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Kidney and lung in pathology: mechanisms and clinical implications
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There is a close, physiological, relationship between kidney and lung that begin in the fetal age, and is aimed to keep
homeostatic balance in the body. From a pathological point of view, the kidneys could be damaged by inflammatory
mediators or by immune-mediated factors linked to a primary lung disease or, conversely, it could be the kidney dis-
ease that causes lung damage. Non-immunological mechanisms are frequently involved in renal and pulmonary dis-
eases, as observed in chronic conditions. This crosstalk have clinical and therapeutic consequences. This review aims
to describe the pulmonary-renal link in physiology and in pathological conditions.
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Introduction

Lung and kidney are intimately related from a functional
standpoint, both in physiological conditions and in diseases. These
interactions begin in the fetal age: in the first trimester of pregnan-
cy, the kidney is the main source of growth factors and nutrients
contributing to the maturation of the lung parenchyma, and urine
is a fundamental component of the amniotic fluid, acting on pul-
monary maturation and growth. From a pathological standpoint,
the kidneys can be damaged by lung-derived inflammatory media-
tors or immune-mediated factors or viceversa. This review aims to
describe the link between lung and kidney both in physiological
and pathological conditions.

The body pH is mantained thanks to the balance between the
respiratory component (carbon dioxide arterial tension: PaCO,)
and the renal component (bicarbonates, HCOy;), leading to an acid-
base equilibrium. A normal blood pH highly depends on the syner-
gy between lung and kidney such that, if one organ is affected, the
other will have to compensate in order to maintain the body pH.
Mechanical ventilation increases the renal expression of endothe-
lial nitrogen oxide (NO) synthase [1] and stimulates the production
of endothelin [2]. The lungs receive the entire cardiac output via
the largest network of microcapillaries in the body. Given this cru-
cial role, the lungs interact with many other organs such as the kid-
neys, liver [3], intestine [4], hind limbs [5], and pancreas [6]. The
modification of partial pressure of carbon dioxide and bicarbonate
concentration depends on renal and pulmonary activities. Also, the
control of blood pressure and fluid homeostasis are finely con-
trolled by the lung-kidney network through the renin-angiotensin-
aldosterone system (RAAS) and bradykinin pathway.

Lung and kidney are also closely related in pathological condi-
tions. Agents released from damaged lungs can affect the kidney
function and viceversa. For example, in autoimmune conditions,
lungs and kidneys are often affected, such as in Wegener’s granu-
lomatosis, systemic lupus erythematosus and Goodpasture’s syn-
drome. In other acute (acute kindey injury or acute lung injury) or
chronic inflammatory conditions, such as chronic obstructive pul-
monary disease (COPD), both lungs and kidneys are also affected
by underlying common pathologies.

Kidney and lung crosstalk in pathology

Acute kidney injury and acute lung injury

The crosstalk between kidney and lung is evident in the criti-
cally ill patients [7]. Acute kidney injury (AKI) occurs in up to
30% of critically ill patients and is a severe clinical problem, often
requiring renal replacement therapy [8,9]. A recent cross-sectional
study of a little less than 20.000 patients found that even a modest
rise in serum creatinine (>0.5 mg/dl) was associated with a 6.5-fold
increase in the odds of death [10]. The increased risk of death is
often derived from extrarenal complications, usually related to dis-
tant organ dysfunction, in particular the lungs, by increased perme-
ability of congested pulmonary capillaries, as shown, since many
decades ago, by a pioneering paper which coined the term “uremic
lung” [11]. Acute lung injury (ALI) with hypoxemia, hypercapnia
and mechanical ventilation-associated high positive end expiratory
pressure (PEEP), and AKI causes an increase in mortality of up to
80% [12]. ALI worsens renal hemodynamics and function [13].
This may be in part due to the loss of the normal immune response
during acute insults. ALI is a noncardiogenic pulmonary edema
due to an increased alveolar flux in presence of an imbalance
between (increased) epithelial permeability and (decreased) clear-
ance of interstitial fluid, so that alveolar flooding varies with the
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microvascular endothelial permeability, but also with the pul-
monary lymphatic drainage of interstitial fluid and with the integri-
ty of the alveolar epithelial cell-to-cell junctions. The simultaneous
presence of ALI and the most severe manifestation ARDS are the
leading causes of mortality in critically ill patients.

Cellular and molecular basis

In the lung, the transvascular fluid is normally collected in the
interstitium, and from there is drained by pulmonary lymphatics.
The integrity of alveolar epithelial barrier is crucial in preventing
alveolar flooding by interstitial fluid. Furthermore, alveolar fluid is
removed from the distal airspaces by the active transepithelium
transport of sodium and chloride channels. Both type I and type 11
pneumocytes express apical sodium channels and basolateral sodi-
um potassium ATPases that actively pump sodium into the intersti-
tium [14,15]. To achieve a balance between intra- and extra-cellu-
lar fluids, water is then passively drawn along the resulting osmot-
ic gradient through aquaporin channels. Alterations in either the
sodium or aquaporin channels can have profound effects on alveo-
lar fluid balance [16-18]. More permeability leads to increases in
protein and solute flux that increases oncotic pressure favoring
alveolar overflowing, leading to impaired alveolar fluid clearance
[11,14,19]. Experimental evidence suggests that pulmonary dam-
age and edema that occur during acute kidney injury can occur
even in the absence of volume overload [20]. Indeed, lung injury
in the context of acute kidney injury is characterized by severe pul-
monary vascular congestion, interstitial lung, focal alveolar haem-
orrhage and inflammatory cell infiltration [21,22]. These pul-
monary effects during acute kidney injury are not limited to the
endothelium, but there is also evidence of alterations in the trans-
port of salt and water [20]. Similarly, depending on the extent of
kidney damage, other organs such as the lung, can be affected.
Clinical and experimental data support a direct role for AKI in the
initiation and progression of ALI. When rats undergo nefrectomy,
the resulting uremia rather than reperfusion is responsible for alter-
ations in salt and water transport, that can ultimately affect the lung
function. Uremic acid has been regarded as a main culprit in the
common pathologies occurring in kidney and lung as a response to
an acute or chronic insult affecting the kindey as primary organ.
However, other cytokines and chemokines are also responsible for
these common pathologies.

Cytokines/chemokines

Cytokines/chemokines play a major role in the initiation and
progression of both AKI and ALI [23]. The acute loss of kidney
function in mice, resulting from either ischemic AKI or bilateral
nephrectomy, is associated with an increase in multiple serum
cytokines/chemokines, including IL-6, IL-1 and macrophage
inflammatory protein 2. Importantly, the administration of the anti-
inflammatory cytokine IL-10 reduces not only circulating, but also
pulmonary markers of injury and inflammation.

The induction of oxidative stress also plays an important role
in the AKI-induced pulmonary dysfunction. In a rat model of rhab-
domyolysis-induced oxidative stress, AKI was associated with
increases in oxidative stress and inflammatory responses in the
lung, with increases in lipid peroxidation and decreases in antiox-
idants such as reduced glutathione [7,24]. In addition, unilateral
kidney ischemic/reperfusion injury in both mice and rabbits has
been shown to decrease the production of superoxide dismutase,
catalase and glutathione by other organs, suggesting that ischemic
AKI might compromise the host response to systemic oxidative
stress [25].

Conversely, intratracheal instillation of LPS has been shown to
cause renal inflammation [26], suggesting that inflammatory and
likely immune-mediated responses spreading from the lung cause
similar pathologies in the kidney. By generating hypoxemia,
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hypercapnia and mechanical ventilation-associated high pressures,
ALI could also worsen the renal hemodynamics [7]. Mechanical
ventilation itself can induce and/or exacerbate ALI and contribute
to harmful effects on the kidney. In the ARDS Network study com-
paring low tidal volume (VT) to conventional VT ventilation, pro-
tective ventilation improves mortality from ARDS and kidney
function as well [27]. Mechanical ventilation can both positively
and negatively affect kidney function by: i) ameliorating the body
hemodynamics: ventilation improves the kidney perfusion induc-
ing a reduction in cardiac output, redistribution of renal blood
flow and stimulation of hormonal and sympathetic pathways [13];
ii) ameliorating the blood gas imbalances. Severe hypoxemia
reduces renal blood flow by increasing renal vascular resistance
resulting from the activation of vasoactive factors such as
angiotensin II, endothelin, and a decrease in NO [28-30], that alto-
gether induce noradrenaline release and systemic vasoconstriction
[31]. In addition, low PaO, and high PaCO, induce apoptosis of
renal tubular cells and to via derangements of kidney structure and
function [32]; and ii) induce biotrauma. Biotrauma induced by
mechanical ventilation is associated with the release of proinflam-
matory mediators into the systemic circulation. In a randomized
controlled clinical study, higher levels of the cytokines TNF-a, IL-
1b, IL-6, and IL-8 were detected in the bronchoalveolar lavage
fluid and plasma of patients ventilated at conventional lung vol-
umes compared with those treated with a lung protective strategy
[33]. A follow up analysis showed that the higher VT group had
higher rates of renal failure at 72 h, and that the degree of multior-
gan failure correlated with 1L-6 levels [34].

Kidney injury in COPD

COPD has been described as a systemic disorder with a pre-
dominant endothelial dysfunction [35], not only in the lung but
also in other organs such as the kidney. Patients with COPD fre-
quently have microalbuminuria (MAB) that has been associated
with decreased PaO, levels. Many causes have been associated
with the endothelial dysfunction in COPD. The most relevant ones
are outlined below.

Direct toxic effects of cigarette smoking

Cigarette smoking (CS) components (including nicotine and its
metabolites) directly induce apoptosis of epithelial cells in vitro,
and components of CS (acrolein, superoxide anion, and hydroxyl
radicals) that are potentially harmful for the kidney have been
detected in the circulation [36-39]. Inhaling CS increases the per-
meability of the alveolar-capillary barrier, and this likely enables
CS components to enter the circulation and directly injure epithe-
lial cells in the pulmonary and systemic circulations.

Auto-antibodies

Circulating anti-antibodies directed against epithelial cells [40]
have been detected in COPD patients. CS-induced direct injury to
epithelial cells may lead to the generation of neo-epitopes that trig-
ger an immune response in susceptible individuals. This immune
response is associated with the generation of anti-endothelial anti-
bodies that form immune complexes with their cognate antigens on
epithelial cells, thus contributing to organ (and kidney) tissue dys-
function, injury, and inflammatory responses [40].

Vascular inflammation

Systemic inflammation occurring in COPD patients may con-
tribute to the development of both pulmonary [41] and systemic
[42] endothelial dysfunction thereby contributing to the develop-
ment of emphysema, pulmonary arterial hypertension, and chronic
renal injury in COPD patients. Due to the release of CS-induced
inflammatory cytokines and chemokines, epithelial cells are acti-
vated in the pulmonary vessels of COPD patients, and secrete
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inducible adhesion molecules (E- and P-selectin, and intercellular
adhesion molecule-1) [43]. These adhesion and inflammatory mol-
ecules, in turn, induce a status of inflammation and increased
intravascular coagulation in the kidney.

Oxidative stress

Increased oxidative stress, which increases the generation of
lipid peroxidation products [44,45], plays a key role in the patho-
genesis of COPD [46]. CS contains large numbers of reactive oxy-
gen species (ROS) and reactive nitrogen species (RNS). ROS and
RNS are generated by circulating inflammatory cells activated by
CS. Activation of epithelial cells by oxidative stress is associated
with intravascular micro-thrombosis, reduced blood flow, and fur-
ther activation of inflammatory cells to release ROS and RNS in
the kidney [47,48]. Another factor contributing to COPD-associat-
ed kidney injury is the Nuclear erythroid Related Factor-2 (NRF2).
NRF?2 is a transcription factor which responds to oxidative stress
by binding to anti-oxidant response elements in the nucleus to pro-
mote the transcription of many antioxidants and cyto-protective
genes [49]. NRF2 is one of the most important anti-oxidant path-
ways in the lung, and protects the endothelium from oxidant-
induced injury that occurs during aging, diabetes mellitus, and
hypertension [50]. Decreases in NRF2 have been associated with
increses oxidative processes both in lung and kidney.

AGEs-RAGE pathway

Increased advanced glycation end products (AGE)- receptor
for AGE (RAGE) signaling has been linked to MAB occurring in
animal models of diabetes mellitus [51,52]. RAGE is a transmem-
brane receptor that is ubiquitously expressed and is activated when
ligands, including AGEs, high mobility group box 1 (HMGB1),
and calgranulins bind to it [S3]. Signaling via RAGE increases the
release of pro-inflammatory mediators by activating transcription
factors including NF-kB, leading to tissue inflammation and injury
[53]. Recently, oxidative stress-induced increased RAGE signaling
was linked to endothelial injury in the lungs and kidneys of human
COPD patients and CS-exposed mice [54]. In a recent study,
Polverino et al. assessed pathologic and ultrastructural renal
lesions, and measured urinary albumin/creatinine ratios, tissue
oxidative stress levels, and AGEs and RAGE levels in pulmonary
and renal endothelial cells from COPD patients and controls who
all underwent renal biopsy or nephrectomy, and from CS-exposed
mice. They found that patients with COPD and/or CS-exposed
mice had chronic renal injury (higher percentage of sclerotic
glomeruli and more global glomerulosclerosis and tubulointersti-
tial fibrosis), increased urinary albumin/creatinine ratios, and
increased tissue oxidative stress and AGEs-RAGE levels in pul-
monary and renal endothelial cells [54] vs controls. Increased
AGE-RAGE levels were associated with endothelial dyfunction,
inflammation, and oxidative stress in both lung and kidney in a
preclinical model of COPD and in COPD patients [54].
Importantly, the endothelial dysfuntion was observed only in
COPD patients and not in smokers without COPD, hinting at the
fact that the presence of COPD, and not of CS by itself, is mainly
associated with endothelial dysfunction in lung and kidney.

Vasoactive mediators

Nitric oxide: Nitric oxide (NO) is a gaseous molecule which is
produced by endothelial cells and other cells. NO reduces vascular
smooth muscle tone, inhibits smooth muscle proliferation and
migration, and platelet aggregation, promotes endothelial cell
homeostasis, and suppresses the release of inflammatory mediators
from endothelial cells [55]. There are three isoforms of NO: neu-
ronal, inducible and endothelial (eNOS), with the latter being the
main responsible for production of NO by endothelial cells [56-
58]. Decreases in production or exchange of NO occur in response
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to CS in different compartments of the airways. In turn, deficient
NO levels can induce insufficient blood flow to the kidney and
vasoconstriction inducing kidney failure [59].

Prostacyclin: Prostacyclin is synthesized by prostacyclin syn-
thase and is released, along with NO, by epithelial cells [60].
Prostacyclin induces vasodilation, and inhibits platelet aggregation
and mitogenesis of various cells [61]. Reduced prostacyclin
expression by endothelial cells has been linked to endothelial dys-
function in COPD. Pulmonary endothelial cells in COPD patients
have lower prostacyclin synthase levels than cells in lungs from
control participants [62,64]. CS-driven reduced expression of
prostacyclin by endothelial cells contributes to endothelial dys-
function in both the systemic and pulmonary circulations of COPD
patients, thus promoting emphysema development, pulmonary
arterial hypertension, and other COPD co-morbidities.

Endothelin-1: The endothelium releases mediators with delete-
rious activities on vessels including endothelin-1 [61]. Endothelins
are peptides with vasoconstrictor activities. There are three
endothelin isoforms (endothelin-1, -2, and -3) [65]. Endothelin-1 is
the predominant isoform in the vasculature and the most potent
known vasoconstrictor. CS-induced endothelin-1 increases induce
vascular dysfunction in several organs including kidney, via
endothelin-1 potent vasoconstrictor, pro-inflammatory and mito-
genic activities, and induces the release of free radicals froms and
platelet activation [66]. Mice lacking endothelin-1 are protected
from chronic renal injury and MAB in models of diabetes mellitus
and renal ischemia-reperfusion injury [67,68]. Also, transgenic
mice over-expressing human endothelin-1 develop age-related
glomerulosclerosis and interstitial fibrosis associated with
increased renal endothelial cell apoptosis [69].

Renin-angiotensin-aldosterone system (RAAS): Angiotensin-1I
is a vaso-active mediator that potently stimulates vasoconstriction
in the systemic and pulmonary circulations, and has pro-inflamma-
tory and profibrotic activities [70]. Angiotensin Il is generated by
angiotensin-converting enzyme-1 (ACE-I) which is highly
expressed by pulmonary endothelial cellss and its expression
increases during chronic hypoxia. Surprisingly the pulmonary and
kidney levels of both ACE-I and Angiotensin II are reduced in
mice in response to CS [35], and their decrease is associated with
increases in the AGE-RAGE pathway, inflammation and oxidative
stress in both organs. Interestingly, patients with COPD frequently
have microalbuminuria (MAB) that has been associated with
decreased PaO, levels.

Clinical and therapeutic implications

The link between kidney and lung has to be kept in mind in the
daily clinical practice. Approximately 24% of patients with COPD
(vs 4% of control subjects) have persistent microalbuminuria
[71,72]. Microalbuminuria is frequent in patients with COPD and
is associated with hypoxemia independent of other cardiovascular
risk factors [59]. Moreover, estimated glomerular filtration rate
(eGFR) is directly correlated with the FEV,,, predicted. Subjects
with repetitive renal endothelial injury [54] had significantly lower
FEV,,, predicted values and lower eGFRs than patients with lesser
endothelial injury [54]. Thus, in the clinical practice, it is important
to evaluate kidney function in patients with (especially chronic)
pulmonary diseases and viceversa.

Based on the tight links between kidney and lung both in
pathology and physiology, drugs typically used for the treatment
of systemic hypertension and diabetes, such as enalapril and met-
formin, have been tested in chronic lung diseases such as COPD
[35,73]. Treating mice with enalapril attenuated CS-induced
increases in urinary albumin/creatinine ratios, tissue oxidative
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stress levels, endothelial cell AGEs and RAGE levels, pulmonary
and renal cell apoptosis, and the progression of chronic renal and
pulmonary lesions [35]. Thus, it is feasible that microalbuminuria
could be used as a biomarker to identify a subset of patients with
COPD in whom angiotensin-converting enzyme inhibitor therapy
may improve renal and lung function by reducing endothelial
injury. In another study [73], mice were exposed chronically to CS
and fed metformin-enriched chow for the second half of exposure.
Metformin protected against CS-induced pulmonary inflammation
and airspace enlargement; small airway remodeling, glomerular
shrinkage, oxidative stress, apoptosis, telomere damage, aging and
dysmetabolism in vivo and in vitro. Moreover, the authors evaluat-
ed the association of metformin use with indices of emphysema
progression over 5 years of follow up among the COPDGene
(Genetic Epidemiology of COPD) study participants [74]. Within
COPDGene, participants receiving metformin compared with
those not receiving it had a slower progression of emphysema and
a slower adjusted lung density decrease.

These studies provide an indirect evidence of the kidney-lung
link and point towards clinical trials testing the efficacy of drugs
currently used for disease other than COPD, in limiting COPD
and/or emphysema progression and its systemic consequences.

Conclusions

The close relationship between lung and kidney is evidence of
a homeostatic connection between all organs and systems in an
attempt to maintain the body system balance. Lung and kidney are
main players in the effort to maintain such balance in both physi-
ological and pathological conditions. It is necessary to search for
the clinical signs of a disease not only in the primary affected
organ but also in other organs that are functionally related. In the
era of precision medicine, we should move towards the identifica-
tion of common pathologies underlying a disease (endotypes) and
affecting several organ system in order to treat not only the symp-
toms, but the underlying systemic pathologies in a selected subset
of well-characterized patients.
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