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Pirfenidone prevents acute kidney injury in
the rat
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Abstract

Background: Pirfenidone is an orally active drug used for the treatment of idiopathic pulmonary fibrosis to slow
loss of lung function; it acts mainly through an antifibrotic effect but also possesses antioxidant and anti-inflammatory
properties. We assessed the effect of prophylactic administration of pirfenidone on acute kidney injury due to bilateral
renal ischemia.

Methods: Eighteen rats were included and divided in: 1) sham-operated rats (S), 2) rats underwent bilateral renal
ischemia for 20min (I/R), and 3) rats treated with pirfenidone 700mg/kg/day 24 h before surgery and subjected to
bilateral renal ischemia for 20min (I/R + PFN). All the rats were euthanized and studied 24 h after renal reperfusion.

Results: As was expected, the I/R group exhibited a significant reduction in creatinine clearance, urinary output and
renal blood flow, as well as extensive tubular injury. These alterations were associated with a significant decrease in
urinary excretion of nitrites and nitrates (UNO2/NO3V). In the I/R + PFN group, recovery of renal function and UNO2/NO3V
was observed, together with lesser histological signs of tubular injury compared to the I/R group.

Conclusions: This study shows that prophylactic administration of pirfenidone prevented acute kidney injury
due to bilateral ischemia in the rat. Recovery of NO production appears to be one of the mechanism of
pirfenidone renoprotective effect. Our findings suggest that pirfenidone is a promising drug to reduce renal
injury induced by I/R.
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Background
Acute kidney injury (AKI) affects 21% of hospitalized
patients, and the incidence is higher in the intensive care
unit (60%) [1]. The most frequent causes of AKI are
associated with generalized or localized ischemic damage
due to surgery, sepsis, trauma, infections, dehydration
and toxic drug damage [2]. AKI is often caused by a
reduction in renal blood flow (RBF) that induces endo-
thelial and tubular epithelial damage [3–7]. The reduced
RBF causes a decrease in the perfusion of the peri-tubu-
lar capillaries, injuring the S2 and S3 segments of the

proximal tubule, due to the large number of mitochon-
dria that these segments possess. Therefore, the prox-
imal tubule is highly susceptible to changes in oxygen
tension, and the Na+/K+ ATPase pump is one of the
most affected molecules [7–9]. In addition, the reduction
of ATP produces an uncoupling in the respiratory chain
with the subsequent formation of free radicals that en-
courages the detachment of epithelial cells and death by
apoptosis or necrosis It is then reasonable that the
resulting tubular damage is proportional to the severity
of the ischemic event [10]. Paradoxically, these alter-
ations are enhanced during renal reperfusion, which
conditions a greater pro-oxidant and pro-inflammatory
environment [11–13].
Endothelial cells also undergo several alterations, such

as loss of their intercellular junctions, alterations in the
cytoskeleton and endothelial glycocalyx, increased per-
meability of the microcirculation and interstitial edema.
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This, in turn, leads to an alteration in the supply of
oxygen, which intensifies renal damage after decreased
RBF. Simultaneously, there is an increase in the expres-
sion of adhesion molecules that allow inflammatory cells
to adhere to the endothelium, with consequent leukocyte
infiltration in the renal interstitium [14].
Although the tubular epithelium possesses the ability

to regenerate, the cellular processes in endothelial and
tubular cells may not recover completely; therefore, AKI
is a risk factor for developing chronic kidney disease
(CKD) [7, 15–18]. In a recent meta-analysis that
included patients who survived an AKI episode, the
reported incidences of chronic kidney disease (CKD)
and end-stage renal disease (ESRD) were 25.8 and 8.6%,
respectively [19]. These observations have greater rele-
vance in the study carried out in 126 children who suf-
fered AKI without any other pathophysiological condition,
revealing that 10% of these children developed CKD in a
period between 1 and 3 years [20]. Therefore, it is impera-
tive to have efficient pharmacological treatments to pre-
vent AKI.
Pirfenidone is an orally available pyridone analog

(5-methyl-1-phenyl-1H-pyridin-2-one) approved for clinical
use in idiopathic pulmonary fibrosis [21]. Indeed, it has
been reported in several animal models of progressive
fibrotic disorders that this compound not only displays
antifibrotic activity, but also anti-inflammatory and antioxi-
dant activities [22–32]. Specifically, in experimental models
of renal injury such as subtotal nephrectomy, hypertension,
calcineurin inhibitor nephropathy, and diabetic nephropa-
thy, pirfenidone administration reduced proteinuria, low-
ered the rate of loss of glomerular filtration rate (GFR),
decreased interstitial fibrosis and macrophage infiltration,
improved mitochondrial dysfunction and reduced mesan-
gial matrix expansion [26–28, 31–33]. Supporting this, a
randomized, double-blind, placebo-controlled study that
was performed in subjects with diabetic nephropathy found
that after one year of therapy, the estimated glomerular
filtration rate (eGFR) increased significantly in the
pirfenidone-treated group, whereas in the placebo group it
was reduced even more [30]. In another small trial in
patients with focal and segmental glomerulosclerosis, pirfe-
nidone was able to reduce the rate of loss of eGFR [25].
Although pirfenidone is known to possess a consistent

antifibrotic effect, its antioxidant and anti-inflammatory
properties allowed us to postulate that pirfenidone could
be effective in reducing renal injury induced by ischemia/
reperfusion.

Methods
All experiments containing animals were conducted in
accordance with the recommendations in the Guide for
the Care and Use of Laboratory Animals of the National
Institute of Health. The protocol was approved by the

Committee on Ethics of Instituto Nacional de Ciencias
Médicas y Nutrición Salvador Zubirán. All surgeries
were performed under sodium pentobarbital anesthesia,
and all efforts were made to minimize suffering.

Experimental protocol
Eighteen male Wistar rats weighing 270–300 g (age: 10
to 12 weeks old) breeding and housing in our animal
facility (the colony was purchased in Charles River
Laboratories, Raleigh, NC, USA) were included. The rats
were divided in three groups: 1) sham-operated rats
(Sham, n = 6), 2) rats subjected to bilateral renal ische-
mia of 20 min without any pharmacological prophylaxis
(I/R, n = 6), and 3) rats administered pirfenidone 700
mg/kg/day 24 h before surgery and subjected to bilateral
renal ischemia of 20 min (I/R + PFN, n = 6). We decided
to use the minimum rats necessary in order to comply
with the principle of the 3R (Replacement, Reduction
and Refinement), in special with the “Reduction” that
implies the design of methods that minimize the number
of animals used per experiment. Moreover, the physio-
logical variability of rats is lesser than mice, allowing to
use a smaller number of animals per group.
Pirfenidone was provided by Cell Pharma. Standard rat

diet was powdered and the pirfenidone was homoge-
neously incorporated in it to reach the desired dose. The
amount of food consumed daily by rats, according to age
and weight, was previously determined by observation of
a dedicated group of rats (approximately 20 g/day). The
required dose of Pirfenidone was mixed with the amount
of food that rats would consume in 24 h, in order to
ensure appropriate drug exposure. The used dose of pirfe-
nidone (700mg/kg/day) was previously reported by Ji X,
et al. and Takakuta K, et al. [26, 33]. We acknowledge that
half-life of Pirfenidone is quite short, and the desired dose
was consumed by rats in the 24 h that preceded the I/R in
a non-clearly determinable fashion. Nevertheless, since
80% of the dose of Pirfenidone is excreted by the urine,
systemic exposure is substantially increased with severely
impaired kidney function. Control and IR groups received
the reconstructed pellets but without pirfenidone.
All rats were allowed to acclimate in metabolic cages

three days before the experiment. The rats were eutha-
nized and studied 24 h after sham surgery or reperfu-
sion. A sham operated group treated with PFN was not
included because the 3R’s principle and because pirfeni-
done did not modify the basal renal function as has been
previously reported [34].

Ischemia/reperfusion model
Experimental and control groups were anesthetized
with an intraperitoneal injection of pentobarbital sodium
(30mg/kg) and sited on a heating pad to maintain a con-
stant temperature at 37 °C, that was monitored with a
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rectal thermometer. A midline abdominal incision was
made, and both kidneys were exposed. Renal ischemia was
induced by non-traumatic vascular clamp over the iso-
lated renal pedicles, [35–46], for 20 min in the rats
corresponding to the I/R and I/R + PFN groups. There-
after, the clamps were released to alloow reperfusion.
Sham-operated animals underwent anesthesia, laparot-
omy, and renal pedicle dissection only. The incision in the
muscle and the skin were closed with 3–0 vicryl and silk
sutures, respectively.

Biochemical studies
Two hours after renal ischemia, rats were placed in
metabolic cages at 22 °C with a 12:12-h light-dark cycle
and allowed free access to water. Individual 24-h urine
samples were collected. Urine and serum creatinine
concentrations were determined with Quantichrom cre-
atinine assay kit (DICT-500), and concentration was
determined in an ELISA reader (BioTek®, Power Wave
XS2), and renal creatinine clearance (CrCl) was calcu-
lated by the standard formula C = (UxV)/P, where U is
the concentration in urine, V is the urine flow rate, and
P is the serum concentration. Microalbuminuria was
measured by Beckman Coulter analyzer UniCel® DxC600
Synchron® Clinical System and the microalbuminuria-
creatinine ratio was calculated.

Functional parameters
Twenty-four hours after renal I/R, rats were anesthetized
with an intraperitoneal injection of sodium pentobarbital
(30 mg/kg) and placed on a heating pad to maintain a
constant temperature at 37 °C, monitored with a rectal
thermometer. The mean arterial blood pressure (MAP)
was monitored with a transducer of pressure (model p23
db, Gould) by catheterized femoral arteries with poly-
ethylene tubing (PE-50) and recorded with a polygraph
(Grass Instruments, Quincy, MA). To recorded the renal
blood flow (RBF), a midline abdominal incision was
made to expose and dissect the left renal artery, and then
an ultrasound transit-time flow probe (1RB, Transonic,
Ithaca, NY) was placed around it and filled with ultrasonic
coupling gel (HR Lubricating Jelly, Carter- Wallace, New
York, NY). At the end of the experiment, the right kidney
was removed, and the cortex and medulla were isolated,
frozen in liquid nitrogen and stored at − 70 °C for molecu-
lar studies.

Histopathological studies
The left kidney was perfused through the femoral cath-
eter with saline solution, thereby preserving the mean
arterial pressure of each animal. Following blanching of
the kidney, the perfusate was replaced by a freshly pre-
pared solution of formaldehyde 4% until fixation was
completed, monitoring the mean blood pressure that

each rat had during the experiment. At the end of the
experiment, rats were killed with and overdose of intra-
peritoneal injection of sodium pentobarbital (120mg/kg).
After appropriate dehydration, kidney slices were em-

bedded in paraffin, sectioned at 3 μm and stained via the
periodic acid-Schiff technique (PAS). Ten subcortical
and juxtamedullary fields were recorded from each kidney
slide with a digital camera integrated with a Nikon micro-
scope; digital microphotographs were recorded for each rat
at magnification × 100. Researchers who were blind to the
experimental conditions analyzed preparations. Tubular
injury was assessed by counting the number of casts per
field and the number of damaged tubules per field. Tubular
damage was characterized by a loss of brush border, de-
tachment of cells from basement membrane, and lumen
dilatation or collapse.

Urinary Hsp72 levels
The Hsp72 levels in urine were assessed by Western blot
analysis as a marker of renal injury as we have previously
reported [37–40, 42–47]. The proteins in 1 μl of each
urine were electroforetically separated in an acrylamide
gel and transferred into a PVDF membrane (dilution
1:10). The membranes were incubated with anti-Hsp72
antibody (ENZO Life Sciences, 1:5000) overnight. There-
after, membranes were incubated with a secondary anti-
body, HRP-conjugated goat anti-mouse IgG (1:5000,
Santa Cruz Biotechnology) at room temperature. The
proteins were detected using a chemiluminescence kit
(Millipore). The densitometric analysis was performed in
a UVP EC3 Imaging System for Image acquisition and
analyzed with UVP Vision Works LS Analysis Software.

Urinary nitrites and nitrates excretion (UNO2/NO3V)
NO production was indirectly determined in the urine
samples from each rat using a colorimetric Nitric Oxide
Assay Kit (Oxford Biomedical Research, Inc., Oxford,
MI). In this assay, the sample nitrates are reduced to
nitrites through nitrate reductase, followed by nitrite
quantification using Griess reagent and detection at
540 nm. The urinary NO level was expressed in total
μmoles per 24 h.

Renal endothelial nitric oxide synthase (eNOS), catalase
(CAT), and glutathione peroxidase (GPX) mRNA levels
The total RNA was extracted from frozen renal cortex
by using the TRIzol method (Invitrogen, Carlsbad, CA).
The integrity of the RNA was checked in an 1% agarose
gel electrophoresis. Total RNA samples were treated
with DNAase (DNAase I; Invitrogen) to avoid DNA con-
tamination. Reverse transcription (RT) was carried out
by using one μg of total RNA incubated for 1 h at 37°
with M-MLV (Invitrogen). The mRNA levels of eNOS,
catalase, and GPX were determined by real-time PCR on
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an ABI Prism 7300 Sequence Detection System (TaqMan,
ABI, Foster City, CA). mRNA levels were determined by
using the following probes: eNOS (Rn02132634_s1), CAT
(Rn00560930_m1), and GPX (Rn00577994_g1). As a con-
trol, eukaryotic 18S rRNA was used (Rn03928990_g1).
The comparative threshold cycle (Ct) method was used to
determine the relative quantification of the expression of
each gene.

Statistical analysis
The results are presented as the means ± SD. The sig-
nificance of the differences between groups was assessed
by ANOVA using the Bonferroni correction for multiple
comparisons. Statistical significance was defined as when
the p value was < 0.05.

Results
The physiological parameters evaluated 24 h after surgery
are presented in Fig. 1. The mean body weight (BW) was
slightly higher in the I/R group, but this increase was

according to initial body weight that was slightly higher
(Fig. 1a and b). The mean arterial blood pressure was
similar among the studied groups (Fig. 1c). The renal in-
jury induced by I/R was evidenced by the significant re-
duction in renal blood flow and creatinine clearance,
together with a significant elevation of BUN, compared to
the sham group. Thus, renal blood flow in the I/R and
sham groups was 1.1 ± 0.4 and 1.5 ± 0.2 ml/min/100 g of
BW, respectively, (p < 0.05) (Fig. 1d); for BUN, the mean
values were 30.4 ± 3.3 and 0.1 ± 0.01 (p < 0.05), respect-
ively (Fig. 1e); and for creatinine clearance, the mean
values were 0.2 ± 0.04 and 0.4 ± 0.06 (p < 0.05), respect-
ively (Fig. 1f). In contrast, these three renal hemodynamic
alterations were not seen in the I/R + PFN group, which
showed a restoration of kidney function. The mean values
for renal blood flow, BUN and creatinine clearance were
1.5 ± 0.2, 0.07 ± 0.002 and 0.3 ± 0.04 (p =NS), respectively
(Fig. 1d, e and f). But, these mean values were significantly
different respect to the I/R group (p = 0.0003, p = 0.001
and p = 0.004, respectively).

A B

C D

E F

Fig. 1 Renal dysfunction is prevented by pirfenidone. a) Initial body weight, b) finalbody weight (c) mean arterial blood pressure, (d) renal blood
flow, (e) BUN and (f) creatinine clearance. The sham group is represented by white bars or dots, the I/R group by black bars or dots and the IR +
PFN group by gray bars or dots. Six rats per group were studied. Data are shown as the means ± SD. * = p < 0.05 vs. sham and I/R + PFN groups.
The significance of the differences between groups was assessed by ANOVA using the Bonferroni correction for multiple comparisons
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In accordance with the acute kidney injury (AKI)
induced by I/R, there was a significant reduction in urin-
ary output compared to the sham group (20 ± 9.5 vs.
32.7 ± 19.3 ml/day, respectively (p < 0.05); in contrast,
the I/R + PFN group did not exhibit a reduction in
urinary output (47.5 ± 5.7 ml/day), as shown in Fig. 2a.
The urinary micro-albumin/creatinine ratio increased
significantly in the I/R group compared to control
group. An effect that was partially prevented by pirfeni-
done (Fig. 2b). To indirectly evaluate the tubular injury,
the urinary levels of heat shock protein 72 (Hsp72) were
evaluated in the studied groups. The higher extent of
AKI in the I/R group and the renoprotection conferred
by pirfenidone was evidenced by the Western blot ana-
lysis for urinary Hsp72 levels, which were strongly posi-
tive in the I/R group, while they were very low or
undetectable in the I/R + PFN group (Fig. 2c and d).
Representative light microscopy sections from the

kidneys of sham, I/R and I/R + PFN groups stained with
periodic acid–Schiff (PAS) are shown in Fig. 3a-c, re-
spectively. The histopathological analysis revealed that
the injury induced by I/R was characterized by tubular
dilation, brush border loss, cell tubular detachment and
cast formation (Fig. 3b). All of these alterations were
absent in pirfenidone-treated rats (Fig. 3c). Accordingly,
the damaged tubules per field were significantly higher

in the I/R group than in the other two groups (Fig. 3d);
the same happened with the number of casts per field,
but statistical significance was only reached in compari-
son to the sham group (Fig. 3e). Similarly, the number
of tubular cells detached from tubules was significantly
higher in the I/R group when compared to the other
two groups (Fig. 3f ).
We also evaluated the mRNA levels of several signal-

ing pathways involved in the pathophysiology of AKI.
Figure 4a and b show the mRNA levels of two antioxidant
enzymes: catalase and glutathione peroxidase (GPx). Cata-
lase was significantly reduced in the I/R group (Fig. 4a), but
GPx mRNA levels remained unaltered among the groups
(Fig. 4b); additionally, we measured the SOD levels, but no
differences were found (data not shown). As reported
previously, the renal hypoperfusion induced by I/R was
associated with a reduction of endothelial nitric oxide
synthase (eNOS) mRNA levels, but not reach the level
of statistical significance by ANOVA, an effect that was
not seen in the I/R + PFD group (Fig. 4c). Accordingly,
urinary NO2/NO3 excretion was decreased in the I/R
group, 3.1 ± 1.3 vs 5.4 ± 2.5 μmol/24 h in the sham
group, but the difference was not significant by
ANOVA. Interestingly, the urinary NO2/NO3 excretion
was restored in the I/R + PFN group (7.05 ± 0.78 μmol/
24 h, p < 0.05) as depicted in Fig. 4d.

A B

C D

Fig. 2 Renal structural injury induced by ischemia/reperfusion was prevented by pirfenidone administration. a) Urinary output, b) urinary
microalbumin/creatinine ratio (MA/Cr), c) urinary Hsp72 levels by Western blotting and d) densitometric analysis of urinary Hsp72 levels
normalized by proteinuria. The sham group is represented by white bars; the I/R group, by black bars; and the IR + PFN group, by gray bars. Six
rats per group were studied. Data are shown as the means ± SD. * = p < 0.05 vs. sham and I/R + PFN groups, + = p < 0.05 vs. I/R, & = p < 0.05 vs.
sham group. The significance of the differences between groups was assessed by ANOVA using the Bonferroni correction for multiple comparisons
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Discussion
Several studies conducted in experimental models and
in humans have clearly demonstrated that pirfenidone
possesses antifibrotic, antioxidant and anti-inflammatory
properties [22–32]. Little is known, however, if its anti-
oxidant and anti-inflammatory could be beneficial after
an episode of acute kidney injury.
Our results shows that that pirfenidone confers pro-

tection against AKI induced by bilateral renal ischemia
in rats. As expected, the I/R group exhibited a significant
decrease in renal blood flow, creatinine clearance, and
urinary output. All these alterations were accompanied
by a significant reduction in urinary NO metabolites. In
our previous reports, the degree of renal injury induced
by 20min of bilateral renal ischemia was similar to this

study, in spite of the renewal of the breeding stock in
our animal facilities [35, 37, 38, 48]. In contrast,
pirfenidone-treated rats showed normal kidney function
even when they had a similar degree of ischemic injury.
Confirming these findings, extensive histological signs of
tubular injury, also evidenced by the reduction in Hsp72
urinary levels.
Acute kidney injury induced by I/R is a multistep

process which starts with the hypoperfusion phase, lead-
ing to hypoxia and inflammation, as well as increased
reactive oxygen species. Renal blood flow reduction,
which is responsible for the initiation of the process
[49], that later also contributes to the extension of kidney
injury. Vasomotor tone in the kidney is mainly controlled
by NO derived from eNOS. It has been demonstrated that

A D

B E

C F

Fig. 3 Histological changes induced by renal ischemia/reperfusion are prevented by pirfenidone. a-c) Representative light microphotographs of
kidney slides stained with PAS from sham, I/R, and IR + PFN groups (× 100 magnification). d) Quantification of damaged tubules, e) number of
casts formed, f) number of detached tubules. The sham group is represented by white bars; the I/R group, by black bars; and the IR + PFN group,
by gray bars. Six rats per group were studied. Data are shown as the means ± SD. * = p < 0.05 vs. sham and I/R + PFN groups and & = p < 0.05
vs. sham group. The significance of the differences between groups was assessed by ANOVA using the Bonferroni correction for multiple comparisons
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the effect of NO derived from eNOS in glomerular affer-
ent arterioles is protective against I/R injury [50], while
NO produced by inducible nitric oxide synthase (iNOS)
may contribute to tubular ischemic injury. Decreased
eNOS function characterizes endothelial dysfunction asso-
ciated with AKI [51], while increased eNOS activity in-
duced by ischemic preconditioning or inhibition of Rho
kinase in rats could protect the kidneys from I/R injury
[52, 53]. Thus, the production of NO by eNOS appears to
have a protective effect in the setting of ischemic AKI. In
this study, we found that I/R injury was associated with a
reduction in urinary NO2/NO3 excretion after 24 h of
ischemia. Interestingly, the restoration of renal blood flow
in the I/R + PFN group was associated with the restoration
of urinary NO2/NO3 excretion to values comparable to
those observed in the sham group. This finding supports
the hypothesis of an immediate antioxidant effect of pirfe-
nidone, possibly mediated by the improvement in NO
generation after the ischemic insult; this effect of pirfeni-
done is likely to be responsible for the preservation of
renal function in the I/R + PFN group.
Renal NO generation was confirmed by the analysis

of eNOS mRNA levels. Indeed, eNOS mRNA levels
were lower in the I/R group when compared to the
control groups, but this downregulation was not detected
in the I/R + PFN group, suggesting a better response in
eNOS activity after an AKI episode by pirfenidone
administration.

It is well known that GPX and CAT are enzymes with
peroxidase activity that are responsible for protection
from oxidative damage; both convert the reactive oxygen
species in water and oxygen, thereby mitigating its toxic
effects. Activation of CAT after the blockade of angio-
tensin II receptor has been associated with beneficial ef-
fects in the hypertensive and post-ischemic kidney [54],
and higher serum levels of GPX have been reported in a
pharmacological model capable of attenuating renal I/R
injury [55]. In accordance with this evidence, we ob-
served a significant reduction in catalase mRNA levels
in the I/R group compared with the control group, while
in the I/R + PFN group, catalase mRNA levels were similar
to those of the control group. When we analyzed GPX
mRNA levels, differences among the groups did not differ
significantly, but a tendency towards increased expression
in the I/R + PFN group was observed. The improved anti-
oxidant response in the pirfenidone-treated rats compared
with I/R group might be due to the antioxidant activity of
pirfenidone and contribute to the explanation of its pro-
tective effect in ischemic AKI.
Many studies reported an antiproteinuric effect for

pirfenidone [26, 27, 33]. Although they were all based on
chronic models of kidney disease, where proteinuria is both
an indicator of tissue damage and a risk factor for disease
progression. Moreover, some authors [56] recognized that
the effect of pirfenidone in proteinuria reduction was small.
In this acute study of renal injury, we found that

A B

C D

Fig. 4 Mechanisms involved in renoprotection conferred by pirfenidone. a) Catalase mRNA levels, b) GPX mRNA levels, c) eNOS mRNA levels, d)
urinary NO2/NO3 excretion The sham group is represented by white bars; the I/R group, by gray bars; and the IR + PFN group, by black bars. Six
rats per group were studied. The results are presents as mean of two different measurements. Data are shown as the means ± SD. + = p < 0.05 vs.
I/R, & = p < 0.05 vs. sham group. The significance of the differences between groups was assessed by ANOVA using the Bonferroni correction for
multiple comparisons
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pirfenidone was able to reduce the urinary microalbumin/
creatinine ratio compared to the I/R group indicating the
potential effect of pirfenidone in reducing ischemic injury.
This was also confirmed by lesser tubular damage and urin-
ary Hsp-72 excretion, together with, the improvement in
creatinine clearance and BUN.
In general, pharmaceutical products cannot be pre-

scribed prophylactically for the treatment of AKI, and
the disease itself is not very predictable; for this reason,
the beneficial effects of pirfenidone could be difficult to
detect in a clinical setting. However, the preliminary
results of this study encourage future experiments that
may shed more light on the renoprotective mechanisms
of pirfenidone in the context of AKI.

Conclusion
In summary, we show that prophylactic administration
of pirfenidone protects the kidney against I/R injury by
preventing renal dysfunction and structural damage. The
mechanism of renoprotection appears to involve the
preservation of renal blood flow possibly secondary to
the restoration of NO production. These results may
contribute to the research into new therapeutic solutions
for the prevention of AKI in patients who are expected
to be exposed to renal I/R injury, such as kidney trans-
plant recipients and patients undergoing high-risk car-
diovascular surgery.

Abbreviations
AKI: Acute kidney injury; BW: Body weight; CAT: Catalase; CKD: Chronic
kidney disease; CrCl: Creatinine clearance; eGFR: Estimated glomerular
filtration rate; eNOS: Endothelial Nitric Oxide Synthase; ESRD: End-stage renal
disease; GFR: Glomerular filtration rate; GPX: Glutathione Peroxidase;
Hsp72: Heat shock protein 72; I/R: Ischemia reperfusión; iNOS: Inducible nitric
oxide synthase; MAP: Mean arterial blood pressure; NO: Nitric oxide;
PAS: Periodic acid-Schiff; PFN: Pirfenidone; RBF: Renal blood flow; UNO2/
NO3V: Urinary excretion of nitrites and nitrates

Acknowledgements
The results presented in this paper have not been published previously in
whole or in part, except as an abstract presented at the 52nd ERA-EDTA
Congress (London, UK, 2015) and in the Renal Week of the American Society
of Nephrology (San Diego, CA, 2015). Ixchel Lima-Posada is a doctoral student
from Programa de Doctorado en Ciencias Bioquímicas, Universidad Nacional
Autónoma de México (UNAM) and received a fellowship 436290 from CONACYT.

Funding
This project was supported by grants from the Mexican Council of Science
and Technology (CONACyT) (235855, 235964, 272390, and A1-S-8715 to NAB)
and from the National University of Mexico (IN201619 to NAB). Both funders
support the scientific research in Mexico with non-profit interests.

Availability of data and materials
The data generated during and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Authors´ contributions
FF, ILP, and NAB: conceived and design the study. FF, ILP, NBP, and RPV:
performed the experiments, FF, and NAB: histopathological analysis. FF, ILP,
NBP and RPV: acquisition of data. FF, ILP, and NAB: analyzed the data. NAB:
contributed reagents or analysis tools. FF, ILP, and NAB: wrote the article. FF,
ILP, NBP, RPV and NAB: reviewed and approved the article. All authors have
read and approved the manuscript.

Ethics approval and consent to participate
The protocol was approved by the Committee on Ethics Instituto Nacional
de Ciencias Médicas y Nutrición Salvador Zubirán.

Consent for publication
Not applicable

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Molecular Physiology Unit, Instituto de Investigaciones Biomédicas,
Universidad Nacional Autónoma de México, Vasco de Quiroga No. 15,
Tlalpan, 14000 Mexico City, Mexico. 2Department of Nephrology, Instituto
Nacional de Ciencias Médicas y Nutrición Salvador Zubirán, Mexico City,
Mexico. 3Surgical, Medical and Dental Department of Morphological
Sciences, Section of Nephrology, University of Modena and Reggio Emilia,
Modena, Italy.

Received: 6 August 2018 Accepted: 29 April 2019

References
1. Mehta RL, Cerda J, Burdmann EA, Tonelli M, Garcia-Garcia G, Jha V,

Susantitaphong P, Rocco M, Vanholder R, Sever MS, et al. International
Society of Nephrology's 0by25 initiative for acute kidney injury (zero
preventable deaths by 2025): a human rights case for nephrology. Lancet.
2015;385(9987):2616–43.

2. Zuk A, Bonventre JV. Acute kidney injury. Annu Rev Med. 2016;67:293–307.
3. Friedewald JJ, Rabb H. Inflammatory cells in ischemic acute renal failure.

Kidney Int. 2004;66(2):486–91.
4. Go AS, Parikh CR, Ikizler TA, Coca S, Siew ED, Chinchilli VM, Hsu CY, Garg AX,

Zappitelli M, Liu KD, et al. The assessment, serial evaluation, and subsequent
sequelae of acute kidney injury (ASSESS-AKI) study: design and methods.
BMCNephrol. 2010;11:22.

5. Basile DP. The endothelial cell in ischemic acute kidney injury: implications
for acute and chronic function. Kidney Int. 2007;72(2):151–6.

6. Basile DP, Friedrich JL, Spahic J, Knipe N, Mang H, Leonard EC, Changizi-
Ashtiyani S, Bacallao RL, Molitoris BA, Sutton TA. Impaired endothelial
proliferation and mesenchymal transition contribute to vascular rarefaction
following acute kidney injury. AmJPhysiol Renal Physiol. 2011;300(3):F721–33.

7. Bonventre JV, Yang L. Cellular pathophysiology of ischemic acute kidney
injury. JClinInvest. 2011;121(11):4210–21.

8. Molitoris BA, Dahl R, Geerdes A. Cytoskeleton disruption and apical
redistribution of proximal tubule Na(+)-K(+)-ATPase during ischemia.
AmJPhysiol. 1992;263(3 Pt 2):F488–95.

9. Bonventre JV, Zuk A. Ischemic acute renal failure: an inflammatory disease?
Kidney Int. 2004;66(2):480–5.

10. Chawla LS, Amdur RL, Amodeo S, Kimmel PL, Palant CE. The severity of
acute kidney injury predicts progression to chronic kidney disease. Kidney
Int. 2011;79(12):1361–9.

11. Paller MS, Hoidal JR, Ferris TF. Oxygen free radicals in ischemic acute renal
failure in the rat. JClinInvest. 1984;74(4):1156–64.

12. Akcay A, Nguyen Q, Edelstein CL. Mediators of inflammation in acute kidney
injury. MediatorsInflamm. 2009;2009:137072.

13. Viedt C, Orth SR. Monocyte chemoattractant protein-1 (MCP-1) in the
kidney: does it more than simply attract monocytes? NephrolDialTransplant.
2002;17(12):2043–7.

14. Padanilam BJ. Cell death induced by acute renal injury: a perspective
on the contributions of apoptosis and necrosis. AmJPhysiol Renal
Physiol. 2003;284(4):F608–27.

15. Bedford M, Farmer C, Levin A, Ali T, Stevens P. Acute kidney injury and CKD:
chicken or egg? AmJKidney Dis. 2012;59(4):485–91.

16. Block CA, Schoolwerth AC. Acute renal failure: outcomes and risk of chronic
kidney disease. Minerva UrolNefrol. 2007;59(3):327–35.

Lima-Posada et al. BMC Nephrology          (2019) 20:158 Page 8 of 9



17. Hsu CY, Ordonez JD, Chertow GM, Fan D, McCulloch CE, Go AS. The risk of
acute renal failure in patients with chronic kidney disease. Kidney Int.
2008;74(1):101–7.

18. Chawla LS, Eggers PW, Star RA, Kimmel PL. Acute kidney injury and chronic
kidney disease as interconnected syndromes. NEnglJMed. 2014;371(1):58–66.

19. Coca SG, Singanamala S, Parikh CR. Chronic kidney disease after acute
kidney injury: a systematic review and meta-analysis. Kidney Int. 2011.

20. Mammen C, Al Abbas A, Skippen P, Nadel H, Levine D, Collet JP, Matsell DG.
Long-term risk of CKD in children surviving episodes of acute kidney injury
in the intensive care unit: a prospective cohort study. Am J Kidney Dis.
2012;59(4):523–30.

21. King TE Jr, Bradford WZ, Castro-Bernardini S, Fagan EA, Glaspole I, Glassberg
MK, Gorina E, Hopkins PM, Kardatzke D, Lancaster L, et al. A phase 3 trial of
pirfenidone in patients with idiopathic pulmonary fibrosis. N Engl J Med.
2014;370(22):2083–92.

22. Takeda Y, Tsujino K, Kijima T, Kumanogoh A. Efficacy and safety of
pirfenidone for idiopathic pulmonary fibrosis. Patient Prefer Adherence.
2014;8:361–70.

23. Nakanishi H, Kaibori M, Teshima S, Yoshida H, Kwon AH, Kamiyama Y,
Nishizawa M, Ito S, Okumura T. Pirfenidone inhibits the induction of iNOS
stimulated by interleukin-1beta at a step of NF-kappaB DNA binding in
hepatocytes. JHepatol. 2004;41(5):730–6.

24. Harris DC, Rangan GK. Retardation of kidney failure -- applying principles to
practice. AnnAcadMedSingapore. 2005;34(1):16–23.

25. Cho ME, Smith DC, Branton MH, Penzak SR, Kopp JB. Pirfenidone slows renal
function decline in patients with focal segmental glomerulosclerosis.
ClinJAmSocNephrol. 2007;2(5):906–13.

26. Ji X, Naito Y, Weng H, Ma X, Endo K, Kito N, Yanagawa N, Yu Y, Li J, Iwai N.
Renoprotective mechanisms of pirfenidone in hypertension-induced renal
injury: through anti-fibrotic and anti-oxidative stress pathways. BiomedRes.
2013;34(6):309–19.

27. Chen JF, Ni HF, Pan MM, Liu H, Xu M, Zhang MH, Liu BC. Pirfenidone
inhibits macrophage infiltration in 5/6 nephrectomized rats. AmJPhysiol
Renal Physiol. 2013;304(6):F676–85.

28. Chen JF, Liu H, Ni HF, Lv LL, Zhang MH, Zhang AH, Tang RN, Chen PS, Liu
BC. Improved mitochondrial function underlies the protective effect of
pirfenidone against tubulointerstitial fibrosis in 5/6 nephrectomized rats.
PLoSONE. 2013;8(12):e83593.

29. RamachandraRao SP, Zhu Y, Ravasi T, McGowan TA, Toh I, Dunn SR, Okada
S, Shaw MA, Sharma K. Pirfenidone is renoprotective in diabetic kidney
disease. JAmSocNephrol. 2009;20(8):1765–75.

30. Sharma K, Ix JH, Mathew AV, Cho M, Pflueger A, Dunn SR, Francos B,
Sharma S, Falkner B, McGowan TA, et al. Pirfenidone for diabetic
nephropathy. JAmSocNephrol. 2011;22(6):1144–51.

31. Brook NR, Waller JR, Bicknell GR, Nicholson ML. The novel antifibrotic agent
pirfenidone attenuates the profibrotic environment generated by calcineurin
inhibitors in the rat salt-depletion model. TransplantProc. 2005;37(1):130–3.

32. Shihab FS, Bennett WM, Yi H, Andoh TF. Pirfenidone treatment decreases
transforming growth factor-beta1 and matrix proteins and ameliorates
fibrosis in chronic cyclosporine nephrotoxicity. AmJTransplant. 2002;2(2):
111–9.

33. Takakuta K, Fujimori A, Chikanishi T, Tanokura A, Iwatsuki Y, Yamamoto M,
Nakajima H, Okada M, Itoh H. Renoprotective properties of pirfenidone in
subtotally nephrectomized rats. EurJPharmacol. 2010;629(1–3):118–24.

34. Shimizu T, Kuroda T, Hata S, Fukagawa M, Margolin SB, Kurokawa K.
Pirfenidone improves renal function and fibrosis in the post-obstructed
kidney. Kidney Int. 1998;54(1):99–109.

35. Mejia-Vilet JM, Ramirez V, Cruz C, Uribe N, Gamba G, Bobadilla NA. Renal
ischemia-reperfusion injury is prevented by the mineralocorticoid receptor
blocker spironolactone. AmJPhysiol Renal Physiol. 2007;293(1):F78–86.

36. Ramirez V, Trujillo J, Valdes R, Uribe N, Cruz C, Gamba G, Bobadilla NA.
Adrenalectomy prevents renal ischemia-reperfusion injury. AmJPhysiol Renal
Physiol. 2009;297(4):F932–42.

37. Barrera-Chimal J, Perez-Villalva R, Cortes-Gonzalez C, Ojeda-Cervantes M,
Gamba G, Morales-Buenrostro LE, Bobadilla NA. Hsp72 is an early and
sensitive biomarker to detect acute kidney injury. EMBO MolMed. 2011;3(1):
5–20.

38. Sanchez-Pozos K, Barrera-Chimal J, Garzon-Muvdi J, Perez-Villalva R,
Rodriguez-Romo R, Cruz C, Gamba G, Bobadilla NA. Recovery from ischemic
acute kidney injury by spironolactone administration. NephrolDialTransplant.
2012;27(8):3160–9.

39. Barrera-Chimal J, Perez-Villalva R, Rodriguez-Romo R, Reyna J, Uribe N,
Gamba G, Bobadilla NA. Spironolactone prevents chronic kidney disease
caused by ischemic acute kidney injury. Kidney Int. 2013;83(1):93–103.

40. Ojeda-Cervantes M, Barrera-Chimal J, Alberu J, Perez-Villalva R, Morales-
Buenrostro LE, Bobadilla NA. Mineralocorticoid receptor blockade reduced
oxidative stress in renal transplant recipients: a double-blind, randomized
pilot study. AmJNephrol. 2013;37(5):481–90.

41. Barrera-Chimal J, Perez-Villalva R, Ortega JA, Uribe N, Gamba G, Cortes-
Gonzalez C, Bobadilla NA. Intra-renal transfection of heat shock protein 90
alpha or beta (Hsp90alpha or Hsp90beta) protects against ischemia/
reperfusion injury. NephrolDialTransplant. 2014;29(2):301–12.

42. Morales-Buenrostro LE, Salas-Nolasco OI, Barrera-Chimal J, Casas-Aparicio G,
Irizar-Santana S, Perez-Villalva R, Bobadilla NA. Hsp72 is a novel biomarker to
predict acute kidney injury in critically ill patients. PLoSONE. 2014;9(10):e109407.

43. Ortega-Trejo JA, Perez-Villalva R, Barrera-Chimal J, Carrillo-Perez DL, Morales-
Buenrostro LE, Gamba G, Flores ME, Bobadilla NA. Heat shock protein 72
(Hsp72) specific induction and temporal stability in urine samples as a reliable
biomarker of acute kidney injury (AKI). Biomarkers. 2015;20(6–7):453–9.

44. Rodriguez-Romo R, Benitez K, Barrera-Chimal J, Perez-Villalva R, Gomez A,
Aguilar-Leon D, Rangel-Santiago JF, Huerta S, Gamba G, Uribe N, et al. AT1
receptor antagonism before ischemia prevents the transition of acute
kidney injury to chronic kidney disease. Kidney Int. 2016;89(2):363–73.

45. Perez-Villalva R, Barrera-Chimal J, Aguilar-Carrasco JC, Lima-Posada I, Cruz C,
Ramirez V, Gonzalez-Bobadilla Y, Uribe N, Trumper L, Bobadilla NA. HSP72 is
an early biomarker to detect cisplatin and acetaminophen nephrotoxicity.
Biomarkers. 2017;22(6):548–56.

46. Lima-Posada I, Portas-Cortes C, Perez-Villalva R, Fontana F, Rodriguez-Romo
R, Prieto R, Sanchez-Navarro A, Rodriguez-Gonzalez GL, Gamba G, Zambrano
E, et al. Gender differences in the acute kidney injury to chronic kidney
disease transition. Sci Rep. 2017;7(1):12270.

47. Medeiros M, Velasquez-Jones L, Hernandez AM, Ramon-Garcia G, Valverde S,
Fuentes Y, Vargas A, Patino M, Perez-Villalva R, Ortega-Trejo JA, et al.
Randomized controlled trial of mineralocorticoid receptor blockade in
children with chronic kidney allograft nephropathy. Clin J Am Soc Nephrol.
2017;12(8):1291–300.

48. Barrera-Chimal J, Perez-Villalva R, Ortega JA, Sanchez A, Rodriguez-Romo R,
Durand M, Jaisser F, Bobadilla NA. Mild ischemic injury leads to long-term
alterations in the kidney: amelioration by spironolactone administration.
IntJBiolSci. 2015;11(8):892–900.

49. Molitoris BA, Sutton TA. Endothelial injury and dysfunction: role in the
extension phase of acute renal failure. Kidney Int. 2004;66(2):496–9.

50. Guan Z, Gobe G, Willgoss D, Endre ZH. Renal endothelial dysfunction and
impaired autoregulation after ischemia-reperfusion injury result from excess
nitric oxide. AmJPhysiol Renal Physiol. 2006;291(3):F619–28.

51. Goligorsky MS, Brodsky SV, Noiri E. NO bioavailability, endothelial
dysfunction, and acute renal failure: new insights into pathophysiology.
SeminNephrol. 2004;24(4):316–23.

52. Yamasowa H, Shimizu S, Inoue T, Takaoka M, Matsumura Y. Endothelial nitric
oxide contributes to the renal protective effects of ischemic
preconditioning. JPharmacolExpTher. 2005;312(1):153–9.

53. Versteilen AM, Korstjens IJ, Musters RJ, Groeneveld AB, Sipkema P. Rho
kinase regulates renal blood flow by modulating eNOS activity in ischemia-
reperfusion of the rat kidney. AmJPhysiol Renal Physiol. 2006;291(3):F606–11.

54. Ivanov M, Mihailovic-Stanojevic N, Grujic Milanovic J, Jovovic D, Markovic-
Lipkovski J, Cirovic S, Miloradovic Z. Losartan improved antioxidant defense,
renal function and structure of postischemic hypertensive kidney. PLoS One.
2014;9(5):e96353.

55. Cong G, Cui L, Zang M, Hao L. Attenuation of renal ischemia/reperfusion
injury by a polysaccharide from the roots of Dipsacus asperoides. Int J Biol
Macromol. 2013;56:14–9.

56. Takakura K, Mizukami K, Mitori H, Noto T, Tomura Y. Antiproteinuric effect of
pirfenidone in a rat model of anti-glomerular basement membrane
glomerulonephritis. Eur J Pharmacol. 2014;737:106–16.

Lima-Posada et al. BMC Nephrology          (2019) 20:158 Page 9 of 9


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Experimental protocol
	Ischemia/reperfusion model
	Biochemical studies
	Functional parameters
	Histopathological studies
	Urinary Hsp72 levels
	Urinary nitrites and nitrates excretion (UNO2/NO3V)
	Renal endothelial nitric oxide synthase (eNOS), catalase (CAT), and glutathione peroxidase (GPX) mRNA levels
	Statistical analysis

	Results
	Discussion
	Conclusion
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors´ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

