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Preclinical models and emerging translational data suggest that acute kidney injury (AKI)
has far reaching effects on all other major organ systems in the body. Common in
critically ill children and adults, AKl is independently associated with worse short and long
term morbidity, as well as mortality, in these vulnerable populations. Evidence exists in
adult populations regarding the impact AKI has on life course. Recently, non-renal organ
effects of AKI have been highlighted in pediatric AKI survivors. Given the unique pediatric
considerations related to somatic growth and neurodevelopmental consequences,
pediatric AKI has the potential to fundamentally alter life course outcomes. In this
article, we highlight the challenging and complex interplay between AKI and the brain,
heart, lungs, immune system, growth, functional status, and longitudinal outcomes.
Specifically, we discuss the biologic basis for how AKI may contribute to neurologic
injury and neurodevelopment, cardiac dysfunction, acute lung injury, immunoparalysis
and increased risk of infections, diminished somatic growth, worsened functional status
and health related quality of life, and finally the impact on young adult health and life
course outcomes.

Keywords: acute kidney injury, pediatric critical care medicine, acute lung injury, cardiac dysfunction, functional
status, growth, neurologic injury, immunoparalysis

INTRODUCTION

Acute kidney injury (AKI) is common in critically ill children, occurring in up to 25% of the general
pediatric intensive care unit (PICU) population and up to 40-60% of the pediatric cardiac intensive
care unit (CICU) population (1-6). Although most studies are in children from high-income
countries in the context of intensive care settings, AKI is a global problem associated with
considerable morbidity and mortality (7). Once thought to be an isolated syndrome, emerging
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evidence suggests that AKI has far reaching effects in the body
that affect short and long term outcomes in critically ill children.
Recent evidence suggests that, with AKI, molecular and biologic
mediators are involved in organ crosstalk at a cellular and
genomic level in critical illness.

Hospitalized children who develop AKI have increased
morbidity and mortality. Specifically, patients who develop AKI
have longer length of mechanical ventilation, longer ICU and
hospital lengths of stay, as well as increased health resource
utilization (4, 8-13). AKI is an independent risk factor for
mortality in pediatric patients with critical illness, after cardiac
surgery, sepsis, acute respiratory distress syndrome, recent
surgery, and oncologic disorders (6, 9, 14-17). Furthermore, the
risk of mortality extends beyond the hospital admission: patients
with AKI during acute illness have higher mortality rates years
after discharge compared to patients without AKI (18, 19). The
independent association of AKI with morbidity and mortality,
with or without the presence fluid overload, may be mediated by
the effects of AKI on other organ systems.

Current standardized definitions of AKI only focus on rapid
creatinine elevations from baseline and varying degrees of
oliguria with an “or” logic. By the Kidney Disease: Improving
Global Outcomes (KDIGO) criteria, AKI severity is stratified
based on fold-increase of creatinine or duration of oliguria (20).
These definitions are agnostic to etiology, course, rate and degree
of recovery, and timing of onset in relation to critical illness.
Evidence is rapidly accumulating to indicate that severity is not
the only dimension that has outcome implications; rather, timing
of onset, duration, number of episodes, and rate of recovery, have
discrete impacts on organ and global outcomes (21-25).

Renal recovery after AKI episodes is not always complete.
Certain risk factors, such as extent of pre-morbid kidney health,
repeat events, and underlying risk factors contribute to impaired
recovery with long term consequences (22, 23, 25). About 10%
of AKI survivors develop chronic kidney disease (CKD) (26—
29). Emerging preclinical evidence suggests that organ crosstalk
in AKI leads to short and long term adverse events on all
organ systems, with remote consequences (Figure 1) (30). For
the practicing intensivist, an understanding of the non-renal
effects of AKI can help them tailor treatment strategies and
follow-up plans that are focused on preventing these sequelae
and ultimately, death. This review aims to discuss the non-renal
effects of AKI both in the acute critical illness and long-term
recovery phases.

AKI AND THE EFFECTS ON OTHER
ORGAN SYSTEMS

AKI and the Brain

In recent years, an intriguing crosstalk between the kidneys
and the brain has been discovered. In a murine model of
ischemia/reperfusion (I/R) AKI, the blood-brain-barrier was
disrupted with increased levels of proinflammatory chemokines
in the cerebral cortex and corpus callosum, as well hippocampal
neuronal dysfunction and apoptosis 24 h later (31, 32). These
changes translated into reduced cognitive performance and

memory loss in the mice (32, 33). There is accumulating
evidence from diverse pediatric cohorts supporting the concept
of kidney-brain crosstalk leading to long-term neurocognitive
dysfunction that extends beyond critically ill populations and
includes children hospitalized with community-acquired AKI
(29, 32, 34, 35).

Mechanistically, endothelial activation in the context
of AKI may contribute to blood-brain-barrier dysfunction
resulting in brain injury through exposure to uremic toxins
and inflammatory mediators. These changes, in turn, may
contribute to neurodevelopmental delay in critically ill children.
One pathway implicated in AKl-related brain injury is the
angiopoietin (angpt)-Tie-2 axis that regulates endothelial
integrity. Angpt-1 is a growth factor that maintains a quiescent
resting state of the vascular endothelium, whereas its counterpart,
Angpt-2 is rapidly released by activated endothelium (36).
Angpt-2 primes the endothelium to respond to inflammatory
cytokines, upregulates cellular adhesion molecules, and promotes
remodeling, but can also lead to vascular leak and endothelial
cell apoptosis (37). A higher ratio of Angpt-2/Angpt-1 is thought
to contribute to the pathogenesis of organ injury seen in AKI,
critical illness, cardiopulmonary bypass, and severe malaria
(38-40). Elevated Angpt-2 levels and the resultant altered Angpt-
2/Angpt-1 ratio is linked to increased vascular permeability
and inflammation that compromise the tight junctions of the
blood-brain-barrier (38). This imbalance is independently
associated with worse cognitive function in patients with severe
malaria who develop AKI with deficits in fine and gross motor
skills, visual reception, receptive and expressive language, and
learning (38). Other insults such as inflammatory processes,
neurotransmitter derangement, and oxidative injury that are
associated with cognitive impairment have also been seen in
critically ill children with AKI (41).

Emerging evidence confirms a link between AKI and worse
neurocognitive outcomes. In a large retrospective multicenter
PICU database study of almost 30,000 patients from 24 PICUs,
it was found that cognitive disability was present in 12.2% of
patients who received continuous renal replacement therapy
(CRRT). This was consistent with a decline in cognitive function
at hospital discharge (OR 1.76) (42). Recurrent AKI after distinct
cardiac surgeries in children with congenital heart disease has
been shown to be associated with worse neurodevelopmental
outcomes, specifically in language, motor, and cognitive domains,
and most pronounced in the language domain (34). In a cohort
of pediatric patients with diabetic ketoacidosis, after adjusting
for demographics and severity, those who developed AKI had
lower IQ scores and worse short term memory 6 months after
recovery (35).

AKI is common in patients with malaria and is associated with
neurologic deficits in several patient populations (19, 25, 29, 34).
In prospective cohort studies of children with malaria, 25-37%
of children with AKI had acute neurologic deficits compared to
2-13% of those patients without AKI. Risk factors for neurologic
deficits in children with severe malaria associated AKI include
elevated blood urea nitrogen and persistent AKI (25). In persons
with malaria, AKI, and acute neurologic deficits, neurocognitive
differences persisted for up to 2 years following illness. The
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FIGURE 1 | Short and long term outcomes of pediatric AKI. BBB, blood-brain-barrier; ATP, adenosine triphosphate; CD8+, cluster of differentiation 8; IL-, interleukin;
CKD, chronic kidney disease; ARDS, acute respiratory distress syndrome; BPD, bronchopulmonary dysplasia.
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relationship was independent of socioeconomic and nutritional
status, parental and child education, enrichment in the home
environment, and disease severity during hospitalization (29).
Furthermore, in children >6 years of age with malaria, those
who developed AKI while hospitalized had worse scores in socio-
emotional function and behavioral regulation up to 2 years
following illness (43).

Finally, AKI is a risk factor for CKD which has been associated
with poor neurocognitive outcomes including language and
gross motor skills, as well as executive function and decision
making abilities (28, 44-46). Lower academic achievement is also
present in 34% of children with CKD, with the worst scores in
mathematics (47).

AKI and the Heart

The organ cross-talk between the kidneys and heart has
been well-established, with five distinct cardiorenal syndromes
currently described (48). Cardiorenal syndrome type 3 (CRS3)
specifically encompasses AKI that results in acute cardiac
dysfunction. However, the description of CRS3 has not included
an evaluation on long-term cardiovascular outcomes after
AKI recovery. Growing epidemiological evidence in adults
suggest associations of AKI events with long-term cardiovascular
morbidity and mortality, even in those who have complete
kidney recovery. In adults, after adjusting for confounders,
AKI is associated with cardiovascular events, especially heart
failure by 1 year after hospital discharge (49-52). The effect
of AKI on cardiovascular function in children has not been
reported. There are several ongoing retrospective evaluations in
discrete populations.

A causal mechanism is yet to be established between AKI
and cardiovascular dysfunction in adults (53). Recent reports
using a murine model of bilateral ischemia-reperfusion AKI
in intact adult C57BLK/6] male mice demonstrated diastolic
dysfunction that preceded hypertension and was characterized
by abnormal cardiac metabolism and depleted cardiac adenosine
5’-triphosphate (ATP) reserves (53, 54). In fact, the cardiac
metabolites affected in AKI were noted to be remarkably similar

to that of direct myocardial ischemia (53). Importantly, the
cardiovascular dysfunction demonstrated after I/R AKI in mice
persisted 1 year after the AKI (54). In the long-term murine
AKI model, treatment with ITF2357, a non-specific histone-
deacetylase inhibitor, prevented the development of diastolic
dysfunction, hypertension and reduced cardiac ATP levels (54).
In a secondary analysis of AKI and cardiac outcomes by
sex, female mice maintained normal diastolic function and
cardiac ATP levels compared to male mice with matched AKI
severity. However, female mice developed hypertension and
renal fibrosis comparable to male mice (55). Analysis of the
cardiac metabolome 1 year after injury implicates sex differences
in oxidative stress as a potential mechanism to explain the
differential cardiorenal outcomes between males and females.
Translational studies are needed to establish the mechanistic
derangements of cardiorenal syndrome in humans and to
evaluate if there is a protective effect in women. In pediatric
patients, the potential role of pubertal status on long-term
cardiorenal outcomes also warrants investigation.

AKI and the Lungs

Cellular and molecular mediators of lung injury have been
described in the setting of AKI. The initial response to ischemic
and nephrotoxic renal injury is mediated by macrophages and
neutrophils and may lead to an unchecked pro-inflammatory
state resulting in distant pulmonary injury (56-64). Ischemic
renal injury in mice leads to an increase in circulating CD8+ T-
cells in the lung along with increased markers of T-cell activation.
These mice also had increased levels of caspase-3 which mediates
pulmonary epithelial cell apoptosis (65). The non-cellular pro-
inflammatory mediators of lung injury include interleukin-6 (IL-
6) and interleukin-8 (IL-8). Both molecules are found to be
elevated in the serum of patients with AKI and are also implicated
in lung injury (66-69).

AKI leads to other changes in the concentrations of
circulating mediators that may lead to lung injury as well.
Uremic toxins are increased in the setting of AKI and are
known to cause endothelial cell dysfunction, increased gene
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expression of IL-6, and decreased pulmonary sodium clearance
via downregulation of aquaporins and sodium-channels resulting
in pulmonary edema (66, 70-78). The production of a-Klotho
occurs exclusively in the kidney. The absence of this molecule
has been associated with emphysematous changes in the lung.
Patients with AKI have markedly reduced levels of circulating o-
Klotho suggesting it may play a role in protecting the lung from
kidney mediated injury (79-90).

Newer animal models have also shown increased
markers of inflammatory reactive oxidant species generating
myeloperoxidase activity in subjects with AKI compared to sham
cohorts up to 14 days after initial injury (30). In a secondary
analysis of the Assessment of Worldwide Acute Kidney injury
Epidemiology (AWAKEN) retrospective cohort trial, neonates
born between 29 and 32 weeks gestation who developed AKI
in the Neonatal ICU had a four-fold higher odds of developing
moderate or severe bronchopulmonary dysplasia in multivariable
analyses (91). Given that premature neonates in this age growth
are at a critical point of pulmonary angiogenesis coupled with
altered vascular growth factors in AKI, it is hypothesized that
the disrupted physiologic processes in AKI may potentiate lung
injury in this fragile cohort of patients (91). Furthermore, in
infants born at >32 weeks gestation, AKI is independently
associated with worse lung outcomes including higher likelihood
of chronic lung disease and longer dependence on oxygen
and respiratory support (92). For an in-detail review of the
complex interaction between the lungs and kidney, the readers
are referred to Alge et al. (56).

AKI and the Immune System

More recently, the kidney-immune system cross talk has begun
to take shape such that the development of AKI is considered
to be an immunocompromised state (93). The concept that
the kidney plays a role in immune regulation is not new. In
fact, it has now been nearly 2 decades since it was noted that
there is impaired monocyte cytokine production in critically ill
patients with AKI (94). A secondary analysis of the Program
to Improve Care in Acute Renal Disease (PICARD) (95) and a
single center study in the United Kindom both demonstrated
that patients with AKI experience high rates of infectious
complications, including sepsis, occurring at a median of 5
days after AKI diagnosis (96). More recently, these results have
been recapitulated in homogenous and heterogenous groups of
patients across the age spectrum (97-100). Interestingly, the
immune effect of AKI appears to be prolonged, even in the
presence of complete recovery of AKI. This was demonstrated in
a propensity matched analysis where there was a 4.5-fold greater
odds of infection within 30 days of discharge in critically ill adults
with complete recovery of AKI (100). The association between
AKI and infection remained significant at 31-90 and 91-365
days. In children, the association between AKI and subsequent
infection was assessed after the Norwood operation, the most
complex palliative procedure for newborns with a single ventricle
and ductal dependent systemic blood flow. In this study, after
adjusting for confounding variables, the was a 3.6-fold greater
odds of subsequent infection in neonates with postoperative AKI
(98). In a single center retrospective cohort study, a higher odds

of infection in a single center study of 5,000 critically ill children:
there was a non-linear increase in risk for sepsis based on AKI
severity, with stage 3 AKI patients incurring the greatest risk
for sepsis (99). A small single center study of pediatric patients
receiving CRRT also found an association with infection, that
occurred a median of 11 days after CRRT initiation (101).

Little is known about the mechanisms by which the
inflammatory cascade that results from AKI may contribute
to the development of subsequent sepsis, and this is certainly
the focus of substantial research. In an observational study to
examine the impact of renal disease on patients with critical
illness, patients with AKI developed a reduction in 7 primary
amino acids that have been implicated in endothelial and
immune dysfunction (102). New data suggest an interaction
between the kidney and intestinal microbiome. The intenstinal
microbiota are directy involved in immune homeostasis through
regulation and induction of both arms of the immune system
(103). In addition, in experimental models, neutrophil function
is impaired early on in the evolution of AKI, and uremic toxins,
such as resistin, may contribute to immune dysfunction (104).
More work is needed to enhance our understanding of the the
role AKI plays in the sepsis causal pathway. Until we identify
the mechanistic derangements, therapeutic targets are limited.
Indeed, for now, we can only anticipate the inevitable septic
episodes and provide supportive care.

AKI and Growth

The impact of AKI on long term growth outcomes has been
scarcely described in the pediatric literature. Even after initial
recovery from induced I/R AKI in animal models, growth
parameters in mice with AKI were affected long-term compared
to those without AKI: mice in the AKI cohorts weighed
significantly less than healthy and sham controls, which occurred
irrespective of sex. There was no apparent reduction in muscle
mass, indicating a potential decrease in fat and/or bone (30, 55).
Macro- and micronutrient derangements, as well as alterations to
vital minerals, vitamins, and growth factors have been described
in AKI (105). In fact, AKI is a risk factor for protein-energy
debt in critically ill children and might be augmented by
extracorporeal kidney support related losses (106-108). A recent
review discusses the deleterious impacts of AKI on dysregulation
of mineral metabolism and its direct effects on bone health
(109). The investigation of anthroprometic outcomes following
pediatric AKI is warranted.

AKI and Sex as a Biological Variable

The NIH released the notice “Consideration of Sex as a Biological
Variable in NIH-funded Research” in 2015; however un-pooled
gender-based investigations of sex as a biological variable in
the study of kidney disease remain lacking. Animal models
demonstrate a protective effect of female sex in ischemia-
reperfusion AKI (110, 111), however conflicting data remain in
humans. Clinically, females do better than males with regards to
AKI development, CKD progression, and the need for dialysis
treatment in hospital-acquired AKI (112-116). Yet controversies
remain—the KDIGO supplemental guidelines state that female
sex confers a higher risk in developing AKI after cardiac surgery
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and nephrotoxin exposure despite several studies by Neugarten
et al. demonstrating improved outcomes in women compared
to men (116-118). Women tend to have slower progression
of CKD compared to men, however some studies present
conflicting data, likely owing to the inclusion of a mix of pre-
and post-menopausal women (119-121). The effect of pubertal
development in boys and girls and its impact on the development
of AKI, recovery from AKI, and progression to CKD have yet to
be determined.

AKI and Functional Status, Health-Related
Quality of Life

Mortality is not the only important metric to assess the impact
of critical illness in childhood. Most children who are admitted
to ICU survive their critical illness, albeit with varying degrees
of acquired morbidity (122). Functional outcomes of survivors
after critical illness are core outcome indicators for clinical care
benchmarking, developmental research, and ensuring adequate
follow-up post ICU stay (123, 124). Children who have new
physical disabilities and limitations may not be able to interact
with their environment or participate in school at the level they
did prior to their illness. This can result in a decline in their
health-related quality of life as well as emotional and social
functioning. Long-term outcome cohort studies in the general
PICU population such as the Wee-Cover (125) and the Survivor
Outcomes Study (126) did not assess the risk of functional
declines due to AKI or kidney support. Current evidence linking
AKI events and functional outcomes are largely restricted to
septic AKI cohorts and CRRT survivors. In a secondary analysis
of the cross-sectional epidemiology of sepsis (SPROUT) study,
24% of patients with severe AKI (KDIGO 2 and 3) developed
new morbidity compared to only 15% of patients without severe
AKI, based on the Pediatric Overall Performance Category
(POPC) scale (127). More recently, the Life After Pediatric Sepsis
Evaluation (LAPSE) study showed similar results using the more
granular Functional Status Scale (FSS). In this study, patients
with severe septic AKI were more likely to have new morbidity
at hospital discharge compared to patients without kidney injury
or stage 1 AKI (8). At the 3-month follow-up, 31% of patients
with severe AKI had a decline in health-related quality of life by
25% or more from baseline and was mostly due to declines in
physical function (8). The association of renal dysfunction and
poor functional outcomes was also seen in a cohort of PICU
patients with respiratory failure. The Randomized Evaluation
of Sedation Titration for Respiratory Failure (RESTORE) study
showed that more patients with global functional decline at 6-
month follow-up had renal dysfunction during admission than
those without decline at 6-month follow-up (11 vs. 5%) (128).
Children who require CRRT during PICU admission may
be at higher risk for developing functional decline after critical
illness than patients with AKI that do not require dialysis.
In a retrospective review of patients who received CRRT at a
single tertiary center, 51% developed new morbidity based on
FSS at hospital discharge. This cohort had high utilization of
rehabilitation therapies and many required new technology at
hospital discharge (129). In a larger cohort including survivors

at 24 different PICUs, 24.8% of patients that required kidney
replacement therapy had a new global functional disability at
hospital discharge as determined by a change in POPC from
baseline (OR 2.43) (42).

Our understanding of how AKI impacts functional outcomes
and health-related quality of life in other at-risk populations,
such as post cardiac surgery, remains incomplete. Pediatric
survivors with low cardiac output post cardiac surgery have
lower functional abilities and worse health-related quality of life
at age 4 compared to those without low cardiac output in the
post-operative period (130, 131). Although there is a known
causal linkage between low cardiac output syndrome and AKI,
there is a paucity of research on the independent association of
AKI and long-term outcomes in survivors of congenital cardiac
surgery. Rigorous ongoing research into long-term functioning
and health-related quality of life for patients with congenital
cardiac disease should include exposure to other risk factors,
such a severity and number of episodes of cardiac surgery
associated AKI.

Longitudinal Impact on Adult Health and

Life Course Outcomes

Young adults, aged 16-25 years, are a unique population whose
physiology is not that of a child nor that of an aging adult.
Unlike neonates, who are often at a higher risk of AKI due to
their immature nephron function, and adults, who are at higher
risk of AKI due to comorbidities, the young adult age group
is typically thought to be healthy. However, it has been shown
that even in critically ill patients aged 16-25 years admitted to a
general adult ICU, the frequency of AKI (40%) exceeds that of the
general PICU population (4, 132). Furthermore, in young adults
the development of AKI in the ICU was found to be a significant
predictor of hospital and ICU mortality, as well as mortality 1
year after discharge (132).

Young adults with congenital heart disease represent a
particularly vulnerable group for AKI and its consequences,
given their risk for repeated AKI events across a lifetime (133,
134). Importantly, the young adult congenital heart disease
population is a growing population due to advances in cardiac
care (135). In young adults with congenital heart disease that
are diagnosed with AKI in the Cardiac ICU and have persistent
kidney dysfunction 7-28 days after hospital discharge, there is
a 12-fold increased odds of mortality at 5 years, independent of
illness severity (134).

CONCLUSIONS AND FUTURE RESEARCH
DIRECTIONS

Pediatric critical illness is frequently a dynamic state of complex
interactions between every organ in the body responding
and reacting to one another. Although once thought to be
an isolated syndrome, it is clear that the implications of
AKI have far reaching consequences that significantly affect
ICU morbidity and mortality, as well as long term quality
of life in survivors. Recent evidence has begun to elucidate
how non-renal organs may be impacted by changes in fluid
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balance and the proinflammatory state secondary to the
resulting AKI in critical illness. AKI is associated with both
an immune dysregulated state and a proinflammatory state.
The altered cytokine signature and endothelial dysfunction
mediate most organ crosstalk in AKI, including brain and
lung dysfunction. Abnormal cellular energy metabolism, similar
to acute myocardial ischemia, can be demonstrated in the
myocardium in AKI. Interestingly, the short and long term
impact of AKI seems to have a sex predilection, with
females being relatively protected from progression to CKD
and dialysis.

In addition to the acute effects of AKI on other organ
function, AKI impacts survivor functional outcomes, health-
related quality of life, growth, and post-discharge mortality.

REFERENCES

1. Sharma A, Chakraborty R, Sharma K, Sethi SK, Raina R. Development of
acute kidney injury following pediatric cardiac surgery. Kidney Res Clin
Pract. (2020) 39:259-68. doi: 10.23876/j.krcp.20.053

2. Gist KM, Selewski DT, Brinton J, Menon S, Goldstein SL, Basu RK.
assessment of the independent and synergistic effects of fluid overload and
acute kidney injury on outcomes of critically ill children. Pediatr Crit Care
Med. (2020) 21:170-7. doi: 10.1097/PCC0000000000002107

3. Ricci Z, Raggi V, Marinari E, Vallesi L, Chiara LD, Rizzo C, et al.
Acute kidney injury in pediatric cardiac intensive care children: not all
admissions are equal: a retrospective study [published online ahead of
print, 2021 Apr 16]. ] Cardiothorac Vasc Anesth. (2021) $1053-0770:00341—
4. doi: 10.1053/j.jvca.2021.04.015

4. Kaddourah A, Basu RK, Bagshaw SM, Goldstein SL, Investigators A.
Epidemiology of acute kidney injury in critically ill children and young
adults. N Engl ] Med. (2017) 376:11-20. doi: 10.1056/NEJMoal611391

5. Jetton JJ, Boohaker L, Sethi S, Wazir S, Rohatgi S, Soranno DE, et al.
Incidence and outcomes of neonatal acute kidney injury (AWAKEN): a
multicentre, multinational, observational cohort study. Lancet Child Adolesc
Health. (2017) 1:184-94. doi: 10.1016/S2352-4642(17)30069-x

6. Alten JA, Cooper DS, Blinder JJ, Selewski DT, Tabbutt S, Sasaki
J, et al. Neonatal and pediatric heart and renal outcomes network
(nephron) investigators. Epidemiology of acute kidney injury after neonatal
cardiac surgery: a report from the multicenter neonatal and pediatric
heart and renal outcomes network Crit Care Med. (2021) 49:e941-
51. doi: 10.1097/CCM.0000000000005165

7. Susantitaphong P, Cruz DN, Cerda J, Abulfaraj M, Alqahtani F, Koulouridis
I, et al. Acute kidney injury advisory group of the American society of
nephrology. World incidence of AKI: a meta-analysis. Clin ] Am Soc Nephrol.
(2013) 8:1482-93. doi: 10.2215/CJN.00710113

8. Starr MC, Banks R, Reeder RW, Fitzgerald J, Pollack M, Meert K, et al.
Severe acute kidney injury is associated with increased risk of death and
new morbidity after pediatric septic shock. Pediatr Crit Care Med. (2020)
21:e686-95. doi: 10.1098/PCC.0000000000002418

9. Alobaidi R, Morgan C, Goldstein SL, Bagshaw SM. Population-
based epidemiology and outcomes of acute kidney injury in
critically ill ~children. Pediatr Crit Care Med. (2020) 21:82-
91. doi: 10.1097/PCC.0000000000002128

10. Sutherland SM, Byrnes JJ, Kothari M, Longhurst C, Dutt SG,
et al. AKI in hospitalized children: comparing the pRIFLE,
AKIN, and KDIGO definitions. Clin ] Am Soc Nephrol. (2015)
10:554-61. doi: 10.2215/CJN.01900214

11. Hessey E, Morissette G, Lacroix ], Perreault S, Samuel S, Dorais M, et al.
Healthcare utilization after acute kidney injury in the pediatric intensive care
unit. Clin ] Am Soc Nephrol. (2018) 13:685-92. doi: 10.2215/CJN.09350817

12. Hessey E, Ali R, Dorais M, Morissette G, Pizzi M, Rink N, et al
Renal function follow-up and renal recovery after acute kidney

Survivors of AKI represent a vulnerable population that require
long-term, multi-disciplinary follow-up regardless of their
discharge renal function. Prospective cohort studies designed to
better understand the long-term impact of AKI on childhood
development and growth are needed. Future research should
focus on the identification of the mediators of organ cross-talk
between the kidneys and the brain, heart, lung, and the
immune system.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct, and
intellectual contribution to the work and approved it
for publication.

injury in critically ill children. Pediatr Crit Care Med. (2017)
18:733-40. doi: 10.1097/PCC.0000000000001166

13. Searns JB, Gist KM, Brinton JT, Pickett K, Todd J, Birkholz M, et al. Impact
of acute kidney injury and nephrotoxic exposure on hospital length of stay.
Pediatr Nephrol. (2020) 35:799-806. doi: 10.1007/s00467-019-04431-3

14. Yuan SM. Acute kidney injury after pediatric cardiac surgery. Pediatr
Neonatol. (2019) 60:3-11. doi: 10.1016/j.pedneo.2018.03.007

15. Alobaidi R, Basu RK, Goldstein SL, Bagshaw SM.
associated acute kidney injury. Semin Nephrol. (2015)
11. doi: 10.1016/j.semnephrol.2015.01.002

16. Joffe R, Al Aklabi M, Bhattacharya S, D, Calleja T,
Garros D, et al. Cardiac surgery-associated kidney injury in
children and renal oximetry. Pediatr Crit Care Med. (2018)
19:839-45. doi: 10.1097/PCC0000000000001656

17. Blinder JJ, Asaro LA, Wypij D, Selewski DT, Agus MSD, Gaies M, et al. Acute
kidney injury after pediatric cardiac surgery: a secondary analysis of the safe
pediatric euglycemia after cardiac surgery trial. Pediatr Crit Care Med. (2017)
18:638-46. doi: 10.1097/PCC.00000000000001185

18. Hessey E, Morissette G, Lacroix ], Perreault S, Samuel S, Dorais M, et al.
Long-term mortality after acute kidney injury in the pediatric ICU. Hosp
Pediatr. (2018) 8:260-8. doi: 10.1542/hpeds.2017-0215

19. Conroy AL, Hawkes M, Elphinstone RE, Morgan C, Hermann L, Barker
KR, et al. Acute kidney injury is common in pediatric severe malaria
and is associated with increased mortality. Open Forum Infect Dis. (2016)
3:0fw046. doi: 10.1093/ofidofw046

20. Kellum JA. Lameire, N, Aspelin P, Barsoum RS, Burdmann EA, Goldstein SL.
Kidney disease: Improving global outcomes (KDIGO) acute kidney injury
work group KDIGO clinical practice guideline for acute kidney injury.
Kidney Int Suppl. (2012) 2:1-138. doi: 10.1038/kisup.2012.1

21. Basu RK, Hackbarth R, Gillespie S, Akcan-Arikan A, Brophy P, Bagshaw
S, et al. Clinical phenotypes of acute kidney injury are associated with
unique outcomes in critically ill septic children. Pediatr Res. (2021) 90:1031-
8. doi: 10.1038/s41390-021-01363-3

22. Alobaidi R, Anton N, Burkholder S, Garros D, Garcia Guerra G,
Ulrich EH, et al. Association between acute kidney injury duration and
outcomes in critically ill children. Pediatr Crit Care Med. (2021) 22:642-
50. doi: 10.1097/PCC.0000000000002679

23. Ruth A, Basu RK, Gillespie S, Morgan C, Zaritsky J, Selewski DT, et al. Early
and late acute kidney injury: temporal profile in the critically ill pediatric
patient. Clin Kidney J. (2021) 15:311-9. doi: 10.1093/ckj/sfab199

24. LoBasso M, Schneider J, Sanchez-Pinto LN, Del Castillo S, Kim
G, Flynn A, et al. Acute kidney injury and kidney recovery after
cardiopulmonary bypass in children. Pediatr Nephrol. (2021) 37:659-
56. doi: 10.1007/s00467-021-05179-5

25. Namazzi R, Batte A, Opoka RO, Bangirana P, Schwaderer AL, Berrens Z, et al.
Acute kidney injury, persistent kidney disease, and post-discharge morbidity
and mortality in severe malaria in children: a prospective cohort study. E
Clinical Medicine. (2022) 44:101292. doi: 10.1016/j.eclinm.2022.101292

Sepsis-
35:2—

Cave

Frontiers in Pediatrics | www.frontiersin.org

June 2022 | Volume 10 | Article 893993


https://doi.org/10.23876/j.krcp.20.053
https://doi.org/10.1097/PCC0000000000002107
https://doi.org/10.1053/j.jvca.2021.04.015
https://doi.org/10.1056/NEJMoa1611391
https://doi.org/10.1016/S2352-4642(17)30069-x
https://doi.org/10.1097/CCM.0000000000005165
https://doi.org/10.2215/CJN.00710113
https://doi.org/10.1098/PCC.0000000000002418
https://doi.org/10.1097/PCC.0000000000002128
https://doi.org/10.2215/CJN.01900214
https://doi.org/10.2215/CJN.09350817
https://doi.org/10.1097/PCC.0000000000001166
https://doi.org/10.1007/s00467-019-04431-3
https://doi.org/10.1016/j.pedneo.2018.03.007
https://doi.org/10.1016/j.semnephrol.2015.01.002
https://doi.org/10.1097/PCC0000000000001656
https://doi.org/10.1097/PCC.00000000000001185
https://doi.org/10.1542/hpeds.2017-0215
https://doi.org/10.1093/ofidofw046
https://doi.org/10.1038/kisup.2012.1
https://doi.org/10.1038/s41390-021-01363-3
https://doi.org/10.1097/PCC.0000000000002679
https://doi.org/10.1093/ckj/sfab199
https://doi.org/10.1007/s00467-021-05179-5
https://doi.org/10.1016/j.eclinm.2022.101292
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles

Pande et al.

Non-renal Implications of AKI

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Aydin SI, Seiden HS, Blaufox AD, Parnell VA, Choudhury T, Punnoose A,
et al. Acute kidney injury after surgery for congenital heart disease. Ann
Thorac Surg. (2012) 94:1589-95. doi: 10.1016/j.athoracsur.2012.06.050
Mammen C, Al Abbas A, Skippen P, Nadel H, Levine D, Collet JP, et al. Long-
term risk of CKD in children surviving episodes of acute kidney injury in
the intensive care unit: a prospective cohort study. Am J Kidney Dis. (2012)
59:523-30. doi: 10.1053/j.ajkd.2011.10.048

Sigurjonsdottir VK, Chaturvedi S, Mammen C, Sutherland SM.
Pediatric acute kidney injury and the subsequent risk for chronic
kidney disease: is there cause for alarm? Pediatr Nephrol. (2018)
33:2047-55. doi: 10.1007/s00467-017-3870-6

Conroy AL, Opoka RO, Bangirana P, Idro R, Ssenkusu JM, Datta D, et al.
Acute kidney injury is associated with impaired cognition and chronic
kidney disease in a prospective cohort of children with severe malaria. BMC
Med. (2019) 17:98. doi: 10.1186/s12916-019-1332-7

Soranno DE, Deep A, Gist KM, Zappitelli M. Editorial: acute kidney injury:
its not just acute, and its not just the kidneys. Front Pediatr. (2021)
9:792210. doi: 10.3389/fped.2021.792210

Liu M, Liang Y, Chigurupati S, Lathia JD, Pletnikov M, Sun Z, et al. Acute
kidney injury leads to inflammation and functional changes in the brain. J
Am Soc Nephrol. (2008) 19:1360-70. doi: 10.1681/ASN.2007080901
Firouzjaei MA, Haghani M, Shid Moosavi SM. Renal ischemia/reperfusion
induced learning and memory deficit in the rat: insights into
underlying molecular and cellular mechanisms. Brain Res. (2019)
1719:263-73. doi: 10.1016/j.brainres.2019.05.018

Karimi N, Haghani M, Noorafshan A, Moosavi SMS. Structural and
functional disorders of hippocampus following ischemia/reperfusion
in lower limbs and kidneys. Neuroscience. (2017) 358:238-
48. doi: 10.1016/j.neuroscience.2017.06.058

Pande CK, Noll L, Afonso N, Serrano F Monteiro S, Guffey D,
et al. Neurodevelopmental outcomes in infants with cardiac surgery
associated acute kidney injury. Ann Thorac Surg. S0003-4975:00386-
1. doi: 10.1016/j.athoracsur.2022.03.020

Myers SR, Glaser NS, Trainor JL, Nigrovic LE, Garro A, Tzimenatos
L, et al. Pediatric emergency care applied research network (PECARN)
DKA FLUID study group. Frequency and risk factors of acute kidney
injury during diabetic ketoacidosis in children and association with
neurocognitive outcomes. JAMA Netw Open. (2020) 3:e2025481.
doi: 10.1001/jamanetworkopen.2020.25481

Fiedler U, Scharpfenecker M, Koidl S, Hegen A, Grunow V, Schmidt JM,
et al. The Tie-2 ligand angiopoietin-2 is stored in and rapidly released
upon stimulation from endothelial cell Weibel-Palade bodies. Blood. (2004)
103:4150-6. doi: 10.1182/blood-2003-10-3685

Fiedler U, Reiss Y, Scharpfenecker M, Grunow V, Koidl S, Thurston G,
et al. Angiopoietin-2 sensitizes endothelial cells to TNF-alpha and has a
crucial role in the induction of inflammation. Nat Med. (2006) 12:235-
9. doi: 10.1038/nm1351

Ouma BJ, Ssenkusu JM, Shabani E, Datta D, Opoka RO, Idro R,
et al. Endothelial acute kidney injury, and cognitive
impairment in pediatric severe malaria. Crit Care Med. (2020)
48:€734-43. doi: 10.1097/CCM.0000000000004469

Pierce RW, Giuliano JS Jr, Pober JS. Endothelial cell
and dysfunction in critically ill children. Pediatrics.
140:€20170355. doi: 10.1542/peds.2017-0355

Jongman RM, van Klarenbosch ], Molema G, Zijlstra JG, de Vries AJ, van
Meurs M. Angiopoietin/Tie2 dysbalance is associated with acute kidney
injury after cardiac surgery assisted by cardiopulmonary bypass. PLoS ONE.
(2015) 10:e0136205. doi: 10.1371/journal pone.0136205

Nongnuch A, Panorchan K, Davenport A. Brain-kidney crosstalk. Crit Care.
(2014) 18:225. doi: 10.1186/cc13907

Bone ME, Feinglass JM, Goodman DM. Risk factors for acquiring functional
and cognitive disabilities during admission to a PICU*. Pediatr Crit Care
Med. (2014) 15:640-8. doi: 10.1097/PCC.0000000000000199

Hickson MR, Conroy AL, Bangirana P, Opoka RO, Idro R, Ssenkusu
JM, et al. Acute kidney injury in Ugandan children with severe malaria
is associated with long-term behavioral problems. PLoS ONE. (2019)
14:e0226405. doi: 10.1371/journal.pone.0226405

Mendley SR, Matheson MB, Shinnar S, Lande MB, Gerson AC, Butler
RW, et al. Duration of chronic kidney disease reduces attention and

activation,

function
(2017)

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

executive function in pediatric patients. Kidney Int. (2015) 87:800-
6. doi: 10.1038/ki.2014.323

Kellum JA, Sileanu FE, Bihorac A, Hoste EA, Chawla LS. Recovery
after Acute Kidney Injury. Am ] Respir Crit Care Med. (2017) 195:784-
91. doi: 10.1164/rccm.201604-07990C

Johnson R], Matheson MM, Gerson AC, Mendle ySR, Shinnar S, Lande MB,
et al. Emotional-behavioral functioning of children enrolled in the Chronic
Kidney Disease in Children (CKiD) Cohort Study. San Diego, CA: American
Society of Nephrology Kidney Week (2015).

Harshman LA, Johnson RJ, Matheson MB, Kogon AJ, Shinnar S, Gerson
AC, et al. Academic achievement in children with chronic kidney
disease: a report from the CKiD cohort. Pediatr Nephrol. (2019) 34:689-
96. doi: 10.1007/s00467-018-4144-7

Ronco C. The cardiorenal syndrome: basis and common ground for a
multidisciplinary patient-oriented therapy. Cardiorenal Med. (2011) 1:3-
4. doi: 10.1159/000323352

Wu VC, Huang TM, Lai CE Shiao CC, Lin YE Chu TS, et al
Acute-on-chronic kidney injury at hospital discharge is associated
with long-term dialysis and mortality. Kidney Int. (2011) 80:1222-
30. doi: 10.1038/ki.2011.259

Gammelager H, Christiansen CF, Johansen MB, Tonnesen E, Jespersen B,
Serensen HT. Three-year risk of cardiovascular disease among intensive care
patients with acute kidney injury: a population-based cohort study. Crit Care.
(2014) 18:492. doi: 10.1186/s13054-014-0492-2

Bansal N, Matheny ME, Greevy RA Jr Eden SK, Perkins AM, Parr SK, et al.
Acute kidney injury and risk of incident heart failure among US veterans.
Am ] Kidney Dis. (2018) 71:236-45. doi: 10.1053/j.ajkd.2017.08.027

Go AS, Hsu CY, Yang ], Tan TC, Zheng S, Ordonez JD, et al. Acute kidney
injury and risk of heart failure and atherosclerotic events. Clin ] Am Soc
Nephrol. (2018) 13:833-41. doi: 10.2215/CJN.12591117

Fox BM, Gil HW, Kirkbride-Romeo L, Bagchi RA, Wennersten SA, Haefner
KR, et al. Metabolomics assessment reveals oxidative stress and altered
energy production in the heart after ischemic acute kidney injury in mice.
Kidney Int. (2019) 95:590-610. doi: 10.1016/j.kint.2018.10.020

Soranno DE, Kirkbride-Romeo L, Wennersten SA, Ding K, Cavasin MA,
Baker P, et al. Acute kidney injury results in long-term diastolic dysfunction
that is prevented by histone deacetylase inhibition. JACC Basic Transl Sci.
(2021) 6:119-33. doi: 10.1016/j.jacbts.2020.11.013

Soranno DE, Baker P, Kirkbride-Romeo L, Wennersten SA, Ding K, Keith B,
et al. Female and male mice have differential longterm cardiorenal outcomes
following a matched degree of ischemia-reperfusion acute kidney injury. Sci
Rep. (2022) 12:643. doi: 10.1038/s41598-021-04701-x

Alge ], Dolan K, Angelo J, Thadani S, Virk M, Akcan Arikan A. Two to tango:
kidney-lung interaction in acute kidney injury and acute respiratory distress
syndrome. Front Pediatr. (2021) 9:744110. doi: 10.3389/fped.2021.744110
Jang HR, Rabb H. Immune cells in experimental acute kidney injury. Nat Rev
Nephrol. (2015) 11:88-101. doi: 10.1038/nrneph.2014.180

Bonavia A, Singbartl K. A review of the role of immune cells in acute kidney
injury. Pediatr Nephrol. (2018) 33:1629-39. doi: 10.1007/s00467-017-3774-5
Ysebaert DK, De Greef KE, Vercauteren SR, Ghielli M, Verpooten
GA, Eyskens EJ, et al. Identification and kinetics of leukocytes after
severe ischaemia/reperfusion renal injury. Nephrol Dial Transplant. (2000)
15:1562-74. doi: 10.1093/ndt/15.10.1562

Zhang MZ, Yao B, Yang S, Jiang L, Wang S, Fan X, et al. CSF-1 signaling
mediates recovery from acute kidney injury. J Clin Invest. (2012) 122:4519-
32. doi: 10.1172/JCI60363

Han HI, Skvarca LB, Espiritu EB, Davidson AJ, Hukriede NA. The role of
macrophages during acute kidney injury: destruction and repair. Pediatr
Nephrol. (2019) 34:561-9. doi: 10.1007/s00467-017-3883-1

Lee S, Huen S, Nishio H, Nishio S, Lee HK, Choi BS, et al. Distinct
macrophage phenotypes contribute to kidney injury and repair. ] Am Soc
Nephrol. (2011) 22:317-26. doi: 10.1681/ASN.2009060615
Nakazawa D, Marschner JA, Platen L, Anders HJ.
traps  in  kidney  disease.  Kidney  Int.  (2018)
98. doi: 10.1016/j.kint.2018.08.035

Grégoire M, Uhel F Lesouhaitier M, Gacouin A, Guirriec M,
Mourcin F, et al. Impaired efferocytosis and neutrophil extracellular
trap clearance by macrophages in ARDS. Eur Respir ]. (2018)
52:1702590. doi: 10.1183/13993003.02590-2017

Extracellular
94:1087-

Frontiers in Pediatrics | www.frontiersin.org

June 2022 | Volume 10 | Article 893993


https://doi.org/10.1016/j.athoracsur.2012.06.050
https://doi.org/10.1053/j.ajkd.2011.10.048
https://doi.org/10.1007/s00467-017-3870-6
https://doi.org/10.1186/s12916-019-1332-7
https://doi.org/10.3389/fped.2021.792210
https://doi.org/10.1681/ASN.2007080901
https://doi.org/10.1016/j.brainres.2019.05.018
https://doi.org/10.1016/j.neuroscience.2017.06.058
https://doi.org/10.1016/j.athoracsur.2022.03.020
https://doi.org/10.1001/jamanetworkopen.2020.25481
https://doi.org/10.1182/blood-2003-10-3685
https://doi.org/10.1038/nm1351
https://doi.org/10.1097/CCM.0000000000004469
https://doi.org/10.1542/peds.2017-0355
https://doi.org/10.1371/journal
https://doi.org/10.1186/cc13907
https://doi.org/10.1097/PCC.0000000000000199
https://doi.org/10.1371/journal.pone.0226405
https://doi.org/10.1038/ki.2014.323
https://doi.org/10.1164/rccm.201604-0799OC
https://doi.org/10.1007/s00467-018-4144-7
https://doi.org/10.1159/000323352
https://doi.org/10.1038/ki.2011.259
https://doi.org/10.1186/s13054-014-0492-2
https://doi.org/10.1053/j.ajkd.2017.08.027
https://doi.org/10.2215/CJN.12591117
https://doi.org/10.1016/j.kint.2018.10.020
https://doi.org/10.1016/j.jacbts.2020.11.013
https://doi.org/10.1038/s41598-021-04701-x
https://doi.org/10.3389/fped.2021.744110
https://doi.org/10.1038/nrneph.2014.180
https://doi.org/10.1007/s00467-017-3774-5
https://doi.org/10.1093/ndt/15.10.1562
https://doi.org/10.1172/JCI60363
https://doi.org/10.1007/s00467-017-3883-1
https://doi.org/10.1681/ASN.2009060615
https://doi.org/10.1016/j.kint.2018.08.035
https://doi.org/10.1183/13993003.02590-2017
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles

Pande et al.

Non-renal Implications of AKI

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Lie ML, White LE, Santora RJ, Park JM, Rabb H, Hassoun HT. Lung T
lymphocyte trafficking and activation during ischemic acute kidney injury.
J Immunol. (2012) 189:2843-51. doi: 10.4049/jimmunol.1103254

Klein CL, Hoke TS, Fang WE, Altmann CJ, Douglas IS, Faubel S. Interleukin-
6 mediates lung injury following ischemic acute kidney injury or bilateral
nephrectomy. Kidney Int. (2008) 74:901-9. doi: 10.1038/ki.2008.314

Ahuja N, Andres-Hernando A, Altmann C, Bhargava R, Bacalja J, Webb
RG, et al. Circulating IL-6 mediates lung injury via CXCL1 production after
acute kidney injury in mice. Am ] Physiol Renal Physiol. (2012) 303:F864-
72. doi: 10.1152/ajprenal.00025.2012

Liu KD, Altmann C, Smits G, Krawczeski CD, Edelstein CL, Devarajan
P, et al. Serum interleukin-6 and interleukin-8 are early biomarkers of
acute kidney injury and predict prolonged mechanical ventilation in
children undergoing cardiac surgery: a case-control study. Crit Care. (2009)
13:R104. doi: 10.1186/cc7940

Teixeira JP, Ambruso S, Griffin BR,
consequences of acute kidney injury.
39:3-16. doi: 10.1016/j.semnephrol.2018.10.001
Scheel PJ, Liu M, Rabb H. Uremic lung: new insights into a forgotten
condition. Kidney Int. (2008) 74:849-51. doi: 10.1038/ki.2008.390

Hassoun HT, Grigoryev DN, Lie ML, Liu M, Cheadle C, Tuder RM, et al.
Ischemic acute kidney injury induces a distant organ functional and genomic
response distinguishable from bilateral nephrectomy. Am J Physiol Renal
Physiol. (2007) 293:F30-40. doi: 10.1152/ajprenal.00023.2007

Doi K, Ishizu T, Tsukamoto-Sumida M, Hiruma T, Yamashita T, Ogasawara
E, et al. The high-mobility group protein Bl-Toll-like receptor 4 pathway
contributes to the acute lung injury induced by bilateral nephrectomy.
Kidney Int. (2014) 86:316-26. doi: 10.1038/ki.2014.62

Adelibieke Y, Yisireyili M, Ng HY, Saito S, Nishijima F, Niwa T. Indoxyl
sulfate induces IL-6 expression in vascular endothelial and smooth muscle
cells through OAT3-mediated uptake and activation of AhR/NF-kB pathway.
Nephron Exp Nephrol. (2014) 128:1-8. doi: 10.1159/000365217

Kawakami T, Inagi R, Wada T, Tanaka T, Fujita T, Nangaku M.
Indoxyl sulfate inhibits proliferation of human proximal tubular cells via
endoplasmic reticulum stress. Am ] Physiol Renal Physiol. (2010) 299:F568-
76. doi: 10.1152/ajprenal.00659.2009

Lekawanvijit S, Adrahtas A, Kelly DJ, Kompa AR, Wang BH, Krum H. Does
indoxyl sulfate, a uraemic toxin, have direct effects on cardiac fibroblasts and
myocytes? Eur Heart J. (2010) 31:1771-9. doi: 10.1093/eurheartj/ehp574
Chang JE Liang SS, Thanasekaran P, Chang HW, Wen LL, Chen CH,
et al. Translational medicine in pulmonary-renal crosstalk: therapeutic
targeting of p-cresyl sulfate triggered nonspecific ros and chemoattractants
in dyspneic patients with uremic lung injury. J Clin Med. (2018)
7:266. doi: 10.3390/jcm7090266

Ma T, Liu Z. Functions of aquaporin 1 and a-epithelial Na+ channel in rat
acute lung injury induced by acute ischemic kidney injury. Int Urol Nephrol.
(2013) 45:1187-96. doi: 10.1007/s11255-012-0355-1

Vanholder R, Schepers E, Pletinck A, Nagler EV, Glorieux G. The uremic
toxicity of indoxyl sulfate and p-cresyl sulfate: a systematic review. ] Am Soc
Nephrol. (2014) 25:1897-907. doi: 10.1681/ASN.2013101062

Hsia CCW, Ravikumar P, Ye J. Acute lung injury complicating acute
kidney injury: a model of endogenous aKlotho deficiency and distant organ
dysfunction. Bone. (2017) 100:100-9. doi: 10.1016/j.bone.2017.03.047
Kuro-o M, Matsumura Y, Aizawa H, Kawaguchi H, Suga T, Utsugi T, et al.
Mutation of the mouse klotho gene leads to a syndrome resembling ageing.
Nature. (1997) 390:45-51. doi: 10.1038/36285

Hu MC, Shiizaki K, Kuro-o M, Moe OW. Fibroblast growth
factor 23 and Klotho: physiology and pathophysiology of an
endocrine network of mineral metabolism. Annu Rev Physiol. (2013)
75:503-33. doi: 10.1146/annurev-physiol-030212-183727

Zhang ], Cao K, Pastor JV, Li L, Moe OW, Hsia CCW. Alpha-Klotho, a critical
protein for lung health, is not expressed in normal lung. FASEB Bioady.
(2019) 1:675-87. doi: 10.1096/fba.2019-00016

Matsumura Y, Aizawa H, Shiraki-Iida T, Nagai R, Kuro-o M, Nabeshima Y.
Identification of the human klotho gene and its two transcripts encoding
membrane and secreted klotho protein. Biochem Biophys Res Commun.
(1998) 242:626-30. doi: 10.1006/bbrc.1997.8019

Bloch L, Sineshchekova O, Reichenbach D, Reiss K, Saftig P, Kuro-o M,
et al. Klotho is a substrate for alpha-, beta- and gamma-secretase. FEBS Lett.
(2009) 583:3221-4. doi: 10.1016/j.febslet.2009.09.009

Faubel S. Pulmonary

Semin  Nephrol. (2019)

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Picciotto D, Murugavel A, Ansaldo E Rosa GM, Sofia A, Milanesi S, et al. The
organ handling of soluble klotho in humans. Kidney Blood Press Res. (2019)
44:715-26. doi: 10.1159/000501316

Hu MC, Shi M, Zhang ], Addo T, Cho HJ, Barker SL, et al. Renal production,
uptake, and handling of circulating aklotho. ] Am Soc Nephrol. (2016)
27:79-90. doi: 10.1681/ASN.2014101030

Hu M-C, Shi M, Zhang ], Quifones H, Kuro-o M, Moe OW.
Klotho deficiency is an early biomarker of renal ischemia-reperfusion
injury and its replacement is protective. Kidney Int. (2010) 78:1240-
51. doi: 10.1038/ki.2010.328

Ravikumar P, Ye ], Zhang J, Pinch SN, Hu MC. Kuro-o M, et al. a-Klotho
protects against oxidative damage in pulmonary epithelia. Am J Physiol Lung
Cell Mol Physiol. (2014) 307:L566-75. doi: 10.1152/ajplung.00306.2013
Gazdhar A, Ravikumar P, Pastor J, Heller M, Ye ], Zhang J, et al. Alpha-
Klotho enrichment in induced pluripotent stem cell secretome contributes
to antioxidative protection in acute lung injury. Stem Cells. (2018) 36:616—
25. doi: 10.1002/stem.2752

Hsieh CC. Kuro-o M, Rosenblatt KP, Brobey R, Papaconstantinou J. The
ASK1-Signalosome regulates p38 MAPK activity in response to levels of
endogenous oxidative stress in the Klotho mouse models of aging. Aging
(Albany NY). (2010) 2:597-611. doi: 10.18632/aging.100194

Starr MC, Boohaker L, Eldredge LC, Menon S, Griffin R, Mayock DE, et al.
Neonatal kidney collaborative. Acute kidney injury and bronchopulmonary
dysplasia in premature neonates born less than 32 weeks™ gestation. Am |
Perinatol. (2020) 37:341-8. doi: 10.1055/s-0039-3400311

Starr MC, Boohaker L, Eldredge LC, Menon S, Griffin R, Mayock D, et al.
Neonatal kidney collaborative. Acute kidney injury is associated with poor
lung outcomes in infants born >32 weeks of gestational age. Am J Perinatol.
(2020) 37:231-40. doi: 10.1055/s-0039-1698836

Gist KM, Faubel S. Infection post-AKI: should we worry? Nephron. (2020)
144:673-6. doi: 10.1159/000508101

Himmelfarb ], Le P, Klenzak ], Freedman S, McMenamin ME, Ikizler
TA, et al. group. Impaired monocyte cytokine production in critically
ill patients with acute renal failure. Kidney Int. (2004) 66:2354-
60. doi: 10.1111/j.1523-1755.2004.66023.x

Mehta RL, Bouchard ], Soroko SB, Ikizler TA, Paganini EP, Chertow GM,
et al. Program to improve care in acute renal disease (PICARD) study
group. Sepsis as a cause and consequence of acute kidney injury: program
to improve care in acute renal disease Intensive. Care Med. (2011) 37:241-
8. doi: 10.1007/s00134-010-2089-9

Selby NM, Kolhe NV, McIntyre CW, Monaghan J, Lawson N, Elliott D, et al.
Defining the cause of death in hospitalised patients with acute kidney injury.
PL0oS ONE. (2012) 7:€48580. doi: 10.1371/journal.pone.0048580

Griffin BR, Teixeira JP, Ambruso S, Bronsert M, Pal JD, Cleveland JC,
et al. Stage 1 acute kidney injury is independently associated with infection
following cardiac surgery. | Thorac Cardiovasc Surg. (2021) 161:1346-
55.e3. doi: 10.1016/j.jtcvs.2019.11.004

SooHoo M, Griffin B, Jovanovich A, Soranno DE, Mack E, Patel SS, et al.
Acute kidney injury is associated with subsequent infection in neonates after
the Norwood procedure: a retrospective chart review. Pediatr Nephrol. (2018)
33:1235-42. doi: 10.1007/s00467-018-3907-5

Formeck CL, Joyce EL, Fuhrman DY, Kellum JA. Association of acute kidney
injury with subsequent sepsis in critically ill children. Pediatr Crit Care Med.
(2021) 22:e58-66. doi: 10.1097/PCC.0000000000002541

Griffin BR, You Z, Holmen J, SooHoo M, Gist KM, Colbert JE et al.
Incident infection following acute kidney injury with recovery to baseline
creatinine: a propensity score matched analysis. PLoS ONE. (2019)
14:0217935. doi: 10.1371/journal.pone.0217935

Santiago MJ, Lopez-Herce ], Vierge E, Castillo A, Bustinza A, Bellon JM, et al.
Infection in critically ill pediatric patients on continuous renal replacement
therapy. Int ] Artif Organs. (2017) 40:224-9. doi: 10.5301/ija0.5000587
Tsalik EL, Willig LK, Rice BJ, van Velkinburgh JC, Mohney RP, McDunn JE,
et al. Renal systems biology of patients with systemic inflammatory response
syndrome. Kidney Int. (2015) 88:804-14. doi: 10.1038/ki.2015.150

Kim J, Kil IS, Seok YM, Yang ES, Kim DK, Lim DG, et al. Orchiectomy
attenuates post-ischemic oxidative stress and ischemia/reperfusion injury
in mice. A role for manganese superoxide dismutase. J Biol Chem. (2006)
281:20349-56. doi: 10.1074/jbc.M512740200

Gong J, Noel S, Pluznick JL, Hamad ARAR, Rabb H. Gut
microbiota-kidney kidney injury.  Semin

cross-talk  in  acute

Frontiers in Pediatrics | www.frontiersin.org

June 2022 | Volume 10 | Article 893993


https://doi.org/10.4049/jimmunol.1103254
https://doi.org/10.1038/ki.2008.314
https://doi.org/10.1152/ajprenal.00025.2012
https://doi.org/10.1186/cc7940
https://doi.org/10.1016/j.semnephrol.2018.10.001
https://doi.org/10.1038/ki.2008.390
https://doi.org/10.1152/ajprenal.00023.2007
https://doi.org/10.1038/ki.2014.62
https://doi.org/10.1159/000365217
https://doi.org/10.1152/ajprenal.00659.2009
https://doi.org/10.1093/eurheartj/ehp574
https://doi.org/10.3390/jcm7090266
https://doi.org/10.1007/s11255-012-0355-1
https://doi.org/10.1681/ASN.2013101062
https://doi.org/10.1016/j.bone.2017.03.047
https://doi.org/10.1038/36285
https://doi.org/10.1146/annurev-physiol-030212-183727
https://doi.org/10.1096/fba.2019-00016
https://doi.org/10.1006/bbrc.1997.8019
https://doi.org/10.1016/j.febslet.2009.09.009
https://doi.org/10.1159/000501316
https://doi.org/10.1681/ASN.2014101030
https://doi.org/10.1038/ki.2010.328
https://doi.org/10.1152/ajplung.00306.2013
https://doi.org/10.1002/stem.2752
https://doi.org/10.18632/aging.100194
https://doi.org/10.1055/s-0039-3400311
https://doi.org/10.1055/s-0039-1698836
https://doi.org/10.1159/000508101
https://doi.org/10.1111/j.1523-1755.2004.66023.x
https://doi.org/10.1007/s00134-010-2089-9
https://doi.org/10.1371/journal.pone.0048580
https://doi.org/10.1016/j.jtcvs.2019.11.004
https://doi.org/10.1007/s00467-018-3907-5
https://doi.org/10.1097/PCC.0000000000002541
https://doi.org/10.1371/journal.pone.0217935
https://doi.org/10.5301/ijao.5000587
https://doi.org/10.1038/ki.2015.150
https://doi.org/10.1074/jbc.M512740200
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles

Pande et al.

Non-renal Implications of AKI

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Nephrol. 39:107-16. doi:
10.009

Singbartl K, Miller L, Ruiz-Velasco V, Kellum JA. Reversal of acute kidney
injury-induced neutrophil dysfunction: a critical role for resistin. Crit Care
Med. (2016) 44:e492-501. doi: 10.1097/CCM.0000000000001472

Kyle UG, Akcan-Arikan A, Orellana RA. Coss-/bu JA. Nutrition support
among critically ill children with AKL Clin ] Am Soc Nephrol. (2013)
8:568-74. doi: 10.2215/CJN.05790612

Sabatino A, Regolisti G, Maggiore U, Fiaccadori E. Protein/energy debt
in critically ill children in the pediatric intensive care unit: acute
kidney injury as a major risk factor. J Ren Nutr. (2014) 24:209-
18. doi: 10.1053/j.jrn.2013.08.007

Lion RP, Vega MR, Smith EO, Devaraj S, Braum MS, Bryan NS, et al.
The effect of continuous venovenous hemodiafiltration on amino acid
delivery, clearance, and removal in children. Pediatr Nephrol. (2022) 37:433-
41. doi: 10.1007/s00467-021-05162-0

Hegde A, Denburg MR, Glenn DA. Acute kidney injury and pediatric bone
health. Front Pediatr. (2021) 8:635628. doi: 10.3389/fped.2020.635628
Hutchens MP, Fujiyoshi T, Komers R, Herson PS, Anderson S. Estrogen
protects renal endothelial barrier function from ischemia-reperfusion
in vitro and in vivo. Am ] Physiol Renal Physiol. (2012) 303:F377-
85. doi: 10.1152/ajprenal.00354.2011

Hutchens MP, Nakano T, Kosaka Y, Dunlap ], Zhang W, Herson
PS, et al. Estrogen is renoprotective via a nonreceptor-dependent
mechanism after cardiac arrest in vivo. Anesthesiology. (2010) 112:395-
405. doi: 10.1097/ALN.0b013e3181c98da9

Gluhovschi G, Gluhovschi A, Anastasiu D, Petrica L, Gluhovschi C, Velciov
S. Chronic kidney disease and the involvement of estrogen hormones in its
pathogenesis and progression. Rom ] Intern Med. (2012) 50:135-44.

Feng JY, Liu KT, Abraham E, Chen CY, Tsai PY, Chen YC, et al
Serum estradiol levels predict survival and acute kidney injury in
patients with septic shock—a prospective study. PLoS One. (2014)
9:97967. doi: 10.1371/journal.pone.0097967

Aufhauser DD Jr, Wang Z, Murken DR, Bhatti TR, Wang
Y, Ge G, et al. Improved renal ischemia tolerance in females
influences kidney transplantation outcomes. ] Clin Invest. (2016)
126:1968-77. doi: 10.1172/JCI84712

Carrero JJ, Hecking M, Chesnaye NC, Jager KJ. Sex and gender disparities in
the epidemiology and outcomes of chronic kidney disease. Nat Rev Nephrol.
(2018) 14:151-64. doi: 10.1038/nrneph.2017.181

Neugarten ], Golestaneh L. Female sex reduces the risk of hospital-
associated acute kidney injury: a meta-analysis. BMC Nephrol. (2018)
19:314. doi: 10.1186/512882-018-1122-z

Neugarten ], Golestaneh L. The effect of gender on aminoglycoside-
associated  nephrotoxicity. Clin ~ Nephrol. (2016) 86:183—
9. doi: 10.5414/CN108927

Neugarten J, Sandilya S, Singh B, Golestaneh L. Sex and the

(2019) 10.1016/j.semnephrol.2018.

risk of AKI following cardio-thoracic surgery: a meta-analysis.
Clin ] Am Soc Nephrol. (2016) 11:2113-22. doi: 10.2215/CJN.033
40316

Silbiger SR, Neugarten J. The impact of gender on the

progression of chronic renal disease. Am ] Kidney Dis. (1995)
25:515-33. doi: 10.1016/0272-6386(95)90119-1

Neugarten J, Acharya A, Silbiger SR. Effect of gender on the progression
of nondiabetic renal disease: a meta-analysis. ] Am Soc Nephrol. (2000)
11:319-29. doi: 10.1681/ASN.V112319

Jafar TH, Schmid CH, Stark PC, Toto R, Remuzzi G, Ruggenenti P, et al. The
rate of progression of renal disease may not be slower in women compared
with men: a patient-level meta-analysis. Nephrol Dial Transplant. (2003)
18:2047-53.

Zimmerman JJ, Rotta AT. Fuhrman and Zimmerman’s Pediatric Critical
Care. 6th ed. Philadelphia, PA: Elsevier (2022). p. 175-182.

Fink EL, Jarvis JM, Maddux AB, Pinto N, Galyean P, Olson LM, et al.
Pediatric acute lung injury and sepsis investigators (PALISI) long-term
outcomes subgroup investigators, and; eunice kennedy shriver national
institute of child health and human development collaborative pediatric
critical care research network (CPCCRN). Development of a core outcome
set for pediatric critical care outcomes research. Contemp Clin Trials. (2020)
91:105968. doi: 10.1016/j.cct.2020.105968

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Fink EL, Maddux AB, Pinto N, Sorenson S, Notterman D, Dean JM,
et al. Pediatric outcomes studies after PICU (POST-PICU) investigators of
the pediatric acute lung injury and sepsis investigators (PALISI) network
and the eunice kennedy shriver national institute of child health and
human development collaborative pediatric critical care research network
(CPCCRN). A core outcome set for pediatric critical care. Crit Care Med.
(2020) 48:1819-28. doi: 10.1097/CCM.0000000000004660

Choong K, D, Al-Harbi S, Borham A, Cameron J,
Cameron S, et al. Functional recovery in critically ill children,
the “WeeCover” multicenter study. Pediatr Crit Care Med. (2018)
19:145-54. doi: 10.1097/PCC.0000000000001421

Fraser

Pinto NP, Rhinesmith EW, Kim TY, Ladner PH, Pollack MM.
Long-term function after pediatric critical illness: results from
the survivor outcomes study. Pediatr Crit Care Med. (2017)

18:122-30. doi: 10.1097/PCC.0000000000001070

Fitzgerald JC, Basu RK, Akcan-Arikan A, Izquierdo LM, Pifieres Olave
BE, Hassinger AB, et al. Sepsis prevalence, outcomes, and therapies study
investigators and pediatric acute lung injury and sepsis investigators
network. Acute kidney injury in pediatric severe sepsis: an independent
risk factor for death and new disability. Crit Care Med. (2016) 44:2241-
50. doi: 10.1097/CCM.0000000000002007

Watson RS, Asaro LA, Hutchins L, Bysani GK, Killien EY, Angus DC,
et al. Risk factors for functional decline and impaired quality of life after
pediatric respiratory failure. Am J Respir Crit Care Med. (2019) 200:900—
9. doi: 10.1164/rccm.201810-18810C

Smith M, Bell C, Vega MW, Tufan Pekkucuksen N, Loftis L, McPherson M,
et al. Patient-centered outcomes in pediatric continuous kidney replacement
therapy: new morbidity and worsened functional status in survivors. Pediatr
Nephrol. (2022) 37:189-97. doi: 10.1007/s00467-021-05177-7

Alton GY, Taghados S, Joffe AR, Robertson CM, Dinu I. Prediction of
preschool functional abilities after early complex cardiac surgery. Cardiol
Young. (2015) 25:655-62. doi: 10.1017/S1047951114000535

Guerra GG, Robertson CM, Alton GY, Joffe AR, Dinu IA, Nicholas D, et al.
Quality of life 4 years after complex heart surgery in infancy. J Thorac
Cardiovasc Surg. (2013) 145:482-8.¢2. doi: 10.1016/j.jtcvs.2012.03.050
Fuhrman DY, Kane-Gill S, Goldstein SL, Priyanka P, Kellum JA. Acute kidney
injury epidemiology, risk factors, and outcomes in critically ill patients 16-25
years of age treated in an adult intensive care unit. Ann Intensive Care. (2018)
8:26. doi: 10.1186/s13613-018-0373-y

Fuhrman DY, Nguyen LG. Sanchez-de-Toledo ],  Priyanka
P, Kellum JA. Postoperative acute kidney injury in young
adults with congenital heart disease. Ann Thorac Surg. (2019)

107:1416-20. doi: 10.1016/j.athoracsur.2019.01.017

Fuhrman DY, Nguyen L, Joyce EL, Priyanka P, Kellum JA. Outcomes
of adults with congenital heart disease that experience acute kidney
injury in the intensive care unit. Cardiol Young (2021) 31:274-
8. doi: 10.1017/51047951120003923

Marelli AJ, Mackie AS, Ionescu-Ittu R, Rahme E, Pilote L. Congenital heart
disease in the general population: changing prevalence and age distribution.
Circulation. (2007) 115:163. doi: 10.1161/CIRCULATIONAHA.106.627224

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Pande, Smith, Soranno, Gist, Fuhrman, Dolan, Conroy and
Akcan-Arikan. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Pediatrics | www.frontiersin.org

June 2022 | Volume 10 | Article 893993


https://doi.org/10.1016/j.semnephrol.2018.10.009
https://doi.org/10.1097/CCM.0000000000001472
https://doi.org/10.2215/CJN.05790612
https://doi.org/10.1053/j.jrn.2013.08.007
https://doi.org/10.1007/s00467-021-05162-0
https://doi.org/10.3389/fped.2020.635628
https://doi.org/10.1152/ajprenal.00354.2011
https://doi.org/10.1097/ALN.0b013e3181c98da9
https://doi.org/10.1371/journal.pone.0097967
https://doi.org/10.1172/JCI84712
https://doi.org/10.1038/nrneph.2017.181
https://doi.org/10.1186/s12882-018-1122-z
https://doi.org/10.5414/CN108927
https://doi.org/10.2215/CJN.03340316
https://doi.org/10.1016/0272-6386(95)90119-1
https://doi.org/10.1681/ASN.V112319
https://doi.org/10.1016/j.cct.2020.105968
https://doi.org/10.1097/CCM.0000000000004660
https://doi.org/10.1097/PCC.0000000000001421
https://doi.org/10.1097/PCC.0000000000001070
https://doi.org/10.1097/CCM.0000000000002007
https://doi.org/10.1164/rccm.201810-1881OC
https://doi.org/10.1007/s00467-021-05177-7
https://doi.org/10.1017/S1047951114000535
https://doi.org/10.1016/j.jtcvs.2012.03.050
https://doi.org/10.1186/s13613-018-0373-y
https://doi.org/10.1016/j.athoracsur.2019.01.017
https://doi.org/10.1017/S1047951120003923
https://doi.org/10.1161/CIRCULATIONAHA.106.627224
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles

	The Neglected Price of Pediatric Acute Kidney Injury: Non-renal Implications
	Introduction
	AKI and the Effects on Other Organ Systems
	AKI and the Brain
	AKI and the Heart
	AKI and the Lungs
	AKI and the Immune System
	AKI and Growth
	AKI and Sex as a Biological Variable
	AKI and Functional Status, Health-Related Quality of Life
	Longitudinal Impact on Adult Health and Life Course Outcomes

	Conclusions and Future Research Directions
	Author Contributions
	References


