasopressin and prostaglandins), which directly
promote kidney tissue alterations and vascular injury (3, 22).

Clinical implications of renal dysfunction in PH

The high prevalence and prognostic impact of renal
dysfunction in PH have important clinical implications. Renal
function should be routinely assessed and integrated into the
management of patients with PH, as even mild reductions in
eGFR are associated with higher mortality (23). Albuminuria
may also be a useful biomarker in PH, as it is associated with
poorer prognosis (24). Other biomarkers such as NT-proBNP
require careful interpretation in patients with significant
renal dysfunction, as levels may be falsely elevated due to
inadequate clearance through the kidneys (18).

Therapeutic management of right-heart cardio—renal
syndrome requires a delicate balance. Loop diuretics are the
mainstay of treatment to relieve systemic venous congestion
and reduce renal intraparenchymal pressure. However, overly
aggressive diuresis can further reduce CO and impair renal
arterial perfusion, potentially worsening eGFR (3). Therefore,
diuretic therapy must be carefully titrated with close monitoring
of serum creatinine and electrolytes.
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Renal dysfunction should not preclude patients from
receiving disease-modifying PAH therapies. By lowering
PVR, increasing CO and decreasing RAP, targeted PAH
therapies directly counteract the haemodynamic drivers of
the right-heart cardio—renal syndrome (26). PAH-specific
therapies induce a modest but statistically significant
improvement in eGFR, suggesting reversibility of the
cardio—renal interaction once RV function is optimised (26).
Nevertheless, dose adjustments and rigorous monitoring for
drug toxicity remain essential, particularly for agents cleared
by the kidneys (39).

Conclusions

PH and CKD frequently occur together, and the combination
carries a poorer prognosis than either disease in isolation.
In patients with PAH, renal dysfunction is independently
associated with worse outcomes and should be taken into
consideration when stratifying risk. CKD-associated PH is
a complex, multifactorial disorder driven by a combination
of volume overload, uraemic endothelial dysfunction and
high CO induced by AVFs. Its management requires a
nuanced, pathophysiologically targeted approach, focusing
on optimising fluid balance and correcting underlying
comorbidities. Echocardiography and RHC should be
performed after haemodialysis to minimise the effect of
volume overload. PH should be taken into consideration
when evaluating patients for KT, since transplanted patients
frequently exhibit improved pulmonary haemodynamics
and better survival. Ultimately, improving outcomes in
patients with concurrent PH and CKD relies heavily on
close multidisciplinary collaboration between nephrologists,
pulmonologists and cardiologists.

Funding

No funding was received for this work.

Authors’ contribution

All authors contributed equally to the conceptualisation,
literature review, drafting and revision. The final submitted
version was read and approved by all the authors.

Conflict of interest

There is no conflict of interest.

90

Ethics approval

Ethics Committee approval was not required.

Informed consent statement

No informed consent was necessary.

References

1.  Kidney Disease: Improving Global Outcomes (KDIGO) CKD
Work Group. KDIGO 2024 clinical practice guideline for
the evaluation and management of chronic kidney disease.
Kidney International. 2024;105(4S): S117-S314. doi:10.1016/j.
kint.2023.10.018

2. JankowskiJ, Floege J, Fliser D, Bohm M, Marx N. Cardiovascular
disease in chronic kidney disease: pathophysiological insights
and therapeutic options. Circulation. 2021;143(11): 1157-1172.
doi:10.1161/CIRCULATIONAHA.120.050686

3. ZederK, Siew ED, Kovacs G, Brittain EL, Maron BA. Pulmonary
hypertension and chronic kidney disease: prevalence,
pathophysiology and outcomes. Nature Reviews Nephrology.
2024;20(11): 742—754. doi:10.1038/s41581-024-00857-7

4. Sise ME, Courtwright AM, Channick RN. Pulmonary hypertension
in patients with chronic and end-stage kidney disease. Kidney
International. 2013;84(4): 682—-692. doi:10.1038/ki.2013.186

5. Humbert M, Kovacs G, Hoeper MM, Badagliacca R, Berger RMF,
Brida M, et al. 2022 ESC/ERS guidelines for the diagnosis and
treatment of pulmonary hypertension. European Heart Journal.
2022;43(38): 3618-3731. doi:10.1093/eurheartj/ehac237

6. Humbert M, Kovacs G, Hoeper MM, Badagliacca R,
Berger RMF, Brida M, et al. 2022 ESC/ERS guidelines
for the diagnosis and treatment of pulmonary hyperten-
sion. European Respiratory Journal. 2023;61(1): 2200879.
doi:10.1183/13993003.00879-2022

7. Kovacs G, Bartolome S, Denton CP, Gatzoulis MA, Gu S,
Khanna D, et al. Definition, classification and diagnosis of pulmo-
nary hypertension. European Respiratory Journal. 2024;64(4):
2401324. doi:10.1183/13993003.01324-2024

8. Ruge M, Pancio G, Mehrotra P, Marhefka G. Accuracy of right
atrial pressure estimation by transthoracic echocardiography.
European Heart Journal. 2024;45(Suppl 1): ehae666.094.
doi:10.1093/eurheartj/ehae666.094

9. Rich JD, Shah SJ, Swamy RS, Kamp A, Rich S. Inaccuracy
of Doppler echocardiographic estimates of pulmonary artery
pressures in patients with pulmonary hypertension. Chest.
2011;139(5): 988-993. doi:10.1378/chest.10-1269

10. Tang M, Batty JA, Lin C, Fan X, Chan KE, Kalim S. Pulmonary
hypertension, mortality, and cardiovascular disease in CKD



Neagu and Bogdan: Pulmonary hypertension and renal dysfunction

1.

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

and ESRD patients: a systematic review and meta-analysis.
American Journal of Kidney Diseases: The Official Journal of the
National Kidney Foundation. 2018;72(1): 75-83. doi:10.1053/j.
ajkd.2017.11.018

Greiner S, Jud A, Aurich M, Hess A, Hilbel T, Hardt S, et al.
Reliability of noninvasive assessment of systolic pulmonary ar-
tery pressure by Doppler echocardiography compared to right
heart catheterization: analysis in a large patient population.
Journal of the American Heart Association. 2014;3(4): e001103.
doi:10.1161/JAHA.114.001103

Edmonston DL, Parikh KS, Rajagopal S, Shaw LK, Abraham D,
Grabner A, et al. Pulmonary hypertension subtypes and mortal-
ity in CKD. American Journal of Kidney Diseases. 2020;75(5):
713-724. doi:10.1053/j.ajkd.2019.08.027

Navaneethan SD, Wehbe E, Heresi GA, Gaur V, Minai OA,
Arrigain S, et al. Presence and outcomes of kidney disease
in patients with pulmonary hypertension. Clinical Journal of
the American Society of Nephrology (Wolters Kluwer Health).
2014;9(5): 855-863. doi:10.2215/CJN.10191013

Bolignano D, Pisano A, Coppolino G, Tripepi GL, D’Arrigo G.
Pulmonary hypertension predicts adverse outcomes in renal pa-
tients: a systematic review and meta-analysis. Therapeutic Apheresis
and Dialysis. 2019;23(4): 369-384. doi:10.1111/1744-9987.12777
Agarwal R. Prevalence, determinants and prognosis of pulmo-
nary hypertension among hemodialysis patients. Nephrology
Dialysis Transplantation. 2012;27(10): 3908-3914. doi:10.1093/
ndt/gfr661

Yigla M, Nakhoul F, Sabag A, Tov N, Gorevich B, Abassi Z,
et al. Pulmonary hypertension in patients with end-stage re-
nal disease. Chest. 2003;123(5): 1577-1582. doi:10.1378/
chest.123.5.1577

Li Z, Liang X, Liu S, Ye Z, Chen Y, Wang W, et al. Pulmonary
hypertension: epidemiology in different CKD stages and its as-
sociation with cardiovascular morbidity. Plos One. 2014;9(12):
€114392. doi:10.1371/journal.pone.0114392

Leuchte HH, El Nounou M, Tuerpe JC, Hartmann B, Baumgartner
RA, Vogeser M, et al. N-terminal pro-brain natriuretic peptide and
renal insufficiency as predictors of mortality in pulmonary hyperten-
sion. Chest. 2007;131(2): 402—409. doi:10.1378/chest.06-1758
Shah SJ, Thenappan T, Rich S, Tian L, Archer SL, Gomberg-
Maitland M. Association of serum creatinine with abnormal
hemodynamics and mortality in pulmonary arterial hyperten-
sion. Circulation. 2008;117(19): 2475-2483. doi:10.1161/
CIRCULATIONAHA.107.719500

Pabst S, Hammerstingl C, Hundt F, Gerhardt T, Grohé C,
Nickenig G, et al. Pulmonary hypertension in patients with
chronic kidney disease on dialysis and without dialysis: results of
the PEPPER-study. Plos One. 2012;7(4): €35310. doi:10.1371/
journal.pone.0035310

OLeary JM, Assad TR, Xu M, Birdwell KA, Farber-
Eger E, Wells QS, et al. Pulmonary hypertension in pa-
tients with chronic kidney disease: invasive hemodynamic

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

etiology and outcomes. Pulmonary circulation. 2017;7(3): 674—
683. doi:10.1177/2045893217716108

Bitker L, Sens F, Payet C, Turquier S, Duclos A, Cottin V,
et al. Presence of kidney disease as an outcome predictor in
patients with pulmonary arterial hypertension. American Journal
of Nephrology. 2018;47(2): 134—143. doi:10.1159/000487198
Chakinala MM, Coyne DW, Benza RL, Frost AE, McGoon MD,
Hartline BK, et al. Impact of declining renal function on outcomes
in pulmonary arterial hypertension: a REVEAL registry analysis.
The Journal of Heart and Lung Transplantation. 2018;37(6):
696-705. doi:10.1016/j.healun.2017.10.028

Nickel NP, de Jesus Perez VA, Zamanian RT, Fessel JP,
Cogan JD, Hamid R, et al. Low-grade albuminuria in pulmonary
arterial hypertension. Pulmonary circulation. 2019;9(2): 1-9.
doi:10.1177/2045894018824564

Edmonston DL, Rajagopal S, Wolf M. Echocardiography to
screen for pulmonary hypertension in CKD. Kidney International
Reports. 2020;5(12): 2275-2283. doi:10.1016/j.ekir.2020.09.033
Meservey A, Al-Naamani N, Minhas J, Fritz JS, Appleby D,
Baudry G, et al. Renal dysfunction and outcomes in pulmonary
arterial hypertension and chronic thromboembolic pulmonary
hypertension: an individual participant data meta-analysis.
European  Respiratory  Journal. 2025;66(2): 2402400.
doi:10.1183/13993003.02400-2024

Simonneau G, Robbins IM, Beghetti M, Channick RN,
Delcroix M, Denton CP, et al. Updated clinical classification
of pulmonary hypertension. Journal of the American College
of Cardiology. 2009;54(1Suppl): S43-S54. doi:10.1016/.
jacc.2009.04.012

Pope JE, Denton CP, Johnson SR, Fernandez-Codina A,
Hudson M, Nevskaya T. State-of-the-art evidence in the treat-
ment of systemic sclerosis. Nature Reviews Rheumatology.
2023;19(4): 212-226. doi:10.1038/s41584-023-00909-5
Kronbichler A, Mayer G. Renal involvement in autoimmune
connective tissue diseases. BMC Medicine. 2013;11: 95.
doi:10.1186/1741-7015-11-95

Rossing P, Hansen TW, Kumler T. Cardiovascular and non-
renal complications of chronic kidney disease: managing risk.
Diabetes, Obesity & Metabolism. 2024;26(Suppl 6): 13-21.
doi:10.1111/dom. 15747

Pelaia C, Pastori D, Armentaro G, Miceli S, Cassano V, Barbara K,
et al. Predictors of renal function worsening in patients with
chronic obstructive pulmonary disease (COPD): a multicenter
observational study. Nutrients. 2021;13(8): 2811. doi:10.3390/
nu13082811

Kuma A, Kato A. Lifestyle-related risk factors for the incidence
and progression of chronic kidney disease in the healthy young
and middle-aged population. Nutrients. 2022;14(18): 3787.
doi:10.3390/nu14183787

Mallamaci F, Tripepi G. Risk factors of chronic kidney disease
progression: between old and new concepts. Journal of Clinical
Medicine. 2024;13(3): 678. doi:10.3390/jcm13030678

91



Pneumologia

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

92

Christiansen CF, Schmidt M, Lamberg AL, Horvath-Puho E,
Baron JA, Jespersen B, et al. Kidney disease and risk of
venous thromboembolism: a nationwide population-based case-
control study. Journal of Thrombosis and Haemostasis: JTH.
2014;12(9): 1449-1454. doi:10.1111/jth.12652

Mahmoodi BK, Gansevoort RT, Naess IA, Lutsey PL,
Breekkan SK, Veeger NJ, et al. Association of mild to
moderate chronic kidney disease with venous thromboembo-
lism: pooled analysis of five prospective general population
cohorts. Circulation. 2012;126(16): 1964-1971. doi:10.1161/
CIRCULATIONAHA.112.113944

Wattanakit K, Cushrnan M, Stehman-Breen C. Chronic kid-
ney disease increases risk for venous thromboembolism.
Journal of Vascular Surgery. 2009;49: 273. doi:10.1016/j.
jvs.2008.11.117

Yigla M, Dabbah S, Azzam ZS, Rubin AH, Reisner SA.
Background diseases in 671 patients with moderate to severe
pulmonary hypertension. The Israel Medical Association journal.
2000;2: 684-689. PMID: 11062769.

Pinter J, Chazot C, Stuard S, Moissl U, Canaud B. Sodium, vol-
ume and pressure control in haemodialysis patients for improved
cardiovascular outcomes. Nephrology Dialysis Transplantation.
2020;35(Suppl 2): ii23-ii30. doi:10.1093/ndt/gfaa017

Walther CP, Nambi V, Hanania NA, Navaneethan SD. Diagnosis
and management of pulmonary hypertension in patients with
CKD. American Journal of Kidney Diseases. 2020;75(6): 935-945.
doi:10.1053/j.ajkd.2019.12.005

Kaiser R, Seiler S, Held M, Bals R, Wilkens H. Prognostic im-
pact of renal function in precapillary pulmonary hypertension.
Journal of Internal Medicine. 2014;275(2): 116—126. doi:10.1111/
joim.12131

Guignabert C, Aman J, Bonnet S, Dorfmuller P, Olschewski
AJ, Pullamsetti S, et al. Pathology and pathobiology of pul-
monary hypertension: insights and future direc-
tions. European Respiratory Journal. 2024;64(4): 2401095.
doi:10.1183/13993003.01095-2024

Chin KM, Gaine SP, Gerges C, Jing ZC, Mathai SC, Tamura Y,
et al. Treatment algorithm for pulmonary arterial hyperten-
sion. European Respiratory Journal. 2024;64(4): 2401325.
doi:10.1183/13993003.01325-2024

Kohan DE, Barton M. Endothelin and endothelin antagonists
in chronic kidney disease. Kidney International. 2014;86(5):
896-904. doi:10.1038/ki.2014.143

Gonzalez-Rodriguez L, Marti-Antonio M, Mota-Zamorano S,
Chicharro C, Cancho B, Luna E, et al. Endothelin-1 as dual
marker for renal function decline and associated cardiovascular
complications in patients with chronic kidney disease. European
Journal of Internal Medicine. 2026;144: 106542. doi:10.1016/j.
€jim.2025.106542

Teerlink T, Luo Z, Palm F, Wilcox CS. Cellular ADMA: regula-
tion and action. Pharmacological Research: the Official Journal

current

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

of the ltalian Pharmacological Society. 2009;60(6): 448-460.
doi:10.1016/j.phrs.2009.08.002

Leiper J, Nandi M, Torondel B, Murray-Rust J, Malaki M,
O’Hara B, et al. Disruption of methylarginine metabolism impairs
vascular homeostasis. Natural Medicines. 2007;13(2): 198-203.
doi:10.1038/nm1543

Kielstein JT, Bode-Béger SM, Hesse G, Martens-Lobenhoffer
J, Takacs A, Fliser D, et al. Asymmetrical dimethylarginine in
idiopathic pulmonary arterial hypertension. Arteriosclerosis,
Thrombosis, and Vascular Biology. 2005;25(7): 1414-1418.
doi:10.1161/01.ATV.0000168414.06853.f0

Matsuguma K, Ueda S, Yamagishi S, Matsumoto Y, Kaneyuki U,
Shibata R, et al. Molecular mechanism for elevation of asym-
metric dimethylarginine and its role for hypertension in chronic
kidney disease. Journal of the American Society of Nephrology.
2006;17(8): 2176—2183. doi:10.1681/ASN.2005121379

Xiao S, Wagner L, Schmidt RJ, Baylis C. Circulating endo-
thelial nitric oxide synthase inhibitory factor in some patients
with chronic renal disease. Kidney International. 2001;59(4):
1466—1472. doi:10.1046/j.1523-1755.2001.0590041466.x

Lu T-M, Chung M-Y, Lin C-C, Hsu CP, Lin SJ. Asymmetric
dimethylarginine and clinical outcomes in chronic kidney
disease. Clinical Journal of the American Society of Nephrology.
2011;6(7): 1566—-1572. doi:10.2215/CJN.08490910
Mufoz-Durango N, Fuentes CA, Castillo AE, Gonzalez-Gémez
LM, Vecchiola A, Fardella CE, et al. Role of the renin-angio-
tensin-aldosterone system beyond blood pressure regulation:
molecular and cellular mechanisms involved in end-organ
damage during arterial hypertension. International Journal of
Molecular Sciences. 2016;17(7): 797. doi: 10.3390/ijms 17070797
Ripley E. Complementary effects of angiotensin-converting en-
zyme inhibitors and angiotensin receptor blockers in slowing the
progression of chronic kidney disease. American Heart Journal.
2009;157(6 Suppl): S7-S16. doi:10.1016/j.ahj.2009.04.008

de Man FS, Tu L, Handoko ML, Rain S, Ruiter G, Frangois C,
et al. Dysregulated renin—angiotensin—aldosterone system con-
tributes to pulmonary arterial hypertension. American Journal of
Respiratory and Critical Care Medicine. 2012;186(8): 780-789.
doi:10.1164/rccm.201203-04110C

Ma Z, Viswanathan G, Sellig M, Jassal C, Choi |, Garikipati A,
et al. B-arrestin-mediated angiotensin Il type 1 receptor acti-
vation promotes pulmonary vascular remodeling in pulmonary
hypertension. JACC Basic to Translational Science. 2021;6(11):
854-869. doi:10.1016/j.jacbts.2021.09.006

Lahm T, Hess E, Baron AE, Maddox TM, Plomondon ME,
Choudhary G, et al. Renin-angiotensin-aldosterone system
inhibitor use and mortality in pulmonary hypertension. Chest.
2021;159(4): 1586—1597. doi:10.1016/j.chest.2020.09.258
Gutierrez O, Isakova T, Rhee E, Shah A, Holmes J, Collerone G,
et al. Fibroblast growth factor-23 mitigates hyperphosphatemia
but accentuates calcitriol deficiency in chronic kidney disease.



Neagu and Bogdan: Pulmonary hypertension and renal dysfunction

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Journal of the American Society of Nephrology. 2005;16(7):
2205-2215. doi:10.1681/ASN.2005010052

Courbebaisse M, Lanske B. Biology of fibroblast growth
factor 23: from physiology to pathology. Cold Spring Harbor
Perspectives in Medicine. 2018;8(5): a031260. doi:10.1101/csh-
perspect.a031260

Isakova T, Wahl P, Vargas GS, Gutiérrez OM, Scialla J, Xie H,
et al. Fibroblast growth factor 23 is elevated before parathy-
roid hormone and phosphate in chronic kidney disease. Kidney
International. 2011;79(12): 1370-1378. doi:10.1038/ki.2011.47
Isakova T, Xie H, Yang W, Xie D, Anderson AH, Scialla J.
Fibroblast growth factor 23 and risks of mortality and end-stage
renal disease in patients with chronic kidney disease. JAMA.
2011;305(23): 2432. doi:10.1001/jama.2011.826

Komaba H, Fukagawa M. The role of FGF23 in CKD—with
or without Klotho. Nature Reviews Nephrology. 2012;8(8):
484-490. doi:10.1038/nrneph.2012.116

Miri M, Ahmadi M, Hatami M. Correlation between fibroblast
growth factor-23 and pulmonary arterial hypertension in hemodi-
alysis patients. Iranian Journal of Kidney Diseases. 2021;15(4):
300-305. doi:10.52547/ijkd.5940

Widmann L, Keranov S, Jafari L, Liebetrau C, Keller T, Troidl C,
et al. Fibroblast growth factor 23 as a biomarker of right
ventricular dysfunction in pulmonary hypertension. Clinical
Research in Cardiology. 2023;112(10): 1382—1393. doi:10.1007/
s00392-023-02162-y

Kanbay M, Mutlu A, Bakir CN, Peltek IB, Canbaz AA, Diaz
Tocados JM, et al. Klotho in pregnancy and intrauterine develop-
ment—potential clinical implications: a review from the European
Renal Association CKD-MBD Working Group. Nephrology
Dialysis Transplantation. 2024;39(10): 1574-1582. doi:10.1093/
ndt/gfae066

Martin-Virgala J, Martin-Carro B, Fernandez-Villabrille S,
Ruiz-Torres MP, Gomez-Alonso C, Rodriguez-Garcia M, et
al. Soluble Klotho, a potential biomarker of chronic kidney
disease—mineral bone disorders involved in healthy ageing:
lights and shadows. International Journal of Molecular Sciences.
2024;25(3): 1843. doi:10.3390/jms25031843

Hu MC, Shi M, Gillings N, Flores B, Takahashi M, Kuro-O M,
et al. Recombinant a-Klotho may be prophylactic and therapeu-
tic for acute to chronic kidney disease progression and uremic
cardiomyopathy. Kidney International. 2017;91(5): 1104-1114.
doi:10.1016/j.kint.2016.10.034

Abraham CR, Li A. Aging-suppressor Klotho: prospects in diag-
nostics and therapeutics. Ageing Research Reviews. 2022;82:
101766. doi:10.1016/j.arr.2022.101766

Varshney R, Ali Q, Wu C, Sun Z. Monocrotaline-induced pulmo-
nary hypertension involves downregulation of antiaging protein
Klotho and eNOS activity. Hypertension Dallas. 2016;68(5):
1255-1263. doi: 10.1161/HYPERTENSIONAHA.116.08184
Batlahally S, Franklin A, Damianos A, Huang J, Chen P, Sharma M,
et al. Soluble Klotho, a biomarker and therapeutic strategy to re-
duce bronchopulmonary dysplasia and pulmonary hypertension

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

in preterm infants. Scientific Reports. 2020;10(1): 12368.
doi:10.1038/s41598-020-69296-1

De Boer IH, Gorodetskaya I, Young B, Hsu CY, Chertow GM.
The severity of secondary hyperparathyroidism in chronic renal
insufficiency is GFR-dependent, race-dependent, and associat-
ed with cardiovascular disease. Journal of the American Society
of Nephrology. 2002;13(11): 2762-2769. doi:10.1097/01.
ASN.0000034202.91413.EB

Levin A, Bakris GL, Molitch M, Smulders M, Tian J, Williams
LA, et al. Prevalence of abnormal serum vitamin D, PTH, cal-
cium, and phosphorus in patients with chronic kidney disease:
results of the study to evaluate early kidney disease. Kidney
International. 2007;71(1): 31-38. doi:10.1038/sj.ki.5002009
Geng S, Kuang Z, Peissig PL, Page D, Maursetter L, Hansen
KE. Parathyroid hormone independently predicts fracture, vas-
cular events, and death in patients with stage 3 and 4 chronic
kidney disease. Osteoporosis International. 2019;30(10):
2019-2025. doi:10.1007/s00198-019-05033-3

Joki Y, Konishi H, Takasu K, Kastuumi G, Yoshida Y, Furihata
T, et al. Parathyroid hormone exacerbates pulmonary hyperten-
sion via parathyroid hormone receptors on pulmonary artery
smooth muscle cells. European Heart Journal. 2024;45(Suppl1):
ehae666.3878. doi:10.1093/eurheartj/ehae666.3878

Stern AB, Klemmer PJ. High-output heart failure secondary to
arteriovenous fistula. Hemodialysis International. 2011;15(1):
104-107. doi:10.1111/j.1542-4758.2010.00518.x

Basile C, Lomonte C, Vernaglione L, Casucci F, Antonelli M,
Losurdo N. The relationship between the flow of arteriovenous
fistula and cardiac output in haemodialysis patients. Nephrology
Dialysis Transplantation. 2007;23(1): 282-287. doi:10.1093/ndt/
gfm549

Kim Y, Kim JH, Woo J, Choi O, Lee M, Choi S. Hemodynamic
adaptation and cardiac effects of high-flow arteriovenous access
in hemodialysis patients: a prospective study. Journal of Clinical
Medicine. 2025;14(13): 4556. doi:10.3390/jcm 14134556
Valerianova A, Malik J, Janeckova J, Kovarova L, Tuka V,
Trachta P, et al. Reduction of arteriovenous access blood flow
leads to biventricular unloading in haemodialysis patients.
International Journal of Cardiology. 2021;334: 148-153.
doi:10.1016/j.ijcard.2021.04.027

Nguyen MC, Po-Yu Chiang T, Massie AB, Bae S, Motter
JD, Brennan DC, et al. Kidney transplantation confers
survival benefit for candidates with pulmonary hyperten-
sion. Transplant Direct. 2021;7(8): e738. doi:10.1097/
TXD.0000000000001191

Scalia IG, Farina JM, Pietri MP, Ali NB, Abbas MT, Awad K, et al.
Association of pulmonary hypertension with outcomes in kidney
transplant recipients. Kidney International Reports. 2025;10(7):
2394-2404. doi:10.1016/j.ekir.2025.04.058

Zeder K, Kundu S, Siew ED, Annis JS, Lee LY, Garry J, et al.
Longitudinal pulmonary arterial pressure trajectories and clinical
outcome in kidney transplantation patients. Chest. 2025;168(5):
1200-1214. doi:10.1016/j.chest.2025.05.024

93



	_GoBack
	_GoBack
	NumCit_1
	NumCit_2
	NumCit_3
	NumCit_4
	NumCit_5
	NumCit_6
	NumCit_7
	NumCit_8
	NumCit_9
	NumCit_10
	NumCit_11
	NumCit_12
	NumCit_13
	NumCit_14
	NumCit_15
	NumCit_16
	NumCit_17
	NumCit_18
	NumCit_19
	NumCit_20
	NumCit_21
	NumCit_22
	NumCit_23
	NumCit_24
	NumCit_25
	NumCit_26
	NumCit_27
	NumCit_38
	NumCit_39
	NumCit_40
	NumCit_41
	NumCit_42
	NumCit_43
	NumCit_44
	NumCit_45
	NumCit_46
	NumCit_47
	NumCit_48
	NumCit_49
	NumCit_50
	NumCit_51
	NumCit_53
	NumCit_54
	NumCit_55
	NumCit_56
	NumCit_57
	NumCit_58
	NumCit_59
	NumCit_60
	NumCit_61
	NumCit_62
	NumCit_63
	NumCit_64
	NumCit_65
	NumCit_66
	NumCit_67
	NumCit_68
	NumCit_69
	NumCit_70
	NumCit_71
	NumCit_72
	NumCit_73
	NumCit_74
	NumCit_75
	NumCit_76
	NumCit_77
	NumCit_78
	NumCit_79
	NumCit_81
	NumCit_82
	NumCit_83
	NumCit_84
	NumCit_85
	NumCit_86
	NumCit_87
	NumCit_88
	NumCit_89
	NumCit_90
	NumCit_91
	NumCit_92
	NumCit_93
	NumCit_94
	NumCit_95
	NumCit_96
	NumCit_97
	NumCit_98
	NumCit_99
	NumCit_100
	NumCit_101
	NumCit_102
	NumCit_103
	NumCit_104
	NumCit_105
	NumCit_106
	NumCit_107
	NumCit_108
	NumCit_109
	NumCit_110
	NumCit_111
	NumCit_112
	NumCit_113
	NumCit_114
	NumCit_115
	NumCit_116
	NumCit_117
	NumCit_118
	NumCit_119
	NumCit_120
	NumCit_121
	NumCit_123
	NumCit_124
	NumCit_125
	NumCit_126
	NumCit_127
	NumCit_128
	NumCit_129
	NumCit_130
	NumCit_131
	NumCit_132
	NumCit_133
	NumCit_134
	NumCit_135
	NumCit_136
	NumCit_137
	NumCit_138
	NumCit_139
	NumCit_140
	NumCit_141
	NumCit_142
	NumCit_143
	NumCit_144
	NumCit_145
	NumCit_146
	NumCit_147
	NumCit_148
	NumCit_149
	NumCit_150
	NumCit_151

