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Acute kidney injury (AKI) has been associated with deleterious impacts on a variety
of body systems. While AKI is often accompanied by dysregulation of mineral
metabolism—including alterations in calcium, phosphate, vitamin D, parathyroid
hormone, fibroblast growth factor 23, and klotho —its direct effects on the skeletal system
of children and adolescents remain largely unexplored. In this review, the pathophysiology
of dysregulated mineral metabolism in AKI and its potential effects on skeletal health are
discussed, including data associating AKI with fracture risk.

Keywords: AKI, skeleton, parathyroid hormone, fibroblast growth factor 23, klotho, vitamin D, mineral,
inflammation

INTRODUCTION

Acute kidney injury (AKI) results from a spectrum of insults that lead to a sudden decrease in
kidney function and is responsible for significant morbidity and mortality (1-3). The worldwide
incidence of pediatric AKI in hospital settings ranges from 26.9 to 41.3% (2, 4). Associated mortality
ranges from 8.8 to 21% and is inversely related to gross national income per capita (2, 4, 5).
AKI is accompanied by systemic inflammation (6) and has been associated with distant-organ
injury—including injury to the lungs (7-9), heart (10), intestines (11), liver (11, 12), and brain
(13)—that contributes to short- and long-term adverse patient outcomes (14, 15). AKI is frequently
accompanied by dysregulated mineral metabolism (16), supporting the hypothesis that AKI may
also be accompanied by alterations in skeletal structure and function. Commonly encountered
dysregulation in mineral metabolism during AKI includes hypocalcemia, hyperphosphatemia,
elevated parathyroid hormone (PTH), decreased 1,25-dihydroxyvitamin D (1,25D), elevated
fibroblast growth factor 23 (FGF23), and decreased klotho. These patterns are similar to those seen
in individuals with chronic kidney disease-mineral bone disorder (CKD-MBD), a condition known
to alter skeletal and vascular biology. Compared to CKD-MBD, much less is known about the effects
of mineral dysregulation and inflammation in AKI on short- and long-term skeletal health (16-18).

Identifying independent risk factors for skeletal injury in AKI is challenging for a number
of reasons. First, AKI is a heterogeneous diagnosis with a myriad of inciting and exacerbating
factors. Second, short-term biomarkers of skeletal injury are lacking, and the timeframe over which
skeletal outcomes occur is long. Nonetheless, in this review, we aim to summarize the existing
literature in three areas: (1) current data on fracture risk following AKI; (2) potential mechanisms
of dysregulation in AKI, including inflammation, which could impact skeletal health; and (3) areas
for further research.
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FRACTURE RISK AND AKI

There is a striking paucity of literature exploring the association
between AKI and risk of skeletal fracture. A single population-
based matched cohort study conducted among 448 Taiwanese
adult patients who survived dialysis-requiring AKI and 1,792
controls demonstrated a 1.25-fold increased risk of bone fracture
(p = 0.049) in the AKI recovery group, even after controlling
for progression to end-stage renal disease (19). Enrollees were
identified through national database entries over 8 years and
were prospectively followed for at least 1 year after hospital
discharge. Incidence of bone fracture was 320 per 10,000 person-
years in the AKI recovery group and 93 per 10,000 person-years
in the control group (19). Patients with skeletal fracture also
experienced increased long-term mortality (hazard ratio = 1.43,
95% confidence interval = 1.19-1.71, p < 0.001) (19). This is the
only study to date that has evaluated long-term impacts of AKI on
risk of skeletal fracture. Individuals with non-dialysis-dependent
AKI and individuals younger than 18 years were not included
in the study. These findings should be replicated in broader
cohorts of adults with milder degrees of AKI and in children, as
mineral dysregulation after AKI has been demonstrated in both
groups (16, 20). There is also little published literature describing
histologic changes in bone during or following AKI, with only
one report describing findings from bone biopsy, including mild
increases in bone resorption without increased osteoid (21).

MINERAL DYSREGULATION AND AKI

Hypocalcemia and Hyperphosphatemia
The majority of total body calcium and phosphate is stored as
skeletal hydroxyapatite, with extracellular calcium representing
~1% and extracellular phosphate representing <1% of total
body stores (22, 23). Extracellular calcium and phosphate
concentrations are primarily regulated by three hormones: 1,25D,
PTH, and FGF23 [Figure 1; (24)]. Dysregulation of calcium
and phosphate homeostasis is a consistent finding in studies
of adult patients with varying severities of AKI (25-33). In a
study of 400 critically ill adults with AKI, patients had a median
phosphate level of 5.2 mg/dL with an interquartile range of
4.0-6.7 mg/dL (29). Additionally, multiple studies comparing
mineral metabolism in patients with AKI to hospitalized control
groups without AKI demonstrated significantly higher phosphate
levels in AKI groups (28, 30, 31, 33). For example, in a cohort
of 51 children who underwent elective cardiac surgery, serum
phosphate increased significantly over a 24-h period in those who
developed AKI compared to those who did not (p = 0.01) (34).
Of the aforementioned case-control studies that reported
significantly elevated phosphate levels, two measured serum
calcium levels. Leaf et al. reported significantly lower calcium
levels in 30 adult patients with all-cause AKI compared to
30 patients without AKI (p = 0.004) (30). Patients with AKI
had a serum calcium interquartile range of 7.5-8.6 mg/dL, and
patients without AKI had an interquartile range of 8.1-9.0 mg/dL
(30). In contrast, Zhang et al. did not detect a statistically
significant difference in ionized calcium levels between critically
ill adult patients with and without AKI (p = 0.41) (28). Patients

with and without AKI had mean ionized calcium levels of
1.19 £ 0.1 mmol/L and 1.15 % 0.08, respectively. Both studies
are limited by small sample size, although differing findings
could be explained by heterogeneous study populations (all
hospitalized patients vs. only critically ill patients) and methods
of measuring calcium (total serum vs. ionized). Hypocalcemia
would be expected to follow significant hyperphosphatemia as
elevated serum phosphate sequesters calcium. However, patients
who are critically ill are also more likely to have aberrations in
albumin and acid-base balance (22), causing a potential change
in ionized calcium but not in total serum calcium. In addition
to affecting ionized calcium levels, metabolic acidosis in vitro has
been demonstrated to directly trigger osteoblast inhibition and
osteoclast stimulation in mouse models (35).

Hypocalcemia and hyperphosphatemia may have acute as well
as subacute clinical relevance (22). Acute hypocalcemia has well-
described effects on decreasing peripheral vascular resistance
(36), decreasing myocardial contractility (37), and increasing
neuromuscular reactivity (22). Further research is needed to
better understand the clinical impact that mineral alterations
in AKI have on skeletal health, particularly among children
undergoing rapid skeletal growth.

MECHANISMS OF MINERAL
DYSREGULATION IN AKI

1,25 Vitamin D

Alteration in regulatory hormones contributes to calcium and
phosphate derangements following AKI. Decreased levels of
1,25D, and less frequently its precursor 25-hydroxyvitamin D
(25D), have been described in multiple adult AKI cohorts,
including in patients status post-cardiac surgery (26), those with
rhabdomyolysis (27), and those with critical illness (29). There is
growing evidence in adults that a history of critical illness is itself
a strong risk factor for osteopenia and osteoporosis likely due to
a combination of inflammation, undernutrition, immobilization,
and vitamin D deficiency (38)—all of which are compounded by
AKI. Similarly, vitamin D deficiency is common in critically ill
children, with a pooled prevalence of 54.6% in a recent systematic
review of hospitalized children with acute or critical conditions
(39). Vitamin D deficiency, especially in critically ill patients,
is linked to increased risk of AKI and mortality (40, 41). This
link underscores the salience of investigating how vitamin D
dysregulation during AKI superimposed on frequently reported
baseline vitamin D deficiency may be contributing to adverse
outcomes, including adverse skeletal outcomes.

Studies comparing 1,25D and 25D levels in adults with
AKI to hospitalized controls without AKI have demonstrated
significantly lower levels of 1,25D but not 25D (31, 42, 43).
However, Tingting et al. reported lower levels of both 1,25D
(p < 0.0001) and 25D (p < 0.0001) among 34 patients with
critical illness and AKI compared to 12 healthy controls (44).
Demographic differences in gender, age, and race between groups
did not rise to statistical significance (44). This study’s findings
are perhaps explained by their use of healthy controls, as studies
utilizing hospitalized controls have not shown differences in
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25D, suggesting that low 25D may be a marker of global
disease severity more so than of acute mineral dysregulation.
Comparatively, Lai et al. enrolled 200 patients with AKI, 13
critically ill patients without AKI, and 17 healthy participants and
reported that 1,25D levels but not 25D levels were significantly
lower in the AKI group vs. the other groups (42). Taken together,
these data suggest that AKI is associated with suppression of
1,25D and variable changes in 25D (16).

1,25D  deficiency contributes to decreased intestinal
absorption of calcium and decreased renal reabsorption of
calcium (24, 45). These changes in AKI are thought to be
mediated by decreased renal synthesis of 1,25D secondary to
proximal tubule injury or from FGF23-induced suppression
of 1-a-hydroxylase (46). Substrate delivery of 25D to the
proximal tubule in AKI may also decrease because of lower
levels of circulating vitamin D-binding protein (DBP), decreased
filtration of 25D-DBP complexes due to reduced glomerular
filtration rate (GFR), and decreased uptake of these complexes
for processing due to proximal tubule injury (16).

Altered vitamin D metabolism in AKI, in addition to vitamin
D deficiency potentially present on admission or attributed
to critical illness, may be clinically relevant in multiple ways.
Vitamin D plays a key role in skeletal health, mitigating fracture
risk, and optimizing bone density and content through direct
mineral regulation (47). 1,25D, through binding to its nuclear
receptor, may also play a role in immune and inflammatory
regulation (48). Even though vitamin D deficiency in AKI is likely
transient, resolving with renal recovery (26, 27, 49), it has been
associated with endothelial dysfunction (50), oxidative stress, and

inflammation—both in the renal microvasculature and in distant
organs (14, 51, 52). Arfian et al. demonstrated renoprotective
effects of vitamin D—including reducing myofibroblasts and
renal inflammation—in mice with kidney ischemia-reperfusion
injuries (IRIs), although protective effects of vitamin D on
distant organs such as bone following AKI have not yet been
elucidated (52).

Parathyroid Hormone

PTH is the primary regulator of serum calcium, and elevated
PTH levels have been frequently reported in patients with AKI
(16, 17, 26, 27, 29). Studies have consistently demonstrated
significantly elevated PTH in individuals with AKI compared to
healthy controls (44, 53, 54). These elevations are thought to
be secondary to hypocalcemia and low serum 1,25D levels as
discussed above (24). Upregulation of the parathyroid calcium-
sensing receptor due to acute inflammation may additionally
affect the calcium-PTH set-point (16, 24).

Skeletal and renal resistance to PTH has been described in
humans following AKI (25, 29, 30), potentially contributing to
dysregulated hormonal control of calcium and phosphate. In
patients with CKD, skeletal resistance to PTH is thought to
be secondary to downregulated PTH receptors (16); however,
specific mechanisms of PTH resistance in AKI have not been
studied. Massry et al. demonstrated that patients with AKI failed
to respond appropriately to exogenous PTH infusion during their
oliguric and diuretic phases of AKI but produced appropriate
increases in serum calcium once renal function recovered (25).
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Thus, skeletal resistance to PTH in AKI is likely a transient
phenomenon, as is elevated PTH (26, 30). For example, in a
study comparing PTH levels in hospitalized adults with and
without all-cause AKI, PTH levels were initially higher in the
AKI group (p = 0.004) compared to the non-AKI group but
were no longer different by day 5 of enrollment (p = 0.56)
(30). Additional studies of hospitalized adults with and without
AKIT following cardiac surgery and critical illness (28, 31) have
reported that PTH was comparatively elevated (and occasionally
severely, with PTH >250 mg/dL) in AKI groups but did not rise
to statistical significance. Small sample sizes and heterogeneous
patient populations may explain these inconsistent findings.
Likewise, findings may be confounded by elevations of PTH due
to critical illness (55, 56).

Fibroblast Growth Factor 23 and Klotho

FGF23 is a bone-derived protein, produced by osteoblasts and
osteocytes and known to regulate vitamin D metabolism and
phosphate homeostasis (57-59). FGF23 was first identified in
patients with tumor-induced osteomalacia and mineralization
defects and has since become an important link connecting
renal and skeletal physiology (60). Studies have consistently
demonstrated that FGF23 levels increase rapidly after onset of
AKI (28-31, 61-66). In mouse models of folic acid-induced
AKI, FGF23 levels have been shown to rise within 1h following
AKI (62). In adults with AKI after cardiac surgery, FGF23
levels demonstrated more than a 15-fold increase at 24 h post-
surgery (62).

While there is strong evidence of a role for FGF23 in
mediating phosphate and vitamin D dysregulation in early-stage
CKD (67), the effects of FGF23 on skeletal health following AKI
have not been studied (61, 68). Rise in FGF23 following AKI
appears to be independent of PTH and 1,25D levels (20, 58, 62,
69), but resultant effects of FGF23 on PTH and 1,25D levels in
AKI have yet to be conclusively demonstrated. FGF23 is also
thought to play a role in the inflammatory response following
AKIT (58). In mice with folic acid-induced AKI, very high FGF23
mRNA expression was detected in thymus and spleen, suggesting
that FGF23 may be associated with increased TNF expression
and elevated inflammatory cytokine levels through effects on
lymphoid organs (58).

FGF23 elevation is likely altered in a timeframe consistent
with reduced renal function. For example, in 32 pediatric patients
who underwent cardiac surgery requiring cardiopulmonary
bypass, those children who developed post-operative AKI
demonstrated a significant increase in intact FGF23 at 2h post-
reperfusion compared to those who did not develop AKI (p
= 0.04). At 48h, intact FGF23 levels between these groups
were not significantly different (p = 0.19), although C-terminal
FGF23 levels were significantly elevated (p = 0.006) in the
AKI group (20). Animal models of AKI due to folic acid
nephropathy have demonstrated increased FGF23 expression in
femur lysates, but the factors responsible for this elevation in
bone during a period of acutely reduced renal function have not
been identified (58, 62, 64).

a-Klotho, a transmembrane protein mainly produced by
renal tubular epithelial cells, plays a critical role in FGF23

receptor binding (16) and, through its actions on the kidney
and parathyroid glands, plays an important role in mineral
metabolism (64, 70, 71). Its extracellular domain can modulate
renal calcium and potassium absorption independently of FGF23
(16, 72) in the distal tubule and can be cleaved into the
circulation, facilitating distant organ effects of FGF23 (64). In
CKD mouse models, klotho has been shown to decrease ectopic
calcification (including soft tissue calcification), likely through
tight coregulation of phosphorous with FGF23 (70). Klotho
deficiency has been demonstrated in animal models of AKI
(73, 74), although studies in humans are lacking (64, 71, 73, 75-
78). Cytokines produced during AKI, including tumor necrosis
factor o (TNF-a), may downregulate renal expression of klotho
(79). No studies have yet examined whether klotho deficiency
may contribute to aberrant calcification in AKI.

Inflammation in AKI

Acute intrarenal and systemic inflammation, including the
release of proinflammatory cytokines, has been well-described
following AKI (6, 7, 11-14, 80-84). Inflammation is a crucial
biologic response for eliminating pathogens and repairing
injured tissue. However, the balance between proinflammatory
and anti-inflammatory responses is often abnormal in AKI (83).
In renal IR, cellular damage triggers an inflammatory response
that includes oxidative stress in renal tubular epithelial cells,
necrotic cells that release a variety of molecules to signal damage,
and cytokine release from activated renal parenchymal cells
and dendritic cells that recruit innate and adaptive immune
mediators (83).

Increased serum levels of proinflammatory cytokines,
including TNF-a, interleukin 6 (IL-6), and IL-8, have been
described during AKI in animal models of renal IRI (80). These
animal models have demonstrated dramatic increases in plasma
cytokine levels compared to non-IRI animal models, including
sham surgery and bilateral nephrectomy (80). Similar increases
in cytokine levels have been noted in trauma patients with
AKI compared to those without AKI early on in their hospital
courses (80). Circulating cytokines during AKI have been shown
to impact distant organs, including the brain (13), liver (11),
and lungs (8). In addition to increased cytokine production,
experimental models indicate that cytokine clearance is also
decreased in AKI (80).

Although direct effects of proinflammatory cytokines
specifically on bone during AKI have not been studied,
proinflammatory cytokines have been associated with adverse
effects on bone formation and resorption [Figure 1; (85-87)]
For example, TNF-a and IL-6 have been shown to activate the
parathyroid calcium-sensing receptor (88) and to inhibit renal
expression of 1-a-hydroxylase (89), which could contribute to
hormonal dysregulation of mineral metabolism in AKI. TNF-a
has been reported to inhibit PHEX gene expression. PHEX gene
is expressed mostly in osteoblasts, and loss of PHEX function
has been linked to defective mineralization (90). Additionally,
data from the Women’s Health Initiative Study (91) suggest that
TNF-a plays a role in mediating fracture risk, as association
between estimated GFR and fracture risk was eliminated after
adjustment for TNF-a receptor levels.
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Anti-inflammatory cytokines are also increased in AKI
(83). IL-10 is an anti-inflammatory cytokine that may have
osteoprotective effects and has emerged along with IL-6
as a key player in signaling distant effects of acute renal
inflammation (81). IL-10 is produced by T-regulatory cells (60)
that in vitro directly inhibit osteoclast activity, including their
differentiation and function, and in vivo have been shown
to protect against TNF-a-induced bone loss in mice (92).
The net outcome of this interplay between osteotoxic and
osteoprotective factors on bone in the setting of AKI has yet to be
determined (83).

Transcriptomics research in a murine model of ischemic
AKI identified increased levels of IL-10 and IL-6 in lung
tissue after AKI, in addition to global transcriptomic changes
and histologic injury (81). Similar to the lung, the skeletal
system has an extensive capillary network, including in
the metabolically active skeletal system of children and
adolescents undergoing periods of rapid growth (93). Thus, the
relationship of inflammation in AKI and its potential direct
consequences on bone health is an area ripe for additional
investigation (80, 84).

AREAS FOR FUTURE RESEARCH

1. Epidemiological studies are needed to further characterize
the burden of and risk factors for skeletal complications,
including fractures, in patients with AKI. These studies
should include pediatric patients, who are experiencing
AKI during times of bone mineral accrual and linear
growth (24).
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