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ARTICLE INFO ABSTRACT
Available online 22 April 2016 Acute kidney injury (AKI) is a major renal disease associated with high mortality rate and increasing prevalence.
Decades of research have suggested numerous chemical and biological agents with beneficial effects in AKL In
Keywon_is: o addition, cell therapy and molecular targeting have been explored for reducing kidney tissue damage and pro-
Acute kidney injury moting kidney repair or recovery from AKI. Mechanistically, these approaches may mitigate oxidative stress,

Kidney protection

Kid - inflammation, cell death, and mitochondrial and other organellar damage, or activate cytoprotective mechanisms
idney repair

such as autophagy and pro-survival factors. However, none of these findings has been successfully translated into

Renoprotection .. . . . . .
Isch e?ni a-reperfusion clinical treatment of AKI. In this review, we analyze these findings and propose experimental strategies for the
Nephrotoxicity identification of renoprotective agents or methods with clinical potential. Moreover, we propose the consider-

ation of combination therapy by targeting multiple targets in AKI.
© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Acute kidney injury (AKI) is a syndrome characterized by the
rapid loss of renal function resulting in the accumulation of end
products of nitrogen metabolism (urea and creatinine) and/or de-
creased urine output (KDIGO, 2012). In clinic, AKI occurs mainly as
the clinicopathological outcome of renal or extra-renal surgery, bac-
terial infection, and nephrotoxicity. Large epidemiological studies
show a high incidence of AKI in hospitalized patients and in general
population (Bellomo et al., 2012; Hsu et al., 2007; Lameire et al.,
2013). AKI is considered as an important independent risk factor
for mortality (Uchino et al., 2006). Patients with uncomplicated AKI
have a mortality rate of up to 10%. In contrast, patients presenting
with AKI and multiorgan failure have been reported to have mortal-
ity rates of over 50%. If renal replacement therapy is required, the
mortality rate rises further to as high as 80% (Liafio et al., 1998;
Shusterman et al., 1987). In addition, AKI is an important factor in
the development and progression of chronic kidney disease (CKD)
(Chawla et al., 2014; Venkatachalam et al., 2015).

Pathogenetically, AKI is generally described as the injury of renal
tubular epithelial cell and vasculature, accompanied by the activa-
tion of a robust inflammatory response (Bonventre & Yang, 2011;
Linkermann et al., 2014; Molitoris, 2014). In addition, depending
on its severity and duration, the damage may spread to glomerulus
and interstitium resulting in a full blown, lasting disease. Along
with the mechanistic research, a number of agents have been shown
for their renoprotective effects in AKI models (Tables 1-5), which
include some clinical drugs, herbs, active chemicals, hormones, cyto-
kines and growth factors. Moreover, molecular and cell therapies have
been attempted with some promising results. In experimental models,
these agents and approaches protected kidneys by suppressing inflam-
mation, preserving vasculature, and/or directly preventing tubular cell
injury and death (Fig. 1). However, up-to-date none of them has been
successfully translated to the bedside or the use in patients (Jo et al.,
2007). In this review, we have summarized the main renoprotective
agents and analyzed their effects in AKI models and relevant mecha-
nisms. We have also discussed the experimental strategies for the
discovery of efficacious therapies for AKI, including the use of comorbid
models and the test of combination therapies.

Table 1
Clinical drugs with renoprotective effects in AKI.

2. Chemical renoprotectants
2.1. Clinical drugs

Some clinical drugs have been shown to be protective in experimen-
tal models of AKI. These include disease-modifying antirheumatic drugs
(DMARD), cholesterol-cutting statins, neuroprotective agents for cere-
bral infarction, selective vitamin D receptor agonist (VDRA), tetracycline
antibiotics, phosphodiesterase-5 (PDE5) inhibitors, angiotensin II
receptor antagonist, mammalian target of rapamycin (mTOR) inhibitor,
immunosuppressant drug, and steroid hormones (Table 1). A notable
advantage of clinical drugs is that they have been thoroughly tested
for safety in human use and, if effective, they can be relatively rapidly
applied for AKI treatment.

2.1.1. Antirheumatic and statin drugs

Leflunomide is known as an immunomodulating drug for the treat-
ment of chronic inflammatory conditions, such as rheumatoid arthritis.
In a rat model of renal ischemia-reperfusion injury (IRI), leflunomide
markedly attenuated renal dysfunction and morphological alterations,
and reduced oxidative stress (OS) (Karaman et al., 2006). Similarly,
etanercept (a soluble tumor necrosis factor-alpha (TNF-a) receptor)
showed anti-inflammatory and anti-apoptotic effects by lowering the
expression of TNF-a and monocyte chemotactic protein-1 (MCP-1)
in ischemic AKI rats (Choi et al., 2009). For statins, early postoperative
statin use was associated with lower incidence of AKI after a cardiac sur-
gery and decreased mortality risk as compared to preoperative statin
use or acute statin withdrawal (Billings et al., 2010; Molnar et al.,
2011). Several mechanisms have been suggested to contribute to the
renoprotective effects of statins in AKI. Statins with their antioxidant,
anti-inflammatory and anti-apoptotic effects may protect kidney
against gentamicin-, cisplatin- and cyclosporine-induced nephro-
toxicity, beyond their lipid-lowering capacity (Dashti-Khavidaki et al.,
2013; Kostapanos et al., 2009). They may also block the activation
of mitogen-activated protein kinase (MAPK) and the redox-sensitive
NF-kB and activator protein-1 (AP-1) (Gueler et al., 2002). Also statins
may ameliorate AKI by directly affecting renal vasculature, an observa-
tion that is particularly relevant to sepsis-associated AKI (Yasuda et al.,
2006).

No Name Characteristics

Tested AKI model Mechanism

1  Leflunomide
2 Etanercept TNF-ax inhibitor used to treat autoimmune diseases
3 Statins drugs
4 Edaravone Neuroprotective agent in acute brain ischemia and
subsequent cerebral infarction

Analog of vitamin D2 active form, VDR agonist
Phosphodiesterase type 5 inhibitor

5  Paricalcitol
6  Tadalafil, sildenafil

7  Milrinone

8  Fidarestat

9  Telmisartan

10 Adrenomedullin

11  Rituximab

12 Cyclosporin A

13 Mycophenolate mofetil

Phosphodiesterase type 3 inhibitor

Aldose reductase inhibitor for diabetic complications
Angiotensin Il receptor antagonist used in hypertension
A potent endogenous vasodilatory peptide hormone

Immunosuppressant used in transplant medicine

14 Temsirolimus Inhibitor of mammalian target of rapamycin (mTOR)

15 Doxycycline
16  Auramin

17 Geranylgeranylacetone An antiulcer drug used in treatment of gastric ulcers

Pyrimidine synthesis inhibitor used in immunosuppressive
diseases such as rheumatoid arthritis and psoriatic arthritis

Inhibitors of HMG-CoA reductase used to lower cholesterol

Monoclonal antibody against CD20 used in autoimmunity

Immunosuppressant used in transplant or autoimmune diseases

Tetracycline antibiotics for treating infections or inflammation
An antiparasitic drug used in treatment of trypanosomiasis

IRl in rat Reduce oxidative stress
IRl in rat

Drug-, septic- and ischemic-
induced AKI in rat or mice

Lower expression of TNF-oc and MCP-1
Antioxidant, anti-inflammatory
and anti-apoptotic

IR in rats Increase Bcl-2 expression

IRl in male C57BL/6 mice Upregulate COX-2 and PGE2

Contrast-induced AKI in Inhibit protein kinase G

rabbits

IRI in mice Inhibit NF-kB activation

LPS-induced endotoxic AKI  Suppress inflammation

IRl in rats Decrease MDA, TNF-c, NO and homocysteine

Contrast induced AKI in rats ~ Negative regulation of the RAAS

IRl in mice Suppression of inflammation

FA-induced AKI in mice Block TWEAK expression and NF-«B activation

IRl in rats Attenuate the increase of cytokines RANTES
and AIF

Septic-AKI in older adult Induce autophagy

mice

IRl in a rat model of ACS Decrease IL-1P3, TNF-ac and MMP-2

IRl in mice Reduce tubular apoptosis and infiltrating
leukocytes

IRl in rats Induction of Hsp70
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