
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/) 
which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

Copyright © 2017. Anatomy & Cell Biology

(PARP1) upregulation, mitochondrial permeability transition 
and ferroptosis cause necrotic cellular demise [5-7], but the 
mechanism involved in regulating necrotic tubular cell death 
in the pathogenesis of IRI remains unclear.

Spermidine as a polyamine is present in various foods such 
as green leafy vegetables, milk, and meat products. Further-
more, spermidine is essential for nearly every cellular func-
tion including DNA replication, transcription, and translation 
[8, 9]. Treatment with spermidine extends life span and health 
span through the induction of autophagy, and intriguingly, it 
protects yeast cells against aging through the inhibition of ne-
crosis [10]. Additionally, a spermidine-related system exerts 
the strongest biological activity including an antioxidant ef-
fect in several organs after ischemic injury [11-13]. However, 
little is known about the anti-necrotic mechanism of action of 
spermidine and the effect of exogenous spermidine on IRI.

Therefore, it has been sought to determine whether exog-

Introduction

Kidney ischemia and reperfusion injury (IRI), generally 
regarded as the major cause of acute kidney injury (AKI), 
results from compromised perfusion of kidney tissues. His-
tologically, IRI is characterized by cell death in the outer 
medullary parenchyma, which is proportional to the severity 
of kidney ischemia [1, 2]. In IRI-subjected kidneys, the ma-
jority of tubular damage is caused by necrotic cell death [3, 
4]. Oxidative/nitrative stress, poly(ADP-ribose) polymerase 1 
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Abstract: Kidney ischemia and reperfusion injury (IRI) is associated with a high mortality rate, which is attributed to 
tubular oxidative and nitrative stresses; however, an effective approach to limit IRI remains elusive. Spermidine, a naturally 
occurring polyamine, protects yeast cells against aging through the inhibition of oxidative stress and necrosis. In the present 
study, spermidine supplementation markedly attenuated histological damage and kidney dysfunction during IRI. In addition, 
exogenous spermidine potently inhibited poly(ADP-ribose) polymerase 1 (PARP1) activation and DNA nitrative/oxidative 
stress following IRI. Conversely, inhibition of ornithine decarboxylase (ODC) via siRNA transfection in vivo significantly 
enhanced DNA nitration, PARP1 activation, and functional damage during IRI. Finally, in ODC knockdown kidneys, PARP1 
inhibition attenuated histological and functional damage induced by IRI, but not DNA nitrative stress. In conclusion, these data 
suggest that spermidine protects kidneys against IRI through blocking DNA nitration and PARP1 activation and this finding 
provides a novel target for prevention of acute kidney injury including IRI.
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enous spermidine decreases tubular damage during IRI, and 
if so, whether genetic inhibition of ornithine decarboxylase 
(ODC), which synthesizes spermidine, exacerbates IRI. Fi-
nally, it has been assessed whether the protective effect of 
spermidine is implicated in the inhibition of DNA oxidation/
nitration and PARP1 activation.

Materials and Methods

Animal preparation and surgery for IRI
Male C57BL/6 mice aged 8 to 10 weeks were purchased 

from Orient Bio (Seongnam, Korea). All mouse experiments 
were performed in accordance with the animal protocols ap-
proved by the Institutional Animal Care and Use Committee 
of Jeju National University. Mice were subjected to 30 minutes 
of bilateral kidney ischemia followed by 6 hours or 24 hours 
of reperfusion or sham operation under anesthesia through 
an intraperitoneal injection of a cocktail containing ketamine 
(200 mg/kg body weight) and xylazine (16 mg/kg body 
weight), as previously described [14-17]. Sham-operated mice 
underwent the same surgical procedure except for the induc-
tion of ischemia. Spermidine (10 mg/kg body weight; Sigma, 
St. Louis, MO, USA) was dissolved in distilled water (vehicle) 
and administered orally at 24 hours and 1 hour before isch-
emia or sham operation. PARP1 inhibitor PJ34 (10 mg/kg 
body weight, R&D Systems, Minneapolis, MN, USA) or saline 
(vehicle) was administered intraperitoneally at 24 hours and 
1 hour before ischemia or sham operation [18, 19]. To use a 
small interfering RNA (siRNA) targeting ODC in vivo, ODC 
siSTABLE siRNA (50 μg in 1 ml phosphate buffered saline 
[PBS]) modified from siGENOME (Dharmacon, Lafayette, 
CO, USA) or siSTABLE non-targeting siRNA (control siRNA; 
50 μg in 1 ml PBS) was injected within 10 seconds into the 
tail vein at 48 hours and 24 hours before ischemia, as previ-
ously described [16, 20].

Tubular injury score
Histological damage due to tubular injury in the outer 

medulla of periodic acid-Schiff (PAS)-stained kidney sections 
was scored by counting the percentage of tubules that dis-
played tubular necrosis, cast formation, and tubular dilation 
as follows: 0, normal; 1, 1% to 10%; 2, 11% to 25%; 3, 26% to 
50%; 4, 51% to 75%; and 5, 76% to 100%. Five randomly cho-
sen high-power (×200 magnification) fields per kidney were 
used for the scoring [14-16, 18, 19, 21].

Kidney function
Bood samples were taken from the retro-ocular venous 

plexus at 6 hours or 24 hours after reperfusion. Renal function 
was then assessed by determining the creatinine concentra-
tion in plasma using a QuantiChrom Creatinine kit (BioAssay 
Systems, Hayward, CA, USA) [14-16, 18, 19].

PARP1 activity, 8-nitroguanine, and 8-hydroxy-2ʹ-
deoxyguanosine

PARP1 activity, 8-nitroguanine, and 8-hydroxy-2ʹ-
deoxyguanosine assays were performed in whole kidneys us-
ing a universal PARP colorimetric assay kit (Trevigen, Gaith-
ersburg, MD, USA), a 8-nitroguanine DNA/RNA damage 
ELISA kit (Cell Biolabs, San Diego, CA, USA) and a DNA/
RNA oxidative damage ELISA kit (Cayman, Ann Arbor, MI, 
USA), respectively, according to the manufacturer’s instruc-
tions [18, 19, 22-25].

Statistical analysis
Analysis of variance was used to compare data among 

groups using Systat SigmaPlot (Systat Software Inc., San Jose, 
CA, USA). Differences between two groups were assessed 
by two-tailed unpaired Student’s t tests. P-values <0.05 were 
considered statistically significant. Each experimental group 
consisted of nine animals (n=9).

Results

Exogenous spermidine attenuates tubular damage and 
kidney dysfunction during IRI

Here, it has been confirmed that IRI time-dependently and 
markedly increased tubular damage scored in PAS-stained 
kidney sections and kidney dysfunction represented by high 
concentrations of plasma creatinine at 6 hours and 24 hours 
after reperfusion in vehicle-treated mice (Fig. 1A‒C). Al-
though it has been reported that loss of spermine/spermidine-
N(1)-acetyltransferase, an enzyme in spermidine degradation 
protects against IRI [26], a direct effect of spermidine supple-
ment on IRI has not yet been investigated. In the present 
study, exogenous spermidine significantly reduced tubular 
damage during IRI (Fig. 1A, B). Consistent with the histologi-
cal data, the increases in plasma creatinine concentrations 
were also significantly lessened by exogenous spermidine (Fig. 
1C). These data indicate that exogenous spermidine attenu-
ates histological and functional damage induced by IRI.
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Exogenous spermidine reduces PARP1 activation and 
DNA nitration during IRI

As excessive activation of PARP1, which catalyzes poly 
(ADP-ribosyl)ation of various proteins as well as PARP1 itself, 
contributes to tubular damage and kidney dysfunction during 
AKI induced by IRI or cisplatin nephrotoxicity [14, 18, 19, 22, 
23], PARP1 activity during IRI was evaluated in the kidneys 
treated with spermidine or vehicle. Vehicle-treated mouse 

kidneys showed marked increases in PARP1 activity at 6 
hours and 24 hours after IRI, whereas treatment with spermi-
dine significantly diminished the increases in PARP1 activity 
at both time-points (Fig. 2A). Since PARP1 activation is con-
sidered a downstream effector of DNA oxidative and nitrative 
stress [27, 28], nitrative and oxidative levels of DNA in these 
kidneys were assessed using measurements of 8-nitroguanine 
and 8-hydroxy-2ʹ-deoxyguanosine concentrations, respective-

Fig. 1. Exogenous spermidine attenuates 
tubular damage and kidney dysfunction 
during ischemia and reperfusion injury 
(IRI). Mice were subjected to 30 minutes 
of bilateral kidney ischemia or sham 
operation followed by 6 hours or 24 
hours of reperfusion. Spermidine (10 
mg/kg body weight) or vehicle was ad
ministered at 24 hours and 1 hour before 
ischemia. n=9 mice in each group. (A) 
Tubular damage in the outer medulla 
represented by periodic acid-Schiff (PAS) 
stain in kidney sections of mice. Scale 
bars=50 μm. (B) Tubular injury score 
measured in PAS-stained kidney sec
tions. (C) Plasma creatinine concentra
tion. ***P<0.001 vs. vehicle.
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Fig. 2. Exogenous spermidine reduces poly(ADP-ribose) polymerase 1 (PARP1) activation and DNA nitration during ischemia and reperfusion 
injury (IRI). Mice were subjected to 30 minutes of bilateral kidney ischemia or sham operation followed by 6 or 24 hours of reperfusion. 
Spermidine (10 mg/kg body weight) or vehicle was administered at 24 hours and 1 hour before ischemia. n=9 mice in each group. (A) PARP1 
activity in kidneys. (B) DNA nitration represented by 8-nitroguanine in kidneys. (C) DNA oxidation represented by 8-hydroxy-2ʹ-deoxyguanosine 
concentration in kidneys. *P<0.05, **P<0.01 and ***P<0.001 vs. vehicle.
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ly. DNA nitration was time-dependently increased in kidneys 
of mice treated with vehicle at 6 hours and 24 hours after IRI, 
but spermidine-treated mouse kidneys showed a significant 
reduction in DNA nitration at both time-points (Fig. 2B). 
Intriguingly, DNA oxidation was significantly attenuated by 
treatment with spermidine at 24 hours after IRI, but not at 6 
hours after IRI (Fig. 2C). According to the results of nitration 
and oxidation of DNA, it is possible to suggest that inhibition 
of PARP1 activation is caused by the reduction in DNA nitra-
tion in IRI-subjected kidneys of spermidine-treated mice, and 
that the inhibition of PARP1 activation may lead to the reduc-
tion in DNA oxidation.

siRNA targeting ODC exacerbates IRI
Spermidine is generated from ODC, which catalyzes 

the decarboxylation of ornithine to form putrescine, and 
the latter is metabolized to spermidine. Thus, to determine 
whether spermidine depletion exaggerates IRI in vivo, genetic 

inhibition of ODC was induced via siRNA transfection into 
mice. DNA nitration in ODC siRNA (siODC)-transfected 
mouse kidneys was significantly more enhanced at 6 hours 
and 24 hours after IRI, compared with that in control siRNA 
(siControl)-transfected mouse kidneys (Fig. 3A). PARP1 
activity in siODC-transfected mouse kidneys was also con-
sistently more increased at both time-points (Fig. 3B). Next, 
it has been investigated whether ODC inhibition exacerbates 
histological and functional damage induced by IRI. The data 
shown in Fig. 3C and D indicate that ODC inhibition signifi-
cantly increased tubular damage at 6 hours after IRI, but not 
at 24 hours after IRI, because the score at the time-point in 
siControl-transfected kidneys almost reached the highest level 
(5). Levels of plasma creatinine in siODC-transfected mouse 
kidneys at 6 hours and 24 hours after IRI were significantly 
higher than those in siControl-transfected mouse kidneys 
(Fig. 3E). These data indicate that genetic inhibition of ODC 
exaggerates the consequences of IRI.

Fig. 3. Ornithine decarboxylase (ODC) siRNA exacervates the consequences of ischemia and reperfusion injury (IRI). Mice were subjected to 
30 minutes of bilateral kidney ischemia or sham operation followed by 6 hours or 24 hours of reperfusion. ODC siRNA or control siRNA was 
injected at 48 hours and 24 hours before ischemia. n=9 mice in each group. (A) DNA nitration represented by 8-nitroguanine in kidneys. (B) 
Poly(ADP-ribose) polymerase 1 (PARP1) activity in kidneys. (C) Tubular damage in the outer medulla represented by periodic acid-Schiff (PAS) 
stain in kidney sections of mice. Scale bars=50 μm. (D) Tubular injury score measured in PAS-stained kidney sections. (E) Plasma creatinine 
concentration. ***P<0.001 vs. siControl.
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Exogenous spermidine attenuates tubular damage and 
kidney dysfunction after IRI through inhibiting DNA 
nitration and PARP1 activation

To determine whether there is a hierarchy in spermidine 
depletion, DNA nitration, and PARP1 activation involved in 
IRI, pharmacological inhibition of PARP1 and supplementa-
tion of spermidine were carried out in ODC-knockdown 
IRI kidneys, respectively. As shown in Fig. 4A and B, sper-
midine supplement prevented IRI-induced DNA nitration 
and PARP1 activation in siODC-transfected mouse kidneys. 
Meanwhile, pharmacological PARP1 inhibition attenuated 
PARP1 activation in siODC-transfected mouse kidneys, but 
not DNA nitration. These results suggest that DNA nitration 
is upstream of PARP1 activation, and spermidine prevents 
PARP1 activation through DNA nitration in mouse kidneys 
after IRI. Finally, PARP1 inhibition and spermidine supple-

ment attenuated functional and histological damage induced 
by IRI in siODC-transfected mouse kidneys (Fig. 4C‒E).

Discussion

Polyamines, spermine and spermidine, suppress IRI in the 
heart and brain. A previous study of myocardial IRI has dem-
onstrated that exogenous spermine reduces myocyte necrosis 
and apoptosis through nitric oxide reduction and promotes 
cardiac functional recovery after IRI [29]. A previous study 
of ischemic brain has also shown that polyamine supplement 
delays neuronal cell death in the hippocampus and striatum 
after IRI [30]. Consistent with the previous studies, the pres-
ent study on kidney IRI has shown that spermidine supple-
ment attenuates tubular injury and kidney dysfunction after 
IRI, and further, ODC downregulation induced by siRNA 

Fig. 4. Exogenous spermidine attenuates tubular damage and kidney dysfunction after ischemia and reperfusion injury (IRI) through inhibiting 
DNA nitration and poly(ADP-ribose) polymerase 1 (PARP1) activation. Mice were subjected to 30 minutes of bilateral kidney ischemia or 
sham operation followed by 24 hours of reperfusion. Ornithine decarboxylase (ODC) siRNA was injected at 48 and 24 hours before ischemia. 
Spermidine (10 mg/kg body weight), PJ34 (10 mg/kg body weight), or vehicle was administered at 24 hours and 1 hour before ischemia. n=9 mice 
in each group. (A) DNA nitration represented by 8-nitroguanine in kidneys. (B) PARP1 activity in kidneys. (C) Plasma creatinine concentration. 
(D) Tubular damage in the outer medulla represented by periodic acid-Schiff (PAS) stain in kidney sections of mice. Scale bars=50 μm. (E) Tubular 
injury score measured in PAS-stained kidney sections. ***P<0.001 vs. vehicle, ##P<0.01, ###P<0.001 vs. PJ34.
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transfection in vivo makes the kidneys more susceptible to 
IRI. Previous studies have consistently reported that in ODC 
overexpressing rats and mice, stroke lesions induced by ce-
rebral ischemia were reduced, but treatment with an ODC 
inhibitor mimicked the lesion response in wild-type ischemic 
brains [31, 32].

Why would spermidine regulate histological and func-
tional damage in kidneys after IRI? Acute and severe dysfunc-
tion of oxygen delivery in kidneys leads to the generation of 
oxidative and nitrative stresses after reperfusion [33]. Oxida-
tive and nitrative stresses interact with lipids, nucleic acids, 
proteins, and carbohydrates to contribute to the develop-
ment of tubular injury, resulting in kidney dysfunction. As a 
result, treatment with free radical scavengers or antioxidants 
ameliorates IRI [34, 35]. In support of these reports, the pres-
ent study has shown that the protective effect of spermidine 
supplement is implicated in oxidative and nitrative stresses 
in DNA. Furthermore, DNA nitration is attenuated by sper-
midine during the early and late stages of IRI, whereas DNA 
oxidation is decreased only in the late stage of IRI; suggesting 
that spermidine can more effectively inhibit DNA nitration 
than DNA oxidation following IRI.

PARP1, an important factor in various pathogeneses, is 
considered a downstream effector of oxidative and nitrative 
stresses [36, 37]. Although PARP1 acts as the key enzyme 
in DNA damage detection and repair, excessive activation 
of PARP1 leads to pathological necrotic cell death through 
ATP depletion [38]. Genetic or pharmacological inhibition of 
PARP1 protects against various kidney diseases, including IRI 
[39], cisplatin nephrotoxicity [18, 19, 22, 23], obstructive ne-
phropathy [40], and tubulointerstitial fibrosis [14]. Consistent 
with previous studies, the present study has shown that DNA 
nitration is upstream of PARP1 activation, and the protective 
effect of spermidine is implicated in inhibition of PARP1 acti-
vation through reduced DNA nitrative stress.

Conclusively, the present study shows that spermidine reg-
ulates nitrative stress and PARP1 activation during IRI, and 
leads to protection against histological and functional dam-
age. Exogenous spermidine may constitute a viable strategy 
for the treatment of AKI.
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