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Abstract

Signals that drive interstitial fibrogenesis after renal ischemia reperfusion injury remain undefined.
Sympathetic activation is manifest even in the early clinical stages of chronic kidney disease and
is directly related to disease severity. A role for renal nerves in renal interstitial fibrogenesis in the
setting of ischemia reperfusion injury has not been studied. In male 129S1/SvimJ mice, ischemia
reperfusion injury induced tubulointerstitial fibrosis as indicated by collagen deposition and
profibrotic protein expression 4 to 16 days after the injury.. Leukocyte influx, proinflammatory
protein expression, oxidative stress, apoptosis, and cell cycle arrest at G2/M phase were enhanced
after ischemia reperfusion injury. Renal denervation at the time of injury or up to 1 day post-injury
improved histology, decreased proinflammatory/profibrotic responses and apoptosis, and
prevented G2/M cell cycle arrest in the kidney. Treatment with afferent nerve-derived calcitonin
gene-related peptide (CGRP) or efferent nerve-derived norepinephrine in denervated and ischemia
reperfusion injury-induced kidneys mimicked innervation, restored inflammation and fibrosis,
induced G2/M arrest, and enhanced TGF-B1 activation. Blocking norepinephrine or CGRP
function using respective receptor blockers prevented these effects. Consistent with the in vivo
study, treatment with either norepinephrine or CGRP induced G2/M cell cycle arrest in HK-2
proximal tubule cells, whereas antagonists against their respective receptors prevented G2/M
arrest. Thus, renal nerve stimulation is a primary mechanism and renal nerve-derived factors drive
epithelial cell cycle arrest and the inflammatory cascade causing interstitial fibrogenesis after
ischemia reperfusion injury.
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INTRODUCTION

Patients surviving an episode of acute kidney injury (AKI) have a significant risk of
progression to chronic kidney disease (CKD) and even end-stage renal disease.! However,
the mechanisms that link AKI to CKD in humans remain poorly defined. Animal studies
have shown that persistent medullary hypoxia, capillary rarefaction, inflammation, failed
differentiation of epithelial cells and apoptosis following renal ischemia reperfusion injury
(IRI) are possible mechanisms that may drive tubulointerstitial fibrosis.2 Several
molecules induced after IRI are implicated in injury and inflammation as well as in repair,
regeneration and in the progression of renal fibrosis. These molecules include various
cytokines (IL-13, IL-21), chemokines (KC, MIP-2, MCP-1), angiogenic factors (VEGF),
growth factors (EGF, TGF-p1, CTGF, PDGF), and the renin-angiotensin system.>~" The
interplay of these molecules and their downstream signaling pathways in the injured or
regenerating tubular epithelium, capillary and interstitial cells could evoke inflammation,
fibroblast differentiation and proliferation and matrix deposition. However, the primary
stimuli that induce the myriad of signaling events that lead to the inflammatory response and
fibrosis after an initial insult to the kidney remains undefined.8 Therefore, identification of
the primary signal or the core signaling pathway that instigate renal fibrogenesis after an
initial stimulus is essential for the elucidation of the pathophysiological mechanisms of the
syndrome and in developing effective therapeutic strategies for preventing, reversing or
limiting progression of fibrogenesis.?

The kidney is innervated by efferent sympathetic nerves as well as peptidergic sensory
afferent nerves in which several neuroactive substances have been identified.10-12
Sympathetic nerve activity (SNA) is increased in both patients and experimental animals
with chronic renal failure.13: 14 Renal denervation shows protective effects against renal
failure in both animals and humans. Although the mechanisms remain to be fully elucidated,
it may include decrease in blood pressure, renal efferent SNA, central SNA and sympathetic
outflow, and downregulation of the renin-angiotensin system.12 15 Given the pronounced
effect of the renal nerves on CKD, we sought to determine whether afferent and efferent
nerve-derived neuropeptides/neurotransmitters and their signaling pathways may be
responsible for the functional, fibrotic and inflammatory responses in IRI-induced long-term
sequelae. Here we report that renal nerve-derived norepinephrine and CGRP signaling is
required for tubular epithelial cell injury and production of inflammatory factors and
profibrogenic factors to trigger renal interstitial fibrogenesis.

RESULTS

Renal denervation attenuates interstitial fibrosis induced by IRI

To test whether kidney nerve contributes to interstitial fibrosis induced by IRI, we
performed renal denervation before IRI. Collagen deposition assessed by Sirius red staining
and hydroxyproline measurement increased after IRI in intact kidneys in a time-dependent
manner, whereas renal denervation markedly lessened the collagen deposition (Figure 1, A
and B; Supplementary Figure 1A). Renal denervation also reduced the myofibroblast marker
a-smooth muscle actin (a-SMA) expression, Smad3 phosphorylation (p-Smad3) and TGF-
1 production during interstitial fibrosis induced by IRI (Supplementary Figure 1, B and C).
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Since inflammation plays as an important role in fibrosis, we next examined the recruitment
of neutrophils and macrophages. Polymorphonuclear neutrophil (PMN)-positive neutrophils
and F4/80-positive macrophages were persistently recruited into intact kidneys for at least
16 days after IRI, whereas renal denervation inhibited the recruitment of both cell
populations during interstitial fibrosis (Figure 1, C-E). Additionally, we determined that
postconditioning of renal denervation (up to 1 d post-injury) significantly reduced interstitial
fibrosis and inflammation as demonstrated by decreased collagen deposition, profibrotic
protein expression, and recruitment of neutrophils and macrophages (Supplementary Figure
2).

Norepinephrine and CGRP signaling contribute to interstitial fibrosis after IRI

We confirmed the effectiveness of renal denervation as demonstrated by a decrease of
tyrosine hydroxylase expression in IRI-subjected kidneys as well as in sham-subjected
kidneys (Figure 2A and Supplementary Figure 3A). Levels of both kidney norepinephrine
and CGRP remained above sham levels for at least 16 days after IRI, whereas renal
denervation significantly decreased levels of both in IRI and sham kidneys (Figure 2B).
Furthermore, immunochistochemistry for CGRP demonstrated faint expression in tubules and
adventitia of interlobar arteries at 2 days after IRI in denervated compared to intact kidneys
(Figure 2C). These results indicate successful loss of sympathetic and sensory nerve fibers
by renal denervation. To determine whether norepinephrine and CGRP contribute to
fibrosis, we treated denervated kidneys with exogenous norepinephrine or CGRP. Chronic
administration of norepinephrine or CGRP for 16 d following IRI induced excessive
collagen deposition as demonstrated by Sirius red-positive area and hydroxyproline level,
and increased expression of a-SMA and p-Smad3 in denervated kidneys (Figure 2D; and
Supplementary Figure 3, B and C). The exogenous norepinephrine and CGRP also increased
the recruitment of neutrophils and macrophages in the denervated kidneys after IRI (Figure
2, E and F). Next, we investigated the roles of adrenergic receptors (ARs) and CGRP
receptor in interstitial fibrosis using their antagonists. Sixteen days after IRI, mice treated
with ap-AR antagonist (atipamezole), but not a1-AR antagonist (doxazosin) or B-AR
antagonist (pronethalol), showed significant reductions of collagen level, and neutrophil and
macrophage recruitment (Figure 3, A-C). Treatment with the CGRP receptor antagonist
(CGRP(8-37)) also reduced collagen level, and neutrophil and macrophage recruitment in
IRI kidneys, but not in sham kidneys (Figure 3, D-F). Taken together, these data suggest
that norepinephrine and CGRP induce interstitial fibrosis and inflammation after IRI though
a2-AR and CGRP receptors, respectively. Our study, however, did not determine whether
the a,-AR antagonist, atipamezole may act presynaptically to decrease dopamine
neurotransmission or dopamine overflow.

Norepinephrine and CGRP signaling are involved in kidney injury after IRI

To determine whether norepinephrine and CGRP are involved in tubular cell death induced
by IRI, we assessed histological damage and apoptosis in tubular cells. IRI consistently
increased tubular injury score based on PAS stain and tubular apoptosis based on TUNEL
assay for at least 16 days after the onset, whereas renal denervation diminished apoptosis
and tubular injury score (Figure 4, A and B; and Supplementary Figure 4, A and B). Renal
denervation also lessened increases in the expression of full-length poly(ADP-ribose)
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polymerase 1 (PARPL), an indicator of necrosis, and expression levels of cleaved PARP1,
cleaved caspase-3, and active bax, proapoptotic markers (Supplementary Figure 4C). When
denervated kidneys were treated with either norepinephrine or CGRP, tubular injury score
and apoptosis were evoked at 16 days after IRI (Figure 4C and Supplementary Figure 4D).
Additionally, treatment with the a,-AR antagonist or CGRP receptor antagonist
significantly reduced apoptosis and tubular injury score at 16 days after IRI in innervated
mice kidneys (Supplementary Figure 4, E and F). These data suggest that norepinephrine
and CGRP induce tubular cell death though their respective receptors in IRI kidneys.

To examine the renal function of IRI kidneys plus/minus denervation, we measured
glomerular filtration rate (GFR) after contralateral nephrectomy. As shown in Figure 4D,
renal denervation did not significantly alter GFR at early post-ischemic periods 1, 2 and 4
days after IRI, compared to that in intact kidneys. However, at 8 and 16 days after IRIl, GFR
in denervated kidneys was significantly higher than that in intact kidneys. In denervated
kidneys, treatment with either norepinephrine or CGRP significantly decreased GFR at 16
days after IRI (Figure 4E). Because unilateral IRI causes a severe reduction of kidney
weight at 2-3 weeks after the onset,16: 17 we determined whether loss of renal mass would
be prevented by renal denervation. As shown in Figure 5F, IRI reduced kidney weights at 16
days after the onset, compared with the weight of sham kidneys. Renal denervation inhibited
the postischemic reduction of kidney weights, but treatment with either norepinephrine or
CGRP decreased the weight of denervated IRI kidneys. These data suggest that
norepinephrine and CGRP contribute to kidney injury during development of interstitial
fibrosis induced by IRI.

To determine the effect of renal denervation on renin-angiotensin system, we measured the
renin activity in plasma and kidneys. Consistent with the previous study,® renal denervation
reduced the kidney and plasma levels of renin activity; however, the renin activity was not
significantly changed at 16 days after IR (Supplementary Figure 5, A and B). Next, to
determine whether the protective effects of denervation are related to systemic blood
pressure, we measured systolic blood pressure. Systolic blood pressure was not altered as a
function of IRI, IRl with denervation or after administration of vehicle, NE or CGRP
(Supplementary Figure 5C). These data suggest that the renal nerve has no significant effect
on systemic blood pressure in the setting of IRI.

Renal denervation reduces oxidative stress after IRI

Since oxidative stress contributes to tubular injury and fibrosis after IR1,* we analyzed redox
system. Sixteen days after IRI, the intact kidneys showed increases in lipid hydroperoxide
level and nitrotyrosine expression as oxidative stress indicators, whereas the denervated
kidneys revealed a reduced oxidative stress (Figure 5A and Supplementary Figure 6A).
Conversely, IRI decreased the expression of manganese superoxide dismutase (MnSOD)
and the ratio of reduced glutathione (GSH) to oxidized glutathione (GSSG) at 16 days after
the onset, but renal denervation inhibited the decrease of both of these antioxidative
indicators (Supplementary Figure 6, A and B). In the denervated kidneys, exogenous
norepinephrine and CGRP increased the level of lipid hydroperoxide and decreased the ratio
of GSH to GSSG at 16 days after IRI (Figure 5B and Supplementary Figure 6C). In intact
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kidneys, treatment with the a,-AR antagonist or the CGRP receptor antagonist significantly
decreased the lipid hydroperoxide level and the ratio of GSH to GSSG at 16 days after IRI
(Supplementary Figure 6, D and E). These data suggest that norepinephrine and CGRP
signaling contributes to the alteration of redox status during development of interstitial
fibrosis induced by IRI.

Norepinephrine and CGRP signaling induces tubular cell cycle arrest

Tubular cell cycle arrest mediates interstitial fibrosis after IR1.19 Because of that, we tested
whether norepinephrine and CGRP influence tubular cell cycle arrest after IRI. The number
of tubular cells positive for phosphorylated Histone H3 (p-H3), a marker of G2/M phase in
cell cycle, was increased after IRI, whereas the denervated kidneys showed a significant
reduction of the number of p-H3-positive tubular cells (Figure 6, A and B). Consistent with
the result of the number of p-H3-positive tubular cells, renal denervation decreased the ratio
of cyclin B1 to cyclin D1, as a maker of G2/M arrest, based on Western blot analysis, from 4
days after IRI (Supplementary Figure 7A). In denervated kidneys, treatment with either
norepinephrine or CGRP induced the number of p-H3-positive tubular cells and the ratio of
cyclin B1 to cyclin D1 at 16 days after IRI (Figure 6C and Supplementary Figure 7C). In
intact kidneys, treatments with either the a,-AR antagonist or the CGRP receptor antagonist
significantly reduced the markers of G2/M arrest at 16 days after IRI (Supplementary Figure
7, D and E). Additionally, to determine whether norepinephrine and CGRP signaling
directly contributes to tubular cell cycle arrest, we evaluated the effects of norepinephrine
and CGRP in a HK-2 human proximal tubular cell line. Norepinephrine and CGRP
increased the percentage of cells in G2/M phase (Supplementary Figure 8A). Consistent
with the data from in vivo studies, treatments with either a,-AR antagonist or CGRP
receptor antagonist significantly reduced the percentage of cells in G2/M phase
(Supplementary Figure 8, B and C). After demonstrating that norepinephrine and CGRP
induce tubular cell cycle arrest in G2/M phase, we investigated its impact on cell viability in
HK-2 cells, assuming that G2/M phase arrest is induced by DNA damage and hence loss of
cell viability. Using the 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT) assay, treatment with either norepinephrine or CGRP decreased the percentage of
cell viability (Supplementary Figure 8, D and E), consistent with the data on the in vitro
G2/M phase arrest. The a,-AR antagonist and CGRP receptor antagonist significantly
increased the percentage of cell viability (Supplementary Figure 8, D and E).

DISCUSSION

Renal sympathetic hyperactivity is common in CKD and has been shown to contribute to
glomerulonephritis and induce proteinuria both through and beyond its effect on blood
pressure.20 In a model of glomerulonephritis, bilateral renal denervation significantly
reduced albuminuria, mesangiolysis, microaneurysm formation and deposition of glomerular
collagen V.14 We previously reported that renal denervation can prevent UUO-induced
inflammation and interstitial fibrosis and renal nerves derived signaling molecules
norepinephrine and CGRP mediate the inflammatory and fibrotic response.2! Increased
renal sympathetic nerve activity and norepinephrine overflow are implicated in the
pathophysiology of IR1.22 Renal denervation or chemical ganglionic blockade ameliorated
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IRI.Z3 However, the effect of renal denervation or nerve-derived factors in the setting of IRI
on the long-term development of renal inflammation and interstitial fibrogenesis has not
been investigated.

In this study, we used a mouse model of unilateral IRI to determine whether renal nerves
play a central role in activating the signaling events that lead to renal fibrogenesis. Our data
demonstrate that renal denervation prior to or up to 1 day post-IRI prevents tubular injury,
apoptosis, tubulointerstitial inflammation and fibrosis from 4-16 days post-IR1 without
altering blood pressure. Unlike prior studies,23 24 renal denervation in our IRI model did not
lessen kidney dysfunction during the early post-ischemic period (1-4 days after IRI). The
discrepancy may be caused by different surgical approaches (bilateral vs. unilateral
ischemia), different susceptibility to IRI (mild/moderate vs. severe ischemia), and different
species (rat vs. mouse). These data suggest that the effect of renal denervation on the long
term sequlae is not due to mitigation of the ischemic renal injury during the early post-
ischemic period. The expression levels of profibrotic markers and the influx of neutrophils/
macrophages were significantly decreased in denervated IRI-subjected kidneys at 8-16 days
post-IRI. Furthermore, oxidative stress and apoptotic markers were significantly reduced by
denervation. The levels of norepinephrine released from efferent renal sympathetic nerves
and CGRP released from afferent renal sensory nerves were significantly increased; and
both norepinephrine and CGRP initiated tubular cell apoptosis, inflammatory cascade and
tubulointerstitial fibrosis after IRI. Inhibition of either CGRP receptor or a,-AR prevented
the adverse effects of innervation after IRI. Cell cycle arrest in G2/M phase observed after
IRI was prevented by denervation, or inhibition of either the CGRP receptor or a,-AR.
Administration of either norepinephrine or CGRP induced cell cycle arrest at G2/M phase in
IRI-subjected and denervated kidneys. These results suggest that the renal nerve stimulation
in IR is a primary mechanism that drives the myriad of downstream signaling events to
elicit inflammation and renal fibrogenesis.

Elevated plasma norepinephrine is observed in patients with CKD and ESRD and is strongly
linked with the onset and development of renal injury.25 In the present study, IRI
significantly increased whole kidney norepinephrine levels from 1-16 d post-injury in mice.
Further, in denervated IRI kidneys, chronic administration of norepinephrine mimicked the
effect of innervation and induced inflammation and fibrosis. Norepinephrine can induce
signaling via a1-AR, a»-AR and B-AR. Our data indicate that inhibition of only a,-AR
prevented renal fibrogenesis after IRI. Previous reports have indicated that a1-AR or B-AR
blockade is renoprotective in the 5/6-nephrectomy model and a combination of a;-AR and
B-AR blockade was more effective in preventing glomerular, tubulointerstitial, and vascular
injury than a1-AR blockade alone without altering blood pressure.2%: 27 Qur data
implicating norepinephrine signaling through a,-AR to induce fibrogenesis in IRI kidneys
are intriguing as presynaptic a,a-AR and aoc-AR subtypes in vasa deferentia, isolated brain
and atrial tissue;28 29 and aya-AR subtype in kidney3C play a predominant role for
regulating synaptic norepinephrine release. Deletion of apa-AR and ayc-AR subtypes
increased the susceptibility to develop heart failure following chronic pressure overload in
vivo.31 32 Intriguingly, activation of a,-AR using agonist clonidine33 and moxonidine,34 or
blocking B-AR using antagonist propranolol3® protected against IRI. In contrast, our data
indicate that activation of the a,-AR is detrimental in the progression of renal injury,
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inflammation and fibrogenesis after IRI. Thus, activation of the a,-AR in the IRI kidney
may trigger signaling events other than sympathoinhibition, such as activation of profibrotic
and inflammatory signaling pathways to instigate fibrogenesis. This notion is supported by
our finding that administration of norepinephrine in denervated kidneys can enhance
neutrophil and macrophage infiltration, activate TGF-B1 signaling as indicated by increased
p-Smad-3 expression as well as a-SMA expression. Further, administration of
norepinephrine can induce cell cycle arrest at the G2/M stage, as indicated by increased
number of p-H3-positive epithelial cells. An increased number of tubular epithelial cells
positive for p-H3 have been reported after ischemic, toxic, and obstructive injury suggesting
cell cycle arrest at the G2/M stage.1® These cells contribute to renal fibrosis by releasing
profibrogenic cytokines such as TGF-B1 and CTGF.19

Our data revealed that renal CGRP levels were increased soon after IRI, and persisted
through 16 d of study, with maximal levels observed during the 1-4 d post-IRl. CGRP
protein was evident at apical or basolateral membranes of epithelial cells as well as in
sensory nerve fibers. Since CGRP has potent vasodilator activity, it has long been
considered to be involved in aggravation of inflammation by increasing the blood flow, the
number of circulating cells and chemotactic factors.36: 37 Consistent with this finding, our
data demonstrate that inhibition of CGRP receptor prevented the expression of inflammatory
molecules as well as infiltration of leukocytes into the renal parenchyma, while chronic
administration of CGRP in IRI-subjected and denervated kidneys induced tubular cell
apoptosis, inflammatory cascade as well as fibrogenesis without altering blood pressure.
Administration of CGRP also induced cell cycle arrest in G2/M phase which may contribute
to TGF-B1 activation and fibrogenesis. Blocking the CGRP receptor released the cell cycle
arrest and attenuated fibrosis in the UUO-induced kidneys.2

Epithelial cell apoptosis is considered as a critical initial response to various forms of renal
injury including UUO38 and IR1.39 Increased apoptosis lead to renal tubular atrophy with
loss of nephrons and accompanied matrix deposition into the atrophied region resulting in
interstitial fibrosis. Histological damage and apoptosis was diminished after denervation as
well as after blocking a,-AR or CGRP receptor in IRI kidneys. On the other hand,
administration of either norepinephrine or CGRP induced apoptosis. These data are
consistent with our previous report that norepinephrine and CGRP can induce apoptosis in
the UUO-induced kidneys as well as in in vitro proximal tubular cell culture model.2!
Previous reports have also linked mechanical stretch induced apoptosis in in vitro models to
increased oxidative stress in a catalase dependent manner.40 In catalase deficient mice,
hydrogen peroxide accumulation occurs after UUO injury and contributes to apoptosis.*!
Reactive oxygen species are significantly increased in the chronically obstructed kidney.42
Consistently, our data indicate that, lipid hydroperoxide and ratio of reduced to oxidized
glutathione are increased after IRI but not in denervated kidneys. Further, denervation
increased MnSOD levels and decreased nitrotyrosine levels in the IRI kidney.
Administration of norepinephrine or CGRP in denervated mouse kidneys restored the redox
status to that in innervated mice kidneys. These data indicate that one of the mechanisms by
which norepinephrine or CGRP induces apoptosis is by increasing the oxidative stress in the
IRI kidneys. A second mechanism by which apoptosis may be induced by is the heightened
inflammatory milieu in the IRI kidney. The number of neutrophils and macrophages are
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increased in the IRI kidney and may further increase the oxidative stress, inflammatory
milieu and cell death signals.

Interstitial fibrosis is characterized by macrophage accumulation. The influx of macrophages
and the macrophage-secreted cytokines including monocyte chemoattractant protein-1 and
TGF-B promote renal fibrosis.*34> The influx of neutrophils is related with lung fibrosis,*®
and the role of neutrophils has been well known in the early post-ischemic period.4’
However, the role of neutrophils in the progression of renal fibrosis has not been
demonstrated previously. Norepinephrine and CGRP induce the production of
proinflammatory cytokines in cultured macrophages, 8 49 and activate neutrophils in
vitro.50: 51 Previous reports suggest that norepinephrine and CGRP can be linked to
macrophage and neutrophil functions. In our data, IRI increased the influx of macrophages
and neutrophils, but renal denervation reduced the influx of those cells during the late but
not the early post-ischemic period. The administration of either norepinephrine or CGRP
revived the increase of the influx of those cells. It is likely that the reduction of the
macrophage and neutrophil influxes in denervated kidneys may affect the reduction of
damaged tubular cells and the prevention of renal fibrosis post-ischemic injury.>2

In the last three years, renal denervation has been tried in 15 to 20,000 patients in Europe
and showed beneficial effects on blood pressure in patients with resistant hypertension.
However, the well-designed US trial—Symplicity HTN-3—showed only modest blood
pressure benefit. The possible efficacy of renal denervation in 15 patients with hypertension
in the setting of CKD, was carried out by Hering et al.>3 The office systolic and diastolic
blood pressures were significantly reduced at 3- and 6-month follow-up, although
ambulatory blood pressure monitoring over 24 hours did not reveal significant reductions.
Our study in mice demonstrates that renal denervation has no effect on systemic blood
pressure. However, renal denervation at the time of the injury or even 1 day after the injury
significantly reduces inflammation and interstitial fibrosis. Furthermore, renal denervation
prevents loss of renal mass. The possibility that the prevention of renal mass may be due to
improved renal blood flow and hence reduced tissue hypoxia and injury is not investigated
in this study. The pharmacological intervention of norepinephrine or CGRP signaling
pathways after the injury significantly reduced progression of fibrosis. These data suggest
that early renal nerve ablation or blocking renal nerve-derived factors after the initialing
injury may be an option to mitigate CKD complications.

In conclusion, the studies presented provide unswerving evidence that renal nerve activation
is a primary mechanism instigating fibrogenesis in the IRI kidney. Our data implicate both
renal afferent nerve-derived CGRP and efferent nerve-derived norepinephrine in triggering
tubular atrophy, the inflammatory cascade, cell cycle arrest at the G2/M stage and
fibrogenesis. Blockade of either CGRP receptor or ap-adrenergic receptor prevented
activation of apoptogenic factors, inflammatory molecules and infiltration of leukocytes and
profibrogenic factors, including TGF-B1 and its downstream signaling pathways. Inhibiting
the actions of CGRP and norepinephrine might represent a novel effective therapeutic
strategy to prevent or limit progression of renal fibrogenesis at its onset in IRI-induced
CKD.

Kidney Int. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim and Padanilam Page 9

METHODS

Mice and surgical preparation, Collagen deposition, Histology, Western blot, ELISA, Cell
culture and treatment, Renal function, and Blood Pressure Measurement

Please see Supplementary Methods.

Statistical analyses

Analysis of variance was used to compare data among groups. Differences between 2 groups
were assessed by 2-tailed unpaired Student’s t test. P values less than 0.05 were considered
statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Renal denervation inhibits collagen deposition, and neutrophil and macrophage influx
during a period of inter stitial fibrosis after IRI

Two days after denervation in left kidneys of mice, IRI or sham operation (S) in the left
kidneys was carried out. (A) Collagen deposition using Sirius red stain on denervated or
intact kidney sections at 16 days after IRI. Scale bars indicate 50 um. (B) Percentage of
Sirius red-positive area on kidney sections. (C and D) Neutrophil infiltration represented by
the number of PMN-positive cells on immunohistochemically stained kidney sections. (C
and E) Macrophage infiltration represented by the percentage of F4/80-positive area on
immunohistochemically stained kidney sections. Error bars represent SD (n = 5). #P<0.05
versus intact. Scale bars indicate 50 um.
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Figure 2. Exogenous norepinephrine or calcitonin gene-related peptide enhancesinter stitial
fibrosis and inflammation induced by IRI in denervated kidneys

(A-C) Two days after denervation in left kidneys of mice, IRI or sham operation (S) in the
left kidneys was carried out. (A) Kidney expression of tyrosine hydroxylase using Western
blot analysis at 16 days after IRI or sham. Anti-p-actin antibody served as a loading control.
(B) Levels of norepinephrine and CGRP in the kidneys using ELISA Kkits. (C)
Immunohistochemical staining for CGRP on the kidney sections at 2 days after IRI. Scale
bars indicate 50 um. (D-F) Denervation in left kidneys of mice was carried out; 2 days after
the onset, norepinephrine, CGRP or vehicle was continuously infused into the denervated
kidneys via mini-osmotic pump; and the kidneys were subjected to 30 min of ischemia
followed by 16 days of reperfusion. (D) Percentage of Sirius red-positive area in kidneys
sections. (E) Neutrophil infiltration represented by the number of PMN-positive cells on
immunohistochemically stained kidney sections. (F) Macrophage infiltration represented by
percentage of F4/80-positive area on immunochistochemically stained kidney sections. Error
bars represent SD (n = 4). *P<0.05 versus sham, *P<0.05 versus intact, and $P<0.05 versus
vehicle.
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Figure 3. ax-AR antagonist and CGRP receptor antagonist diminish interstitial fibrosisand
inflammation induced by IRI

(A-C) Mice were continuously treated with doxazosin (a1-AR antagonist, 12 mg/kg/d),
atipamezole (a,-AR antagonist, 2.4 mg/kg/d), pronethalol (B-AR antagonist, 2.4 mg/kg/d),
or 10% DMSO in PBS (vehicle) via an intraperitoneal implantation of mini-osmotic pump
immediately before 30 min of left kidney ischemia and 16 days of reperfusion. (A)
Percentage of Sirius red-positive area on the kidney sections. (B) Neutrophil infiltration
represented by counting PMN-positive cells on immunohistochemically stained kidney
sections. (C) Macrophage infiltration represented by percentage of F4/80-positive area on
immunohistochemically stained kidney sections. (D—F) Mice were continuously treated with
the CGRP receptor antagonist (CGRP(8-37), 120 ug/kg/d) or 0.9% saline (vehicle) via an
intraperitoneal implantation of mini-osmotic pump immediately before 30 min of left kidney
ischemia and 16 days of reperfusion. (D) Percentage of Sirius red-positive area on the
kidney sections. (E) Neutrophil infiltration represented by the number of PMN-positive cells
on immunohistochemically stained kidney sections. (F) Macrophage infiltration represented
by percentage of F4/80-positive area on immunohistochemically stained kidney sections.
Error bars represent SD (n = 5). $P<0.05 versus vehicle.
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Figure 4. Norepinephrine and CGRP signaling contributeto kidney injury during a period of
interstitial fibrosis after IRI

(A and D) Two days after denervation in left kidneys of mice, IRI or sham in the left
kidneys was carried out (n = 5). (C, E and F) Denervation or intact in left kidneys of mice
was carried out; 2 days after the denervation, norepinephrine, CGRP or vehicle was
continuously infused into the denervated kidneys via mini-osmotic pump; and the kidneys
were subjected to 30 min of ischemia followed by 16 days of reperfusion (n = 4). (A)
Tubular damage represented by PAS stain on the kidney sections at 16 days after IRI. Scale
bars indicate 50 um. (B and C) Tubular injury score measured on PAS-stained kidney
sections. (D and E) Glomerular filtration rate (GFR, creatinine clearance) was measured in
mice housed in metabolic cages. (F) Kidney weight obtained from mice at 16 days after IRI
or sham. Error bars represent SD. #P<0.05 versus intact and $P<0.05 versus vehicle.
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Figure 5. Renal denervation reduces oxidative stressin a norepinephrine and CGRP-dependent

manner in kidneys after IRI

(A) Two days after denervation in left kidneys of mice, IRI or sham in the left kidneys was
carried out; then the kidneys were harvested at 16 d after reperfusion (n = 5). (B)
Denervation in left kidneys of mice was carried out; 2 d after the onset, norepinephrine,
CGRP or vehicle was continuously infused into the denervated kidneys via mini-osmotic
pump; and the kidneys were subjected to 30 min of ischemia followed by 16 d of

reperfusion (n = 4). (A and B) Lipid peroxidation represented by level of lipid

hydroperoxide in kidneys. Error bars represent SD. #P<0.05 versus intact and $P<0.05

versus vehicle.
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Figure 6. Renal denervation inhibitstubular cell cyclearrest in a norepinephrine and CGRP-

dependent manner in kidneys after IRI

(A and B) Two days after denervation in left kidneys of mice, IRI or sham in the left kidneys
was carried out (n = 5). (C) Two days after denervation in left kidneys of mice,
norepinephrine, CGRP or vehicle was continuously infused into the denervated kidneys via
mini-osmotic pump and the kidneys were subjected to 30 min of ischemia followed by 16 d
of reperfusion (n = 4). (A) Immunohistochemial staining for phosphorylated histone H3 (p-
H3) on kidney sections. Scale bars indicate 50 pm. (B and C) The number of p-H3-positive
tubular cells on immunohistochemically stained kidney sections. Error bars represent

SD. #P<0.05 versus intact and $P<0.05 versus vehicle.
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