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ABSTRACT

Background: Acute kidney injury (AKI) is characterized by a rapid decline in kidney function,
resulting in significant morbidity and mortality. This review summarizes our knowledge of AKI risk
factors, pathogenesis, prediction, diagnosis, and emerging management approaches.

Materials and Methods: A comprehensive literature search was conducted to summarize current
knowledge on AKI. Five electronic databases were searched using various combinations of search
terms related to AKI’s risk factors, pathogenesis, prediction, diagnosis, and management approaches.
The databases included PubMed, Embase, Web of Science, CINAHL, and Cochrane Central Register
of Controlled Trials. Relevant publications were limited to those written in English from 2016 to
2024, but some prior studies were included if highly seminal. Reference lists were also reviewed
to find other sources. The full texts of all possibly relevant articles were assessed for inclusion.
Data were extracted on study details and findings concerning AKI causes, biomarkers, prediction
strategies, diagnostic techniques, treatments, and perspectives to enhance prevention and outcomes.
Quality was considered during data extraction, prioritizing well-performed randomized controlled
trials, systematic reviews, and large epidemiological studies. Case reports and select editorials were
included to summarize specific topics. Extracted data were narratively synthesized to provide an
overview of current AKI knowledge and highlight opportunities for mitigating its impact. Through
searching multiple databases using applicable index terms, hand searching reference lists, screening
and extracting pertinent published literature, this review aims to understand AKI complications and
advance solutions from the existing evidence base.

Results: This review summarizes current knowledge on AKI risk mechanisms, diagnostic approaches,
emerging therapies and implications of personalized medicine leveraging multi-omics for optimizing
prediction and precision treatment.

Conclusion: Despite progress, AKI has remained challenging. However, integrative approaches
leveraging new technologies offer hope for improving AKI prevention and management.
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Introduction

cute kidney injury (AKI), previously

termed acute renal failure, is character-

ized by a rapid decline in kidney function

occurring over hours to weeks [1]. It is a

common and highly consequential clinical
condition, affecting over 13 million people worldwide
each year [2]. AKI is associated with significant morbid-
ity and mortality, especially when severe or sustained.
Even small changes in serum creatinine, indicative of
minor AKI, are linked to a higher risk of chronic kid-
ney disease (CKD), end-stage renal disease, and death
[3]- So far, the KDIGO (Kidney Disease: Improving
Global Outcomes) group has provided the most widely
used definition of AKI. Their criteria include an increase
in serum creatinine by >0.3 mg/dL within 48 hours or a
1.5-fold rise over baseline within 7 days [4]. Additional
criteria incorporate urine output, with oliguria defined
as <0.5 mL/kg/h for 6 hours. AKI frequently manifests
without classic oliguria, emphasizing the importance of
creatinine monitoring.

Etiologies of AKI include prerenal causes such as vol-
ume depletion, intrinsic kidney injury from ischemia or
nephrotoxins, and postrenal obstruction of urine flow.
Risk factors include patient demographics, comorbidi-
ties, medications, and clinical settings [5]. The patho-
physiology of AKI is complex and not well understood.
However, some common pathways have been elucidat-
ed. Ischemia or toxic agents incite tubular epithelial and
vascular endothelial cell damage, prompting inflamma-
tory, oxidative stress, and apoptotic responses [6]. These
conditions reduce glomerular filtration, intraparenchy-
mal congestion, and impaired tubular reabsorption and
secretion. Maladaptive repair can promote interstitial
fibrosis. The clinical picture represents the downstream
effects of kidney microcirculation and cellular dysfunc-
tion [7].

Detection and severity categorization of AKI rely on
clinical indicators like urine output and serum creatinine.
However, creatinine is an imperfect marker with delayed
increase after injury due to its kinetics and variable pro-
duction. This issue has spurred substantial research into
novel biomarkers representing distinct pathophysiologic
pathways [8]. Examples include neutrophil gelatinase-
associated lipocalin (NGAL) for tubular damage, kidney
injury molecule-1 (KIM-1) for cellular regeneration, and
liver fatty acid binding protein (L-FABP) for hypoxia.
Multiplex biomarker panels are also emerging to im-
prove diagnostic and prognostic accuracy [9].

Research in Molecular Medicine

AKI management is predominantly supportive, remov-
ing nephrotoxic agents and restoring volume and electro-
lyte homeostasis. No effective pharmacotherapies exist
to directly treat established AKI or interrupt progressive
injury [10]. Renal replacement therapy by intermittent
hemodialysis or continuous venovenous hemofiltration
may be used in severe AKI or certain clinical situations
like tumor lysis or hyperkalemia. Overall care focuses
on mitigating complications like volume overload and
metabolic derangements. Following an AKI episode,
monitoring for CKD development is essential [11].

This review comprehensively presents the current state
of knowledge on AKI prediction, diagnosis, pathogen-
esis, and emerging therapies. It provides a wide-ranging
overview of promising technologies like biomarkers,
artificial intelligence, nanomedicine, and multi-omics
that can potentially transform AKI prevention and care.
Identifying critical innovations across the translational
spectrum will inform future directions.

Pathogenesis and etiology of AKI

The pathogenesis of AKI is complex and multifactori-
al, involving hemodynamic, inflammatory, and cytotoxic
mechanisms that manifest in kidney dysfunction. Under-
standing these pathways is key for developing targeted
therapies [12]. Prerenal azotemia from reduced renal
perfusion is a common cause. Volume depletion, conges-
tive heart failure, or impaired blood flow autoregulation
can diminish perfusion pressure. This condition leads to
preferential shunting to vital glomeruli and ischemic tu-
bular injury. Restoring perfusion often rapidly reverses
mild AKI, underscoring the importance of hemodynamic
factors [13].

Ischemic AKI arises when impairment of blood flow
explicitly involves the kidneys. Causes include renal ar-
tery disease, thromboembolism, shock, and major sur-
gery. Ischemia triggers endothelial dysfunction, release
of cytokines, complement activation, and leukocyte
accumulation [14]. Reperfusion elicits oxidative stress
and mitochondrial damage. Prolonged severe ischemia
causes necrosis of tubules and vascular endothelium.
Apoptosis and autophagy may also contribute to prob-
lems [15].

Nephrotoxic AKI follows exposure to exogenous tox-
ins or metabolites. Medications are a common cause,
particularly aminoglycosides, amphotericin, and cispla-
tin. Contrast agents, myoglobin in rhabdomyolysis, and
hemoglobin in hemolysis can also incite toxicity. Most
nephrotoxins generate reactive oxygen species, causing
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Figure 1. Risks and pathogenesis of AKI

tubular apoptosis and sloughing. Others directly damage
membranes or clog tubules. Risk factors like volume
depletion or CKD augment susceptibility [16].

Sepsis accounts for approximately 50% of AKI in criti-
cally ill patients. Sepsis provokes intrarenal hemody-
namic changes, direct cellular injury, and dysregulated
immunity. Endothelial dysfunction and impaired auto-
regulation reduce glomerular filtration. Proinflammatory
cytokines, oxidative stress, apoptosis, and microvascular
thrombosis all contribute. The resultant septic AKI of-
ten manifests without classic hypoperfusion, oliguria, or
rhabdomyolysis [17]. Prerenal azotemia manifests pri-
marily in hemodynamic changes. Ischemic insults cause
more proximal tubular damage. Nephrotoxins often af-
fect distal tubules and collecting ducts. The glomerular
filtration rate universally declines, but proteinuria and
hematuria signify glomerular involvement.

Histology can localize lesions but is rarely obtained.
After the initial insult, maladaptive repair processes can
worsen the injury. Persistent inflammation, hypoxia,
and cellular senescence promote fibrosis. This condition
leads to chronic tubulointerstitial scarring and impaired
kidney function. AKI survivors have an elevated risk
of eventually developing CKD [18]. The pathogenesis
involves complex vascular, tubular, and inflammatory
changes leading to reduced glomerular filtration and im-
paired tubular function. AKI can occur more frequently
following specific triggers or in vulnerable populations
due to several shared disease mechanisms, as depicted
in Figure 1 [19].
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Several factors modify the risk and severity of AKI
through unclear mechanisms. Advanced age, male gen-
der, black race, and low income are demographic factors.
CKD is a major risk factor, lowering the threshold for
AKI. Diabetes mellitus, heart failure, liver disease [20,
21], and immunocompromised states also are risk fac-
tors. Obesity, hypertension, smoking, alcoholism, and
acidic urine confer smaller risks. Genetic factors may
contribute but require further study [22]. Table 1 sum-
marizes major categories of injury mechanisms that can
lead to AKI, including key mediators within each cat-
egory and some of the main molecular pathways elicited
downstream. Grouping by broad mechanism category
and listing specific triggers and cellular/molecular se-
quelae helps provide readers with a quick yet compre-
hensive overview of the interrelated pathways that con-
verge to cause AKI.

Advances in early AKI prediction

The late and unreliable nature of serum creatinine
has spurred extensive research into early biomarkers
and predictive models for AKI. These innovations aim
to enable earlier intervention and improve outcomes.
Novel damage markers detectable before creatinine rise
have shown promise for early AKI diagnosis. NGAL is
among the most studied [23]. This 25-kDa protein is ex-
pressed in low levels systemically but upregulated and
excreted by the kidney after ischemic or nephrotoxic
AKI. Both urine and plasma NGAL levels correlate with
the severity and timing of AKI in diverse clinical set-
tings. However, systemic confounders like CKD and
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Table 1. Pathogenesis and pathophysiology pathways leading to acute kidney injury

Category Mediators

Molecular Mechanisms

Hemodynamic
Inflammatory

Sepsis, immune response

Cytotoxic Nephrotoxins, free radicals

Renal hypoperfusion-ischemia/reperfusion injury

ATP depletion, hypoxia-inducible factor activation, endothelial dysfunc-
tion

Cytokine and chemokine release, complement system activation,
leukocyte infiltration

Apoptosis/necrosis pathways, mitochondrial damage, oxidative stress

systemic inflammation may reduce its specificity [24].
KIM-1 is a transmembrane glycoprotein undetected in
normal kidneys but upregulated >100-fold after proxi-
mal tubule injury. Urinary KIM-1 rises 12-24 hours after
cardiac surgery or contrast exposure before detectable
creatinine elevation [25]. It also correlates with AKI se-
verity and duration. Limitations include persistence af-
ter injury and nonspecific elevation in CKD [26]. Other
urinary biomarkers like interleukin-18 (IL-18), L-FABP,
and cystatin C demonstrate similar early rise after varied
AKI etiologies [27]. No single marker provides perfect
discrimination, prompting interest in biomarker panels.
A 7-marker panel including KIM-1, NGAL, L-FABP,
and IL-18 demonstrated improved early diagnostic per-
formance for cardiorenal syndrome compared to indi-
vidual markers. Customizable panel design and machine
learning integration may further optimize predictive ca-
pacity as research continues [28].

Electronic health record (EHR) data offer an opportu-
nity for real-time AKI prediction. Automated tracking
of creatinine, urine output, and clinical parameters en-
ables risk algorithms to identify patients on a concerning
trajectory before meeting AKI criteria. For example, a
score integrating vital signs, medications, and prior lab
trends predicted stage 2-3 AKI 24 hours before creati-
nine-based diagnosis. Machine learning increases pre-
dictive ability when applied to longitudinal EHR data

Table 2. AKI biomarkers

[29]. Clinical risk scores can also be combined with nov-
el biomarkers. A decision tree model incorporating the
Toxic renal injury biomarkers and ethnicity-AKI score
(which considers demographics, diagnoses, and vitals)
with a urine biomarker panel improved the prediction of
severe AKI compared to either alone. This issue dem-
onstrates the predictive synergy of multimodal data.
Integrating risk factors, biomarkers, and EHR trends
into predictive analytics and alert systems provides the
greatest potential to maximize lead time for AKI inter-
vention [30]. Table 2 outlines some key emerging AKI
biomarkers categorized by type and relevant attributes
like biomarker source, time of elevation after AKI onset,
performance characteristics, and biological significance.
Grouping biomarkers into logical categories and listing
key features in a concise table enables readers to easily
compare and contrast the various novel options to im-
prove early AKI detection and management compared to
traditional markers like serum creatinine.

Molecular biology and pathology

AKI arises from diverse cellular and molecular de-
rangements that converge to impair kidney function.
Elucidating these pathways is key to developing targeted
therapies. Several putative pathological mechanisms
may promote the development of acute kidney disease
(AKD) following AKI [31]. These mechanisms include

Category Biomarker Source Time of Elevation Performance Sig.
NGAL Urine, blood <24 hours Sensitive, early marker Tubular injury
Damage KIM-1 Urine 12-24 hours Specific for AKI Proximal tubule regeneration
L-FABP Urine <12 hours Early indicator Renal tubule hypoxia
Functional Cystatin C Blood <24 hours GFR marker Detects rgnal dysfunction
earlier than Cr
Regenerative YKL-40 Urine 48-72 hours Indicates recovery Tubular epithelial repair

Abbreviations: NGAL: Neutrophil gelatinase-associated lipocalin; KIM-1: Kidney injury molecule-1; L-FABP: Liver fatty acid
binding protein; YKL-40: Chitinase-3-like protein 1.
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renal tubular epithelial cell cycle arrest, epigenetic alter-
ations, chronic inflammation mediated by cytokines like
interleukin and tumor necrosis factor-alpha, mitochon-
drial dysfunction, excessive reactive oxygen species
production, failed regeneration of proximal tubule cells,
endothelial dysfunction, metabolic changes like altered
fatty acid oxidation, and over activation of the renin-an-
giotensin system signaling cascade via angiotensinogen
conversion to angiotensin I and subsequently angioten-
sin II binding to angiotensin type-1 receptors. Elucidat-
ing the contributions of each pathway to maladaptive
repair after AKI may reveal therapeutic targets for pre-
venting progression to AKD [31]. Ischemic AKI triggers
complex changes in gene transcription and expression.
Hypoxia inhibits mitochondrial oxidative phosphoryla-
tion, depleting ATP and disrupting cellular processes.
Hypoxia-inducible factors (HIFs) are upregulated, along
with glucose transporters, to augment anaerobic glycol-
ysis. However, excessive HIF activation also increases
inflammation and apoptosis. Other ischemia-responsive
genes like p53, heat shock proteins, and nitric oxide
synthases demonstrate similar dichotomous effects [32].
Reperfusion elicits further damage through oxidative
stress. Reactive oxygen species injure cell membranes,
proteins, and DNA while activating proinflammatory
and pro-apoptotic signaling cascades. The complement
system is activated by ischemic tissue, exacerbating in-
flammation upon restoration of blood flow. Mitochon-
drial permeability transition pore formation is another
key mediator of reperfusion injury [33]. Sepsis-induced
AKIT also demonstrates intricate molecular changes [34].
Bacterial components like lipopolysaccharides bind
toll-like receptors, triggering cytokine and chemokine
release [35]. Tumor necrosis factor-o, interleukin-1,
interferon-y, and other proinflammatory mediators cre-
ate a cytokine storm [36]. They also recruit and activate
neutrophils and macrophages [37]. Counterregulatory
anti-inflammatory cytokines like IL-10 temporarily re-
strain excessive inflammation. If the proinflammatory
response prevails, microvascular dysfunction, bioener-
getic failure, and apoptosis result. Nephrotoxins prompt
cell-specific molecular alterations that impair function.
Aminoglycosides and cisplatin accumulate in proximal
tubule cells, activating pathways causing apoptosis and
necrosis. Rhabdomyolysis incites inflammation, vaso-
constriction, and tubular obstruction by myoglobin, ham-
pering function. Contrast agents directly damage tubule
cell membranes and mitochondrial function. Molecular
mechanisms mediate nephrotoxin entry, accumulation,
and downstream dysfunction [38]. Histologic exami-
nation demonstrates AKI’s effects across kidney struc-
tures. Light microscopy reveals diffuse tubular dilatation
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and flattening in early AKI. Brush border loss signifies
proximal tubule injury. Necrotic debris and cast forma-
tion obstruct flow. Proliferative cells replace epithelium
starting days after AKI onset. Interstitial inflammation
and microvascular congestion develop. With prolonged
or severe AKI, patchy tubular loss leaves denuded base-
ment membranes. Glomerular changes like dilation and
endothelial injury occur later. Chronic lesions include
tubular atrophy and interstitial fibrosis [39].

Diagnostic imaging

Diagnostic imaging is not routinely required to diag-
nose AKI, which relies on clinical data like serum cre-
atinine. However, specific modalities can provide valu-
able anatomic and functional information to evaluate
AKI etiology and severity. Renal ultrasound helps as-
sess structural changes and obstruction. Hydronephrosis
visible on ultrasound implicates postrenal etiologies.
Intrarenal dilation signifies intrinsic renal dysfunction.
Subtle increases in kidney size and echogenicity occur
early in AKI. Doppler ultrasound can detect diminished
renal artery flow from prerenal causes or renal artery
stenosis. Ultrasound is non-invasive and avoids contrast
or radiation, making it well-suited for AKI evaluation
[40]. Computed tomography (CT) offers more detailed
structural delineation. Contrast-enhanced CT can iden-
tify renal artery occlusion, infarction, or cortical necro-
sis that may underlie AKI. Obstructive nephrolithiasis,
retroperitoneal fibrosis, and other urologic abnormali-
ties are visible. However, contrast agents pose a risk of
worsening AKI. Newer dual-energy CT protocols maxi-
mize parenchymal enhancement while minimizing con-
trast dose [41]. Functional magnetic resonance imaging
(MRI) techniques are also being studied. Blood oxygen
level-dependent (BOLD) MRI exploits the oxygenation-
dependence of hemoglobin’s magnetic properties to as-
sess tissue oxygenation [42]. Renal BOLD-MRI demon-
strates reduced medullary oxygenation in experimental
AKI models and some human studies. Arterial spin la-
beling MRI quantifies renal perfusion using magneti-
cally labeled inflowing blood protons. This tool reveals
declined cortical perfusion in septic AKI patients. Such
functional MRI approaches are still being translated to
clinical AKI and require standardized methodology [43].
Nuclear medicine studies offer additional functional de-
tails but involve ionizing radiation [44]. Tc-99m DTPA
scintigraphy uses glomerular filtration of radiolabelled
DTPA (diethylenetriaminepentaacetic acid) to measure
single-kidney glomerular filtration rate (GFR) [45]. Split
renal function and obstruction can be assessed. 1231-io-
thalamate or Tc99m MAG3 allows concurrent imaging
and GFR quantification. PET (positron emission tomog-

—
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raphy) tracers like 18F-FDG are also studied to charac-
terize AKI metabolic patterns and inflammation [46].

Nanomedicine and multi-omics

Nanotechnology and omics fields expand our under-
standing of AKI pathogenesis and enable novel diagnos-
tics and treatments. Integrating these new approaches
with traditional methods will be key to tackling AKI
[47]. Nanomaterials possess customized structural, func-
tional, electrical, and optical properties. Their minute
size facilitates interactions with biomolecules and access
to injured tissue. In AKI, nanotechnology aims to enable
early diagnosis, interrupt pathogenic pathways, and pro-
mote recovery [48]. Several nanomaterial-based sensors
hold promises for early AKI detection. Quantum dots
and gold nanoparticles conjugate with antibodies or ap-
tamers to detect urine biomarkers like KIM-1 with high
sensitivity and stability. Graphene and carbon nanotube
platforms also allow multiplex biomarker measurement.
Chip-based nanosensors also utilize biomarker affin-
ity to improve AKI prediction [49]. Nanoparticle thera-
peutic delivery is another active area. Liposomes, den-
drimers, carbon nanotubes, and polymeric nanoparticles
efficiently encapsulate drugs and genes, protecting cargo
from degradation and facilitating controlled release [50].
These particles enhance the delivery of anti-inflamma-
tory, antioxidant, and regeneration-promoting agents to
injured kidney sites. Limiting off-target effects improves
safety [51].

Multi-omics fields are also elucidating AKI biology.
Genomics analyzes genetic variability affecting AKI
risk and outcomes. Several inflammatory, oxidant stress
and cell cycling gene susceptibility variants have been
identified [52]. Pharmacogenomics examines genetic
determinants of drug response, like nephrotoxicity. Tran-
scriptomics defines genomic expression changes in AKI
using microarrays and RNA sequencing [53]. Affected
regulatory and functional pathways are revealed across
AKI models [54]. Proteomics quantifies proteins and
peptides via mass spectrometry to profile AKI-induced
changes. Urine proteomics demonstrates changes in
tubule injury, inflammation, and repair markers within
hours of cardiac surgery [55]. Comparing proteomic sig-
natures to conventional biomarkers provides mechanis-
tic insights. Metabolomics similarly catalogs metabolic
fingerprints of AKI using techniques like gas chromatog-
raphy-mass spectrometry. Mapping deranged metabolic
pathways helps localize dysfunction [56].

Integrating multi-omics data with physiologic moni-
toring and imaging provides a comprehensive systems

Research in Molecular Medicine

biology perspective on AKI. Machine learning applied
to these multidimensional datasets may improve diagno-
sis, risk stratification, and treatment selection accuracy.
However, overcoming technical challenges in data inte-
gration and interpretation remains a barrier.

Emerging therapeutics and traditional medicine

Currently, no effective targeted treatment exists for
AKI. Supportive care has remained the standard treat-
ment. However, various emerging pharmacotherapies
and traditional medicines are under investigation to in-
terrupt AKI pathogenesis and promote repair. Several
novel drug classes target impaired perfusion and oxy-
gen delivery in AKI. In animal models, vasodilators like
fenoldopam, atrial natriuretic peptide, and anti-throm-
botic agents like thromboxane inhibitors improve renal
blood flow. However, human trials show limited benefit
for clinically established AKI [57]. Anti-inflammatory
agents like curcumin and stem cell therapies may miti-
gate deleterious injury cascades. Curcumin demonstrates
antioxidative and anti-inflammatory properties in AKI
models by modulating NF-kB, COX-2, and other path-
ways [58]. Mesenchymal stem cells promote beneficial
immunomodulation, angiogenesis, and cell regeneration
when administered early after AKI. Results from ongo-
ing clinical trials are eagerly anticipated [59]. Promoting
tubular repair and regeneration is another strategy [60].
Several growth factors, like Insulin-like growth factor 1,
hepatocyte growth factor, and epidermal growth factor,
restored functional and structural integrity in experimen-
tal AKI by activating cell proliferation, migration, and
survival programs [61]. However, concerns exist regard-
ing unintentional angiogenesis or fibrosis. Small clinical
trials show promise but require replication [62]. Novel
biomarkers like KIM-1 and NGAL also have therapeutic
potential. Besides diagnostics, these endogenous pro-
teins may participate in protective pathways that could
be pharmacologically augmented to ameliorate AKI.
Clinical translation is still preliminary but represents an
intriguing prospect [63]. Certain traditional medicine
therapies show promise for integrating into AKI man-
agement [64]. The polysaccharide astragalus membra-
naceus has antioxidant, anti-inflammatory, and immune-
boosting properties with low toxicity [65]. Acupuncture
and herbal blends from systems like Ayurveda and Tra-
ditional Chinese Medicine remain largely unstudied for
AKI [66, 67]. However, their ability to address intercon-
nected physiological systems may confer benefits. Herbs
like ginger, ginseng, and hawthorn may mitigate oxida-
tive stress and inflammation while improving renal per-
fusion. Acupuncture could similarly rectify imbalanced

Res Mol Med, 2022; 10(4):193-204
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homeostasis to hasten recovery. Appropriate clinical tri-
als are needed.

Emerging role of artificial intelligence and ma-
chine learning in AKI management

The advent of massive data and advanced analytics is
transforming medicine, including the detection, diag-
nosis, and management of AKI. Artificial intelligence
(AI) and machine learning offer enormous potential
to improve predictive capabilities and support clinical
decision-making for AKI patients [68]. Machine learn-
ing applied to EHR enables automated early warning
systems for AKI risk. Algorithms can continuously ana-
lyze data trends in creatinine, vital signs, fluid balance,
medications, and past medical history to identify patients
progressing toward AKI. Alerts notify clinicians to in-
tervene before substantial kidney damage accrues. Deep
learning enhances predictive capabilities by integrating
longitudinal data and complex interactions [69].

Al can also help AKI diagnosis by detecting patterns
invisible to humans across multimodal data sources. A
convolutional neural network analyzing time-series se-
rum creatinine, urine output, and clinical variables iden-
tified AKI episodes on par with nephrologist review.
Adding real-time biomarker data may further enhance
diagnostic accuracy. Natural language processing of
clinical notes provides additional clinical context [70].
Besides diagnosis, Al algorithms can support various as-
pects of AKI management as follows.

- Predicting AKI recovery, dialysis needs, or other out-
comes based on temporal lab patterns and trends. This
measure facilitates prognostication and care planning.

- Recommending medications and dosing by identify-
ing risk factors for nephrotoxicity and contraindications.
This proposal prevents iatrogenic harm.

- Determining optimal fluid management by continu-
ously analyzing intake/output data and volume status in-
dicators. This act promotes hemodynamic stability [71].

- Triaging patients for specialist referral or ICU trans-
fer based on risk stratification. This measure allocates
resources to the highest needs [72].

- Suggesting personalized nutritional interventions
based on labs, medication, fluid status, and physiologic
data. This measure prevents electrolyte derangements
and protein-energy wasting.

Res Mol Med, 2022; 10(4):193-204
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The possibilities are limitless, but extensive valida-
tion is required to ensure the safety and efficacy of these
measures. Human-Al collaboration, with the algorithm
providing insights for physician evaluation, maybe the
ideal model for enhancing AKI care.

Challenges accompanying Al integration include data
biases, generalizability across institutions, and accep-
tance by clinicians. To realize the potential of Al in AKI,
solutions must be thoughtfully designed and rigorously
tested, with patient benefit as the major goal. However,
machine learning promises to revolutionize AKI predic-
tion, diagnosis, and evidence-based management in the
coming years [73-76].

Personalized medicine and lifestyle approaches
for AKI management

Unique patient factors underlie AKI risks, manifesta-
tions, and outcomes. Personalized medicine leverag-
ing genetics, biomarkers, and lifestyle data aims to de-
liver tailored prevention and management to improve
outcomes [77]. Pharmacogenomics examines genetic
variants affecting drug metabolism and response. Cod-
ing polymorphisms in hepatic enzymes like CYP3AS5
alter the metabolization of immunosuppressants and
influence toxicity. Identifying high-risk genotypes al-
lows personalized dosing to minimize adverse events.
Variants in drug transporters within kidney tubules also
modify elimination and nephrotoxicity [78]. Preventive
pharmacotherapy like renin-angiotensin-aldosterone sys-
tem inhibition in high-risk groups requires balancing
benefits against side effects for the individual. Avoiding
iatrogenic insults such as radiocontrast procedures or
certain medications in susceptible patients remains para-
mount. Within intensive care, daily medication review,
judicious volume management, and vigilance for new
onset risk factors can prevent AKI in at-risk individuals
[79]. Genetic susceptibility to sepsis and septic AKI is an
active area of study. Candidates include genes regulating
inflammation (TNF, IL-6), endothelial function (eNOS),
and coagulation (PAI-1) [80]. Genotyping may eventu-
ally guide AKI prevention or early intervention in infec-
tion-prone individuals. Other polymorphisms linked to
oxidative stress, apoptosis, and healing pathways likely
influence AKI recovery and sequelae [81].

Biomarkers provide complementary precision data by
tracking real-time kidney damage [82]. A urinary bio-
marker panel demonstrated improved prediction of AKI
recovery versus clinical models alone [83]. Incorporat-
ing novel biomarkers with genetics and clinical features
could optimize highly personalized prognosis. Selected
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markers may also predict response to therapies targeting
particular pathophysiologic pathways [84].

Lifestyle modification represents another facet of in-
dividualized AKI prevention and management. Patients
with chronic conditions like hypertension, diabetes,
and CKD require counseling on diet, physical activity,
weight control, and avoidance of nephrotoxic substances
to reduce AKI risk. These same principles aid rehabilita-
tion after AKI. Nutrition assessment and protein intake
optimization are critical. Stress management and mental
health support address psychosocial aspects influencing
outcomes [85].

The future outlook for eradicating and managing
AKI

Despite extensive research, AKI has remained a com-
mon and challenging syndrome. However, progress in
elucidating mechanisms, predicting onset, and mitigat-
ing sequelae provides hope for improving future pre-
vention and management. Systems approach leveraging
massive data, and Al may transform prediction. Integrat-
ing novel biomarkers, genetic risks, and EHR trends into
machine-learning models will enable earlier risk identifi-
cation in varied settings. Wearables monitoring individ-
ual physiology may also contribute real-time data. With
sufficient lead time, targeted prevention in susceptible
people could significantly reduce AKI incidence [86].
A better understanding of AKI subtypes will open doors
for tailored therapy. The division into flow-dependent
hemodynamic, septic, nephrotoxic, and obstructive AKI
is likely too simplistic. Molecular phenotyping, bioin-
formatics, and Al-based pattern recognition applied to
multi-omics data may reveal distinct endotypes with
optimal treatment responses. Matching specific inter-
ventions like vasodilators, anti-cytokines, or stem cells
to AKI endotypes could dramatically improve outcomes
[87]. Innovations in modulating the immune response
hold promise [88]. Regulatory T cells help contain in-
flammation and promote tissue recovery [89]. Therapies
promoting Treg mobilization are being explored [90].
Tolerogenic dendritic cells and mesenchymal stem cells
may similarly mitigate immunopathology and enhance
repair [91]. Optimizing the balance between pro- and
anti-inflammatory forces is critical. Biomaterials and
cell therapies help reconstitute kidney structure and
function by replacing damaged and apoptotic cells [92].
Scaffolds seeded with progenitor cells facilitate endoge-
nous regeneration [93]. Renal organoids generated from
patient-derived induced pluripotent stem cells recapitu-
late kidney cell diversity, enabling disease modeling and
drug screening [94].

Research in Molecular Medicine

Despite these advances, prevention will remain imper-
ative. Population health initiatives promoting awareness
of AKI risk factors and prevention in at-risk groups can
help drive change. Policy and institutional changes will
also effectively minimize nephrotoxin exposure, ensure
prompt recognition, and provide appropriate follow-
up for AKI patients. Ultimately, eradicating AKI will
require integrative approaches across the translational
spectrum, from public health to personalized nanomedi-
cine.

Conclusion

Diverse mechanisms such as hemodynamic, inflamma-
tory, and cytotoxic derangements are involved in causing
functional impairment. Despite clinical risk factors and
fundamental scientific advances, prediction and diagno-
sis have remained challenging. While serum creatinine
is widely used, its delayed rise prompts the development
of novel biomarkers and algorithms to enable earlier
detection. Supportive care predominates, given the lack
of targeted therapies. However, innovative options, in-
cluding stem cells, growth factors, and traditional medi-
cines, show promise in experimental models. Integrating
multi-omics data and artificial intelligence constitutes
the future of personalized prediction and management.
However, prevention through risk factor modification
and nephrotoxin avoidance remains paramount. Con-
tinued research across the translational spectrum is im-
perative to unravel the intricacies of AKI and translate
discoveries into tangible patient benefits.

Recommendations

Moving forward, a systems biology approach lever-
aging multi-omics data integration with physiological
monitoring and imaging will likely provide the most
comprehensive perspective on AKI subtypes and en-
able precision management. Machine learning method-
ologies should be applied to these expansive datasets to
reveal predictive patterns and therapeutic targets. De-
velopment and validation of AKI biomarker panels with
greater sensitivity and biological specificity than creati-
nine should continue. Novel drugs and traditional medi-
cines warrant testing in robust randomized controlled tri-
als using standardized endpoints. Personalized medicine
integrating pharmacogenomics, novel biomarkers, and
lifestyle modification should be employed to optimize
prevention and rehabilitation. Public health initiatives
promoting awareness and avoidance of nephrotoxins re-
quire expansion. Ultimately, conquering AKI will neces-
sitate integrative efforts across the biomedical research
spectrum.

Res Mol Med, 2022; 10(4):193-204
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