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Abstract

Acute kidney injury (AKI) can be defined as the sudden loss of renal function
associated with structural changes in the kidneys. Currently, 13.3 million peo-
ple die of AKI around the world. Normally aerobic exercise is used both as/
for the treatment and prevention of high blood pressure, metabolic disease
and Diabetes mellitus (DM). Nevertheless, exercise preconditioning must be a
crucial resource in the prevention and mitigation of AKIL The aim of this
study was to evaluate the effects of the exercise preconditioning on renal IR
(ischemic/reperfusion) experimental model. Male Wistars rats were divided
into three groups (n = 9): sham (S), ischemic/reperfusion (IR), exercise + is-
chemic/reperfusion (EX + IR). IR renal injury was induced by clamping the
bilateral renal artery for 45 min. The rats were subjected to exercise 5 days a
week for 4 weeks with progressive intensity and duration. The group treated
with exercise preconditioning, showed additional improvements in various
parameters, including serum creatinine, proteinuria, and decrease of the sever-
ity of the tubular injury and activated caspase-3 levels (P < 0.05). The previ-
ous aerobic exercise-induced renoprotection in the IR injury. We anticipate
that the practice of physical exercise in healthy individuals can also be useful
for the prevention and attenuation of AKI.
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Introduction

Acute kidney injury (AKI) can be defined as the sudden
loss of renal function associated with structural changes
in the kidneys (Lameire et al. 2005; Endre et al. 2016).
Currently, 13.3 million people die of AKI around the
world (Nash et al. 2002; Ronco et al. 2010). Normally,
aerobic exercise is used both as/for the treatment and
prevention of high blood pressure, metabolic disease and
DM (Colberg et al. 2010; Garber et al. 2011; Araujo
et al. 2012). Nevertheless, exercise preconditioning must
be an important resource in the prevention and mitiga-
tion of AKIL

Tissue damage of a particular organ due to ischemia
is intensified in the moment of reoxygenation, during
reperfusion. This is a process that is considered more
harmful than ischemia itself. This mechanism of tissue
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injury is called reperfusion injury or ischemia-reperfusion
(IR) injury (Lee et al. 2013). During reperfusion, the
blood flow restoration is often associated with an inten-
sified tissue injury and intense inflammatory response
(Pin-Barre and Laurin, 2015). Reperfusion damage is
identified specifically with the development of receptive
oxygen species (ROS), endothelial cell damage, expanded
vascular permeability, and the activation of platelets,
neutrophils, and cytokines (Subramaniam et al. 2015).
Renal IR may be shown histomorphology and biochemi-
cally. Both inflammation and apoptosis coexist in renal
IR injury. During hypoxia, caspase activity increases as a
Ca®" accumulation. Caspase
becomes activated in ischemic tissues and is an indicator
of cell death (Thompson et al. 2007; Subramaniam et al.
2015). These changes, which can be observed in tubular
cells, may cause the loss of brush borders of proximal

result of intracellular
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Exercise Reduces Acute Ischemic Renal Injury

tubular cells and spill out from the basement membrane
of the cells into the tubular lumen, with eventual tubu-
lar obstruction (Kroshian et al. 1994; Rajasekaran et al.
2003).

The kidney is a vital organ in which preconditioning
can probably produce a protective effect, given the need
for high energy and a complex vascular network. There-
fore, practical solutions must be found to not only pre-
vent the development of the kidney lesion but also
reduce the subsequent renal disorders. Previous studies
have shown the beneficial effects of exercise on brain
damage caused by ischemia and reperfusion in animal
models of cerebral ischemia (Osada et al. 1999). How-
ever, the protective effects of exercise training from
ischemia and reperfusion have still poorly understood.
This study aimed to investigate the effects of exercise
preconditioning on renal function following the IR in
male rats.

Methods

Animals

Adult male Wistars rats (250-280 g) were bred in the
CEDEME animal facility (UNIFESP, Brazil) and main-
tained in a temperature-controlled room (23 + 1°C) with
a 12:12 h light-dark cycle (lights on at 7 am) with free
access to food and water in standard polypropylene cages.
All experiments were performed after approval of Institu-
tional animal ethical committees, and the experimental
protocol was approved by the Ethical Committee of UNI-
FESP (#826361).

Experimental protocol

All rats underwent baseline urine and blood samples and
then underwent IR. The animals were divided into three
groups (n =9): sham (S), ischemic/reperfusion (IR),
exercise + ischemic/reperfusion (EX + IR). At the end of
the experiments, the rats were sacrificed, and blood, urine
and tissue samples were collected.

Preconditioning aerobic exercise

The trained animals were adapted for 5 days before the
beginning of the physical training. Physical training was
performed between 40-60% of the exercise stress test in
an adapted treadmill. The training occurred five times a
week for 4 weeks with progressive intensity and duration
as previously described by literature (Guimaraes et al.
2010; Liu et al. 2012; Nakagawa et al. 2012)). A new exer-
cise test was performed every 2 weeks to adjust the inten-
sity of the physical training.
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Induction of AKI

IR renal injury was induced by clamping the bilateral
renal artery for 45 min. The animals were anesthetized
with ketamine (90 mg/kg) and xylazine (10 mg/kg) via
intramuscular injections using strict hemostasis and asep-
tic techniques. After the preparation of the skin, the
mouse was placed on the blankets of a homeothermic
module and covered with sterile gauze. The animal was
immobilized on a heated surgical table. After the end of
the period, the clips were removed and observed until
complete reperfusion, and no traumas in the kidneys. The
animals were maintained on heating by indirect lighting
until the complete recovery of the anesthesia and 48 h
after the surgery.

Biochemical study

Urinary protein, blood urea nitrogen (BUN), and plasma
creatinine were evaluated with standard kits (Lab Test
Diagnostics, Brazil) using an automated colorimetric tech-
nique. In addition, baseline measurements of body weight
and urine volume were performed.

Histopathology

The kidneys were fixed in 10% neutral buffered formalin.
Paraffin-embedded sections (3 um thick) were cut and
stained with hematoxylin and eosin (HE) and Periodic
Acid-Schiff’s reaction. Using an optical microscope, a
qualified pathologist performed all morphologic evalua-
tions, being unaware of the nature of the treatment
applied. The whole histological sections of each group
were examined, in order to search for histological alter-
ations in the tubules, both cortical and medullary. The
degree of injury was measured by a semi-quantitative
analysis, as follows: Grade 0 — minimum (less than 10%);
Grade 1 — mild (between 11 and 25%); Grade 2 — moder-
ate (between 26 and 50%); Grade 3 — severe (between 56
and 75%); Grade 4 — very severe (over 76%).

Immunohistochemical staining

For Immunohistochemical analysis, kidney sections were
deparaffinized and rehydrated, and to expose the antigens,
they were boiled in a target retrieval solution (TRIS buffer
pH 9.0) for 30 min. Endogenous peroxidase activity was
blocked with 3% H,0, for 15 min at room temperature.
Nonspecific binding was prevented by incubating the sec-
tions with a protein blocker (Dako, CA). Sections were
incubated overnight at 4°C with primary rabbit anti-cas-
pase-3 active monoclonal antibody (1:100, Santa Cruz
Biotechnology, CA). After washing with TBS, the sections
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were incubated with horseradish peroxidase-conjugated
polymer (Dako) for 30 min at room temperature. Slides
were rinsed with PBS, and the antibody—antigen reactions
were visualized with 3, 3’-diaminobenzidine (Dako, CA).
The sections were lightly counterstained with hema-
toxylin. Analyses were performed using light microscopy
(Leica Imaging Systems) at 20x magnification, and the
stained proteins were quantified using Corel Photo-Paint
12 and UTHSCSA — Image Tool software. The picture
analysis was performed in two phases: first, measurement
of the tissue area with the subtraction of the blank areas
on the picture; second, calculating the percentage of
staining present on the first phase picture.

Statistical analysis

The results are presented as the mean + standard devia-
tion. Comparisons among different groups were evaluated
using multiple analyses of variance (ANOVA) followed by
Tukey's post hoc test. The tubulointerstitial fibrosis index
was analyzed using the Kruskal-Wallis test with Bonfer-
roni correction. The level of statistical significance was
defined as P < 0.05.

Results

Body weight

All of the animals showed an increase in final body
weight (Table 1 and Fig. 1). Exercise preconditioning IR
animals showed body weight reduction when compared
with sham and IR animals (sham 383 4+ 16; EX + IR
356 £ 26 and IR 384 + 24, P < 0.05).

Measurement of renal function

Blood urea nitrogen (BUN) and plasma creatinine

As shown in Figures 2 and 3, untreated animals presented
higher values of serum creatinine and urea compared
sham and treated group (P < 0.05). Notably, exercise pre-
conditioning IR treatment significantly prevented the

Table 1. Baseline and final body weight parameters

Groups Initial Final n
S 301 + 1.9 383 + 16" 9
IR 301 + 1,9 384 + 24" 9
IR + EX 302 + 3,5 356 4+ 26°" 9

Values are expressed as means + SD. * (P = <0.05) versus initial
S, IR and EX + IR. T (P = <0.005) versus final S and IR.
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Figure 1. The effects of exercise preconditioning on body weight
in IR rats. Values are expressed as the means + SD. * (P < 0.05)
versus S, # (P < 0.05) versus IR, & (P < 0.05) versus EX + IR.

increases in plasma creatinine and BUN levels and
improved the renal function compared to the IR group
(P < 0.05).

Proteinuria

Exercise preconditioning IR treatment significantly pre-
vented the increase in proteinuria levels compared to the
IR group (EX+IR=15=+4, IR=20 =+ 6, P <0.05)
(Fig. 4). Furthermore, the animals of the sham group pre-
sented values of excretion of proteins in the urine similar
to the initial parameters.

Histopathology

The main affected renal structures were the tubules, spe-
cially the proximal ones, showing degenerative and necro-
tic alterations, such as loss of brush border, denudation
of the tubular cell lining and dead cells occupying the
tubular lumen. Those are characteristics of ischemic inju-
ries. In the IR group, 67% of the animals had degree 4,
that is, very severe tubular injuries. On the other hand, in
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Figure 2. The effects of exercise preconditioning on blood urea
nitrogen in IR rats. Values are expressed as the means + SD. &

(P < 0.05) versus EX + IR. * (P < 0.05) versus S, # (P < 0.05) versus
IR, & (P < 0.05) versus EX + IR.
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Figure 3. The effects of exercise preconditioning on plasma
creatinine (mg/dL) in IR rats. Values are expressed as the
means £ SD. * (P < 0.05) versus S, # (P < 0.05) versus IR, &
(P < 0.05) versus EX + IR.
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Figure 4. The effects of exercise preconditioning on proteinuria in
IR rats. The progression of proteinuria is significantly inhibited by
exercise preconditioning. Values are expressed as means =+ SD.

* (P < 0.05) versus S, # (P < 0.05) versus IR, & (P < 0.05) versus
EX + IR.

the EX + IR group, 90% of the animals had grades 1 and
2 (mild to moderate injuries). Comparing them, the
group EX + IR had less tubular injuries, reduction of
tubular cells degenerative changes and signs of cell regen-
eration. In the Figure 5, we see the most representative
morphological features of each group.

The effects of exercise preconditioning IR
on apoptosis cell death

The expression of activated caspase-3 in renal tissue was
higher in all IR animals compared to sham rats (Fig. 6).
Furthermore, many apoptotic cells were observed in prox-
imal and medullary tubular cells of group IR compared
to EX + IR group, that showed less increase in renal cas-
pase-3 expression (P < 0.05).

Discussion

We have demonstrated that regular, progressive aerobic
exercise performed prior to IR acute renal injury was able
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to attenuate plasma creatinine and urea levels, decrease
the severity of the tubular injury, and active caspase-3
levels 48 h after reperfusion, in rats Wistars. The damage
of renal morphology, as the presence of interstitial edema,
mononuclear infiltrates, loss of brush border and tubule
epithelial cells were of lower severity in the group that
was previously submitted to regular aerobic exercise,
compatible with the improved renal function. The kidney
is very sensitive to hypoxia and vulnerable to ischemic or
hypoxic injury because of the renal vascular anatomy and
the high energy consumption of renal tubular epithelial
cells (Kroshian et al. 1994; Haase, 2013; Linkermann et al.
2014). The mechanism of renal I/R injury is extremely
complex, however, much of the damage is mediated by
reactive oxygen species (ROS) during reperfusion (Tesch,
2010). ROS activate inflammatory cells resulting in the
release of interleukin (IL), tissue necrosis factor, and
other inflammatory factors, promoting cell apoptosis and
increasing tissue damage during reperfusion. In this
study, we still show that active caspase-3 levels were sig-
nificantly lower in the previously exercised AKI group.
When activated, the caspases are able to cleave several key
autophagy proteins that result in suppression of autop-
hagy. The cleaved fragments of autophagy proteins pro-
duced have been shown to have a proapoptotic function
(Zhu et al. 2010; Oral et al. 2016; Tsapras and Nezis,
2017). Activation of autophagy can be stimulated in sev-
eral ways, including infection, caloric restriction, and
exercise. In addition to cell metabolism and the cell sur-
vival/death mechanism, autophagy plays an important
role in maintaining cellular homeostasis in skeletal mus-
cle, especially during exercise where energy demand can
be extremely high. By degrading macromolecules and sub-
cellular organelles through the fusion of autophagosomes
and lysosomes, materials useful as amino acids can be
released and reused to support normal cell metabolism
(Kaushal and Shah, 2016). Recent studies demonstrate
that basal autophagy in the kidney is vital for the normal
homeostasis of the proximal tubules (Jiang et al. 2010;
Kimura et al. 2011). Autophagy deletion in proximal
tubules worsened the tubular injury and renal function
(Liu et al. 2012; Kaushal and Shah, 2016). Both autop-
hagy and apoptosis are generally into the common stimu-
lus. The regulation of shared pathways between
autophagy and apoptosis determines the outcome of cell
fate for either cell survival or cells death (Pattingre et al.
2005). Thus, we speculated that the reduction of activated
caspase-3 in the group of previously exercised animals
may have contributed to greater autophagy and protec-
tion of renal tubular damage. In the recent past (Lee
et al. 2013), it was demonstrated that exercise precondi-
tioning reduces acute ischemic renal injury in HSP70.1
knockout mouse.
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Degree of ATN
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Degree 1 - 4 (45%)
Degree 2 1(10%) 4 (45%)
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Figure 5. Microscopic aspects of renal sections with the main injuries observed in each group. (A) Sham: Normal renal structure, with
preserved tubular brush border (long black arrow). (B) IR group. Acute tubular injury showing cell lining denudation, dilated tubules with cast
material and cytoplasmic debris in tubular lumen, best seen here in the PAS stain (short black arrow). The glomerulus appears unremarkable.
(C) EX + IR group. We observe less tubular injury, with only focal reduction of the brush border and regeneration of the cells that seem more
crowded, eventually having one mitotic figure (curve black arrow). [HE (top) and PAS (bottom); x200]. Graph and table show the values
expressed as the means + SD. * (P < 0.05) versus sham, # (P < 0.05) versus IR, & (P < 0.05) versus EX + IR.

The effects of exercise have been shown to be an autop-
hagic inducer, cellular autophagic responses to exercise in
skeletal muscle appear to be varied in different exercise
protocols and disease models (Lenhare et al. 2017; Jeong
et al. 2017). Exercise is the greatest physiological stress that
our bodies experience. Given the physiological stress asso-
ciated with exercise and the adaptations that occur to han-
dle this stress, it is not surprising that exercise training is
known to prevent or effectively treat a multitude of degen-
erative conditions including cardiovascular disease, cancer,
diabetes, depression, Alzheimer’s disease, Parkinson’s dis-
ease, and many others (Guimaraes et al. 2010; Pin-Barre
and Laurin, 2015). Many of the health benefits of exercise
are mediated by the mammalian/mechanistic target of
rapamycin (mTOR), not only within the working muscle
but also in distant tissues that are susceptible to IR
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(Nakagawa et al. 2012; Kaushal and Shah, 2016). In view
of this, we suggest that regular and previously applied aer-
obic physical training induced an initial and or more
intense autophagy to the detriment of the lower level of
activated caspase-3 resulted in a lower degree of apoptosis
of the tubular cells, according to our biochemical and
morphological characteristics, presented in a renal model
of animal I/R.

We have not identified the mechanism by which exercise
improves tolerance to ischemia and attenuates the tissue
renal damage caused by ischemia-reperfusion injury. How-
ever, moderate aerobic exercise decreases the development
of cardiovascular diseases such as hypertension, helps con-
trol cholesterol and weight, preserves bone mass, improves
glucose, oxygen and nutrient uptake into skeletal muscle,
increases respiratory capacity and ATP (Guimaraes et al.
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Figure 6. Caspase activation in tubular cells during renal ischemia-reperfusion injury in sedentary and exercised rats. Male rats sedentary and
exercised were subjected to 45 min of renal ischemia followed by 48 h of reperfusion. Renal tissues were fixed for immunofluorescence using
an antibody specific for active caspase-3. (A) Representative images of light marking for caspase-3 active in renal tubular cells of the sham
group. (B) Representative images of less intense marking for caspase-3 active in renal tubular cells of the EX + IR group. (C) representative
images of intense marking for caspase-3 active in renal tubular cells of the IR group. Values are expressed as means + SD. * (P < 0.05) versus
sham, # (P < 0.05) versus IR, & (P < 0.05) versus EX + IR. [cortex (top) and medulla (bottom); 200x].

2010; Zhu et al. 2010; Tsapras and Nezis, 2017). We suggest
the better physical conditioning of trained animals may
lead to better hemodynamic and metabolic conditions, and
finally, cellular and molecular survival mechanisms of renal
tissue. There is a growing interest in studying the role and
regulation of the autophagy pathway because of the indica-
tion that autophagy is cytoprotective in response to various
stresses. Recent studies have recognized that autophagy is
selective in degrading specific targets including damage
proteins and organelles. However, more studies are
required to understand precise mechanisms of autophagy
including mitophagy in AKI, and about 15-20% of patients
with AKI progress to chronic kidney disease stage IV
(Kaushal and Shah, 2016).

In conclusion, our results demonstrate that the amount
of aerobic exercise previously applied was efficient to
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protect acute ischemic renal injury in rats. We suggest
that previous aerobic exercise induced a higher degree of
survival (autophagy) in relation to cellular death (apopto-
sis) due to the reduction of the activated caspase-3 level.
We anticipate that the practice of physical exercise in
healthy individuals can also be useful for the prevention
and attenuation of AKI.

Acknowledgments

The excellent technical assistance of Clara Versolato Raz-
vickas is gratefully acknowledged.

Conflict of Interest

None declared.

© 2019 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.



W. V. Lima et al.

References

de Araujo, C. C., J. D. Silva, C. S. Samary, I. H. Guimaraes, P.
S. Marques, G. P. Oliveira, et al. 2012. Regular and
moderate exercise before experimental sepsis reduces the
risk of lung and distal organ injury. J. Appl. Physiol.
112:1206-1214.

Colberg, S. R., R. J. Sigal, B. Fernhall, J. G. Regensteiner, B. J.
Blissmer, R. R. Rubin, et al. 2010. Exercise and type 2
diabetes: the American College of Sports Medicine and the
American Diabetes Association: joint position statement.
Diabetes Care 33:e147—¢167.

Endre, Z. H,, T. J. Pianta, and J. W. Pickering. 2016. Timely
diagnosis of acute kidney injury using kinetic eGFR and the
creatinine excretion to production ratio, E/eG-creatinine can
be useful!l. Nephron 132:312-316.

Garber, C. E., B. Blissmer, M. R. Deschenes, B. A. Franklin, M.
J. Lamonte, I. M. Lee, et al. 2011. Quantity and quality of
exercise for developing and maintaining cardiorespiratory,
musculoskeletal, and neuromotor fitness in apparently
healthy adults: guidance for prescribing exercise. Med. Sci.
Sports Exerc. 43:1334—1359.

Guimaraes, G. V., E. G. Ciolac, V. O. Carvalho, V. M. D’Avila,
and L. A. Bortolotto. 2010. Bocchi EA. Effects of
continuous vs. interval exercise training on blood pressure
and arterial stiffness in treated hypertension. Hypertens Res
33:627-632.

Haase, V. H. 2013. Mechanisms of hypoxia responses in renal
tissue. J. Am. Soc. Nephrol. 24:537-541.

Jeong, J. H., D. S. Yang, J. H. Koo, D. J. Hwang, J. Y. Cho,
and E. B. Kang. 2017. Effect of resistance exercise on muscle
metabolism and autophagy in sIBM. Med. Sci. Sports Exerc.
49:1562-1571. https://doi.org/10.1249/MSS.
0000000000001286.

Jiang, M., K. Liu, J. Luo, and Z. Dong. 2010. Autophagy is a
renoprotective mechanism during in vitro hypoxia and
in vivo ischemia-reperfusion injury. Am. J. Pathol.
176:1181-1192. https://doi.org/10.2353/ajpath.2010.090594.

Kaushal, G. P., and S. V. Shah. 2016. Autophagy in acute
kidney injury. Kidney Int. 89:779-791.

Kimura, T., Y. Takabatake, A. Takahashi, J, et al. 2011.
Autophagy protects the proximal tubule from degeneration
and acute ischemic injury. J. Am. Soc. Nephrol. 22:902-913.
https://doi.org/10.1681/ASN.2010070705.

Kroshian, V. M., A. M. Sheridan, and W. Lieberthal. 1994.
Functional and cytoskeletal injury in proximal tubular
changes induced epithelial cells by sublethal. Am. J. Physiol.
Renal Physiol. 266:F21-F30.

Lameire, N., W. Van Biesen, and R. Vanholder. 2005. Acute
renal failure. Lancet 365:417—430.

Lee, J., S. Park, and W. K. Kim. 2013. Exercise pre-
conditioning reduces acute ischemic renal injury in
hsp70.1 knockout mouse. Histol. Histopathol.
28:1223-1233.

© 2019 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.

Exercise Reduces Acute Ischemic Renal Injury

Lenhare, L., B. M. Crisol, V. R. R. Silva, C. K. Katashima,
A. V. Cordeiro, K. D. Pereira, et al. 2017. Physical
exercise increases Sestrin 2 protein levels and induces
autophagy in the skeletal muscle of old mice. Exp.
Gerontol. 97:17-21. https://doi.org/10.1016/j.exger.
2017.07.009.

Linkermann, A., G. Chen, G. Dong, U. Kunzendorf, S.
Krautwald, and Z. Dong. 2014. Regulated Cell Death in
AKIL. J. Am. Soc. Nephrol. 25:2689-2701. https://doi.org/10.
1681/ASN.2014030262.

Liu, L., D. Feng, G. Chen, M. Chen, Q. Zheng, P. Song, et al.
2012. Mitochondrial outer-membrane protein FUNDCI1
mediates hypoxia-induced mitophagy in mammalian cells.
Nat. Cell Biol. 14:177-185.

Nakagawa, S., K. Nishihara, K. I. Inui, and S. Masuda. 2012.
Involvement of autophagy in the pharmacological effects of
the mTOR inhibitor everolimus in acute kidney injury. Eur.
J. Pharmacol. 696:143—154. https://doi.org/10.1016/j.ejphar.
2012.09.010.

Nash, K., A. Hafeez, and S. Hou. 2002. Hospital-acquired
renal insufficiency. Am. J. Kidney Dis. 39:930-936.

Oral, O., Y. Akkoc, O. Bayraktar, and D. Gozuacik. 2016.
Physiological and pathological significance of the molecular
cross-talk between autophagy and apoptosis. Histol.
Histopathol. 31:479-498.

Osada, T., T. Katsumura, T. Hamaoka, S. Inoue, K. Esaki, A.
Sakamoto. 1999. Reduced blood flow in abdominal viscera
measured by Doppler ultrasound during one-legged knee
extension. J. Appl. Physiol. 86:709-719.

Pattingre, S., A. Tassa, X. Qu, R. Garuti, H. L. Xiao, N.
Mizushima, et al. 2005. Bcl-2 antiapoptotic proteins inhibit
Beclin 1-dependent autophagy. Cell 122:927-939. https://doi.
org/10.1016/j.cell.2005.07.002.

Pin-Barre, C., and J. Laurin. 2015. Physical exercise as a
diagnostic, rehabilitation, and preventive tool: influence on
neuroplasticity and motor recovery after stroke. Neural
Plast. 2015:1-12.

Rajasekaran, S. A., J. Hu, J. Gopal, R. Gallemore, S.
Ryazantsev, D. Bok, et al. 2003. Rajasekaran AK. Na K-
ATPase inhibition alters tight junction structure and
permeability in human retinal pigment epithelial cells. Am.
J. Physiol. Cell Physiol. 284:C1497-507.

Ronco, C., S. Grammaticopoulos, M. Rosner, M. DeCal,

S. Soni, et al. 2010. Oliguria, creatinine and other
biomarkers of acute kidney injury. Contrib. Nephrol.
164:118-127.

Subramaniam, R. M., C. Suarez-Cuervo, R. F. Wilson, S.
Turban, A. Zhang, C. Sherrod. 2015. Effectiveness of
prevention strategies for contrast-induced nephropathy a
systematic review and Meta-analysis. Ann. Intern. Med.
164:406—417.

Tesch, G. H. 2010. Review: serum and urine biomarkers of
kidney disease: a pathophysiological perspective. Nephrology
15:609-616.

2019 | Vol. 7 | Iss. 14 | e14176
Page 7


https://doi.org/10.1249/MSS.0000000000001286
https://doi.org/10.1249/MSS.0000000000001286
https://doi.org/10.2353/ajpath.2010.090594
https://doi.org/10.1681/ASN.2010070705
https://doi.org/10.1016/j.exger.2017.07.009
https://doi.org/10.1016/j.exger.2017.07.009
https://doi.org/10.1681/ASN.2014030262
https://doi.org/10.1681/ASN.2014030262
https://doi.org/10.1016/j.ejphar.2012.09.010
https://doi.org/10.1016/j.ejphar.2012.09.010
https://doi.org/10.1016/j.cell.2005.07.002
https://doi.org/10.1016/j.cell.2005.07.002

Exercise Reduces Acute Ischemic Renal Injury W. V. Lima et al.

Thompson, P. D., B. A. Franklin, G. J. Balady, S. N. Blair, D. Tsapras, P., and I. P. Nezis. 2017. Caspase involvement in
Corrado, N. A. M. Estes, et al. 2007. Exercise and acute autophagy. Cell Death Differ. 24:1369-1379.
cardiovascular events: placing the risks into perspective a Zhu, Y., L. Zhao, L. Liu, P. Gao, W. Tian, X. Wang, et al.
scientific statement from the American Heart Association 2010. Beclin 1 cleavage by caspase-3 inactivates autophagy
Council on Nutrition, Physical Activity, and Metabolism and and promotes apoptosis. Protein Cell 1:468—477. https://doi.
the Council on Clinical Cardiology. Circulation 115:2358-2368. 0rg/10.1007/s13238-010-0048-4.

2019 | Vol. 7 | Iss. 14 | e14176 © 2019 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

Page 8 The Physiological Society and the American Physiological Society.


https://doi.org/10.1007/s13238-010-0048-4
https://doi.org/10.1007/s13238-010-0048-4

