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Abstract

Acute kidney injury (AKI) is a common comorbidity, affecting approximately one in five hospitalized adults. The kidney is
the site for the production, metabolism or excretion of most hormones, including the production of erythropoietin (EPO),
the active form of vitamin D, renin, thrombopoietin, and the excretion of insulin, catecholamines, gastrin and many other
hormones. Therefore, it is reasonable to say that AKI can have a considerable impact on the endocrine system. Although
the effects of AKI on various parameters, including cardiovascular parameters, serum electrolytes and acid—base disorders,
neuro-humoral mechanisms and neurological outcomes have been extensively studied, the endocrinological consequences
of AKI are understudied. Thyroid dysfunction, mainly euthyroid sick syndrome, hypo/hyperglycemia, bone mineral dis-
orders, changes in EPO and atrial natriuretic peptide (ANP) levels are commonly found in AKI. EPO, thyroxine and ANP
administration have been evaluated as potential tools to prevent or treat AKI with varying success, while the effects of AKI
on some key hormones, including cortisol and insulin, have never been studied. Aim of this narrative review is to illustrate
what is known and what is not known about the endocrinological outcomes of AKI. Few clinical trials are ongoing: however,
there is a clear need for large-scale randomized controlled trials investigating the endocrinological consequences of AKI.
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Graphical abstract

Endocrinological disorders in acute kidney injury:

an often overlooked field of clinical research

Acute kidney injury (AKI) affects one in five
adults and one in three children hospitalized
for an acute illness

The kidney is the site of the production,
metabolism, or excretion of most hormones,
including the production of erythropoietin,
the active form of vitamin D, renin,
thrombopoietin, and excretion of insulin,
catecholamines, gastrin, and many other
hormones with a polypeptide structure

Thyroid dysfunction, mainly euthyroid sick
syndrome,  hypo/hyperglycemia,  bone
mineral disorders with alterations in FGF-23
and PTH levels, changes in erythropoietin
and ANP levels are commonly found in the
clinical context of AKI

Erythropoietin, thyroxine, and ANP/BNP
administration have been assessed as
potential tools for preventing or treating AKI
with varying success

Kidneys are the crossroads of several hormones
ACTH, adrenocorticotropic hormone; PTH, parathyroid hormone; T3, triiodothyronine; ANP, atrial natriuretic
peptide; Vit D, Vitamin D; FGF-23, fibroblast growth factor-23

Keywords Acute kidney injury - Thyroid gland - Erythropoietin - Atrial natriuretic peptide - Bone mineral disorders

Introduction

Acute kidney injury (AKI) affects one in five adults and one
in three children hospitalized for acute illness, according
to a large-scale systematic review of 49 million patients,
mostly from high-income countries [1]. In addition to its
high prevalence, AKI predisposes to high direct medical
costs, which have been found to exceed the costs of heart
failure and pneumonia, both of which are more prevalent
[2, 3]. Numerous consequences of AKI, including fluid and
electrolyte imbalances, acid—base disorders, cardiovascular
events, neurological outcomes, neuro-humoral mechanisms,
liver disease and nutritional imbalances are the subject of
in-depth studies; however, the potential endocrinological
impact of AKI is mostly overlooked [4, 5]. Additionally,
some studies have shown reduced health-related quality of
life in AKI patients compared to critically ill patients with-
out AKI or the general population [6, 7]. These effects may
be attributable to reduced mobility, decreased fitness and
limited energy [4]. The kidney is the site for the production,
metabolism or excretion of most hormones, including the
production of erythropoietin (EPO), the active form of vita-
min D, renin, thrombopoietin, and the excretion of insulin,

@ Springer

catecholamines, gastrin and many other hormones with a
polypeptide structure [8]. Therefore, it is reasonable to say
that AKI can have a considerable impact on the endocrine
system with other potential effects on various systems and
clinical outcomes.

In this narrative review, we aim to illustrate what is
known and what is not known about the endocrinological
outcomes of AKI, including the hypothalamic-pituitary-
thyroid and adrenal axis, bone mineral disorders, and other
hormones.

AKI and thyroid disorders

The complex interplay between thyroid and kidney function
has long been investigated in preclinical and clinical studies.
Hypothyroidism has a significant impact on kidney func-
tion through hemodynamic, glomerular and tubular mecha-
nisms. Hypothyroidism causes a decrease in sensitivity to
beta-adrenergic stimuli and a decrease in systolic cardiac
function due to the reduction of the transcription of specific
myocyte proteins, while mean arterial pressure increases
caused by the decrease of endothelial vasodilator proteins
[9, 10]. Due to a decrease in sensitivity to beta-adrenergic
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Fig. 1 Interplay between the thyroid gland and the kidneys in the setting of acute kidney injury. AKI acute kidney injury; ANP atrial natriuretic
peptide; VEGF vascular endothelial growth factor; /GF-1 insulin-like growth factor-1; eGFR estimated glomerular filtration rate

stimuli, renin secretion from the juxtaglomerular apparatus
will be reduced in the context of hypothyroidism. Further-
more, decreased activation of the renin—angiotensin—aldos-
terone system and atrial natriuretic peptide (ANP) produc-
tion cause decreased glomerular filtration rate (GFR) and
kidney plasma flow [11-13]. The decline of GFR is further
exacerbated by reduced secretion of kidney vasodilator pro-
teins such as vascular endothelial growth factor (VEGF) and
insulin-like growth factor-1 (IGF-1) [14] (Fig. 1). Further-
more, both production and activity of various transporters,
including Na—K ATPase and Na-P exchanger, decrease with
defective urinary acidification and a tendency to hypona-
tremia due to increased sensitivity to vasopressin [15-17].
Population-based studies have shown that higher thyroid
stimulating hormone (TSH) levels are linked to a greater
prevalence of chronic kidney disease (CKD) and a lower
GFR regardless of various confounding factors, includ-
ing demographics and medical comorbidities [16, 17].
Although hypothyroidism is linked to a drop in GFR and
elevated serum creatinine levels, serum cystatin C levels
are unexpectedly decreased [15]. Furthermore, a large scale
meta-analysis study demonstrated that hyperthyroidism is
directly linked to elevated cystatin C levels, while hypothy-
roidism has a directly opposite association [18]. Although
in vitro studies have demonstrated that thyroid hormones
have a direct role in stimulating cystatin C production, the
exact underlying mechanism leading to altered cystatin C
levels in patients with thyroid disorders remains unclear
[19]. Therefore, cystatin C levels are not accurate indica-
tors of glomerular function in patients with hypothyroidism.
Thyroid hormone replacement has the potential to reduce
the risk of progression of kidney failure to end-stage kidney

disease (ESKD) [20]. Although hyperthyroidism has mostly
contradictory effects on each parameter, it still predisposes
to AKI, progression from AKI to CKD, and progression to
kidney failure [21]. Furthermore, a considerable proportion
of patients with autoimmune thyroid diseases also have pro-
teinuria and/or glomerulonephritis, which is hypothesized to
be due to shared autoimmune mechanisms [22].

Thyroid function in AKI

Thyroid function test abnormalities are prevalent in AKI
patients (82.9%), while low T3 euthyroid sick syndrome
(37.1%) is the most common type of imbalance according
to a prospective cohort study conducted on 35 critically
ill patients in whom thyroid function tests were measured
on admission, hospital discharge and first outpatient visit
[23]. This prospective cohort study demonstrated a nega-
tive correlation between serum TSH and urea concentra-
tions (p value =0.024), while thyroid function test disorders
had no prognostic implications [23]. Another comparative
study involving 30 participants confirmed the imbalance of
the thyroid function tests in AKI patients with euthyroid
sick syndrome [24]. Additionally, few clinical studies have
investigated the potential therapeutic role of thyroid hor-
mone replacement in AKI patients. Thyroxine replacement
had no beneficial effect on severity or duration of AKI with
a higher risk of mortality in response to TSH suppression,
according to a prospective, randomized, double-blind, pla-
cebo-controlled trial in 59 patients with AKI [25]. Similar
results were reported in another study investigating the effect
of thyroxine therapy on post-transplant delayed graft func-
tion and acute tubular necrosis [26]. A Cochrane Library
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review, including two clinical studies, concluded that thy-
roxine therapy had no beneficial effect on the severity or
duration of AKI, the risk of renal replacement therapy, or
progression to CKD [27]. In addition to changes in thyroid
function in response to AKI, hypothyroidism itself can cause
AKI through various mechanisms, including rhabdomyolysis
and changes in renal hemodynamics [28-31].

AKl and EPO

EPO is a glycoprotein-structured hormone produced pri-
marily by the kidneys and liver and commonly used in the
treatment of anemia in ESKD and some hematological con-
ditions [32, 33]. Although the exact underlying pathophysi-
ology remains unclear and mostly hypothetical, treatment
with EPO has been hypothesized to have beneficial effects
on AKI in critically ill patients based on various results from
animal studies [34-36]. EPO is involved in the post-ischemic
response of the kidney via the VEGF/VEGF-receptor sys-
tem leading to neovascularization involved in reperfusion
[37]. Additionally, EPO levels are significantly higher in
AKI patients than in healthy subjects. EPO levels correlated
with length of hospital stay and levels of insulin-like growth
factor binding protein-1, but not with hemoglobin concentra-
tion or arterial oxygen partial pressure [38]. Treatment with
EPO had no beneficial effect on the need for transfusion (p
value =0.85) or kidney function parameters (p value =0.67)
or the need for renal replacement therapy (p value =0.10),
according to a multicenter randomized controlled trial
(RCT) conducted on 134 patients with AKI and anemia [39].
Another prospective clinical study on 98 patients undergo-
ing complex cardiac valve surgery demonstrated that EPO
administration had no beneficial effect on postoperative AKI
or urinary biomarker levels, such as cystatin C or neutrophil
gelatinase-associated lipocalin (NGAL) [40].

At the same time, contradictory results were shown by
another observational study on 71 patients awaiting coronary
artery bypass grafting in which EPO treatment was associ-
ated with lower risk of AKI, progression from AKI to CKD,
and all-cause mortality [41]. Individual studies investigat-
ing the role of prophylactic administration of EPO on kid-
ney function before or during major surgery have reported
various findings [42—46]. Similarly, studies investigating the
role of prophylactic administration of EPO in critically ill
patients or in those in the intensive care unit (ICU) reported
inconsistent results in terms of kidney function and all-cause
mortality [47-49].

A systematic review and meta-analysis study, including
10 RCTs with a total of 2759 participants, concluded that
prophylactic administration of EPO had no beneficial impact
on the incidence of AKI (p value =0.78), need for renal
replacement therapy (p value =0.45) or all-cause mortality
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(p value =0.70) [50]. Therefore, the prophylactic adminis-
tration of EPO in critically ill patients or patients awaiting
major surgery does not have strong scientific evidence and
the need for future large-scale studies in this field is clear.

AKIl and bone mineral disorders

The effects of CKD on serum levels of calcium, phospho-
rus, fibroblast growth factor-23 (FGF-23), Klotho, parathy-
roid hormone (PTH) and sclerostin are well established in
multiple clinical studies, while only a few have examined
such changes in patients with AKI. Significant acid-base
and electrolyte disturbances may be observed in patients
with AKI, including hypocalcemia, hyperphosphatemia
and decreased vitamin D levels; however, critically ill
patients may instead exhibit hypophosphatemia. Although
CKD has been considered a risk factor for bone fractures
due to associated high- and low-turnover bone disease, AKI
has not been linked to bone disorders other than changes
in serum levels of some bone-related peptides. Potentially,
altered serum levels of such bone-related peptides, including
FGF-23 and sclerostin, can lead to bone diseases that may
increase the risk of future bone fractures. However, there is
a clear need for future studies in this research field to reach
a definitive conclusion.

FGF-23

FGF-23 is a hormone of bone origin whose concentration
is regulated by serum levels of phosphate, calcium, PTH
and vitamin D, and is involved in the suppression of active
vitamin D synthesis and in the reabsorption of phosphate
[51]. Elevated FGF-23 levels in AKI patients were first
described in a case report of a patient with rhabdomyolysis,
followed by a case series study of critically ill patients [52,
53]. A study involving 60 patients showed that serum levels
of FGF-23 were significantly higher in patients with AKI
and were associated with poor composite outcomes. In con-
trast, no other markers, including vitamin D metabolites or
serum calcium or phosphorus levels, affected the outcome
[54]. Similar findings of elevated C-terminal FGF-23 and
FGF-23 levels in patients with AKI and its association with
clinical outcome were reported in another clinical study,
which included 250 patients undergoing cardiac surgery,
and in yet another clinical study that included 20 critically
ill patients [53, 55]. Other clinical studies investigating the
serum levels of FGF-23 showed similar outcomes [56-58].
Further clinical and preclinical data suggest that such an
increase in FGF-23 levels occurs very early in the course of
AKI, potentially an early marker of AKI, and is caused by
increased production rather than decreased clearance [59].
Another study on 265 ICU patients reported that the asso-
ciation between AKI and FGF-23 was mainly mediated by
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endothelium-related biomarkers, including the vascular cell
adhesion molecule -1, angiopoietin-2 and syndecan-1 [60].
To conclude, elevation of serum FGF-23 levels as an early
change in the progression of AKI is associated with poor
clinical outcomes which are not limited to kidney function.

Vitamin D metabolites

Through various mechanisms, hypovitaminosis D and
hypervitaminosis D are potential outcomes in patients with
AKI. Hyperphosphatemia or elevated levels of FGF-23,
both potent inhibitors of 1-alpha hydroxylase, and malfunc-
tioning of the 1-alpha hydroxylase enzyme due to nephron
dysfunction can lead to hypovitaminosis D, while hyperpar-
athyroidism induced by hypocalcemia can lead to hypervita-
minosis D [61]. However, hypovitaminosis D is the most
clinically common type of alteration and has a statistically
significant association with poor clinical outcomes, includ-
ing mortality [62]. According to a study on 46 patients,
active vitamin D levels were statistically significantly lower
in patients with AKI than in patients without AKI, while the
levels were not correlated with the clinical outcome [63].
Although no clinical studies have been conducted on human
subjects, vitamin D supplementation has been shown to
improve cisplatin-induced AKI in animal models by inhib-
iting epithelial-mesenchymal transition, reducing apoptosis
by increasing B-cell lymphoma 2 (Bcl-2), and increasing
cell proliferation by decreasing the expression of cyclin-
dependent kinase -2 and cyclin E [64, 65]. A large-scale
cross-sectional study, including 219 patients with AKI (86
with acute-on-CKD and 133 with de novo AKI) admitted to
the ICU because of sepsis and 219 age-matched controls,
studied the serum levels of sclerostin, PTH, 25-hydroxy
vitamin D (25-OH vitamin D), FGF-23, C-reactive protein
(CRP), interleukin 6 (IL-6), homeostatic model evaluation
for insulin resistance (HOMA-IR) and serum biochemistry.
Serum levels of sclerostin, PTH, FGF-23, phosphorus, CRP,
IL-6 and HOMA-IR were significantly higher in the AKI
group, while serum levels of calcium and 25-OH vitamin
D were reduced. Although serum levels of sclerostin and
FGF-23 had a significant impact on peripheral insulin resist-
ance, measured as HOMA-IR, neither affected the outcome
of AKI. Furthermore, serum levels of sclerostin, PTH, FGF-
23, 25-OH vitamin D, CRP, IL6 and HOMA-IR were similar
in the de novo AKI group and in the acute-on-CKD AKI
group [66]. Another case—control study on 30 AKI patients
and 126 control subjects showed that serum Klotho levels
were considerably higher in the AKI group without associa-
tion with GFR [67]. On the other hand, the Klotho-creatinine
ratio in urine was significantly lower in critically ill patients
with AKI than in matched controls without AKI and was
independently linked to major adverse renal outcomes [68].
In conclusion, hypovitaminosis D as a common event in the

setting of either AKI or AKI-on-CKD and elevated Klotho
levels do not appear to correlate with outcomes involving
kidney function. Thus, it is unclear whether vitamin D sup-
plementation or the blockade of the kidney 1-alpha hydroxy-
lase enzyme leading to low levels of active vitamin D has
clinical significance.

AKIl and natriuretic peptides

Atrial natriuretic peptide, a small peptide synthesized mainly
by atrial myocytes, leads to vasodilation of the afferent arte-
riole and inhibition of prostaglandin synthesis. Following
animal studies demonstrating increased GFR after ANP
administration through diuretic and natriuretic effects,
human studies aimed at preventing and/or treating AKI have
been conducted with variable outcomes [69, 70]. A multi-
center RCT involving 77 AKI patients following cardiovas-
cular surgery demonstrated that ANP administration had no
beneficial effect on renal outcome other than increased urine
output (p value=0.018) [71]. On the other hand, another
randomized placebo-controlled clinical trial conducted on
59 AKI patients following cardiovascular surgery showed
that ANP infusion may have led to improved kidney excre-
tory function, decreased risk of dialysis and improved sur-
vival free from dialysis [72]. Multiple clinical studies have
investigated the potential protective role of ANP in AKI in
numerous clinical circumstances. A study conducted on
patients undergoing cardiovascular surgery had contradic-
tory results with the demonstration of a decrease in urinary
angiotensinogen, urinary NGAL and L-type fatty acid bind-
ing protein levels (p value <0.01) [73]. However, another
randomized placebo-controlled clinical trial conducted to
evaluate the protective role of ANP in contrast-induced
nephropathy did not demonstrate any beneficial effects [74].
A meta-analysis study comprising a total of 18 RCTs, of
which 16 assessing the potential preventive effects of ANP,
concluded that ANP may have beneficial effects. However,
the evidence is not strong [75].

Studies investigating the role of brain natriuretic peptide
(BNP) are limited in number and extent, while nesiritide, an
analogue of human BNP, is the most valued agent. Admin-
istration of nesiritide to patients following cardiac trans-
plantation resulted in an improvement in cardiac function
and urinary output without modification of the dose of the
diuretic or inotropic agent [76]. Furthermore, according to
a retrospective cohort study of 940 patients, the administra-
tion of nesiritide after cardiovascular surgery appears to be
a promising therapeutic alternative to prevent AKI and the
need for dialysis, especially in high-risk patients [77].

Clinical studies investigating the potential protective
and therapeutic role of natriuretic peptides in the context of
AKI appear promising with conflicting clinical outcomes.
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However, the need for future large-scale RCTs and meta-
analysis studies is clear.

AKI and glycemic control

The kidney plays a significant role in glucose homeostasis by
being involved in approximately 30% of daily gluconeogen-
esis and in 50% of insulin metabolism and clearance [78].
Furthermore, AKI patients, similarly to critically ill patients,
are more prone to developing peripheral insulin resistance,
which is an independent poor prognostic factor for survival
in these cases. Intensive insulin therapy aimed at a plasma
glucose level of 80-100 mg/dl results in a higher incidence
of hypoglycemia, especially in patients with poor nutritional
status, compared to conventional insulin treatment modali-
ties and greater variability in plasma glucose levels. Among
trauma patients with coexisting AKI or ESKD, the incidence
of hypoglycemia with intensive insulin therapy can reach
up to 76%, with cases of severe hypoglycemia defined by
plasma glucose levels below 40 mg/dl reaching 29% [79].
Therefore, it is reasonable to target higher plasma glucose
levels, 140-180 mg/dl, in critically ill or trauma patients
with AKI or pre-existing kidney failure. However, the poten-
tially harmful effects of hyperglycemia on kidney function,
even with short-term exposure, should not be overlooked
with higher plasma glucose levels.

Although glycemic control is one of the main aspects
of the management of critically ill patients, studies inves-
tigating the modalities of glycemic control in patients with
coexisting AKI are limited. Despite its prognostic impor-
tance, no studies have investigated the differences between
the various types of insulin and the determinants of the bal-
ance between increased insulin sensitivity and peripheral
insulin resistance. Future studies are needed to determine
more stringent guidelines for blood glucose management in
such patient groups.

AKI and other hormones

Levels of a few other hormones have been studied in clinical,
preclinical and animal studies; however, the level of evi-
dence for these hormones is low.

Insulin-like growth factor-1

Insulin-like growth factor, also called somatomedin C,
is mainly produced in the liver and is the main mediator
of growth hormone effects via tyrosine kinase receptors.
According to a prospective cohort study of 56 ICU patients
with AKI, a low serum level of IGF-1 is an independent
marker of mortality (p value =0.044) [80]. Another in vivo
study demonstrated that treatment with umbilical cord
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mesenchymal stem cells overexpressing IGF-1 had a poten-
tial therapeutic role in gentamicin-induced AKI with regard
to kidney function and histopathological characteristics
[81]. Possible protective effects of IGF-1 have been demon-
strated in some other preclinical studies and are involved in
the regenerative capacity of stem cells [8§2—-84]. Molecular
level analysis revealed that IGF-1-mediated renoprotective
mechanisms could be attributable to activation of the extra-
cellular signal-regulated kinase-mitogen activated protein
kinase pathway and upregulation of an anti-apoptotic protein
Bcl-2 [85].

Leptin and adiponectin

Leptin and adiponectin are two important hormones with
paracrine and endocrine effects on energy metabolism and
their involvement in various medical conditions has been
under study in recent years. A study conducted on a total of
81 patients, 27 healthy controls, 27 hemodialysis patients
and 27 patients with AKI, showed that plasma levels of
leptin were not altered in patients with AKI and had no
prognostic value in the clinical outcome of AKI in contrast
with hemodialysis patients [86]. However, leptin adminis-
tration had a potentially beneficial role in AKI by reducing
apoptosis and autophagy through interaction with the mam-
malian/mechanistic target of the rapamycin pathway in rats
[87]. On the other hand, adiponectin-knockout mice were
less likely to suffer from ischemia/reperfusion injury and
AKI, which was mediated by decreased Bcl-2-associated
protein X (Bax) and reduced activation of p53 and caspase-3
[88]. At the same time, contradictory results were shown in
another study [89]. There is a clear need for future large-
scale randomized human clinical trials to evaluate the role
of adiponectin and leptin in AKI.

Adrenocorticotropic hormone

Although it is well established that adrenal insufficiency can
occur in AKI, the effects of AKI on the hypothalamus—pitui-
tary—adrenal axis are largely unknown [90]. Adrenocorti-
cotropic hormone has been shown to have renoprotective
effects on rat models of tumor necrosis factor-induced AKI
through both steroid-dependent and independent mecha-
nisms, including melanocortin-1 receptor-mediated anti-
apoptotic effects on kidney tubular cells [91]. However, the
results of this study require validation with further studies.
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Conclusions

AKI is a common comorbidity, affecting approximately
one in five adults admitted to hospital. The kidney is the
site for the production, metabolism or excretion of most
hormones. Therefore, it is reasonable to say that AKI can
have a considerable impact on the endocrine system with
other potential effects on various systems and clinical out-
comes. However, the endocrinological consequences of AKI
are mostly overlooked. Furthermore, it is unclear whether
the endocrinological alterations observed in the setting of
AKI may persist after resolution of AKI. There is clearly
a need for large-scale clinical trials investigating the long-
term effects of AKI on the endocrine system. Such studies
can illuminate areas of endocrinological abnormalities that
require therapeutic intervention or clinical follow-up. There
are some ongoing clinical trials investigating the effects of
alpha-melanocyte stimulating hormone (NCT00004496)
and recombinant BNP (NCT01625403, NCT02095275,
NCTO00110201) in patients with AKI. However, there is
a clear need for future large-scale RCTs investigating the
endocrinological consequences of AKI.
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