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Abstract Inactivation of poly(ADP-ribose) polymerase 1
(PARP1) has been found to be protective in several disease
models; however, the role of PARP1 in acute kidney
injury-induced interstitial fibrosis has not been studied.
Herein, we tested whether PARP1 inactivation by treat-
ment with PJ34 (a PARP1 inactivator; 10 mg/kg body
weight/day, intraperitoneal implantation of a miniosmotic
pump at 2 days after the onset) contributed to the decrease
in interstitial fibrosis induced by ischemia-reperfusion
injury (IRI) in mouse kidneys. IRI increased PARP1 acti-
vation represented by poly(ADP-ribose) expression from 4
to 16 days postinjury, whereas treatment with PJ34 at
2 days after the onset efficaciously abolished the increase
in PARPI activation at 4, 8 and 16 days after IRI. Phar-
macological inactivation of PARPI significantly reduced
interstitial fibrosis as represented by the collagen deposi-
tion and transforming growth factor-f1 level at 8 and
16 days after IRI. Consistent with collagen deposition,
myofibroblast activation represented by o-smooth muscle
actin expression was also reduced by PARPI inactivation
at 8 and 16 days after IRI. Furthermore, IRI enhanced
macrophage influx, but PARP1 inactivaton remarkably
reduced macrophage influx for 4 through 16 days after the
injury. Among the chemoattractants for monocytes/mac-
rophages and neutrophils, monocyte chemotactic protein-1
(MCP-1) production in IRI kidneys was significantly
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reduced by PARPI inactivation from 4 to 16 days postin-
jury. These data demonstrate that PARP1 activation con-
tributes to IRI-induced MCP-1 production and in turn to
macrophage influx, resulting in the promotion of interstitial
fibrosis.
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Introduction

Incomplete restoration of acute kidney injury (AKI) has a
risk of progression to chronic kidney disease (CKD) and
even end-stage renal disease [1]. However, the mechanisms
of the relationship between AKI and CKD remain poorly
defined. The presence of interstitial fibrosis is a key struc-
tural component of CKD and a major cause of CKD [2].
Several molecules induced by ischemia-reperfusion injury
(IRI) are implicated in injury and inflammation as well as in
repair. These molecules include various cytokines/chemo-
kines, growth factors, angiogenic factors and the renin-
angiotensin system [3-5]. The interaction between these
molecules and their downstream signaling pathways in the
injured or regenerating tubular epithelium, capillary and
interstitial cells could evoke inflammation, myofibroblast
activation, fibroblast proliferation and extracellular matrix
deposition. However, pharmacological intervention based on
the function of identified molecules is inadequate; hence, the
development of effective drugs remains an elusive goal.
Poly(ADP-ribose) polymerase 1 (PARPI) is a nuclear
protein that can regulate gene expression as a transcriptional
coactivator and protein functions via poly(ADP-
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ribosyl)ation [6, 7]. Poly(ADP-ribosyl)ation can have dif-
ferent effects on various proteins including activation,
downregulation, changes in protein conformation and pro-
motion of protein-protein interactions [8]. Additionally, the
role of PARP1 as a transcriptional regulator is confirmed by
pharmacological inhibition studies, demonstrating its influ-
ence on the expression of inflammatory genes [9-11]. In
previous studies, we and other investigators have demon-
strated that pharmacological or genetic inhibition of PARP1
protects kidneys against IRI, cisplatin nephrotoxicity and
ureteral obstruction [12—-15]. Given the pronounced effect of
PARPI, we sought to determine whether PARP1 activation
induced by ischemic AKI contributed to interstitial fibrosis.
Especially since respective PARPI1 deficiency and precon-
ditioning treatment of a PARPI inhibitor protect against
renal IRI [12, 13], their approaches are not adequate for an
IRI-induced CKD model. Therefore, we investigated the
effect of postconditioning treatment with a PARP1 inhibitor
at the beginning of interstitial fibrosis after acute IRI.

Materials and methods
Mice and surgical preparation

Male C57BL/6 mice aged 8-10 weeks were purchased
from Orient Bio (Seongnam, Republic of Korea). All
mouse experiments were performed in accordance with the
animal protocols approved by the Institutional Animal Care
and Use Committee of Jeju National University. Mice were
subjected to 30 min of left renal ischemia followed by 4, 8
or 16 days of reperfusion or sham operation under anes-
thesia through an intraperitoneal injection of a cocktail
containing ketamine (200 mg/kg body weight) and xyla-
zine (16 mg/kg body weight), as previously described [16].
Sham-operated mice underwent the same surgical proce-
dure except for the induction of ischemia. Mice were given
PJ34 (R&D Systems, 10 mg/kg body weight per day [14])
for inhibition of PARP1 or 0.9 % saline via intraperitoneal
implantation of the miniosmotic pump (Alzet, Palo Alto,
CA) at 2 days after IRI or sham operation.

Collagen deposition

Collagen deposition was assessed by both Sirius Red staining
and hydroxyproline assay as previously described [15].

Histology
Immunohistochemical and immunofluorescent stains of the
kidneys were performed on paraffin sections as previously

described [17]. Briefly, 4 % paraformaldehyde-fixed kid-
ney sections were rehydrated and labeled with antibodies
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against F4/80 (Abcam, Cambridge, MA) and o-smooth
muscle actin (a-SMA; Sigma, St. Louis, MO). The sections
were then incubated with peroxidase- or FITC-conjugated
secondary antibodies (Vector Laboratories, Burlingame,
CA). The F4/80- or a-SMA-positive area was measured in
ten randomly chosen high-power (x200 magnification)
fields per kidney using NIH Image J software.

Western blot

We performed electrophoresis of protein extracts derived from
whole kidneys using a Tris-glycine buffer system and sub-
sequent blotting as previously described [18]. Membranes were
incubated with antibodies against poly(ADP-ribose) (PAR; BD
Pharmingen, San Jose, CA) and B-actin (Santa Cruz Biotech-
nology, Santa Cruz, CA). Peroxidase-conjugated secondary
antibodies (Vector Laboratories) were applied, and a chemi-
luminescence reagent (PerkinElmer, Boston, MA) was used to
detect proteins. The bands were quantified using Lab Works
analysis software (Ultra-Violet Products, Cambridge, UK).

Elisa

The levels of transforming growth factor-Bl1 (TGF-B1),
monocyte chemotactic protein-1 (MCP-1), macrophage
inflammatory protein-1f (MIP-18), interferon-y-inducible
protein-10 (IP-10), lipopolysaccharide-induced CXC che-
mokine (LIX) and keratinocyte chemoattractant (KC) in
whole kidneys were measured using a multiplex immuno-
assay (Millipore, Bedford, MA).

Renal function

Renal function was assessed by plasma concentrations of cre-
atinine and blood urea nitrogen (BUN) using QuantiChrom™
Creatinine and Urea Assay kits (BioAssay Systems, Hayward,
CA), respectively. Blood samples were taken from the retro-
ocular vein plexus at 24 h after contralateral nephrectomy.

Statistical analyses

Analysis of variance was used to compare data among
groups. Differences between the two groups were assessed
by two-tailed unpaired Student’s ¢ test. P values less than
0.05 were considered statistically significant.

Results

IRI induces PARPI activation in mouse kidneys

To study the role of PARP1 in interstitial fibrosis induced by
IRI, we first assessed PARP1 activation. Because catalytic
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Fig. 1 Treatment with PJ34 prevents the increase in PARP activation
induced by IRI in mouse kidneys. a PAR expression examined by
Western blot analysis using anti-PAR antibody. Anti-f-actin antibody

activation of PARP1 adds PAR polymers to itself, the
assessment of PARPI activation was accomplished by
Western blot analysis of the total poly(ADP-ribosyl)ated
PARPI level. PARP1 activation at approximately 116 kDa
was increased at 4, 8 and 16 days after IRI compared to that
in sham kidneys (Fig. 1). However, treatment with PJ34, a
PARPI1 inactivator, abolished the increase in PARP1 acti-
vation during reperfusion after ischemia (Fig. 1), indicating
that the pharmacological inactivation of PARP1 is effica-
cious against IRI-induced PARP1 activation.

PARPI1 inactivation reduces interstitial fibrosis induced
by IRI

To explore whether PARP1 is involved in the pathogenesis
of interstitial fibrosis induced by IRI, we measured colla-
gen deposition in mouse kidneys. IRI-subjected kidneys
showed a time-dependent increase in the Sirius Red-posi-
tive area at 4, 8 and 16 days after onset compared to that in
sham kidneys (Fig. 2a, b). However, treatment with PJ34
significantly attenuated the increase in the Sirius Red-
positive area at 8 and 16 days after IRI (Fig. 2a, b). Con-
sistent with the results of the Sirius Red stain, IRI aug-
mented the hydroxyproline content in mouse kidneys at 4,
8 and 16 days after onset, but the augmentation of
hydroxyproline content was diminished by treatment with
PJ34 at 8 and 16 days after IRI (Fig. 2c). Furthermore,
treatment with PJ34 significantly reduced TGF-$1 pro-
duction at 8 and 16 days after IRI (Fig. 2d). In the sham
kidneys, the Sirius Red-positive area, hydroxyproline
content and TGF-B1 production were not significantly
altered between vehicle- and PJ34-treated mice (Fig. 2b,
c). These data suggest that PARP1 inactivation reduces
interstitial fibrosis at a later stage after IRIL.

PARPI inactivation reduces myofibroblast activation
induced by IRI

Since the o-SMA-positive myofibroblast is one of the
principal cells responsible for the production of the

30
25 t

20 | ] Vehicle
15 | + EPJ34

1.0

PAR expression
(fold vs. sham + vehicle)

05 |

0.0

Sham 4 8 16
Days after IRI

was used as a loading control. b Protein bands were quantified using
Lab Works analysis software. Error bars represent SD (n = 5).
#P < 0.05 versus vehicle

extracellular matrix including collagen in renal fibrosis [19,
20], we investigated the magnitude of myofibroblast acti-
vation induced by IRI. The percentage of a-SMA-positive
area was markedly increased in mouse kidneys at 4, 8 and
16 days after IRI compared to that in sham kidneys,
whereas the increase in the o-SMA-positive area was sig-
nificantly inhibited by treatment with PJ34 at 8 and 16 days
after IRI (Fig. 3). In the sham kidneys, the percentage of -
SMA-positive area was not significantly altered between
vehicle- and PJ34-treated mice (Fig. 3). These data indi-
cate that PARPI1 inactivation reduces o-SMA-positive
myofibroblast activation at a later stage of interstitial
fibrosis after IRL

PARPI1 inactivation reduces inflammation induced
by IRI

Macrophages play a key role in fibrosis by releasing fibr-
ogenic factors, which stimulate myofibroblast activation
and collagen deposition [21]. Here, we tested whether
treatment with PJ34 inhibited macrophage influx in fibrotic
kidneys after IRI using the immunohistochemical analysis
of F4/80-positive macrophages. Four, 8 and 16 days after
IRI, prominent infiltration of F4/80-positive macrophages
occurred in vehicle-treated mouse kidneys, but PJ34-trea-
ted mice showed a significant reduction in F4/80-positive
macrophages in IRI-subjected kidneys at 4, 8 and 16 days
(Fig. 4). In the sham kidneys, the percentage of F4/80-
positive area was not significantly altered between vehicle-
and PJ34-treated mice (Fig. 4). These data suggest that
PARPI inactivation reduces inflammation by decreasing
macrophage influx during the period of interstitial fibrosis
after IRL.

PARPI inactivation modulates MCP-1 production
induced by IRI

To determine whether PARP1 activation contributes to the

production of chemokines implicated in macrophage
influx, we measured the levels of chemotactic cytokines
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Fig. 3 PARPI1 inactivation reduces o-SMA expression during the 16 days after IRI. Scale bars indicate 50 pm. b Percentage of o-SMA-
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Fig. 4 PARPI1 inactivation reduces macrophage influx during the kidney sections at 16 days after IRI. Scale bars indicate 50 pm.
period of kidney interstitial fibrosis after IRI. a Macrophages were b Percentage of F4/80-positive area in the kidney sections. Error bars
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Fig. 6 PARPI inactivation restores renal function during the period
of kidney interstitial fibrosis after IRI. Plasma concentrations of
creatinine a and blood urea nitrogen b were measured using creatinine
and urea assay Kkits, respectively. Error bars represent SD (n = 5).
#P < 0.05 versus vehicle

involved in macrophage influx in mouse kidneys. As
demonstrated in Fig. 5a, IRI caused marked increases in
levels of MCP-1, MIP-1B and IP-10 protein among the
chemoattractants for monocytes/macrophages at 4, 8 and
16 days after onset. Treatment with PJ34 significantly
diminished the IRI-induced level of MCP-1, but not that of
MIP-1p and IP-10. Additionally, we measured the levels of
chemoattractants for neutrophils in mouse kidneys. No
significant difference was found in LIX and KC levels in
IRI or sham kidneys in mice treated with vehicle or PJ34
(Fig. 5b). These data suggest that PARP1 inactivation
modulates MCP-1 production during the period of inter-
stitial fibrosis after IRI.

PARPI inactivation ameliorates renal dysfunction
induced by IRI

To assess the renal function, IRI- and sham-subjected mice
were used to measure plasma concentrations of creatinine

Discussion

In this study, we have shown that PARPI plays a role in the
pathogenesis of interstitial fibrosis in the IRI model of renal
injury, as indicated by the appearance of 2.5-fold increased
PARP1 activation. Furthermore, PARP1 inactivation
markedly attenuates renal inflammation, especially mac-
rophage influx and MCP-1 production, after 4, 8 and
16 days of IRI, whereas PARP1 inactivation reduces renal
fibrosis during the late stage after IRI. Taken together,
these results indicate that the prevention of MCP-1-
dependent renal inflammation by pharmacological inacti-
vation of PARPI is the primary pathway leading to atten-
uated interstitial fibrosis.

Inflammatory response results in overproduction and
deposition of collagen, which causes tissue fibrosis. Recent
evidence demonstrates upregulation of a variety of che-
mokines/cytokines including TGF-B1, connective tissue
growth factor (CTGF), intercellular adhesion molecule-1
(ICAM-1) and vascular cell adhesion protein-1 (VCAM-1)
during renal fibrosis [22-24]. Interstitial fibrosis is partic-
ularly characterized by macrophage accumulation. The
influx of macrophages and the macrophage-secreted cyto-
kines including TGF-B promote renal fibrosis [25-27]. In
studies from several laboratories including ours, PARPI
has been shown to be involved in the regulation of the

@ Springer



110

J Physiol Sci (2015) 65:105-111

inflammatory processes, being functionally associated with
recruitment of macrophages and proinflammatory proteins:
For example, genetic deletion or pharmacological inhibi-
tion of PARP1 suppresses macrophage influx and upregu-
lation of ICAM-1, MCP-1 and inducible nitric oxide
synthase (iNOS) in an exacerbated tissue or systemic
inflammatory disorder [28-30]. Consistent with previous
reports in other disease and tissue models, our present data
have demonstrated that the pharmacological inactivation of
PARPI resulted in the inhibition of macrophage influx at 4,
8 and 16 days after IRI, suggesting that endogenous
PARPI1 actually accelerates renal inflammation from the
early stage of renal fibrosis.

MCP-1 is a secreted protein that attracts circulating
monocytes and tissue macrophages via interaction with
CCR2 [31]. Kidney proximal tubular cells can produce
MCP-1 in response to a variety of proinflammatory stimuli
[32]. Elements of the diabetic milieu are known to induce
MCP-1 mRNA synthesis and protein secretion by cultured
renal parenchymal cells [33, 34], suggesting that injured
kidney tubular cells can stimulate renal macrophage influx.
Genetic or pharmacological inhibition of MCP-1 in type 1
diabetes and crescentic nephritis models also reduces
extracellular matrix deposition and TGF-B1 expression, as
well as a marked decline in the number of macrophages in
mouse kidneys [35-37], suggesting that MCP-1-mediated
macrophage influx may cause renal fibrosis. In inflamma-
tory disease models, MCP-1 production is strongly reduced
by PARPI1 deletion or inactivation [38, 39]. The MCP-1
gene can be transactivated by NF-«B, activator protein-1 or
p53 transcription factors [40-42]. Although it has been
reported that PARPI is involved in the regulation of NF-
kB and activator protein-1 transcription [43, 44], the role of
PARPI and effect of ADP-ribosylation on functions of
transcription factors are not completely understood. In our
study, pharmacological inhibition of PARP1 markedly
attenuated MCP-1 production from the early stage of
interstitial fibrosis after IRI, but only MCP-1 among NF-
kB target genes including MIP-1, IP-10, LIX and KC was
reduced by PARPI inactivation, suggesting that PARP1-
mediated MCP-1 transactivation is independent of the NF-
kB transcriptional pathway. Taken together, MCP-1 pro-
duction by PARP activation may cause macrophage influx
during the period of interstitial fibrosis after IRI.

In conclusion, this study provides unswerving evidence
that PARP1 activation contributes to fibrogenesis in the IRI
kidney. Our data implicate PARP1 activation as a trigger of
MCP-1 production, macrophage influx and interstitial
fibrogenesis. Inhibiting the action of PARP1 might repre-
sent a major effective therapeutic strategy to prevent or
limit progression of renal fibrogenesis at its onset in IRI-
induced CKD.
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