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ABSTRACT

Cardio-renal syndrome is a clinical condition that has recently been well defined. In acute kidney disease, this interaction
might trigger chronic processes determining the onset of cardiovascular events and the progression of chronic kidney
disease. Moreover, the high mortality rate of acute kidney injury (AKI) is also linked to the fact that this condition is
often complicated by dysfunctions of other organs such as lungs or heart, or is associated with septic episodes.
In this context the role and the potential link between bone, heart and kidney is becoming an important topic of
research. The aim of this review is to describe the cardiac alterations in the presence of AKI (cardiorenal syndrome type
3) and explore how bone can interact with heart and kidney in determining and influencing the trend of AKI in the short
and long term. The main anomalies of mineral metabolism in patients with AKI will be reported, with specific reference
to the alterations of fibroblast growth factor 23 and Klotho as a link between the bone–kidney–heart axis.

LAY SUMMARY

In this review the cardiac involvement and the interaction between bone, heart and kidney in the presence of acute
kidney injury (AKI) are reported. This is a “hot topic” in nephrology research. In fact some evidence demonstrates a
potential role for fibroblast growth factor 23, produced in the bone, and Klotho in modulating the inflammation, in
endothelial dysfunction and in promoting cardiovascular risk in AKI settings. We think that this review underlines
this relationship in a simple way, opening up future research.
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GRAPHICAL ABSTRACT
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INTRODUCTION

Cardio-renal syndrome is a clinical condition that has recently
been well defined. From a generic point of view, cardiorenal
syndrome can be defined as a clinical and pathological condi-
tion determined by anomalies affecting the heart and kidney,
in which an acute or chronic functional alteration of one of the
two organs significantly impacts the functionality of the other
organ [1]. A close correlation in the presence of primary car-
diac or renal damage emerges between heart and kidney both
in chronic diseases and in acute conditions. In acute kidney in-
jury (AKI), this interaction frequently might trigger chronic pro-
cesses that determine the onset of cardiovascular events and
the progression of chronic kidney disease (CKD) in the long
term.

AKI, defined as an increase in creatinine of more than 1.5
times in 7 days or an increase in creatinine 0.3 mg/dL in the last
2 days associated with significant contraction of urine output
[2], is a serious medical condition that is associated with a sig-
nificant increase in mortality and length of hospital stay, and is
associated with an important burden of healthcare costs. AKI
complicates about 18% of hospital admissions—it is estimated
that one in five adults experience an AKI episode during a hos-
pital stay and it is associated with an in-hospital mortality of
about 11% [3]. Furthermore, its incidence reaches up to 50% in
intensive care, with a 27% mortality [4]. The high mortality rate
of AKI is also linked to the fact that this condition is often com-

plicated by dysfunctions of other organs such as lungs or heart,
or is associated with septic episodes. Furthermore, AKI can rep-
resent a risk factor for progression to CKD [5]. In particular, the
first 90 days after resolution of the acute event seem to be of
paramount importance in identifying those patients at greater
risk of developing chronic renal failure in the long term.

In this context the role and the potential link between bone,
heart and kidney is becoming an important topic of research.
Fibroblast growth factor 23 (FGF23) is a phosphatonin with en-
docrine capacity derived from bone, in particular from osteo-
cytes. The classic action of FGF23 provides for the simultaneous
presence of the co-receptor Klotho. In particular, in the presence
of a CKD, FGF23 has been shown to have a phosphaturic capacity
through the inhibition of phosphorus reabsorption at the level
of the renal proximal tubule and vitamin D regulation [6]. Some
recent evidence has also demonstrated independent Klotho ef-
fects of FGF23, some of which will be better presented in this
article [7].

Klotho is a membrane protein that classically has a co-
receptor function for FGF23. Recent research has demonstrated
a systemic efficacy, also FGF23 independent of the cleaved and
circulating form of Klotho [8].

The aim of the present review is to describe the interaction
between kidney, heart and bone in the presence of AKI. In partic-
ular, after the first part inwhich some knowledge concerning the
strong interaction between kidney and heart will be presented,
the main anomalies of mineral metabolism in patients with AKI
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Figure 1: Interconnection between AKI and heart function impairment. AKI triggers cardiac dysfunction through various pathophysiological mechanisms, including
volume overload, electrolyte and acid–base imbalances, accumulation of uremic toxins, enhanced immune response and activation of sympathetic nervous system
and RAAS. HF: heart failure, GFR: glomerular filtration rate; SNS: sympathetic nervous system.

will be reported, with specific reference to the role of FGF23 and
Klotho as a link in the bone–kidney–heart axis.

THE INTERACTION BETWEEN KIDNEY AND
HEART IN THE PRESENCE OF AKI

Kidney–heart interaction is common in patients with AKI and a
primary disorder of one of these two organs can suddenly result
in secondary anomaly of the other. It can be viewed as a vicious
circle: the de-compensation of the secondary organ might in-
crease that of the first organ.

In a paper published in 1998 by Liaño et al. it was clearly
demonstrated that, in patients with AKI admitted to intensive
care units, hypotension was present in 60% of cases and was as-
sociated with an 81%mortality [9]. The influence of AKI on heart
dynamism depends on various factors, ranging from an increase
in preload (sodium and water retention and the increase of the
volume overload ) and afterload [activation of the sympathetic
nervous and renin–angiotensin–aldosterone systems (RAAS)], to
an increase in the risk of arrhythmia (electrolytes and acid–base
unbalance, accumulation of organic toxins, etc.). In addition, the
immune activation typical of AKI might contribute to the devel-
opment of chronic myocardial damage (Fig. 1).

In the study published by Wu et al. in 2014, 4869 patients
who recovered from dialysis-requiring AKI (AKI recovery group)
were matched with 4869 patients without AKI (non-AKI group).
Of note, patients in the AKI recovery groupwere characterized by
a higher long-term risk for coronary events and all-cause mor-
tality regardless of subsequent progression to CKD. This demon-
strates the independent association between AKI and long-term
cardiovascular risk [10].

More recent data, reported in a meta-analysis published in
2017, have clearly demonstrated that AKI is strictly related to
cardiovascular events and represents a risk factor for the de-
velopment of cardiovascular mortality, congestive heart failure,
acute myocardial infarction and stroke [11].

The mechanism by which AKI can determine the onset of
acute and then chronic heart damage over the years is corre-
lated to the fact that days after the onset of AKI, processes of
cellular necrosis, apoptosis and intracellular calcium mishan-
dling take place at the myocardial level. These processes result
in cardiac hypertrophy and fibrosis over the long term. Systemic
inflammation, immune infiltration, and the activation of RAAS
and the sympathetic nervous system are strongly implicated. In
addition, oxidative stress and endothelial dysfunctionwhich are
typical of acute renal failure play an important role [12].

Of particularly high interest is also the mechanism in which,
in presence of AKI,heart diseasemight increase the kidney dam-
age.All the anomalies described above are responsible for the al-
teration of the volume status inAKI patients. Specifically, venous
congestion by means of the elevation of renal venous pressure
might be a significant contribution to the kidney insult, main-
taining the kidney–heart vicious circle [13, 14].

HOW MIGHT THE BONE BE INCLUDED IN
KIDNEY–HEART AXIS IN THE PRESENCE OF
AKI? THE ROLE OF FGF23 AND KLOTHO

Compared with the classic anomalies of mineral and bone
metabolism in CKD, much less is currently known about the ef-
fects of mineral metabolism dysregulation and inflammation on
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Figure 2: Effect on cardiomyocytes of kidney damage increased FGF23 levels and hypoxia. Kidney damage induces the production of NGAL and G-3-P, while an hypoxic
milieu stimulates the production of DAMPs. Together these molecules induce the production of several pro-inflammatory cytokines by immune cells (IL-1, IL-6, TNF-α).
This creates a pro-inflammatory environment which increases the production of NO and ROS and activates several transcription factor in cardiomyocytes, which lead
to further production of pro-inflammatory mediators and TGF-β, which promotes further fibrosis and kidney damage.Moreover, in the context of renal hypoperfusion,

as previously seen, there is an increase in SNS and RAAS activity. In addition, there is an increase in FGF23 levels, which binds directly on specific receptor on heart
cells. These mechanisms act synergistically in augmenting intracellular Ca2+ levels by binding to RR and activating RR–CaMKII complex (especially FGF23), leading to
calcium efflux from sarcoplasmic reticulum to cytoplasm. The increase in cytoplasmic calcium can lead to conduction abnormalities and predisposition to cardiac
arrhythmias. FGF23 also contributes in increasing the synthesis of sarcomeric proteins, such as actin andmyosin, thus inducing cardiac hypertrophy. DAMPs: damage-

associated molecular pattern; G-3-P: galectin-3-phosphate; NGAL: neutrophil gelatinase-associated lipocalin; TGF-β: transforming growth factor β; Ald: aldosteron;
MR: mineralcorticoid receptor; ATII: angiotensin II; AT-1: receptor for angiotensin II; NO: nitric oxide; ROS: reactive oxygen species; RR: ryanodine receptors.

bone health during AKI. The main alterations that occur at the
level of mineral metabolism in relation to chronic kidney dys-
function, such as hyperparathyroidism, hypocalcemia, hyper-
phosphatemia and hypovitaminosis D, might also develop dur-
ing AKI [15]. In recent years a lot of interest has developed in the
role of FGF23 and Klotho in AKI patients.

The first evidence for an elevation of FGF23 during AKI came
from a clinical case presented in 2010 by Leaf et al. In this report,
FGF23 reached very high levels (up to 619 RU/mL; normal value
<100 RU/mL) at Day 7 post-admission in a patient with AKI in-
duced by rhabdomyolysis [16].

A few years later, the same research group showed that
FGF23 increased and was associated with severe AKI in pa-
tients who underwent cardiac surgery. The interesting finding
is that the increase in FGF23 was mainly related to the in-
crease in its C-terminal portion, with a significant increase in
the cFGF23/iFGF23 ratio [17].

It must be said that even if the elevated levels of FGF23 are
also found in the presence of CKD, the characteristics of FGF23
elevation in the presence of AKI are probably different and with
different causes. First of all,what has been clearly demonstrated
through the evaluation of FGF23 at renal vein artery level in the
presence of AKI in patients undergoing to the catheterization of

the heart is that, during AKI, there is probably an impaired ex-
cretion of FGF23 [18]. Moreover, in the setting of AKI, an increase
in the expression of FGF23 was noted in the thymus, spleen and
heart of mice treated with folic acid [19].

Several recently published articles have demonstrated the
consequence of AKI in the predisposition of cardiomyocytes to
trigger arrhythmias and a heart failure phenotype, and in re-
lationship with high elevation in FGF23 and the decrease in
Klotho levels. In a recent paper by González-Lafuente et al., the
crosslink between mineral diseases and cardiac alteration in
AKI was explored. In particular, in an experimental folic acid
injection AKI model, high levels of FGF23, heart hypertrophy
and an increase in systolic Ca2+ were rapidly demonstrated.
Then, pro-arrhythmogenic Ca2+ events and ventricular arrhyth-
mias were demonstrated in relation to the activation of the
calcium/calmodulin-dependent kinase II pathway. Moreover, in
the pilot study performed in 29 AKI patients the combination be-
tween FGF23 and phosphoruswith troponin T levels resulted in a
better prediction of the hospital mortality risk. The result of this
study opens the discussion about the possible role of “biomarker
of risk” for FGF23 in the AKI setting [20]. In Fig. 2 the effect of
acute kidney damage combined with the elevation of circulat-
ing FGF23 on cardiac muscle cells is summarized.
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Figure 3: FGF23–Klotho effects on tubular absorption mechanisms. FGF23–Klotho signaling in the kidney. In proximal renal tubules, blood-borne FGF23 binds to a
receptor complex consisting of FGFRs and αKlotho (Klotho), and activates a signaling cascade involving ERK1/2 and SGK1. SGK1 in turn phosphorylates NHERF-1,
leading to internalization and degradation of NaPi-2a. FGF23-induced phosphorylation of NHERF-1 decreases the membrane abundance of NaPi-2a, and leads to
increased urinary phosphate excretion. The FGF23 signaling–induced mechanisms downstream of ERK1/2 which suppress the transcription of 1α-hydroxylase in

proximal renal tubules are unknown. In distal renal tubules, FGF23 circulating in blood binds to the FGFR–Klotho receptor complex, and activates ERK1/2, SGK1 and
the WNK1/4 complex. Activation of WNK signaling increases the luminal membrane abundance of glycosylated TRPV5 and of NCC, leading to increased distal tubular
calcium and sodium reabsorption. ERK 1/2: Extracellular signal-regulated kinases 1/2; SGK1: Serum and glucocorticoid-inducible kinase 1; WNK 1/4: Lysine Deficient
Protein Kinase 1/4; NHERF-1: sodium–hydrogen exchanger regulatory factor; TRPV5: Transient Receptor Potential Vanilloid 5; NCC: Na+–Cl– cotransporter.

Furthermore, experimental models of AKI induced by folic
acid have shown that the expression of Klotho in the renal
tubules is significantly reduced, and no production of the sol-
uble form of Klotho is present [21, 22].

WHAT CAN BE THE POTENTIAL ROLE OF
FGF23 AND KLOTHO IN AKI?

FGF23 is predominantly produced at the osteocyte level and tar-
gets the proximal tubule [23]. Its classical effect,mediated by the
activation of its receptor, in cooperation with Klotho, is to medi-
ate the internalization of the sodium phosphate cotransporter,
thus allowing an increase in the excretion of phosphate in the
urine. In a work published in 2014, it was shown that the ad-
ministration of recombinant FGF23 resulted in a significant in-
crease in the expression of the activity of Na–Cl co-transporters.
This process was clearly demonstrated with western blot and
immunofluorescence experiments. The increased activity of the
Na–Cl co-transporters results in the increase of serum sodium
and in the reduction of urinary volume and urinary sodium. In-
terestingly, treated mice developed severe left ventricular hy-
pertrophy. The selective inhibition of the activity of these trans-
porters, obtained through the administration of chlorothiazide,

totally blocked the effect of FGF23. Figure 3 shows the main
mechanism by which FGF23 influences tubular resorptive ca-
pacity. Considering these results, it can be assumed that FGF23,
also in AKI states, could represent a determining factor in the
development of the hypervolemia typical of these patients [24].
A recent study performed in the general population involving
more than 6000 subjects has identified FGF23 as a promising
biomarker to identify individuals at risk for the development of
heart failurewith reduced ejection fraction independently of po-
tential confounders [25].

Furthermore, what has been reported in patients with AKI is
that FGF23 and aldosterone could have a synergistic effect in the
development of hypertension, often present in these patients.
Experimental models have shown that following the exposure
to corticosterone acetate or following salt depletion, the mouse
models have a significant increase in the serum concentration of
cFGF23, and in the transcription of FGF23 at the bone level [26].

FGF23 appears to act and trigger the activation of the
local RAAS, promoting cardiac hypertrophy and fibrosis. In
5/6 nephrectomized rats—and therefore in a model of CKD
and not AKI—after stimulation with FGF23, there is a sig-
nificant increase in the expression of genes related to the
RAAS [27]. Furthermore, if newborn rat ventricular myocytes
are isolated and treated with FGF23 for 90 min, they develop a
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significant increase in the expression of angiotensin II, similar
to that observed after the exposure to high concentrations of
glucose [28]. It could be that in AKI settings these pathway may
however be involved, as supposed in the ischemia–reperfusion
model [29].

In a recently published work, aimed at identifying poten-
tial kidney-derived mediators of FGF23 production, Simic et al.
identified a very close correlation between FGF23 and glycerol-
3-phosphate, an acute marker of ischemic damage. Interest-
ingly, wild-type mice treated with glycerol-3-phosphate devel-
oped an increase in the expression of FGF23 in bone and in
bone marrow. Furthermore, in a mouse model of ischemic–
reperfusion nephropathy and in subjects undergoing cardiac
surgery, glycerol-3-phosphate was found to be an even ear-
lier marker than creatinine in identifying the AKI event. This
is a classic example of cross-talk between kidney and bone:
glycerol-3-phosphate which is produced by the damaged kid-
ney, further moves to the bone, increasing the production of
FGF23 [30].

The role of FGF23 in the context of inflammation during AKI
has also been examined by recent studies. It is known that in
a model of folic acid–induced nephropathy, as well as in pa-
tients with AKI, the levels of numerous cytokines, including in-
terleukin (IL)-10, IL-6 and tumor necrosis factor (TNF)-α increase
in serum. This proinflammatory environment has an important
impact on the transcription of the hypoxia-inducible factor 1
(HIF1) complex, a factor that has now been clearly demonstrated
to be involved in the regulation of FGF23 cleavage and there-
fore in the consequent increased production of cFGF23 [31]. This
has been brilliantly demonstrated in other studies which have
clearly indicated that in AKI FGF23 levels are significantly in-
creased mainly due to its C-terminal form. Consequently, it is
correct to assume that the state of inflammation, typical of AKI,
can be a great stimulus to increase the production of FGF23 [32].
On the other hand, it must be remembered that FGF23 would
seem to be significantly involved in promoting and maintain-
ing the inflammatory milieu typical of acute renal failure. In vivo
studies have shown that, in adult wild-typemice treatedwith re-
combinant FGF23 administered intravenously, there is a signif-
icant increase in hepatic expression of C-reactive protein (CRP)
and IL-6, and this is also associatedwith a contextual increase in
serum CRP [33]. It is very interesting to note how FGF23 is able to
increase serum levels of inflammatory cytokines independently
from Klotho, involving the FGFR4 receptor. This could open fu-
ture treatment options.

In our renal research laboratory, the detrimental relation-
ship between FGF23 and inflammation in cardiovascular disease
(CVD) has been well explored. First, based on the data reported
by Singh’s group, we found that the addition of FGF23 caused
a biphasic effect on the hepatic production of Fetuin-A (acute
phase glycoprotein with recognized anti-calcification activity)
in a TNF-α-dependent manner [33, 34]. Subsequently, our group
described and elucidated the post-transcriptional counterregu-
latory effect on this cardiovascular protector performed by the
inflammatory mechanism TNF-α/nuclear factor (NF)-κB stimu-
lated by FGF23 [35]. Second, we also explored the close associ-
ation between FGF23, inflammation and increased risk of CVD
from another perspective, noting that during the progression
of kidney disease, the increased interplay between monocyte
chemoattractant protein-1 (MCP1) and FGF23 creates an imbal-
ance of the serum fatty acid profile in favor of Omega-6 fatty
acids, precursors of the proatherogenic eicosanoid [36].

In the future, all these findings could be the object of research
in AKI settings [34].

Particularly important in the contest of AKI-associated ox-
idative stress is the role of Klotho. Several years ago, a reduced
expression of Klotho was noted in renal tubular cells exposed
to H2O2 [37]. This reduction in Klotho expression was time- and
dose-dependent.More recently, a protective role has been shown
for Klotho against myocardial hypertrophy induced by inosi-
tol sulfate [38]. What appears to be the basis of this process
is a Klotho-dependent mechanism of oxidative stress regula-
tion, which could therefore significantly impact systemic dam-
age in the presence of AKI. The relationship between Klotho
and oxidative stress regulation in kidney diseases has been
reviewed recently by Donate-Correa et al. [39]. In AKI, Klotho
might have serious implications in the protection from mi-
tochondrial disfunction [40]. The reductions of Klotho levels
are in fact highly correlated with the degree of mitochondrial
disfunction [41].

As already explained, inflammation plays a fundamental role
in the onset and maintenance of AKI. Experimental data have
shown that pro-inflammatory factors, such as NF-κB, TNF-like
weak inducer of apoptosis (TWEAK) and TNF-α, can determine
the reduction of Klotho levels typical of patients with AKI [21].
Furthermore, Klotho silencing in a rhabdomyolysis model of
acute renal failure is associated with an increased expression
of the inflammatory factors TNF-α and IL-1β [42]. In this case, as
in others, there would therefore seem to be a real vicious circle
that is created between inflammation and Klotho levels.

In accordance to this hypothesis, a recent paper published
by Junho et al., the therapeutic role of Klotho in cardiorenal syn-
drome (ischemia–reperfusion model) has been investigated. Af-
ter Klotho treatment for 8 days determined a prevention in the
increase of IL-6, IL-1β and TNF-α with a positive effect also in the
modulation of the cardiac Ca2+ release, resulting in a prevention
of arrhythmic events [43].

The same group has recently investigated the importance
of the action of Klotho in the heart in AKI, by means of a AKI
overdose of folic acid model comparing wild-type and heterozy-
gous hypomorphic mice for the Klotho gene (+/kl). Interest-
ingly, the heart contraction was decreased in +/kl mice. Those
mice also showed a dysregulation in Ca2+ transients in systole
and an disarrangement of sarco/endoplasmic reticulum Ca2+-
ATPase, resulting in pro-arrhythmic events [44]. These recent
findings might validate the effect of the decreased levels of
Klotho in inflammation, oxidative stress, mitochondria abnor-
malities and finally cellular senescence, and its potential ther-
apeutic utility in AKI setting [45]. The use of Klotho as ther-
apeutic agent in AKI has been explored in some studies. In
a model of ischemia–reperfusion AKI, Klotho gene induction
was followed by an improvement of serum creatinine and the
histological changes, and an attenuation of the apoptosis in-
duced in the model [46]. More recently, recombinant αKlotho
administration after AKI accelerated renal recovery and re-
duced renal fibrosis in bilateral ischemia–reperfusion injury and
unilateral nephrectomy plus contralateral ischemia–reperfusion
injury [47].

Endothelial dysfunction is a crucial point in these patients,
in which both inflammation and oxidative stress play a funda-
mental role in determining a reduction in endothelial nitric ox-
ide synthase (eNOS) activity with the consequent development
of endothelial dysfunction and increased cardiovascular risk in
both the short and long term. Therefore, reactive oxygen species
metabolism and endothelial proliferation can be induced due to
the dysregulation of the FGF23 axis, leading to the production of
free radicals and vascular damage typical of patients with AKI
[48].
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CONCLUSIONS

In conclusion, it is now evident that especially in the presence
of AKI, the cross-talk between bone, heart and kidneys may be
of primary importance in determining andmaintaining not only
renal damage but also acute and chronic cardiovascular damage.
Pharmacological interventions on the FGF23–Klotho axis could
be important in the future in the management of AKI. Further-
more, a better understanding of the link between kidney, heart
and bone in AKI could allow a better management and moni-
torization of the acute event therefore reducing the future risk
of CKD. In this context, a potential role for FGF23 and Klotho as
disease biomarkers might be explored [49].
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