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Acute kidney injury (AKI) is defined as a decrease in kidney function within hours, which encompasses both in-
jury and impairment of renal function. AKI is not considered a pathological condition of single organ failure, but a
syndrome in which the kidney plays an active role in the progression of multi-organ dysfunction. The incidence
rate of AKI is increasing and becoming a common (8–16% of hospital admissions) and serious disease (four-fold
increased hospital mortality) affecting public health costs worldwide. AKI also affects the young and previously
healthy individuals affected by infectious diseases in Latin America. Because of themultifactorial pathophysiolog-
ical mechanisms, there is no effective pharmacological therapy that prevents the evolution or reverses the injury
once established; therefore, renal replacement therapy is the only current alternative available for renal patients.
The awareness of an accurate and prompt recognition of AKI underlying the various clinical phenotypes is an ur-
gent need for more effective therapeutic interventions to diminishmortality and socio-economic impacts of AKI.
The use of biomarkers as an indicator of the initial stage of the disease is critical and the cornerstone to fulfill the
gaps in thefield. This reviewdiscusses emerging strategies from basic science toward the anticipation of features,
treatment of AKI, and new treatments using pharmacological and stem cell therapies. We will also highlight
bioartificial kidney studies, addressing the limitations of the development of this innovative technology.
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1. Introduction

Acute kidney injury (AKI) is characterized by the reduction of renal
function during a short period of time, on the order of days or weeks.
The renal alterations include a decrease in glomerular filtration rate –
leading to an increase in serum concentration of urea nitrogen and
creatinine – and proteinuria (Hoste et al., 2018). In general, AKI is
associated with decreased renal perfusion pressure, major surgery,
radiocontrast exposure, and pharmacological treatments (Basile,
Anderson, & Sutton, 2012). The incidence of hospital-acquired AKI in
the United States is approximately 8 per 1000 admissions and up to
20% in the intensive care unit (Kam-Tao-Li, Burdman, & Mehta, 2013).
These patients presented more severe outcomes than patients with
community-acquired AKI (Makris & Spanou, 2016).

The incidence of AKI is increasing worldwide and is associated with
high medical expenses during the post-AKI course and increased risk of
developing an incapacitating chronic kidney disease along with a need
for renal replacement therapy (RRT). The outcome for the survivors is
early retirement because of work disability. For example, the incremen-
tal cost of AKI in Canada is estimated to be over $200 million Canadian
dollars per year (Collister et al., 2017). The costs related to AKI were
determined by Silver and Chertow (2017) based on the data from the
National Inpatient Sample (NIS, the largest all-payer inpatient care data-
base in the United States, containing over sevenmillion hospitalizations
from 95% of the United States population). AKI was associated with an
increase in hospitalization costs of about $8000 (~$1800 per patient
and hospital characteristics) and an increase in about 3 days in the
length of stay (LOS). Those numbers can be worse if AKI required dialy-
sis – about $42,000 per patient and 11 days of hospitalization (Silver &
Chertow, 2017). In Brazil, as in the rest of Latin America, AKI has a bi-
modal pattern: in urban areas, AKI is predominantly hospital-acquired
as in high-income countries, and in the poorer peripheral areas AKI af-
fects mainly the young and previously healthy individuals also affected
by infectious diseases, like malaria and dengue (Hoste et al., 2018;
Makris & Spanou, 2016).

Independent of the origin of the disease or the nationality of the pa-
tient, the early identification of patients at risk is crucial to prevent the
evolution from acute to chronic renal failure, characterized by an irre-
versible loss of nephrons. There is no successful pharmacological ther-
apy to treat AKI. Currently, RRT is a key component of AKI treatment.
This review aims to discuss new strategies emerging from basic science
research that generate new pharmacological and non-pharmacological
treatment for the prevention and treatment of AKI. We used PubMed,
Scopus, and directory of open access journals (DOAJ) to search for the
following keywords: acute kidney injury, renal injury, ischemia-
reperfusion, acute tubular necrosis, pharmacological treatment, non-
pharmacological treatment, cellular therapy, and their equivalents.
2. Acute kidney injury

2.1. History, definition and contrasting epidemiology across economic
status

Thehistory anddefinition of AKI are topics that directly impact inAKI
epidemiology. Although the first description of a reduced urine volume
dates back to the ancient Greek period; only in the 19th century were
the consequences to the body of this reduction, including death, re-
ported (Abercrombie, 1821; Marketos, Eftychiadis, & Diamandopoulos,
1993). In the early 20th century, the term acute renal failure character-
ized the reduction inurinevolume.Recentmulticenter observational co-
horts and administrative database have improved the understanding of
the overall disease. Because of that the term “acute renal failure” was
preferentially referred to as AKI, which encompasses both structural
damage and loss of renal function. The long period of time involving
the first descriptions, the knowledge of the consequences of the acute
reduced urine volume and the criteria to characterize the insult delayed
the development of a consensus standard definition. A survey in 2002
revealed at least 35 definitions in the literature (Kellum, Levin,
Bouman, & Lameire, 2002).

Several consensus definitions of AKI have been developed based ex-
clusively on the serum creatinine and urine output and are also used in
epidemiologic studies to identify the patients. Themost used criteria are
The Kidney Disease: Improving Global Outcomes (KDIGO), Risk Injury
Failure Loss End stage kidney disease (RIFLE) and the Acute Kidney In-
jury Network (AKIN) (Gameiro, Fonseca, Jorge, & Lopes, 2018). The
KDIGO guideline is based on the previous two classifications, unifying
theAKI definition. In this classification, AKI is determined by an absolute
increase in serum creatinine (sCr), at least 0.3 mg/dL within 48 h, by a
50% increase in sCr from baseline in 7 days, or a urine volume of
b0.5mL/kg/h for at least 6 h. The small changes in sCr and/or urine out-
put, as it occurs in mild kidney injury, can be a predictor of serious clin-
ical consequences. Thus, the use of novel biomarkers is likely necessary
to improve the AKI definition and mainly to help in diagnosis.

After 7 days, if the parameters proposed by KDIGO are still altered,
this establishes a critical period of vulnerability for renal patients.
When this condition persists for N90days, it will be considered a chronic
kidney disease (CKD). The term acute kidney disease (AKD) was pro-
posed to define the period between 7 and 90 days where the patho-
physiological processes are ongoing. This period is essential to
introduce pharmacological treatment, such as renin angiotensin block-
ade, to discontinue the AKI-CKD progression (Chou et al., 2017; Chou,
Chu, & Lin, 2018; Zhang et al., 2016). The AcuteDisease Quality Initiative
(ADQI) 16 workgroup reported a series of proposed definitions (a guid-
ance for clinical practice) and recommendations that aim to increase
awareness of AKD and encourage research to understand the epidemi-
ology, mechanisms and management of AKD (Chawla et al., 2017).

In developed countries, the prevalence of AKI occurs in the elderly
and in consequence to comorbidities and hospitalization (hospital-ac-
quired AKI). It is estimated that the hospital-acquired AKI occurrence
is up to 15%, increasing the LOSby several days and beingmore common
in critically ill patients inwhich theprevalence rises up to60%(Xue et al.,
2006, Lameire et al., 2013, Makris & Spanou, 2016). Concurrently, the
proportion of patients surviving after AKI has also been increasing over
time (Xue et al., 2006), heightening the risk for chronic kidney disease
(CKD) and end-stage renal disease (ESRD) (Makris & Spanou, 2016).
The fall in mortality outcome in developed countries may be attributed
to the improvement of Nephrology, the intensive care unit and hospital
care due to investments in the field (Xue et al., 2006). In developing
countries, the investments in research that aim to reduce health ex-
penses inNephrology are scarce. In thisway, health expenses are contin-
uously increased year after year, which makes it difficult for the
government's health budget to follow impacting the mortality rates.

Latin America followed by Southeast Asia present the highest per-
centage of AKI in theworld (Hoste et al., 2018). In the large city centers,
AKI is predominantly hospital-acquired affecting the elderly, as occurs
in high-income countries. This scenario is worsened because AKI also
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affects the young and previously healthy individuals. In the poorer pe-
ripheral areas, the population is affected by (1) bad sanitation condi-
tions being susceptible to infectious diseases such as leptospirosis,
malaria, dengue, yellow fever, and diarrhea; (2) exposure to animal
venom and to herbs used in traditional medicine; (3) septic abortion;
and (4) natural disasters (Burdmann & Jha, 2017). Under these condi-
tions, the community-acquired form of AKI is prevalent. The occurrence
of 1800,000–2,900,000 new cases of AKI annually has been predicted in
Latin America, with a mortality rate between 20 and 60%. Most patients
are treated in Nephrology divisions located in teaching hospitals, sup-
ported by public health systems (Burdmann & Jha, 2017). For example,
in Brazil, 85% of the costs in kidney diseases are supported by the Min-
istry of Health through the “Sistema Único de Saúde” (Sesso, Lopes,
Thomé, Lugon, & Martins, 2014). In 2017, the resources used in Ne-
phrology for renal replacement therapy (RRT), hospitalizations, trans-
plants and medications, is about US $ 1 billion. This is the largest
resource spent by the Brazilian Ministry of Health for a specific area of
care (Brazilian Health Ministry, www.brasil.gov.br/noticias/saude/
2017/01/terapia-renal-recebe-investimento-de-r-197-milhoes).

Mesoamerican nephropathy (MeN), a form of CKD of unknown eti-
ology (CKDu), is recognized as a major source of morbidity and mortal-
ity in rural workers in Central American countries such as El Salvador
and Nicaragua. These individuals are subjected to several hours of
hard work at high altitude with limited water intake, which could ex-
plain the work-associated AKI (Kupferman et al., 2018). This is sup-
ported by increased sCr level observed in sugarcane workers who
sought medical attention for acute symptoms including fever, nausea,
vomiting, and back pain (Fischer et al., 2017). In the group studied by
Kupferman and collaborators, nearly half had established CKD
12months later (Kupferman et al., 2018). The relevance of these studies
identifies a specific group of young and previously healthy workers po-
tentially vulnerable to develop decreased kidney function during work
life. More detailed basic and clinical research on MeN will be required
for a complete comprehension of the disease and good clinical practice
to disrupt the connection between AKI and CKDu. Those practices will
certainly attenuate the public health care costs in these countries.

Extracorporeal (hemodialysis) or paracorporeal (peritoneal dialysis)
RRT applied intermittently or continuously has been used as a support-
ive treatment of AKI, focusing on averting metabolic acidosis,
hyperkalemia, uremia, fluid overload – derangements associated with
kidney failure – allowing time for organ recovery. The health-cost to
the overall treatment of complications is about $ 1800 per patient
(Silver, Long, Zheng, & Chertow, 2017). Although the restricted avail-
ability of organs and transplant rejection limits its widespread use,
data from developed and developing countries indicate that kidney
transplantation is the most cost-effective modality of RRT (Gouveia
et al., 2017; Sánchez-Escuredo et al., 2015). For a better comprehension
of the impact cost of RRT and kidney transplantation, please see Caskey
and Jager (2014).

2.2. Physiopathology

Formany years the diagnosis andmanagement of AKIwere based on
the concept of classification to three main categories: pre-renal, renal
and post-renal. Pre-renal injury is a consequence of clinical conditions,
such as hypovolaemia (provoked by hemorrhage or volume depletion),
renal hypoperfusion (caused by the use of drugs, abdominal aortic an-
eurysm and hepato-renal syndrome) and hypotension (as a conse-
quence of cardiogenic shock, distributive shock, cardiac failure, hepatic
cirrhosis and nephrotic syndrome). Sepsis, large surgery and the use
of radiocontrast dyes are also common causes of pre-renal injury. The
high-risk group is composed of elderly patientswith atherosclerotic car-
diovascular disease, patients with pre-existing CKD and patients with
renal hypoperfusion caused by volume depletion, hypotension or
renal artery stenosis (Blantz, 1998). The intrinsic injury (included in
the renal category) is often a multifactorial disease caused by
glomerular and tubular injury, interstitial nephritis, vascular and throm-
botic disorders. Alteration in glomerular function is associated with
inflammation and glomerulonephritis as encountered in systemic
lupus erythematosus. Acute tubular necrosis, provoked by prolonged
ischemia and by xenobiotics, is the most common cause of hospital-
acquired AKI (Makris & Spanou, 2016). Post-renal injury is character-
ized by a secondary obstruction (for example ureter) provoked by
intrinsic and extrinsic factors. Intrinsic factors are associated with
blood clot, papillary necrosis, urethral structure, prostatic hypertrophy
ormalignancy, bladder tumor and radiation fibrosis, while extrinsic fac-
tors include retroperitoneal fibrosis and pelvic malignancy. In this way,
elderly men with prostate disease and patients with intra-abdominal
malignancy are considered at higher risk. The high increase in diuresis
that generally occurs once obstruction is relieved needs careful moni-
toring with appropriate fluid replacement to avoid hypovolemia
(Basile et al., 2012).

Regardless of the AKI classification, ischemia-reperfusion (I/R) is the
main pathophysiological mechanism, accounting for 60% of the causes
(Basile et al., 2012). The kidneys receive 20% of the cardiac output in
healthy subjects. Bloodflowwithin the kidneys is selectively distributed
with about 90% of the renal blood flow directed to the cortexwhere glo-
merular filtration occurs. The remaining 10% of the renal blood flows
through peritubular microcirculation in the medulla, off-loads oxygen,
delivers nutrients to the tissues and finely adjusts the body homeostasis
(returning reabsorbed solutes to systemic circulation and participates in
the counter-current mechanisms to allow the conservation of water).
Renal blood flow is maintained throughout a wide range of renal perfu-
sion pressures (60–100 mmHg). The renal blood flow is strictly main-
tained by an autoregulation mechanism mediated by the myogenic
mechanism and the tubuloglomerular feedback in order to guarantee
an adequate oxygen delivery for the production of mitochondrial aden-
osine triphosphate (ATP), nitric oxide (NO) and reactive oxygen species
(ROS) essential to the homeostatic control of renal function (Aksu,
Demirci, & Ince, 2011; Just, 2007).

Many observational clinical studies have demonstrated significant
associations between systemic hemodynamic instability and the devel-
opment and progression of AKI, apparently dependent on the severity of
illness and patient comorbidities (Legrand et al., 2013; Ostermann& Liu,
2017; Post, Kellum, Bellomo, & Vincent, 2017; Raimundo et al., 2015). In
summary, the AKI etiology is mainly related to amismatch between ox-
ygen andnutrient delivery to thenephrons due to an impairedmicrocir-
culation and increased energy demands and the subsequent pathogenic
effects are hypoxia and oxidative stress (Tögel & Westenfelder, 2014).

The broad range of primary modifiers mentioned above (ischemic
insult, toxins, hemodynamic alterations, sepsis) triggers the inflamma-
tory response. The different phases of the inflammatory response dur-
ing AKI were detailed by Rabb et al. (2015). The primary acute
inflammatory response, starting overminutes to hours, recruits resident
and infiltrating leukocytes, neutrophils, monocytes/macrophages, den-
dritic cells, natural killer T cells, natural killer cells and B cells, leading
to cell damage and triggering death (Rabb et al., 2016).

In the acute phase, the injured microcirculation provokes the re-
cruitment and adhesion of leukocytes and platelets, amplifying the im-
pairment in renal perfusion and oxygen delivery to produce additional
endothelial cell injury and inflammation (Zuk & Bonventre, 2016). The
involvement of matrix metalloproteinases (MMPs), a family of endo-
peptidases, contributes to increased vascular permeability, interstitial
edema, affecting even more renal blood flow. Like a domino effect, the
remodeling of the extracellular matrix mediated by MMPs boost the
inflammatory response and affects the tubular structure (Isaac, Tögel,
& Westenfelder, 2007; Novak et al., 2010; Rodriguez, Morrison, &
Overall, 2010; Zhang et al., 2016).

Associated with the acute inflammatory response, oxygen depriva-
tion affects glucose metabolism, triggering anaerobic metabolism,
which cannot sustain the kidney demand (Malek & Nematbakhsh,
2015). ATP deprivation inhibits epithelial Na+ transport, mainly by
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Fig. 1. The hallmarks of acute kidney injury (AKI). The figure represents a schematic view
of the main pathophysiological mechanisms of AKI. The inner circle indicates the four
altered processes in the kidney that trigger AKI. The outer circle represents the main
events encountered in the clinical practice that alter at least one of the four processes
depicted in the inner circle. Independently or together, those alterations will contribute
to the gradual decrease in GFR. Late diagnosis and/or non-adequate treatment culminate
in ERSD. ROS: reactive oxygen species; ER: endoplasmic reticulum; ATN: acute tubular
necrosis; EM: epithelial/mesenchymal; GFR: glomerular filtration rates; ESRD: end stage
of renal disease.
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the medullary (Na++K+)-ATPase, affecting Na+ and solute tubular
handling (Cortes et al., 2018). Accumulation of intracellular Na+ in-
duces intracellular edema, resulting in disruption of cellularmembranes
from the endoplasmic reticulum (ER), Golgi apparatus, mitochondrial
membranes, and cytoskeletal microtubules (Mangino, Tian, Ametani,
Lindell, & Southard, 2008). Endoplasmic-reticulum stress can activate
an irreversible phase of renal injury, tubular cell apoptosis and necrosis
mediated by caspases and calpains (Ca2+-dependent cysteine prote-
ases). Altered tubular structure – effacement and loss of proximal tubule
brush border, patchy loss of tubular cells, focal areas of tubular dilata-
tion and distal tubular casts – provokes derangements in tubular
dynamics that include obstruction, back leak and activation of
tubuloglomerular feedback (Bonventre & Yang, 2011; Cortes et al.,
2018). Those are characteristics of the acute tubular necrosis (ATN)
and once established, organ functional impairment of water and elec-
trolyte homeostasis and reduction of the excretion of waste products
of metabolism occur (Bonventre & Yang, 2011; Malek & Nematbakhsh,
2015). The damaged tubules produce oxidative stress and vasoconstric-
tive prostaglandins, further impairing oxygen delivery and leading to a
local “no-reflow” phenomenon (Molitoris, 2014). I/R injury also
contributes to 30% of the kidney delayed graft function (DGF) or pri-
mary non-function after kidney transplant (Huart, Krzesinski, & Jouret,
2018).

In summary, during the acute phase, the associated pathophysiolog-
ical mechanisms are inflammatory cell infiltration, mitochondrial dys-
function, oxidative stress and lipid peroxidation, activation of the
renin-angiotensin system and impairment of nitric oxide (NO) produc-
tion. The major part of these pathophysiological mechanisms is orches-
trated by the increase of intrarenal angiotensin II levels (Ang II) in the
first 24 h of the insult (Kontogiannis & Burns, 1998). Moreover, animal
and patient studies have shown the beneficial effects of RAS blockade
treatment halting CKD and attenuating mortality (Chou et al., 2017;
Chou et al., 2018; Zhang et al., 2016).

By the action of regulatory and reprogrammed leukocyte subsets the
active repair and regeneration phase can occur for several days. This
phase is characterized by programmed transitions in the phenotype of
immune effector cells (especially mononuclear phagocytes) involving
specific alternative intracellular signaling pathways and soluble media-
tors, such as anti–inflammatory cytokines (e.g., IL-10) (Rabb et al.,
2016). This phase has been shown to be essential for optimal recovery
of renal function after AKI. Fig. 1 shows the hallmarks of AKI, highlight-
ing the main pathophysiological mechanisms.

The understanding of how these immune factors dictate the course
of intrarenal inflammation is a promising pathway toward developing
new therapies to attenuate renal structural damage or enhance subse-
quent repair and regeneration of the kidney. However, it is important
to mention that there is a risk to disrupt the natural transition between
acute inflammatory phase to the repair phase if the pharmacologic
strategy involves inhibiting elements of acute inflammation in an im-
proper time frame.

In most cases of AKI there is complete repair and restoration of nor-
mal kidney function. During the recovery phase, several molecular
mechanisms counteract by directing the migration, differentiation,
and proliferation of renal epithelial cells: (1) M2macrophage and regu-
latory T cells (Kumar, 2018), which play a critical role in tissue repair;
(2) renal stem cells and the expression of growth hormones and trophic
factors; (3) unfolded protein response (UPR) activation – an adaptive
response in which the cell attempts to overcome the accumulation of
misfolded proteins and ER stress – is activated right after renal ischemia.
Studies in mice have shown that pretreatment with ER stress
inducers (tunicamycin or thapsigargin) protected tubular cells
from renal ischemia-reperfusion injury through enhancement of
GRP78 protein expression, and ameliorated renal dysfunction and in-
jury (Prachasilchai et al., 2008); (4) epigenetic regulation involving
changes in histone modifications, DNA methylation and the expression
of various non-coding RNAs (Guo, Dong, Liang, & Dong, 2019).
However, and as discussed above, AKI can elicit permanent changes
in kidney function and the development of CKDwhich can subsequently
progress to end-stage renal disease. Themaladaptive recoverymay lead
to a reduction in peritubular capillary density, which is in part a
response to decreased VEGF (vascular endothelial growth factor) and
increased TGF-β (transforming growth factor beta) signaling, which
contributes to ongoing hypoxia, establishes renal fibrosis and, ulti-
mately CKD Basile, Donohoe, Roethe, and Osborn (2001).

2.3. Sex-differences in the I/R renal injury physiopathology

Differences in the severity of renal I/R injury among sexes has been
demonstrated in experimental models but the role of gender as a risk
for AKI in humans is less clear (1) Animal models have consistently
shown a protective effect of female sex on the development of AKI
after ischemia-reperfusion injury (Hutchens, Fujiyoshi, Komers,
Herson, & Anderson, 2012; Kang et al., 2014); (2) in humans, female
sex is among the shared susceptibility factors that confer a higher risk
of AKI, because women are more likely to develop hospital-acquired
AKI (cardiac surgery-associated AKI, contrast-induced nephropathy,
and aminoglycoside nephropathy) (KDIGO, 2012); (3) Males are more
susceptible to develop AKI as result of infections such as HIV, malaria,
leptospirosis and other community-acquired forms of AKI (KDIGO,
2012); (4) Other reports describe that males are more susceptible to I/
R injury as compared to females (Kher et al., 2005; Uchino et al.,
2009). Hospitalized men have an increased incidence of AKI requiring
renal replacement therapy (Hellou, Bahouth, Sabo, Abassi, & Nativ,
2018; Neugarten, Golestaneh, & Kolhe, 2018). Based on the data
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available, it seems that the sex differences in AKI resistance aremore ev-
ident in rodents than in humans.

Given that the mechanistic studies on sexual dimorphism of AKI
have predominantly been done on rodents we sought to highlight the
most studied molecular mediators of sex differences in I/R injury.
These molecular mediators are differently modulated by the levels of
the sex hormones, estrogen and testosterone: heat shock protein 27, su-
peroxide dismutase activity, inducible NO synthase (iNOS), endothelial
NO synthase (eNOS), phosphorylated extracellular signal-related kinase
(ERK), phosphorylated c-junN-terminal kinase (JNK), and endothelin-1
(Hutchens, Dunlap, Hurn, & Jarnberg, 2008; Liu, Meng, Huang, Wang, &
Liu, 2015; Zhang,Wang, et al., 2016). Althoughmore studies are needed
to define sex differences in AKI, it has been a consensus that testoster-
one enhances injury response and renal sympathetic activity. On the
contrary, females exhibit a renal sympathetic tolerance in a mechanism
mediated byMAO (monoamine oxidase) due to estrogen (Tanaka et al.,
2013; Tanaka et al., 2017).

3. Clinical presentation

Patients with AKI require a careful history, careful interpretation of
laboratory tests and imaging, chart review, and a thorough physical ex-
amination (Kaushal & Shah, 2014). The clinical symptoms of AKI are de-
pendent on the extent of renal functional damage. During the initial
stages the only clinical presentation is the abnormality in renal function
as assessed by blood tests (i.e., BUN and Creatinine) and in some cases
oliguria. In more severe stages other clinical manifestations may be-
come apparent including nausea, vomiting, bleeding, platelet dysfunc-
tion, reduced immune system response, pruritus, dyspnea, edema,
hypertension, cardiac insufficiency, pericarditis, pleuritis, pleurisy,
tremors, agitation, seizure and coma. These symptoms are conse-
quences of volume overload, hyperkalemia, metabolic acidosis and ac-
cumulations of uremic toxins provoked by the reduction renal
function (Bockenkamp & Vyas, 2003; Bouchard et al., 2009; Evans &
Greenberg, 2005). Post-renal AKI can present with low back pain, diffi-
culty with urination and hematuria (Quintavalle, Donnarumma, Fiore,
Briguori, & Condorelli, 2013).

The identification of patients presentingwith significant risk factors,
such as advanced age, diabetes, hypertension, or vascular disease, is es-
sential in the evaluation of patientswith suspectedAKI. The commondi-
agnostic criteria for AKI are based on guidelines (RIFLE, AKIN and
KDIGO) taking into account the rise in sCr in 48 h associated with or
without oliguria. Because the rise in sCr may occur when most of the
pathophysiologic mechanisms discussed above have been already
established, this may make early diagnosis quite difficult (McMahon &
Koyner, 2016). Urine dipstick and microscopy are useful as they can
provide clues on the cause of AKI. The presence of cells, crystals or
casts in urine microscopic analyses, mainly red cells, suggests glomeru-
lonephritis (Pickering & Endre, 2014). Kidney histological analysis from
rat models of AKI usually detects the presence of red blood cells or pro-
tein in the lumen, dysmorphic red cells, red cell casts and eosinophils,
suggesting acute interstitial nephritis and alteration in the epithelial
cell structure (Cortes et al., 2018; Zhang,Wang, et al., 2016). Renal ultra-
sonography analysis could assist the AKI diagnostic, evaluating the renal
size, symmetry and depict any obstruction in the renal system.

4. Characterization of AKI biomarkers

As aforementioned, the sCr concentration is the parameter to assess
renal function decay and AKI. However, sCr concentration may not
change until approximately 50% of kidney function has been lost
(Bennett & Devarajan, 2011). Moreover, the return of sCr to basal levels
– reflecting a recovery in renal function – does not necessarily demon-
strate a structural recovery and renal integrity (Endre, 2014a). Long
term, the impairment of kidney structuremay imply a loss of renal func-
tion and progression to chronic kidney disease due to a maladaptive
repair (Murray et al., 2014). In this context, it is important to evaluate
functional and structural markers in a noninvasive way for diagnosing,
monitoring, and quantifying kidney damage (Murray et al., 2014). The
emerging novel biomarkers specific for kidney damage introduced a
newera inNephrology and became a researchpriority. The expectations
for research on novel biomarkers are related to the improvement of di-
agnostics, prognostics, decision-making and innovation (Bagshaw,
Zappitelli, & Chawla, 2013). Different types of molecules have been in-
vestigated as biomarkers: lipids, proteins, metabolites and also RNA.
The limitations of methodologies discussed below, however, have
brought together with these high expectations new challenges, espe-
cially on how to optimally interpret the information obtained.

Recently, the “omics” technologies have been used to develop novel
biomarkers for kidneydiseases, suchas functional (1) lipidomic, (2) pro-
teomic and (3) metabolomic analyses. These “omics” biomarkers work
as a memory of injury (Liakopoulos, Georgianos, Eleftheriadis, &
Sarafidis, 2011).

The lipid dysfunction during AKI, especially, in I/R, has shown abnor-
mal lipid accumulation within the kidney (Johnson, Stahl, & Zager,
2005; Naito, Bomsztyk, & Zager, 2009). For example, in cisplatin-
induced AKI the increased levels of ceramide and hexosylceramide in
the renal cortex were correlated with the severity of AKI in mice
(Dupre et al., 2017). Lipidomic studies have used the (SWATH)-MS (Se-
quentialWindowAcquisition of all TheoreticalMass Spectra) to identify
real-time lipid changes early following IR-induced kidney injury and
correlating with AKI severity (Simons et al., 2012). MS can be followed
by MALDI-IMS (Matrix-Assisted Laser Desorption Ionization Imaging
Mass Spectrometry) approach that allows localizing those lipids in the
kidney. The use of both techniques allowed the detection of increased
phosphatidylcholine (PC) O-38:1 (O-18:0, 20:1) and phosphatidyletha-
nolamine (PE) O-42:3 (O-20:1, 22:2), two abundant ether-linked phos-
pholipids following IR at 6 h post injury. Both of these lipids correlated
with the severity of AKI as measured by sCr. Moreover, PC O-38:1
level in the kidney was maintained high at 24 h post-IR, while renal
PE O-42:3 levelswere decreased. The increase in the PC O-38:1 level oc-
curred in proximal tubules, rich in the rate-limiting enzymes involved in
ether-linked phospholipid biosynthesis. The S3 segment of the proximal
tubule is the most prone to IR injury (Rao et al., 2016). The goal of pro-
teomics is to identify alterations in specific proteins for renal disease.
This technique can be applied in urine, plasma and serum. Proteomic
approaches such as 2DE (2 Dimensional Gel Electrophoresis) and
MALDI techniques are used to identify larger proteins, and SELDI (Sur-
face-Enhanced Laser Desorption/Ionization) and LC/MS (Liquid
Chromatography–Mass Spectrometry) to identify smaller proteins and
peptides (Bennett & Devarajan, 2011).

Proteomics revealed interleukin-18, neutrophil gelatinase-
associated lipocalin (NGAL, also known as lipocalin 2 or lcn2), kidney in-
jury molecule-1 (KIM-1) and L-type fatty acid binding protein (L-FABP)
as important biomarkers of clinical conditions of AKI such as renal ische-
mia or xenobiotic exposure (Merchant, Brier, Slaughter, Klein, &
McLeish, 2018; Mussap, Noto, Fanos, & Van Den Anker, 2014; Siew
et al., 2010). NGAL is an extensively studied novel biomarker of AKI.
The protein and mRNA level are augmented after ischemic or toxic kid-
ney injury in human neonates, children and adults andwell established
in animal models (Mishra et al., 2003; Mishra et al., 2004; Supavekin
et al., 2003). NGAL is filtered by the glomerulus and reabsorbed by the
proximal tubules (Hvidberg et al., 2005). The reduction of tubular reab-
sorption after AKI leads to an augmentation in NGAL urine level. Be-
cause it is rapidly expressed during kidney cell stress and/or damage,
NGAL is used during admission in the emergency room to predict
death, dialysis and AKI risk after cardiac surgery in adult patients (Ho
et al., 2015; Nickolas et al., 2012). Patients with NGAL N104 ng/mL
have a 5% probability of death or dialysis during hospitalization. Com-
paringwith sCr, NGAL can rise days before sCr elevation in sepsis condi-
tion (Parravicini et al., 2010). According to the criteria proposed by
Schmidt-Ott (2011), NGAL is more sensitive than sCr to predict AKI, as
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shown in the nomenclature: NGAL− sCr− (normal), NGAL+ sCr−
(damage to b50% of renal mass or early detection of severe disease),
NGAL+ sCr+ (damage to N50% of renal mass) and finally NGAL− sCr
+ (no renal stress or damage, but functional impairment consistent
with pre-renal azotaemia).

KIM-1 and L-FABP can be increased in the urine before elevated sCr
levels are detectable (Murray et al., 2014; Parikh et al., 2011; Siew et al.,
2010). KIM-1 biomarker is mostly used to detect nephrotoxicity in pre-
clinical and early phase I and II clinical studies (Vaidya et al., 2010). The
cell cycle inhibitors, TIMP-2 (tissue inhibitor of metalloproteinases-2)
and insulin-like growth factor-binding protein (IGF7BP7), could be
new biomarkers that present high sensitivity to renal insults compared
to other biomarkers of a singlemechanism of injury (Endre, 2014b). Re-
cently, Adler et al. (2018) postulated that the ratio of levels of TIMP-2
and IGFBP7 could be used as a biomarker to predict AKI in patients
with non-traumatic shock. The increase of [TIMP-2]/[IGFBP7] in urine
indicates a high risk of AKI among patients with shock after out-of-
hospital cardiac arrest (OHCA), at least 3 h after the episode.

Metabolomics is an extension of currentmethods of proteomic anal-
ysis. The actual definition is “a global holistic overview of the personal
metabolic status.” The aim of metabolomics is to identify and quantify
the molecular compounds (proteins and metabolites) found in biologi-
cal fluids during physiological and physiopathological conditions (Marx
et al., 2018; Mussap et al., 2014). The techniques applied are nuclear
magnetic resonance (NMR) or MS. The urine of pediatric cardiopulmo-
nary bypass surgery (CPB) patients showed increased levels of
homovanillic acid sulfate, a metabolite of dopamine, as a biomarker of
AKI after the surgery. This metabolite was upregulated in AKI patients
in the early 4 h post-surgery (Beger et al., 2008; Bennett & Devarajan,
2011).

Urine IGFBP-7, TIMP-2 and NGAL are examples of biomarkers that
show an inverse relationship with the functional recovery of AKI
(Endre, 2014b; Parikh, Moledina, Coca, Thiessen-Philbrook, & Garg,
2016). This indicates that these biomarkers are also valuable for moni-
toring the progression of the disease not only for early diagnosis. Al-
though the advances in “omics” biomarkers in the past few years have
improved the early diagnosis of AKI, this novel technology still has
many limitations such as the small number of subjects from a single
center study; the absence of accuracy and sensitivity of the biomarkers
in AKI diagnosis and the absence of studies in AKI that frequently de-
velop chronic kidney disease in clinical practice, which may interfere
in the result (Marx et al., 2018; Parikh et al., 2016). So far, “omics” bio-
markers represent a future prognostic in the clinical diagnosis of AKI,
however, more detailed investigations are required.

MicroRNAs (miRNAs) are another type of molecule that could be
used as biomarker for AKI. miRNAs are evolutionarily conserved non-
coding RNAs formed from 21 to 25 nucleotides in size and regulate
gene expression by binding to the 3′-untranslated region of target
mRNAs. The interest in these molecules is mostly because they are
very stable in body fluids (blood or urine) when binding to vesicles or
proteins. In the kidney, miRNAs have important roles during kidney de-
velopment, homeostasis and disease. Rudnicki and coworkers observed
that miRNA-30d, −140-3p, −532-3p, −194, −190, −204 and −206
were down-regulated in progressive cases of CKD and inversely corre-
lated with 29 up-regulated target mRNAs. These were involved in in-
flammatory response, cell-cell interaction, apoptosis and intracellular
signaling (Rudnicki et al., 2016).

The first evidence ofmiRNAs havingpathological roles in AKIwas re-
ported by Wei and coworkers who developed a Dicer-knockout mouse
model, in which Dicer (a key enzyme for microRNA synthesis) was spe-
cifically deleted from proximal tubular cells. Thus, these mice exhibit a
global down-regulation of miRNAs in the renal cortex. They have nor-
mal renal function and histology under control conditions but show re-
sistance to the AKI that follows bilateral renal I/R. Under the latter
conditions, Dicer-null mice show significantly better renal function,
less tissue damage, less tubular apoptosis, and better survival than
their wild-type counterparts (Wei et al., 2010). Since then, many
miRNAs have been implicated in AKI; for amore detailed revision please
see Fan, Chen, Chen, Chang, and Chu (2016). Some of them contribute to
pathogenesis by regulating apoptosis and inflammation, to amplifying
or reducing acute injury responses, while others regulate fibrosis and
angiogenesis, to participate in renal recovery or the progression tofibro-
sis. Currently, it is unclear whether these circulatingmiRNAs are tissue-
and disease-specific or represent more general pathologies like
inflammation.

Vanmassenhove, Vanholder, Nagler, and Biesen (2013) collected the
data available in the literature about the diagnostic performance of the
different biomarkers and reported that no consistent generalizable con-
clusions can be drawn on their diagnostic value or that may impact in
the correct interpretation of the clinical trials. This may appear a pessi-
mistic view, but it is important to discuss the factors that may lead to a
misinterpretation of the results in order to overcome the limitations.
The wide range of data on urinary or serum biomarkers can be associ-
ated with different explanations: (1) the choice of the study design is
widely different, where timing and amount of renal impact can be
known (as in post-cardiac bypass) or unknown (as in septic shock) af-
fecting diagnostic performances; (2) most of the biomarkers are not
only associated strictly with AKI; (3) statistical pitfalls when translating
the clinical trials to the bedside; (4) because of the search for increased
levels of biomarkers without an accompanying rise in sCr to character-
ize early AKImay impact on the lack of specificity to the detriment of in-
creasing sensitivity. Altogether, biomarker development is a long-term
investment to be included in the existing consensus definition of AKI
(RIFLE, AKIN or KDIGO) but it should be embraced as critical for a suc-
cessful AKI therapy.

5. What is the available pharmacological arsenal to treat AKI?

Because AKI treatment is not simple, prevention is always critical.
Clinical cases with high risk for AKI development (for example, kidney
injury provoked by the use of xenobiotics) should be predicted, moni-
tored and prevention should be employed (Zhang et al., 2016). Preven-
tive actions to avoid AKI are critical for clinical practice because
supportive treatment is the mainstay of therapy with few clinically ap-
plicable options (Duann, Lianos, Ma, & Lin, 2016). Because AKI is a mul-
tifactorial disease and it can be associated with co-morbidities, there is
no pharmacological approach that reverses the renal injury once
established. Patientswith AKImay develop hyperkalemia,metabolic ac-
idosis, volume overload, and/or symptoms of uremia due to reduced
GFR. Most of the pharmacological treatment is related to attenuation
of the symptoms resulting from these alterations.

Patients at an emerging risk for AKI and those with an already
established AKI diagnosis should have kidney function monitored
closely by sCr concentration and urine output. Careful assessment of
volume status and hemodynamics should be undertaken and treatment
done with intravenous fluids, diuretics, or other means of hemody-
namic support as indicated in Table 1. The eventual use of renal replace-
ment therapy (RRT) is required in most of cases.

The management of the established AKI involves two main strate-
gies: optimizing renal perfusion and modulation of intrarenal patho-
physiological mechanisms of AKI. This last strategy is still an open
field in Nephrology and is under clinical trials investigation. Improve-
ment of impaired renal perfusion can be achieved by volume expansion.
Patients with reduced renal blood flow that can augment their cardiac
output by expansion of their intravascular volume would benefit from
fluid resuscitation. Major trials of various colloids, physiologic-
balanced salt solutions, and saline solution have been used. The use of
multiple clinical assessments and repeated measures to assess fluid re-
sponsiveness are recommended. Intravenousfluids should beused judi-
ciously in patients with AKI who are not “volume responsive.” After
significant volume resuscitation, even if patients remain volume re-
sponsive, vasopressor support should be considered to avoid markedly
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positive fluid balance (Moore, Hsu, & Liu, 2018). Several molecules can
affect vascular resistance in AKI, such as the decrease in nitric oxide
(NO) levels and augmented levels of angiotensin II (Ang II) and
endothelin. Appropriate inotropes and/or vasodilators are used to con-
trol blood pressure. Losartan (Ang II receptor antagonist) and sodium
nitroprusside (NO donor) have been shown to improve renal function
after I/R injury. This suggests that changes in renal hemodynamics are
partly due to increased Ang II-mediated vasoconstriction and absence
of NO activity and the balance of these processes may be useful in pre-
serving renal function in humans (Srisawat, Kongrat, Muanprasat, &
Chatsudthipong, 2015).

Some differences could be encountered in various countries but in
general, the strategy is very similar. After the diagnosis of AKI, it is es-
sential to determine the causes of AKI in order to identify appropriate
strategies for minimizing the severity of the injury. Special attention is
paid to treatable causes such as hypovolemia and avoidance of
nephrotoxins.

The lack of pharmacological options clinically applicable is due to the
influence of related organs (lung, heart, liver), comorbidity factors, the
complexity of AKI etiology, low statistical power and the lack of consen-
sus for AKI definition in clinical trials (Jo, Rosner, & Okusa, 2007). The
identification of a single therapy that will benefit all is challenging
(Moore et al., 2018).

6. New strategies of AKI treatment and prevention

As shown above, there is no effective pharmacological intervention
to prevent or reverse I/R injury. To accelerate the drug development
process, reducing the risk of failure and lowering costs, the drug reposi-
tioning strategy has been adopted. This means new uses for existing
drugs with a well-known mechanism of action associated with low
side effects (Ashburn & Thor, 2004). Doxycycline is a tetracycline that
has several pharmacological properties in addition to the antimicrobial
effect, especially the inhibition ofMMPs (mentioned in the topic above).
It has been demonstrated that doxycycline prevents oxidative stress
provoked by I/R associated with the inhibition of MMPs, leading to the
reduction of pro-inflammatory cytokines and the occurrence of apopto-
sis (Ihtiyar et al., 2011). In addition, the prevention of MMP activation
has been suggested to be a possible mechanism of protection in renal
transplantation (Li et al., 2015). By the use of an animal model of AKI
(renal ischemia-reperfusion), we provide evidence that intraperitoneal
administration of low-dose doxycycline protects kidney function (glo-
merular filtration and epithelial Na+ transport), beyond its antimicro-
bial effects (Cortes et al., 2018).

Another emerging pharmacological tool is related to themodulation
of oxidative stress. Mitochondria are especially affected in I/R, leading to
the production of reactive oxygen species (ROS),which alters all cellular
machinery and, especially, renal vascular tone (Majid & Nishiyama,
2002; Silachev et al., 2014). I/R causes depletion of glutathione, the
Table 1
Mechanism of action and physiological implications on the pharmacological therapy used to tr

Drug Mechanism

Mannitol Osmotic diuretic (proximal tubule and loop of Henle),
extracting the water from the intracellular compartments.

Furosemide Inhibitory loop diuretic of simporte Na+-K+-2Cl−

(thick ascending limb - loop of Henle)
Atrial Natriuretic Peptide Nonspecific cation channel inhibitor, preventing about 5% of

Na+ reabsorption (collector duct)
Dopamine Paracrine/autocrine agent in the kidneys acts on the receptor

dopamine 1 (D1) and dopamine 2 (D2)
Fenoldopam Short-acting selective agonist of dopaminergic D1 receptor

Ca2+ Channel inhibitors
(verapamil, diltiazem)

Inhibition of T and L-type Ca2+ channels (afferent arteriole)

RAS inhibitor Angiotensin converting enzyme inhibitor (iACE) or angiotens
II type 1a receptor blocker (ARB)
main molecule that participates in defense against oxidative damage
and increasing levels of malondialdehyde, indicating the presence of
lipid peroxidation (Ihtiyar et al., 2011; Kucuk et al., 2009). The mito-
chondrial 10-(6′-plastoquinonyl) decylrhodamine 19 (SkQR1)
antioxyporter showed nephroprotective effects, prevention of renal
vascular dysfunction and protection of endothelial cell damage
(Jankauskas et al., 2012; Jankauskas et al., 2016; Plotnikov et al.,
2011). During reperfusion, an excessive elevation of free radicals occurs
due to the excess of oxygen released in the arterial blood, which may
cause diverse tissue lesions (Collard & Gelman, 2001). A study suggests
the prevention of oxidative damage caused by I/R through reperfusion
with venous blood, which contains less oxygen, revealing an innovative
and useful approach to initiate tissue reperfusion (Cetin et al., 2014).

Ischemic preconditioning, in general, involves exposing an organ to
sub-lethal ischemia to protect it against subsequent ischemic injury
(Zager, Baltes, Sharma, & Jurkowitz, 1984). Kidney ischemic pre-
conditioning (IPC) is a method that applies intermittent clamping to
the renal hilum (or renal artery) resulting in multiple short cycles of is-
chemia and then reperfusion. It is postulated that the tissue will upreg-
ulate protective mechanisms before the main ischemic insult, inducing
tolerance or adaptability of the organ (Dirnagl, Simon, & Hallenbeck,
2003; Er et al., 2012). Chemical preconditioningmethods with the hyp-
oxia mimetic cobalt chloride or zinc chloride in Sprague-Dawley rats
has been shown to protect the kidney from increasing hypoxia-
inducible factor (HIF1α and 2α) (Rao et al., 2017).

Remote ischemic preconditioning (rIPC) is a novel non-invasive and
virtually cost-free strategy to decrease I/R injury. This technique is sim-
ilar to IPC, but the brief episodes of I/R are applied at a remote site,
where modulation of blood flow occurs in a distant anatomical region.
For example, rIPC applied before contrastmediumuseprevents contrast
medium-induced acute kidney injury in high-risk patients (Er et al.,
2012). Clinical evidence evaluated in nine healthy volunteers suggests
that rIPC is a potential renoprotective strategy, due to the release of
vasodilatory substances (Robert, Vinet, Jamet, & Coudroy, 2017). These
conditioning processes activate protective mechanisms, involving me-
diators such as opioids, adenosine and bradykinin, which result in de-
creased mitochondrial permeability, reactive oxygen species and
inflammatory response (Crowley & McIntyre, 2013).

When a series of alternating intervals of brief ischemia and reperfu-
sion is applied after a prolonged I/R episode, ischemic post-conditioning
(POC) is established. Animal models of IPC and POC have been per-
formed to elucidate the beneficial effects of these techniques to prevent
I/R injury as shown below. Shokeir and collaborators carried out a study
involving protocols of IPC and POC in Sprague-Dawley rats, showing
that the former caused an improvement in renal function, while the lat-
ter did not (Shokeir et al., 2014). This protectionwas related to the acti-
vation of the nuclear transcription factor erythroid 2-related factor 2
(Nrf2), a regulator of antioxidant enzyme genes (Zhang et al., 2013).
Both IPC and POC showed a reduction in the expression of the pro-
eat AKI.

Implications Reference

Increases renal blood flow; protector in renal transplantation; Bragadottir
et al. (2012)

Increases renal blood flow and excretion of Na+ and Cl− Andreucci
et al. (2017)

the Vasodilation of afferent arteriole and vasoconstriction of
efferent arteriole (increased glomerular filtration rate)

Mitaka et al.
(2017)

s In the dose of 1 μg/kg/min, increases renal blood flow and
glomerular filtration rate

Joannidis
et al. (2017)

Decreases peripheral vascular resistance, increases renal blood
flow

Gillies et al.
(2015)

Increases renal function; renal blood flow, glomerular filtration
rate, diuresis and excretion of electrolytes

Quintavalle
et al. (2013)

in Increases renal blood flow, glomerular filtration rate, diuresis.
Increased survival time and diminished CKD progression.

Chou et al.
(2017)
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apoptotic caspase-3 protein. The performance of IPC without ischemia
confirmed that the expression of these markers occurs immediately
after IPC and not after I/R in the long term, as in POC. The improvement
in renal function with the classic and remote POC was associated with
reducing levels of oxidative stress markers (Jiang, Chen, Xue, Zhu, &
Sun, 2015). Not all combinations or durations of I/R and conditioning
procedures protect against ischemic injury due to the nature of the
adaptive mechanism induced by the adopted protocol (Shokeir et al.,
2014). Therefore, surgical protocols should be adjusted for renal
protection.

Kidney transplant is a surgical approach available when renal re-
placement therapy is not totally efficient at blocking the intensity or
progression of AKI, being the only option to extend the patient's life.
The number of kidney transplants per donation after circulatory death
has greatly increased in the last decadeworldwide, even so, it is still rel-
atively few compared to the number of people awaiting transplant. Dur-
ing the transplant, the kidney undergoes a period of hot ischemia and
after transplantation, to reperfusion, when the lesion could be accentu-
ated, and irreversible damage could provokedelayed graft functionwith
a risk of kidney failure (Saat, Van den Akker, Jn, Dor, & De Bruin, 2016).
The small size of clinical trials and varied definitions of delayed graft
function limited the determination of baseline parameters for an opti-
mal kidney transplant (Zhou et al., 2017).

Finally, cell-based therapy is a promising avenue for preventive or
curative AKI therapies because it is possible to use the cells from the pa-
tient (autologous treatment). This therapy has been employed in many
trials of kidney transplantation. Despite the use of Mesenchymal Stem
cells (MSCs), Hematopoietic Stem Cells (HSCs) or regulatory T cells,
they present a common characteristic to induce immuno-tolerance to-
ward allogeneic cells/antigens in the graft (Dellepiane, Medica, &
Quercia, & Cantaluppi, 2017). However, Patschan and collaborators
(Patschan, Buschmann, Ritter, & Kribben, 2018) pointed out that for
an efficient cell-based AKI therapy, two limitations may arise: the het-
erogeneity of causes and the highly complex structure of the kidney.
The authors also considered that a single population of injected cells
may hardly fight on equal terms the multitude of cellular and humoral
processes involved.

Barnes and collaborators (Barnes, Distaso, Spitz, Verdun, &Haramati,
2016) revised three different types of stem cell therapy: MSCs, induced
pluripotent stem cells (iPSCs) and spermatogonial stem cells (SSCs) in
order to show the most promising therapy for reparative and regenera-
tive treatment for AKI. MSCs therapies have long been investigated in
the preclinical setting and have recently been successful in Phase I clin-
ical trials (Kaushal & Shah, 2014). The beneficial outcomes include anti-
inflammatory, mitogenic, anti-apoptotic, and pro-angiogenic effects
with no detrimental side effects (Kaushal & Shah, 2014). MSCs can be
cultivated from a variety of sources as bone marrow and adipose tissue
and further research is needed to determine which type of MSCs are
most beneficial for AKI and other forms of acute organ injury. Regarding
iPSCs, its use is relatively non-invasive and viable options for most indi-
viduals, however, the major concern is the real possibility of teratoma
formation. SSCs, an invasive procedure of collection, have shown very
limited teratoma formation and do not require the reprogramming fac-
tors used in iPSCs to reach a pluripotent state (Barnes et al., 2016). The
ability of SSCs to differentiate into renal lineages has been demon-
strated, but there are no studies addressing the therapeutic effects of
human-derived SSCs for AKI. Because of the insufficient amount of re-
search available, it is not possible to compare the renoprotective effect
of iPSCs or SSCs for AKI treatment (Barnes et al., 2016). It seems that
so far, the best stem cell-based treatment for AKI is MSC-derived ther-
apy. Because AKI is a silent disease and there are as yet no trusted mo-
lecular markers to ensure the exact timing of cell administration, any
direct application of cells in daily clinical practicewillmost likely not be-
come a suitable option (Patschan et al., 2018). However, it can be ap-
plied in high AKI risk patients such as those post-cardiac surgery,
those undergoing chemotherapy with tubular-toxic drugs such as
cisplatin, and those administered contrast media. In the case of non-
autologous transplant, although it can be an alternative, the compatibil-
ity between cells and the recipient must be carefully evaluated.

Ratajczak and collaborators (Ratajczak et al., 2006) first demon-
strated that embryonic stem cells may release extracellular vesicles
(EVs) capable of reprogramming hematopoietic progenitors. EVs
are mainly composed of exosomes, small homogeneous vesicles
(50–150 nm) formed from the endosomal cell compartment, and by
microvesicles, with a more heterogeneous dimension profile, produced
by the direct extrusion of the cell plasmamembrane. The benefits of the
use of EVs derived from adult stem/progenitor cells have been related to
the features resembling their cells of origin. Selective macromolecules
such as proteins, RNAs and small non-coding RNAs (miRNAs) are com-
partmentalized inside EVs andmay be transferred to target cells via EVs.
In particular, EVs derived frommesenchymal stem cells (MSCs) canme-
diate the paracrine effects ofMSCs in differentmodels of tissue regener-
ation (Bruno et al., 2009; Nakamura et al., 2015). Collino et al. (2017)
showed that the proteins andmiRNAs shuttled byMSCs provided a col-
laborative pattern in crucial processes activated after injury in vitro,
such as metabolic, stem cell, inflammatory/migration and angiogenic
related processes. The contents of EVs could change if the MSCs are cul-
tured in adverse conditions, such as hypoxia mimicking I/R injury
(Lindoso et al., 2014).

On the other side of the coin, the EVs released by the organmay also
contribute to the development and propagation of inflammatory, vascu-
lar, malignant, infectious and degenerative diseases. In this view, EVs
might contribute to disease processes in the kidney: such as in AKI
and allograft loss and could be considered as biomarkers of renal disease
(Karpman, Ståhl, & Arvidsson, 2017). New pharmacological approaches
are also being developed to block the release or uptake of EVs or yet, to
use EVs as a newdelivery system to specific cells instead ofMSC-derived
therapy.

7. Is the bioartificial kidney applicable to treat AKI?

Since the advent of peritoneal dialysis (PD) in the 1970s, some ad-
vantages were brought to patients, such as decreased “dialysis hang-
over,” fewer dietary restrictions, direct shipment of PD supplies to the
patient's homeand greaterflexibility of PD schedule. However, theprin-
ciples of dialysis have changed very little. The Kidney Project (University
of California, San Francisco) aims to develop a wearable and implant-
able, free-standing artificial kidney to perform the vast majority of the
filtration, balancing, and other biological functions of thenatural kidney.
It is powered by the body's own blood pressure, without the need for
external tubes and tethers or immunosuppressant drugs (Salani, Roy,
& Fissell, 2018). The optimistic view is that the artificial kidney will
give to the renal patient new hope beyond the short-term solution of
renal dialysis and the longer-term solution of a living kidney transplant
for which donor organs are limited. However, the artificial kidney does
not yet fulfill the renal endocrine function.

In general, the big barrier of dialysis is the accumulation of protein-
bound toxins that are strongly associatedwith highmorbidity andmor-
tality (Krieter et al., 2010). The bioartificial kidney (BAK) aims at mim-
icking the functional kidney bymaking use of proximal tubule epithelial
cells (PTECs) equippedwith a broad range of transporters that normally
mediate the excretion of metabolites (Masereeuw et al., 2014).
Chevtchik et al. (2018) reported the use of a conditionally immortalized
human PTEC with functional organic cationic transporter (promoting
the removing of anionic uremic wastes). Immunosafety was ensured
because of the polarized secretion of proinflammatory cytokines to the
extraluminal space, not to the interstitium. The biohybrid combining ar-
tificialfilters and living cells is the edge of innovation. The expectation is
that this techniquemay supply the endocrine function of the kidney (for
example the release of erythropoietin and renin). Portable devices re-
duce the need for large quantities of water and continuous electrical
supply, making the device more accessible and reducing health care
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costs associated with dialysis. The addition of the BAK containing
human cells has been shown in preclinical and clinical studies to have
the potential to advance AKI treatment as a conventional continuous
renal replacement therapy (for a review, see Song & Humes, 2009).
The BAK demonstrates metabolic activity with systemic effects, influ-
ences systemic leukocyte activation and the balance of inflammatory
cytokines. Clinical studies have shown that there is a significant clinical
impact on survival with an acceptable safety profile, suggesting that cell
therapy combinedwith the use of the BAKmay decrease morbidity and
mortality by altering the proinflammatory state of patients with renal
failure.
8. Potential limitations of the current studies in the AKI field: why
we still face problems with AKI?

In order to understand why we still face problems with AKI, we
pointed out the potential limitations encountered in current studies in
the AKI field.

a. AKI is a multifactorial disease that is difficult to represent in a single
animal experimental model.

b. The inaccuracy of diagnosis and absence of reliable early biomarkers
for the definition of AKI, AKD and CKD.

c. In low-income countries, AKI is associated with neglected diseases
impacting its epidemiology. Because they are neglected, the lack of
resources of these countries in science and technology aggravates
the problem.

d. Successful pharmacological therapies in preclinical studies have not
advanced in clinical studies. The main reasons for the failure of drug
trials include the heterogeneity of AKI and underpowered studies (Jo
et al., 2007; Star, 1998). In 2012, using the clinicaltrials.gov elec-
tronic database, it was reported that by November 2011, 126 clinical
trials regarding the prevention or management of AKI were identi-
fied; 118 trials are being performed in adults, and 8 trials are being
conducted in children (Faubel et al., 2012). Most of the trials (65%)
were prevention trials; adequate power, sample size and endpoint
to the prevention of AKI were the limitation of these studies. Of the
23 trials addressing general management of AKI, a key element of
drug development studies was to establish the therapeutic window
for each agent, which depends on good animal models in preclinical
studies. The AKI Advisory group proposed that to move straightfor-
ward is necessary to the development of a United States-based clin-
ical trials network focused on AKI (Faubel et al., 2012). We believe
that this model can be extended and applied to any country.

9. Conclusion

A better understanding of themolecular mechanisms and functional
defects of AKI is required for an effective treatment. Although distinct
research and molecular findings on AKI have been made, the mortality
and morbidity of patients with this clinical condition are still high.
New management and techniques are urgently needed to improve
care with AKI, as well an important health strategy with a focus on pre-
vention. For example, the use of nephrotoxic agents should be per-
formed with caution. New biomarkers are emerging in the early
detection of AKI in order to prevent disease progression and increases
of health care costs. However, more robust clinical trials with greater
statistical power need to be performed. The use of improved surgical
conditioning techniques or drug diseasemanagementwould be feasible
for use in humans, avoiding loss of renal function or loss of the
transplanted organ. Moreover, MSCs, EVs and the development of a
bioartificial kidney offers innovative alternatives with promising results
for the treatment of AKI.
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