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ABSTRACT

Acute kidney injury (AKI) is now recognized as a heterogeneous syndrome that not only affects acute morbidity and mortality, but also a patient's
long-term prognosis. In this narrative review, an update on various aspects of AKI in critically ill patients will be provided. Focus will be on
prediction and early detection of AKI (e.g., the role of biomarkers to identify high-risk patients and the use of machine learning to predict AKI),
aspects of pathophysiology and progress in the recognition of different phenotypes of AKI, as well as an update on nephrotoxicity and organ cross-
talk. In addition, prevention of AKI (focusing on fluid management, kidney perfusion pressure, and the choice of vasopressor) and supportive
treatment of AKI is discussed. Finally, post-AKI risk of long-term sequelae including incident or progression of chronic kidney disease,

cardiovascular events and mortality, will be addressed.
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INTRODUCTION

The availability of a consensus definition of acute kidney injury (AKI)
[1] has been an important step in establishing AKI epidemiology. AKI
affects 30-60% of critically ill patients and is associated with acute
morbidity and mortality [2]. Evidence is also accumulating that the
burden of AKI extends beyond the acute phase with progression to
chronic kidney disease (CKD), increased risk of cardiovascular
complications, recurrent episodes of AKI and long-term mortality [3].
Prevention of development and/or progression is currently limited to
hemodynamic and fluid status optimization and avoidance of
nephrotoxins. Search for a specific pharmacologic treatment is
hampered by the late diagnosis and the complex and incompletely
elucidated pathophysiology. Progress in the management of AKI is to
be expected from the recognition that AKI is a very heterogeneous
syndrome with variable etiology, pathophysiology and clinical
presentation.. CKD, characterized by a decreased number of
functioning nephrons [4], is probably the most impor- tant factor that
defines the susceptibility of a subject to devel- oping AKI under
nephrotoxic exposure [5]. Furthermore, base- line renal function is the
most significant variable in assessment of patients 'AKI risk; therefore,
it is a component of several risk scores used in different clinical
settings [6, 7]. However, AKI is a recognized risk factor for CKD [8],
by damaging nephrons and reducing first renal functional reserve
(RFR) and then glomeru- lar filtration rate (GFR) [9]. In 2012, the
Kidney Disease: Improv- ing Global Outcomes (KDIGO) AKI
workgroup defined AKI and CKD as syndromes mainly differentiated
by the timing of kid- ney function impairment (i.e. a period of <7 days
for AKI and > 90 days for CKD) and its reversibility [ 10]. Additionally,
KDIGO also defined the persistence of kidney functional impairment
for a duration of between 7 and 90 days as acute kidney disease (AKD).
In 2016, the Acute Disease Quality Initiative (ADQI) group further
defined AKI as persistent if variations of serum creati- nine (sCr)
and/or urine output, according to KDIGO criteria, last beyond 48 h
from AKI onset. On the contrary, a rapid reversal of AKI within 48 h
has been defined as transient AKI [11]. However, persistent AKI needs
to be consistently defined in the literature. While AKI and CKD are
well-described syndromes, transient or persistent AKI and AKD are
relatively new entities. This review aims to highlight the critical phases
of persistent AKI in ICU patients in terms of both clinical and
mechanistic features to offer to clinicians and researchers an updated
basis from which to start improving patients 'care and direct future
research.

Before An Aki Episode: Risk Factors For Persistent Aki In
Critically ILL Patients -

The traditional classification by which transient AKI is due to a brief
kidney injury while persistent AKI is due to a prolonged kidney injury
is partially obsolete. Depending on patients 'sus- ceptibility, a short

kidney injury may evolve into persistent AKI and AKD, triggering the
AKI-to-CKD transition. While patient- related risk factors determine
the individual patient's suscepti- bility to developing AKI, procedure-
related risk factors are the exposure of a patient to potentially
nephrotoxic agents. Susceptibility and exposure together define each
patient's risk of AKI. According to this concept, it is reasonable to
assume that persistent versus transient AKI occurs when a patient has a
high susceptibility to developing kidney damage and/or undergoes
intensive, repeated potentially nephrotoxic exposures. The first case is
due to patient-related risk factors that limit the adapt- ability to
conditions potentially harmful for the kidneys (i.e. pre- existing CKD
or low/absent RFR, comorbidities and clinical conditions that may
contribute to AKI development). The exposures to which the patient
can be subjected vary in intensity, number and frequency (e.g.
nephrotoxic agents, emergency surgery, liver failure, sepsis, etc.) [12].
As patients 'susceptibility increases, the intensity of exposure that can
lead to persistent AKI decreases. On the contrary, in the presence of
severe nephrotoxic exposure (e.g. sepsis), even a lowly susceptible
subject may develop per- sistent AKI, AKD and CKD. Critically ill
patients are exposed to various potential nephrotoxic substances,
including prescribed therapeutic agents, that could be responsible for
underrecognized persistent AKI. In addition, although several studies
have identified conditions that predispose to persistent AKI [13, 14],
risk factors are currently under investigation limiting the designing of
simplified risk pre- diction models.

ity by

During An AKI Episode: Clinical And Mechanistic Features Of
Persistent AKI In Critically Ill Patients -

Predictive and early diagnostic criteria of persistent versus transient
AKI The early diagnosis of transient/persistent AKI has a key role in
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critical care management. Assessing the variation of sCr for AKI
diagnosis requires ascertaining its change from a known base- line. In
literature, four different baseline SCr definitions are de- scribed: (i)
pre-admission sCr: sCr measured in a time-period of a maximum of
365 days and a minimum of 7 days from the moment of hospital
admission; (ii) admission sCr: the first sCr measured at hospital
admission; (iii) nadir sCr: the lowest measured value of sCr during the
first 3 days of the ICU stay; (iv) estimated sCr: calculated using a back-
estimation equation, starting from an assumed GFR of 75 or 100
mL/min, or assigning GFR from age- and sex-standardized reference
tables [15, 16]. In clinical practice, the most used definitions are pre-
admission sCr and admission sCr, while nadir sCr and estimated sCr
are mostly used in experimental settings. However, it needs to be
clarified which is the best method for assessing baseline sCr. Based on
the increase in sCr levels that starts when > 50% of nephrons are
impaired, it is evident that sCr is a late marker of kidney dysfunction
[17]. Nevertheless, equations for GFR esti- mation have a limited use
in critically ill patients in which sCr is not at a steady state [18].
Numerous other methods for re- nal function assessment have been
proposed, such as the Jel- liffe equation [ 19], the kinetic eGFR [20] and
the point-of-care determination of GFR through a fiberoptic
ratiometric fluores- cence analyzer [21], but they are still under
investigation, while more established methods, such as GFR
measurement with in- ulin or iohexol, are cumbersome and time-
consuming. However, measured GFR would allow a rapid diagnosis of
AKI and quan- tification of the extent of injury without the limits due to
sCr and urine output. In addition to the late increase of sCr during a
kidney damage, both sCr and urine output can be influenced by non-
renal factors. This is particularly obvious in ICU patients with frequent
muscle wasting syndrome, hyperhydration, hypo- volemia and
diuretic use [15, 22]. Recently, the 23rd ADQI expert group proposed
expanding the AKI definition and staging by considering both kidney
dys- function and early kidney damage [23]. Although new biomark-
ers, functional tests [e.g. RFR assessment, furosemide stress test
(FST), etc.] and ultrasonographic markers have been widely
investigated with the aim to improve early diagnosis of AKI, they are
still underused, even in critical care settings. Among ultra-
sonographic markers, the renal resistive index (RRI) value, mea- sured
in a segmental artery, is commonly used to assess blood flow in renal
intra-parenchymal vessels. RRIs are calculated us- ing the formula:
RRI = (peak systolic velocity — end-diastolic velocity) / peak systolic
velocity , thus being a valuable indicator of the resistance to flow
within the kidney. In addition, studies suggest that RRI value may pre-
dict persistent AKI in some clinical settings [24]. Like CKD, AKI does
not have early specific symptoms. Be- yond the issue related to “when”
to use markers, another crit- ical concern is “which” marker/s to use. In
fact, AKI is a very heterogeneous syndrome with different etiologies,
pathophys- iological pathways and clinical features, thus it is difficult
to generalize. Therefore, for instance, RRI is a good predictor of
persistent cardiac surgery—associated AKI [25], but its role is less
defined in sepsis-associated AKI [26, 27]. Then, the pre- dictive
capability of different biomarkers varies depending on the etiology of
AKI and the group of patients considered. In addition to all these
reasons, the main issue concerning the scarce clinical use of
biomarkers is the need for more aware- ness of the importance of early
AKI diagnosis and treatment among healthcare team members, as
revealed by a recent Italian survey [28, 29]. Table 1 summarizes
potential markers of persistent vs tran- sient AKI in different settings,
some of which are not yet avail- able for clinical use.

Cellular And Molecular Differences Between Persistent And
Transient AKI -

Immediately after a kidney injury, repair processes are activated. Some
of them allow a rapid return of renal function, and oth- ers lead to a
persistence of renal dysfunction. The 13th ADQI Consensus
Conference defined as “adaptive repair” as those pro- cesses that lead
to a “resolution of the renal structure free of long-term sequelae” and as
“maladaptive repair” a “process that results in a durable reduction in
kidney function usually as- sociated with a change in renal structure”
[30]. Adaptive and maladaptive repair processes together with the
injury mecha- nisms determine the number of irreversibly lost
nephrons and then the long-term prognosis of kidney function. Several
patho- physiologic processes that promote maladaptive repair and
AKI- to-CKD transition have been identified and gained growing at-
tention, such as microvascular damage and loss of peritubular
capillaries, systemic inflammation and pro-fibrotic cytokine se-
cretion, cell cycle arrest and cellular senescence [31], pericyte
activation with myofibroblasts generation [32] and metabolic re-

programming of tubular epithelial cells (TECs). Some of these
mechanisms, such as cell cycle arrest and metabolic reprogram- ming
of TEC:s, start as adaptive repair processes, but, if persis- tent, become
maladaptive [33] . When not completely repaired, TECs undergo cell
cycle arrest at G2/M, as a protective mechanism for maintaining
genomic stability. Nonetheless, TECs with arrested cell cycle ac- quire
a pro-fibrotic secretory phenotype known as senescence- associated
secretory phenotype, which promotes the develop- ment of kidney
fibrosis [34]. It has been demonstrated that AKI leads to a permanent
loss of TECs even when full clinical renal recovery occurs (see below).
Kidney function can be augmented by polyploidization of TECs in
unaffected nephrons (i.e. compensatory hypertrophy) [35]. However,
TECs polyploidy promotes TECs senescence, pro- gressive interstitial
fibrosis and AKI-to-CKD transition Although the exact mechanisms
are still unknown, the metabolic reprogramming of TECs during an
AKI episode seems to play a pivotal role in inhibiting AKI-to-CKD
transition. In the early 2000s, activated T cells were found to switch
their metabolism to glycolysis, thus adjusting their energetic and
biosynthetic needs in response to changing conditions [37]. Some data
suggest that, like immune cells, TECs can also repro- gram their
metabolism in response to kidney injuries. In partic- ular,
investigations focused on sepsis-associated AKI [38, 39]. It has been
hypothesized that proximal TECs act as danger sen- sors by
responding to pathogen-associated molecular patterns (PAMPs),
secreting pro-inflammatory cytokines into the tubule, and activating
TECs in other nephron segments, thus amplify- ing tubular
inflammation [40]. These findings suggest the pres- ence of an early
proinflammatory phase followed by a later catabolic phase, probably
related to mitochondrial functions. They are respectively characterized
by a shift in metabolism to aerobic glycolysis, generating appropriate
inflammatory re- sponses, limiting oxidative damage and rearranging
substrates to prevent cell death, and to oxidative phosphorylation,
promot- ing renal function recovery [41] (Fig. 1). Mitochondria
regulate intracellular calcium homeostasis and reactive oxygen
species (ROS) levels, and control cell cycle, cellular differentiation
and death through their biogenesis, dynamics, mitophagy, bioen-
ergetics and mitochondrion endoplasmic reticulum cross-talk. During
the early glycolytic phase, TECs remove dysfunctional mitochondria
from the cytosol via mitophagy (i.e. a form of autophagy that
selectively eliminates damaged mitochondria) to avoid ROS
generation. In experimental models of AKI, im- paired mitophagy has
been associated with a reduced renal re- covery [42] while a
diminished AKI progression and improved survival have been found
in conditions of increased mitophagy [43]. After the first
proinflammatory phase, the restitution of a functioning mitochondria
pool via biogenesis (i.e. the gener- ation of new mitochondrial mass) is
mandatory to cope with the increased metabolism and energy
demands, thus promot- ing renal recovery and survival. Recent
findings suggest that impaired biogenesis leads to a maladaptive repair
after AKI and renal fibrosis [44] (Fig. 1). As the glycolytic phase is fun-
damental for appropriate responses to kidney injuries, the ca- pacity to
turn off the inflammation is required for renal recov- ery. In fact,
cytokines and damage-associated molecular pat- terns (DAMPs),
released by injured TECs and endothelial cells in the proinflammatory
state, participate in the development of a pro-fibrotic milieu. This
activates pericytes to prolifer- ate and evolve into myofibroblasts,
thereby inducing matrix deposition and subsequent decreased
capillary density, thus leading to maladaptive repair, renal fibrosis and
AKI-to-CKD conversion [45]. In immune cells the early switch to
glycolysis is also required to develop a trained immunity (i.e. the
process by which the innate immune system develops memory and
adjusts its response to future insults). The fascinating hypothesis of a
biolog- ical memory that drives the kidney to respond to future insults
in humans has been postulated, but it is still a subject of debate

After An AKI Episode: Prognosis Of Persistent AKI In Critically
Il Patients:

Persistent AKI has been correlated with higher morbidity and
mortality, and a higher progression rate to AKD and CKD than
transient AKI [47]. It seems that prompt interventions can change the
course of AKI and improve patients 'outcomes [47]. The continuum of
AKI-to-CKD proposed by 23rd ADQI consen- sus group is based on
the AKD definition that can be consid- ered the evolution of a
persistent AKI episode that has not been promptly and appropriately
treated or, more generally, in which the abovementioned mechanisms
(and probably many others) have reduced functioning nephrons, thus
affecting RFR and/or GFR [11]. Unfortunately, like persistent AKI, the
AKD definition also depends on sCr level variations and its incidence
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is proba- bly underestimated because of muscle wasting,
hyperhydration, hyperfiltration, etc. Plasma cystatin C has been
proposed in crit- ical settings as an alternative marker to assess renal
recovery. Despite promising preliminary results, it is still far from
being routinely used in clinical practice [15, 48]. Moreover, even in the
case of sCr levels returning to baseline, a complete recovery of
baseline renal conditions, in terms of both kidney structure and
function, may not occur. A subclinical damage may be identi- fied by
new-onset or worsening proteinuria, arterial hyperten- sion and/or a
drop in RFR [11, 49]. Moreover, patients with AKD in whom sCr
levels returned to baseline have been demonstrated to be more prone to
further kidney damage and other adverse events [50].

Persistent AKI In Transplanted Patients -

The classification of transient vs persistent AKI has also been used in
the setting of liver and lung transplantation. In these settings, AKI has a
high incidence, reaching more than the half of transplanted patients
(studies have reported an incident of AKI up to 64% in the liver [S1]
and 69% in lung transplant recipients [52]) and a worse prognosis in
terms of morbidity and mortality [51, 53]. In kidney transplantation,
AKI, manifesting as either delayed graft function (DGF) or de novo
post-transplant acute deteriora- tion of graft function, occurs in 30% of
kidneys coming from de- ceased donors and in 50% of those coming
from deceased donors after cardiac death [54], and affects short- and
long-term trans- plant outcomes [55]. In transplanted patients,
multifarious risk factors contribute to the development of AKI. They
can be classified as pre- transplant comorbidities, related to both donor
and recipient, perioperative problems and post-transplant factors,
mainly as- sociated with exposure to nephrotoxic agents, such as cal-
cineurin inhibitors and antimicrobial drugs [56]. There is growing
evidence demonstrating that persistent AKI after lung transplantation
is associated with worse renal and non-renal outcomes [57], including
a higher mortality [57, 58]. A recent study on liver-transplanted
patients showed that persis- tent AKI is associated with an increased
incidence rate of graft failure and a decreased graft survival time [59].
According to recently published data, a linear association be- tween
duration of DGF and graft loss has been found. In partic- ular, a
prolonged DGF beyond 7 days posttransplant has been associated with
a > 40% greater risk of death-censored graft loss [60]. These data
confirm the results of prior studies [61, 62] and underline the
importance of clinical interventions that aim to prevent or reduce the
duration of DGF.

Clinical Approach To Critically Il Patients With Persistent AKI
Prevention And Diagnosis -

According to the varied pathophysiology of AKI, the choice of which
clinical parameters and risk scores, biomarkers and func- tional tests to
use should be considered and tailored to the AKI setting, clinical phase
and center availability or local expertise. The rapid diagnosis of
persistent AKI may allow reconsider- ation of all causes of AKI, their
correction when possible and remodulation of the therapy [11]. In
critically ill individuals, AKI is frequently multifactorial and depends
on both patient- and agent-related factors. Although patient-related
factors are com- monly unmodifiable, the ones related to nephrotoxic
agents, when possible, must be reassessed according to the literature
ev- idence. The timely recognition of persistent AKI potentially en-
ables the physician to promptly withdraw potential nephrotoxic drugs
and to interrupt the pathogenetic mechanisms of kidney injury, thus
preventing further renal impairment [63]. AKI awareness programs
could help to improve AKI aware- ness and recognition, and they
should include a broader and more appropriate use of early biomarkers
of kidney damage [23] and functional tests in critical care settings and
the involvement of all healthcare team members, each for their own
competence [28].

Treatment And Follow-up -

The treatment of persistent AKI largely depends on its cause(s) and the
setting in which it occurs, and varies according to the clinical phase.
Therapeutic indications for AKI due to specific kidney dis- eases, such
as acute glomerulonephritis, acute renal vascular disease, etc., are
beyond the scope of this review. At the beginning of an AKI episode,
therapeutic indications for persistent AKI do not differ from the ones
for transient AKI. They mainly concern the optimization of fluid
management and hemodynamic support and the withdrawal of
nephrotoxic agents, when it is possible. In cases in which agents
potentially harmful for the kidneys are required, benefits and risks
should be balanced and they should be administered for as long as
needed with a close monitoring of renal function [22]. The risk of drug

(or metabolites) accumulation and toxicity due to kidney dysfunction,
altered protein binding and variable volume of distribution should be
considered [5]. Simultaneously, the risk of therapeutic failure due to
drug under-dosing should be bal- anced, particularly in patients
undergoing renal replacement therapy (RRT). As an accelerated RRT
strategy in critically ill patients with AKI has failed to demonstrate a
lower risk of death [64], RRT should be considered when metabolic
and fluid demands ex- ceed the kidney's capacity to meet them [10].
The choice of modality depends on the patient's clinical status, the
center's available resources and the expertise of personnel. Although
conclusive randomized clinical trials are missing, in hemodynamically
unstable patients, continuous RRT is more appropri- ate than
intermittent RRT. As a consequence, also for mainte- nance
hemodialysis and peritoneal dialysis patients, modality transitions
should be considered based on their status [5]. As early diagnosis is
fundamental to addressing preventive strategies, transitioning care
from ICU to other hospital de- partments and from hospital to
community is crucial to defin- ing optimal follow-up care. It should be
personalized according to patients 'overall risk (e.g. pre-existent CKD,
age, etc.), AKI severity and duration (e.g. need for RRT, persistent vs
transient AKI) and renal recovery [65]. Despite several medical
advances meaning that critically ill patients with AKI increasingly
have better survival [66], they are nevertheless at risk of adverse
outcomes, including renal failure [2], progression to CKD, and
cardiovascular events such as new-onset arterial hypertension or
myocardial infarction [67]. Unfortunately, few patients benefit from
early nephrological evaluation that could decrease mortal- ity among
survivors of dialysis-receiving AKI [68]. The improve- ment of care
includes appropriate risk stratification, monitor- ing of kidney
function, the management of CKD complications, blood pressure
control, medication reconciliation and education [69]. Risk
stratification and a kidney function monitoring plan at discharge are
needed to improve post-AKI care. In their ran- domized controlled
trial, Silver et al . [70]. compared structured nephrologist follow-up
versus usual care in survivors of AKI and showed that the enrollment
of fully eligible patients was a bar- rier, primarily due to the
requirement for post discharge, in- person visits. The reason was that
eligible patients had long hos- pital travel times/hospital-related
fatigue. Additionally, they did not identify any difference in major
adverse kidney events at 1 year. However, the high frequency of events
highlights the vul- nerability of this population and the urgent need for
feasible and effective interventions for survivors of AKI. Strategies for
opti- mal follow-up care of patients post-AKI are still under
investigation.
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ONGOING RESEARCH ON PERSISTENT AKI

Prevention And Diagnosis-

Several studies have assessed promising tools as prediction models for
AKI based on machine-learning methodologies (71). However, the
performance of models may vary in different scenarios, and the
abovementioned studies do not focus on the critical care setting.
Furthermore, few studies involving comparisons of models have
concentrated on AKI prediction in the ICU and the majority of them
lack external and prospective validation [72]. Liang etal . built models
to predict AKI within 48 h in critically ill patients by using three
transcontinental databases, and then they evaluated the clinical effect
of the model through a 1-year prospective validation. A total of 2532
patients were admitted to the center for prospective validation; 358
positive results were predicted and 344 patients were diagnosed with
severe AKI, with the best sensitivity of 0.72, specificity of 0.80 and
area under the receiver operating char- acteristic of 0.84. However, the
AKI predictions using artificial intelligence is still controversial. The
assessment of RFR, i.e. the capability of the kidney to in- crease GFR
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under conditions of physiologic or pathologic higher functional
demand, thus being an indicator of renal function- ing mass, allows
better definition of susceptibility to developing acute damage.
Different methods to measured RFR have been proposed, such as oral
protein load and infusion of amino acids. In the presence of an intact
RFR, even in case of intensive, repeated potentially nephrotoxic
exposures, the damage to the kidney may remain subclinical. On the
contrary, if RFR is pro- gressively lost, the susceptibility of the kidney
progressively in- creases and even in the presence of a mild exposure,
the kidney damage may become clinically manifest [9]. However, al-
though RFR is an important tool to assess the kidney's capacity to
respond to conditions of higher functional demand, the exam is
challenging and may be stressful for some patients. For this reason,
based on the pathophysiological hypothesis of kid- ney damage during
intra-abdominal hypertension, the intra- parenchymal renal resistive
index variation (IRRIV) test was de- signed to predict the presence of
RFR [74]. Samoni et al . found a correlation between IRRIV test and
RFR measured by using an oral protein loading test in healthy
volunteers and in cardiac surgery patients [75]. However, these
findings must be confirmed in large patient cohorts and different
settings. Among functional stress tests to early diagnose persistent
versus transient AKI, the FST, based on the pharmacokinetic
properties of furosemide, assesses the functional integrity of the renal
tubule, and it may be a reliable predictor of AKI progres- sion to severe
stages and requirement of dialysis in ICUs [80]. It could help clinicians
identify patients with tubular injury and at higher risk of AKI or CKD
progression. Chen et al . [76]. in their systematic review and meta-
analysis showed that the FST is a simple tool for the identification of
AKI populations at high risk of AKI progression and the need for RRT,
and the diagnostic per- formance of FST in RRT prediction is better in
early AKI popula- tion. Koyner et al . [82]. showed that, in the setting
of early AKI, FST urine output outperformed biochemical biomarkers
for pre- diction of progressive AKI, need for RRT and inpatient
mortality. Using an FST in patients with increased biomarker levels
im- proves risk stratification. However, several aspects can limit FST
such as the retrospective nature of most studies, variability of doses
and timing. Additionally, some of the published studies solely rely on
AUC values to define the predictive capacity of the test, while actual or
absolute predicted risk could be more ap- propriate to assess risk
prediction models [83]. During an AKI episode, accurate
ascertainment of GFR is cru- cial for the diagnosis of early kidney
disease [84]. Patients at risk of early kidney disease when GFR is
normal-to-elevated would benefit from having their GFR measured
using more accurate and precise techniques. Recent advances in
technology to mea- sure fluorescent compounds through the skin are
providing a new approach for real-time monitoring of GFR [77]. After
the in- jection of an ideal GFR marker, its concentration in the plasma
reaches a peak, followed by an exponential decay due to its diffu- sion
into the extracellular space. Using transdermal sensors, the plasma
disappearance rate can be measured rather than their steady state
concentration. This eliminates the delay inherent in using an
endogenous marker of filtration and permits continuous monitoring of
GFR.

Treatment And Follow-up -

Without effective pharmacologic therapies, severe AKI is usually
managed through RRT. Unfortunately, no specific therapy is cur-
rently available to prevent or treat AKI. However, various poten- tial
agents, including novel compounds, re-purposed drugs and cell-based
therapies, are in ongoing early-phase clinical trials. Various pathways
have been targeted for this purpose, includ- ing oxidative and
mitochondrial stress, cellular metabolism and repair, inflammation,
apoptosis and hemodynamics [63, 86]. After an AKI episode, the need
for an appropriate follow- up of patients recovering from AKI or AKD
is increasingly be- ing recognized [65]. Kidney function and
proteinuria monitor- ing, new biomarkers of renal tubular fibrosis
measurement [e.g. Chemokine (C-C motif) ligand 14 (CCL14) [87],
Dickkopf-3 (DKK3) [88], etc.] and functional tests application (e.g.
RFR assessment) are some of the tools proposed for a better risk
stratification and prevention of new episodes of AKI. Simultaneously,
drugs that act on the renin—angiotensin—aldosterone system, such as
sodium-glucose co-transporter-2 inhibitors, have been shown to
improve clinical outcome in CKD patients [89] and open a poten- tial
therapeutic strategy in post-AKI patients.

CONCLUSIONS
Persistent AKI has been associated with worse outcomes than transient
AKI, including a higher rate of AKI-to-CKD transition. As prompt

interventions can change its course, persistent AKI should be
diagnosed early by measuring new biomarkers and applying
functional tests. In the absence of effective pharmacological therapies,
the prevention of AKI has a crucial role, as well as the recon- sideration
of all causes of AKI, their correction when possible and modulation of
the therapy. Furthermore, the follow-up post-AKI should be
personalized according to patients'overall risk, AKI severity and
duration, and renal recovery, considering that, also in case of full
clinical recovery, subclinical damage may be present and predispose to
further kidney damage and other adverse event(s). Ongoing research
on persistent AKI may lead to a better as- sessment of kidney
susceptibility, to an earlier and more accu- rate diagnosis, and to a
pharmacological therapy, thus improving the care of AKI and AKD
patients

Conflict Of Interest Statement None declared.

Data Availability Statement No new data were generated or analyzed
insupport of this research.

REFERENCES:

1. Hoste EAJ, Bagshaw SM, Bellomo R et al. Epidemiology of acute kidney injury in
critically ill patients: the multina- tional AKI-EPI study. Intensive Care Med 2015; 41
:1411-23. https://doi.org/10.1007/s00134-015-3934-7.

2. CocaSG, Singanamala S, Parikh CR. Chronic kidney disease after acute kidney injury: a
systematic review and meta- analysis. Kidney Int 2012; 81 :442-8.
https://doi.org/10.1038/ki. 2011.379.

3. Chawla LS, Eggers PW, Star RA et al. Acute kidney in- jury and chronic kidney disease
as interconnected syn- dromes. N Engl JMed 2014; 371 :58-66. https://doi.org/10.1056/
NEJMral214243.

4. Denic A, Lieske JC, Chakkera HA et al. The substantial loss of nephrons in healthy
human kidneys with aging. J] Am Soc Nephrol 2017; 28 :313-20.
https://doi.org/10.1681/ASN. 2016020154.

5. DeRosa$, Samoni S, Villa G etal. Management of chronic kidney disease patients in the
intensive care unit: mixing acute and chronic illness. Blood Purif 2017; 43 :151-62.
https: //doi.org/10.1159/000452650.

6. Thakar CV, Arrigain S, Worley S etal. A clinical score to pre- dict acute renal failure after
cardiac surgery. J Am Soc Nephrol 2005; 16 :162-8.
https://doi.org/10.1681/ASN.2004040331.

7. Parolari A, Pesce LL, Pacini D et al. Risk factors for perioper- ative acute kidney injury
after adult cardiac surgery: role of perioperative management. Ann Thorac Surg 2012;
93:584-91. https://doi.org/10.1016/j.athoracsur.2011.09.073.

8. Kurzhagen JT, Dellepiane S, Cantaluppi V et al. AKI: an increasingly recognized risk
factor for CKD development and progression. J Nephrol 2020; 33 :1171-87.
https://doi.org/ 10.1007/s40620-020-00793-2.

9. Sharma A, Mucino MJ, Ronco C. Renal functional reserve and renal recovery after acute
kidney injury. Nephron Clin Pract 2014; 127 :94-100. https://doi.org/10.1159/0003637

10. Kellum JA, Lameire N, Aspelin P et al. KDIGO clinical practice guideline for acute
kidney injury. Kidney Int Suppl 2012;2:1—141.

11.  Chawla LS, Bellomo R, Bihorac A et al. Acute kidney dis- ease and renal recovery:
consensus report of the Acute Dis- ease Quality Initiative (ADQI) 16 Workgroup. Nat
Rev Nephrol 2017; 13 :241-57. http://dx.doi.org/10.1038/nrneph.2017.

12. Silver S, Nadim MK, O'Donoghue D et al. Community health care quality standards to
prevent acute kidney injury and its consequences. Am J Med 2020; 133 :552-60.
https://doi.org/10. 1016/j.amjmed.2019.10.038.

13. Brown J, Kramer R, MacKenzie T et al. Determinants of acute kidney injury duration
after cardiac surgery: an externally validated tool. Ann Thorac Surg 2012; 93 :570- 6.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3624763/ pdf/nihms412728.pdf.

14.  Basu RK, Wang Y, Wong HR et al. Incorporation of biomark- ers with the renal angina
index for prediction of severe AKI in critically ill children. Clin J Am Soc Nephrol 2014;
9:654-62. https://doi.org/10.2215/CIN.09720913.

15. DeRosaS, Samoni S, Ronco C. Creatinine-based definitions: from baseline creatinine to
serum creatinine adjustment in intensive care. Crit Care 2016; 20 :1-5.

16.  Cooper DJ, Plewes K, Grigg MJ et al. An evaluation of com- monly used surrogate
baseline creatinine values to clas- sify AKI during acute infection. Kidney Int Rep 2021;
6:645-56. https://doi.org/10.1016/j.ekir.2020.12.020.

17. Delanaye P, Schaeffner E, Ebert N et al. Normal reference val- ues for glomerular
filtration rate: what do we really know? Nephrol Dial Transplant 2012; 27 :2664-72.
https://doi.org/10. 1093/ndt/gfs265.

18.  Hoste EAJ, Damen J, Vanholder RC et al. Assessment of renal function in recently
admitted critically ill patients with nor- mal serum creatinine. Nephrol Dial Transplant
2005;20:747-53. https://doi.org/10.1093/ndt/gfh707.

19. Jelliffe R. Estimation of creatinine clearance in patients with unstable renal function,
without a urine specimen. Am J Nephrol 2002; 22 :320-4.
https://doi.org/10.1159/000065221.

20. PiantaTJ, Endre ZH, Pickering JW et al. Kinetic estimation of GFR improves prediction
of dialysis and recovery after kid- ney transplantation. PLoS One 2015; 10 :1-15.
https://doi.org/ 10.1371/journal.pone.0125669.

21.  Wang E, Meier DJ, Sandoval RM et al. A portable fiberop- tic ratiometric fluorescence
analyzer provides rapid point- of-care determination of glomerular filtration rate in large
animals. Kidney Int2012; 81 :112—7. https://doi.org/10.1038/ki. 2011.294.

22.  Goldstein SL, Kane-gill SL, Liu KD et al. Controversies in acute kidney injury:
conclusions from a Kidney Disease: Improving Global Outcomes (KDIGO)
Conference. Kidney Int 2021; 98 :294-309

23.  Ostermann M, Zarbock A, Goldstein S et al. Recommenda- tions on acute kidney injury
biomarkers from the Acute Dis- ease Quality Initiative Consensus Conference: a
consensus statement. JAMA Netw Open 2020; 3 :e2019209. https://doi.org/
10.1001/jamanetworkopen.2020.19209.

24. Faubel S, Patel NU, Lockhart ME et al. Renal relevant ra- diology: use of
ultrasonography in patients with AKI. Clin J Am Soc Nephrol 2014; 9 :382-94.
https://doi.org/10.2215/CIN. 04840513.

25.  Guinot PG, Bernard E, Abou Arab O et al. Doppler-based renal resistive index can assess
progression of acute kidney injury in patients undergoing cardiac surgery. J
Cardiothorac Vasc Anesth 2013;27 :890-6. https://doi.org/10.1053/j.jvca.2012.11. 024.

26. FuY, He C, Jia L et al. Performance of the renal resistive index and usual clinical
indicators in predicting persistent AKI. Ren Fail 2022; 44 :2028-38.
https://doi.org/10.1080/0886022X.2022.2147437.

I International Journal of Scientific Research |—| 61 |



Volume - 13 | Issue - 06 | June - 2024
I EEEEEEEEE——

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51,

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Zhang Y, Zhu J, Zhang C et al. Non-invasive early predic- tion of septic acute kidney
injury by doppler-based renal resistive indexes combined with echocardiographic
param- ecters: an experimental study. Front Med 2021; 8 :1-12. https:
//doi.org/10.3389/fimed.2021.723837.
De Rosa S, Marengo M, Romagnoli S et al. Management of acute kidney injury and
extracorporeal blood purifica- tion therapies during the COVID-19 pandemic: the Italian
SIN-SIAARTI Joint Survey (and Recommendations for Clin- ical Practice). Front Med
2022;9:1-10. https://doi.org/10.3389/ fimed.2022.850535.
Weiss R, Meersch M, Pavenstidt HJ et al. Acute kidney in- jury a frequently
underestimated problem in perioperative medicine. Dtsch Arztebl Int 2019; 116
:833-42.
Basile DP, Bonventre JV, Mehta R et al. Progression after AKI: understanding
maladaptive repair processes to pre- dict and identify therapeutic treatments. J Am Soc
Nephrol 2016;27:687-97. https://doi.org/10.1681/ASN.2015030309.
Franzin R, Stasi A, Ranieri E et al. Targeting premature renal aging: from molecular
mechanisms of cellular senescence to senolytic trials. Front Pharmacol 2021; 12 :1-22.
https://doi. org/10.3389/fphar.2021.630419.
Ferenbach DA, Bonventre J. Mechanisms of maladaptive re- pair after AKI leading to
accelerated kidney ageing and CKD. Nat Rev Nephrol 2015; 11 :264-76.
https://doi.org/10.1038/ nrneph.2015.3.
Kellum JA, Chawla LS. Cell-cycle arrest and acute kidney injury: the light and the dark
sides. Nephrol Dial Transplant 2016; 31 :16-22. https://doi.org/10.1093/ndt/gfv130.
Castellano G, Franzin R, Sallustio F et al. Complement component C5a induces aberrant
epigenetic modifications in renal tubular epithelial cells accelerating senescence by
Wnt4/ B catenin signaling after ischemia/reperfusion in- jury. Aging (Albany NY) 2019;
11:4382-406. https://doi.org/10. 18632/aging.102059.
Lazzeri E, Angelotti ML, Peired A et al. Endocycle-related tubular cell hypertrophy and
progenitor proliferation re- cover renal function after acute kidney injury. Nat Commun
2018;9:1-18. https://doi.org/10.1038/s41467-018-03753-4.
De Chiara L, Conte C, Semeraro R et al. Tubular cell poly- ploidy protects from lethal
acute kidney injury but promotes consequent chronic kidney disease. Nat Commun
2022; 13 :1-19. https://doi.org/10.1038/s41467-022-33110-5.
Frauwirth KA, Riley JL, Harris MH et al. The CD28 signaling pathway regulates
glucose metabolism. Immu- nity 2002; 16 :769-77. https://doi.org/10.1016/S1074-
7613(02) 00323-0.
Smith JA, Jay Stallons L, Schnellmann RG. Renal cortical hex- okinase and pentose
phosphate pathway activation through the EGFR/akt signaling pathway in endotoxin-
induced acute kidney injury. Am J Physiol Ren Physiol 2014; 307 :F435-44.
https://doi.org/10.1152/ajprenal.00271.2014.
Waltz P, Carchman E, Gomez H et al. Sepsis results in an altered renal metabolic and
osmolyte profile. J Surg Res 2016; 202 :8—12. https://doi.org/10.1016/j.jss.2015.12.011.
Kalakeche R, Hato T, Rhodes G et al. Endotoxin uptake by S1 proximal tubular segment
causes oxidative stress in the downstream S2 segment. ] Am Soc Nephrol 2011; 22
:1505-16. https://doi.org/10.1681/ASN.2011020203.
Tran M, Tam D, Bardia A et al. PGC-1 o promotes recovery after acute kidney injury
during systemic inflammation in mice. J Clin Invest 2011; 121 :4003-14.
https://doi.org/10.1172/JCI58662.
Howell GM, Gomez H, Collage RD et al. Augmenting au- tophagy to treat acute kidney
injury during endotoxemia in mice. PLoS One 2013; 8 :4-11.
https://doi.org/10.1371/journal. pone.0069520.
Figueiredo N, Chora A, Raquel H et al. Anthracyclines in- duce DNA damage response-
mediated protection against severe sepsis. Immunity 2013; 14 :874-84.
https://doi.org/10. 1016/j.immuni.2013.08.039.
Lu W, Karuppagounder SS, Springer DA et al. PGC1 « - dependent NAD biosynthesis
links oxidative metabolism to renal protection. Nature 2015; 531 :528-32.
Lee SA, Noel S, Sadasivam M et al. Role of immune cells in acute kidney injury and
repair. Nephron 2017; 137 :282-6. https://doi.org/10.1159/000477181.
Zager RA. “Biologic memory” in response to acute kidney in- jury: cytoresistance, toll-
like receptor hyper-responsiveness and the onset of progressive renal disease. Nephrol
Dial Transplant 2013; 28 :1985-93. https://doi.org/10.1093/ndt/ gft101.
Kellum JA, Sileanu FE, Bihorac A et al. Recovery after acute kidney injury. Am J Respir
CritCare Med 2017; 195 :784-91. https://doi.org/10.1164/rccm.201604-07990C.
Martensson J, Martling CR, Oldner A et al. Impact of sep- sis on levels of plasma cystatin
C in AKI and non-AKI pa- tients. Nephrol Dial Transplant 2012; 27 :576-81.
https://doi.org/ 10.1093/ndt/gfr358.
Prowle JR, Kolic I, Purdell-Lewis J et al. Serum creatinine changes associated with
critical illness and detection of per- sistent renal dysfunction after AKI. Clin J Am Soc
Nephrol 2014; 9 :1015-23. https://doi.org/10.2215/CIN.11141113.
Husain-Syed F, Ferrari F, Sharma A et al. Preoperative renal functional reserve predicts
risk of acute kidney injury after cardiac operation. Ann Thorac Surg 2018; 105
:1094-101. https: //doi.org/10.1016/j.athoracsur.2017.12.034.
Klaus F, Keitel Da Silva C, Meinerz G et al. Acute kidney injury after liver
transplantation: incidence and mortal- ity. Transplant Proc 2014; 46 :1819-21.
https://doi.org/10.1016/ j.transproceed.2014.05.053.
Jing L, Chen W, Guo L et al. Acute kidney injury after lung transplantation: a narrative
review. Ann Transl Med 2021; 9 :717-. https://doi.org/10.21037/atm-20-7644.
Lertjitbanjong P, Thongprayoon C, Cheungpasitporn W. Acute kidney injury after lung
transplantation: a system- atic review and meta-analysis. J Clin Med 2019; 8 :1-19.
https: //doi.org/10.3390/jcm8101713.
‘Wang CJ, Wetmore JB, Israni AK. Old versus new: progress in reaching the goals of the
new kidney allocation sys- tem. Hum Immunol 2017; 78 :9-15.
https://doi.org/10.1016/j. humimm.2016.08.007. Downloaded from
https://academic.oup.com/ckj/article/16/11/1813/7160476 by guest on 03 November
2023
Palmisano A, Gandolfini I, Delsante M et al. Acute kid- ney injury (AKI) before and after
kidney transplantation: causes, medical approach, and implications for the long- term
outcomes. J ClinMed 2021; 10: 1484 . https://doi.org/10.3390/jcm10071484.
Dong V, Nadim MK, Karvellas CJ. Post-liver transplant acute kidney injury. Liver
Transpl 2021;27 :1653-64. https://doi.org/ 10.1002/1t.26094.
Jing L, Chen W, Zhao L et al. Acute kidney injury following adult lung transplantation.
Chin Med J (Engl) 2022; 135 :172- 80.
https://doi.org/10.1097/CM9.0000000000001636.
Doricic J, Greite R, Vijayan V et al. Kidney injury after lung transplantation: long-term
mortality predicted by post- operative day-7 serum creatinine and few clinical factors.
PLo0S One 2022; 17:1-17. https://doi.org/10.1371/journal.pone. 0265002.
Hussaini T, Yoshida EM, Partovi N et al. Early persistent progressive acute kidney injury
and graft failure post liver transplantation. Transplant Direct 2019; 5 :1-5.
https://doi.org/ 10.1097/TXD.0000000000000868.
Lim WH, Johnson DW, Teixeira-Pinto A et al. Association between duration of delayed
graft function, acute rejec- tion, and allograft outcome after deceased donor kidney
transplantation. Transplantation 2019; 103 :412-9. https://doi.
0rg/10.1097/TP.0000000000002275.
De Sandes-Freitas TV, Felipe CR, Aguiar WF et al. Pro- longed delayed graft function is
associated with inferior patient and kidney allograft survivals. PLoS One 2015; 10 :
|

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

PRINT ISSN No. 2277 - 8179 | DOI : 10.36106/ijsr

1-13.

Giral-Classe M, Hourmant M, Cantarovich D etal. De- layed graft function of more than
six days strongly de- creases long-term survival of transplanted kidneys. Kidney Int
1998; 54 :972-8. https://doi.org/10.1046/j.1523-1755.1998. 00071 .x.

Pickkers P, Darmon M, Hoste E et al. Acute kidney injury in the critically ill: an updated
review on pathophysiology and management. Intensive Care Med 2021; 47 :835-50.
https://doi. org/10.1007/s00134-021-06454-7.

The STARRT-AKI Investigators, for the Canadian Critical Care Trials Group, the
Australian and New Zealand Inten- sive Care Society Clinical Trials Group, the United
Kingdom Critical Care Research Group, the Canadian Nephrology Tri- als Network and
the ICCTG. Timing of initiation of renal- replacement therapy in acute kidney injury. N
EnglJMed 2020; 383 :240-51. https://doi.org/10.1056/NEJM0a2000741.

Macedo E, Bihorac A, Siew ED et al. Quality of care after AKI development in the
hospital: consensus from the 22nd Acute Disease Quality Initiative (ADQI) conference.
Eur J In- tern Med 2020; 80 :45-53. https://doi.org/10.1016/j.¢jim.2020. 04.056.

Waikar SS, Curhan GC, Wald R et al. Declining mortal- ity in patients with acute renal
failure, 1988 to 2002. J Am Soc Nephrol 2006; 17 :1143-50. https://doi.org/10.1681/
ASN.2005091017.

Hsu CY, Hsu RK, Yang J et al. Elevated BP after AKI. J Am Soc Nephrol 2016; 27
:914-23. https://doi.org/10.1681/ASN. 2014111114

Harel Z, Wald R, Bargman JM et al. Nephrologist follow-up improves all-cause
mortality of severe acute kidney injury survivors. Kidney Int 2013; 83 :901-8.
https://doi.org/10.1038/ki.2012.451.

Silver SA, Siew ED. Follow-up care in acute kidney injury: lost in transition. Adv
Chronic Kidney Dis 2017; 24 :246-52. https: //doi.org/10.1053/j.ackd.2017.05.008.
Silver SA, Adhikari NK, Bell CM et al. Nephrologist follow- up versus usual care after
an acute kidney injury hospi- talization (FUSION): a randomized controlled trial. Clin J
Am Soc Nephrol 2021; 16 :1005-14. https://doi.org/10.2215/CJN. 17331120.

Kiers HD, Van Den Boogaard M, Schoenmakers MCJ et al. Comparison and clinical
suitability of eight prediction mod- els for cardiac surgery-related acute kidney injury.
Nephrol Dial Transplant2013; 28 :345-51. https://doi.org/10.1093/ndt/ gfs518.

Parreco J, Soe-Lin H, Parks JJ et al. Comparing machine learn- ing algorithms for
predicting acute kidney injury. Am Surg 2019; 85 :725-9.
https://doi.org/10.1177/000313481908500731.

Wilson T, Quan S, Cheema K et al. Risk prediction models for acute kidney injury
following major noncardiac surgery: systematic review. Nephrol Dial Transplant 2016;
31:231-40.

Liang Q, Xu Y, Zhou Y et al. Severe acute kidney injury predicting model based on
transcontinental databases: a single-centre prospective study. BMJ Open 2022; 12
:¢054092. https://doi.org/10.1136/bmjopen-2021-054092.

Husain-Syed F, Ferrari F, Sharma A et al. Persistent de- crease of renal functional reserve
in patients after cardiac surgery-associated acute kidney injury despite clinical re-
covery. Nephrol Dial Transplant 2019; 34 :308—17. https://doi. org/10.1093/ndt/gfy227.
Villa G, Samoni S, De Rosa S etal. The pathophysiological hypothesis of kidney damage
during intra-abdominal hy- pertension. Front Physiol 2016; 7 :1-4.
https://doi.org/10.3389/ fphys.2016.00055.

Samoni S, Nalesso F, Meola M et al. Intra-parenchymal renal resistive index variation
(IRRIV) describes renal functional reserve (RFR): pilot study in healthy volunteers.
Front Physiol 2016; 7 :1-6. https://doi.org/10.3389/fphys.2016.00286.

62 |—| International Journal of Scientific Research |



