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Chronic kidney disease (CKD) is increasing worldwide without an effective therapeutic strategy. Sympathetic nerve
activation is implicated in CKD progression, as well as cardiovascular dysfunction. Renal denervation is beneficial
for controlling blood pressure (BP) and improving renal function through reduction of sympathetic nerve activity in
patients with resistant hypertension and CKD. Sympathetic neurotransmitter norepinephrine (NE) via adrenergic
receptor (AR) signaling has been implicated in tissue homeostasis and various disease progressions, including CKD.
Increased plasma NE level is a predictor of survival and the incidence of cardiovascular events in patients with end-
stage renal disease, as well as future renal injury in subjects with normal BP and renal function. Our recent data
demonstrate that NE derived from renal nerves causes renal inflammation and fibrosis progression through alpha-2
adrenergic receptors (a,-AR) in renal fibrosis models independent of BP. Sympathetic nerve activation-associated
molecular mechanisms and signals seem to be critical for the development and progression of CKD, but the exact
role of sympathetic nerve activation in CKD progression remains undefined. This review explores the current
knowledge of NE-a,-AR signaling in renal diseases and offers prospective views on developing therapeutic strategies

targeting NE-AR signaling in CKD progression.
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Introduction

Chronic kidney disease (CKD) progression, ultimately
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leading to end-stage renal disease (ESRD) remains a
significant health burden with its pathogenesis poorly
defined. Along with an increase in metabolic disease, hy-
pertension, obesity, diabetes and aging, the prevalence of
CKD has grown in developed countries [1]. Patients who
have severe CKD or ESRD are exposed to the high risk
complicated outcomes of cardiovascular disease, stroke,
and death [2]. Furthermore, recent reports demonstrate
that acute kidney injury (AKI) is a significant risk for on-
set or acceleration of CKD [3,4].

The sympathetic nervous system controls the physi-
ological functions of diverse organ systems, including the
kidney [5]. The catecholamines epinephrine (adrenaline),
synthesized in chromaffin cells of the adrenal medulla,
and norepinephrine (NE; noradrenaline), released by
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sympathetic neurons, are sympathetic nervous system ef-
fectors [6]. Epinephrine and NE act by binding to adren-
ergic receptors (AR), a,-AR, a,-AR or B,-AR, further clas-
sified by their subtypes, a;,-AR, a,5-AR, o;p-AR, a,,-AR,
os-AR, a,c-AR, Bi-AR, B,-AR, and B;-AR [6,7]. The use of
mouse models with targeted deletions or transgenic over-
expression of the respective genes in vivo has enabled
the unraveling of the physiological and pharmacological
functions of these individual receptor subtypes [8—11].

The kidney is innervated by efferent sympathetic nerves
as well as peptidergic sensory afferent nerves [12,13].
Sympathetic nerve activity and the tissue content of neu-
rotransmitters including NE is elevated in both patients
and experimental animals with CKD [14—16]. Despite the
recognition of the renal nerve as an effector of renal dys-
function in CKD [15,17,18], its role in the development
and progression of CKD is not fully understood.

Renal denervation is a therapeutic strategy used in the
treatment of resistant hypertension [19,20]. The benefi-
cial effects of renal denervation against renal failure in
both animals and humans include a decrease in BP, renal
efferent sympathetic nerve activity, central sympathetic
nerve activity and sympathetic outflow, and downregu-
lation of the renin-angiotensin system (RAS), but the
detailed molecular mechanisms remain elusive [13,21].
Several clinical trials in renal complications of hyperten-
sion and metabolic syndrome have been performed and
are reviewed elsewhere [22—25]. Renal tubules as well as
most inflammatory cells express ARs, including o,-AR.
The presence of o,-AR in nephron segments, including
proximal convoluted tubules and cortical and medullary
collecting ducts, has previously been demonstrated [26].
We recently found that renal nerve-derived NE signal-
ing via a,-ARSs, a,,- and o,c-AR subtypes promotes renal
inflammation and interstitial fibrosis in CKD disease
progression models [27,28]. Here, we review the recent
progress in our understanding of the molecular mecha-
nisms of NE-AR signaling in renal disease development
and progression.

Sympathetic nerve-derived norepinephrineis a
profibrotic stimulator in injured kidneys

Regardless of the etiology of CKD, inflammation, and
fibrogenesis are the common pathological processes that
result in CKD and its progression to ESRD. We previously

demonstrated that renal denervation can prevent fibrosis
and inflammation in two different renal fibrosis models
[27,28]. These results suggest that renal nerve stimulation
may be a key mechanism driving renal inflammation and
fibrogenesis, and that nerve-derived factors play a key
role in the initiation of these processes.

NE, the primary neurotransmitter released by sym-
pathetic nerve fibers, acts as a sympathetic activator in
various bodily functions, causing increases in heart rate,
arterial BP, tear production, and hepatic glucose produc-
tion [29—32]. Furthermore, NE has both excitatory and
inhibitory effects in various areas of the central nervous
system [33]. In the kidney, NE can regulate renal blood
flow, glomerular filtration rate, and tubular reabsorp-
tion of sodium and water, as well as release of renin
and prostaglandins and neural control of renal function
[13,19]. Our recent in vivo findings have shown that renal
denervation in mouse kidneys prevents tubulointerstitial
fibrogenesis after unilateral ureteral obstruction (UUO)
and kidney ischemia/reperfusion injury (IRI) [27,28]. In-
terestingly, local infusion of NE into denervated kidneys
increases transforming growth factor-p1 (TGF-B1) sig-
naling, interstitial expression of o.-smooth muscle actin
(a-SMA), and excessive deposition of extracellular col-
lagen matrix, mimicking the fibrotic response observed
in the innervated kidneys [27,28]. As elevated plasma NE
is observed in patients with CKD and ESRD [14,16], our
study demonstrates that the IRI-induced increases in the
level of NE may be a significant contributing factor to the
development of IRI long-term sequelae in mice.

Norepinephrine is an inflammatory factor

The importance of inflammation in the development
and progression of kidney fibrosis is well known. When
kidney tissue is injured, inflammatory cells including
lymphocytes, monocytes/macrophages, and dendritic
cells infiltrate the site of injury and subsequently precede
the process of kidney fibrosis through the release of fibro-
genic cytokines and several growth factors [34]. The cyto-
kines and growth factors activate fibroblasts and kidney
tubular cells, which produce excessive extracellular ma-
trix components at the injured site [34]. Monocytes/mac-
rophages express most adrenoreceptor (AR) subtypes.
Activation of o,-AR is responsible for upregulation of
inflammatory cytokines such as tumor necrosis factor-a,
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(TNF-a) and interleukin-6 (IL-6), while that of B,-AR
confers an anti-inflammatory response [35]. NE regulates
the production and secretion of TNF-¢ in macrophages
[36-39]. NE affects myeloid cell recruitment into injured
sites in sepsis models. Recent in vitro data show that
NE regulates the cell fate and function of macrophages
depending on the concentration of either endogenous
NE or an AR agonist administered exogenously; a higher
concentration of NE suppresses major histocompatabil-
ity (MHC) class II and C-C chemokine receptor-2 (CCR2)
expression and migration toward monocyte chemoat-
tractant protein-1 (MCP-1), while a lower concentration
enhances TNF-q expression and phagocytosis [35,40]. NE
also promotes IL-12-mediated differentiation of CD4" T
cells into Th1 effector cells and subsequently increases
the production of interferon-y (IFN-y) in the Th1 cells [41].
Conversely, NE reduces the production of Th1 cytokines,
including IFN-y and TNF-q, in hepatic T cells [42]. A re-
cent report described the effect of NE on CD8+ T cell ac-
tivity and differentiation via a -AR-induced mechanism,
and suggested that the time exposed to NE may influence
the effect [35].

In contrast, studies on the effect of NE-AR on Treg and
Th17 cells are very limited. A ,-AR agonist enhances the
suppressive activity of Treg cells, leading to an increase
in the anti-inflammatory response [43,44]. Furthermore,
exposure of B cells to NE increases intracellular levels of
IgG and IgE [45]. Studies investigating the effects of NE
and B,-AR stimulation on B cell activity and T cell-depen-
dent antibody response are reviewed elsewhere [46,47].
These studies indicate that, while the immune system is
not absolutely dependent on the nerve system, NE can
alter immune cell function resulting in either progression
or protection against inflammatory diseases. Our recent
studies using in vivo models of kidney interstitial fibrosis
have shown that NE functions as a proinflammatory fac-
tor [27,28]. During kidney interstitial fibrogenesis after
UUO and IR, renal denervation suppresses the infiltra-
tion of polymorphonuclear (PMN)-positive neutrophils
and F4/80-positive macrophages. Local infusion of NE
into the denervated kidneys leads to the infiltration of
neutrophils and macrophages, similar to the inflamma-
tory response observed in the innervated kidneys [27,28],
suggesting that NE is a key factor that induces inflamma-
tion after kidney injury.
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Norepinephrine as a cell death inducer in injured
kidneys

Tubular cell injury and death result in apoptotic bod-
ies and other cellular debris, which are phagocytized
by infiltrated macrophages, resulting in TGF-p1 release
and extracellular matrix deposition [48]. The injured and
disrupted kidney tubular cells also secrete proinflamma-
tory cytokines such as IL-1, which upregulate adhesion
molecules, including vascular cell adhesion molecule
(VCAM) and intercellular adhesion molecule-1 (ICAM-
1), to facilitate the infiltration of inflammatory cells to
the site of cell injury and death [49,50]. These reports
suggest that kidney tubular cell injury and death pro-
mote interstitial fibrosis and inflammation. Since kidney
tubular cell death is an early event that occurs before the
onset of interstitial fibrosis and inflammation, it has been
demonstrated that direct inhibition of caspase activation
in a rat IRI model decreases tubular apoptotic cell death
and prevents subsequent inflammation and fibrosis [51].
While NE prevents neuronal cell death from microglial
inflammation and neurotoxicity [52,53], it induces cas-
pase-3-dependent apoptosis in kidney tubule epithelial
cells [27,28]. Our laboratory has reported that terminal
deoxynucleotidyl transferase-mediated dUTP nick-end
labeling (TUNEL)-positive kidney tubular apoptosis is
diminished by renal denervation in mouse kidneys un-
dergoing either UUO or IRI, whereas local infusion of NE
into the denervated kidneys induces tubular apoptosis
as a sequelae of kidney injury [27,28]. Cleaved forms of
poly (ADP-ribose) polymerase 1 (PARP1) and caspase-3
are also increased by NE administration in cultured
kidney proximal tubule epithelial cells (PTC), but co-
treatment with a caspase-3 inhibitor significantly attenu-
ates TUNEL-positive apoptosis induced by NE [27]. Our
data are consistent with previous reports that NE induces
apoptosis in neonatal cardiomyocytes and endothelial
cells through caspase activation [54,55]. On the other
hand, exogenous NE induces necrotic cell death in kid-
ney proximal tubules in dogs [56,57]. Our recent in-vivo
studies also supported a possible role for NE-induced
necrotic cell death in mouse kidneys, characterized by
increased PARP1 expression and tubular injury score
in the denervated kidney undergoing either UUO or IRI
[27,28]. However, the NE signaling pathway that induces
apoptosis and necrosis in kidney tubular cells has not
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been delineated and requires further investigation.

Norepinephrine as a cell cycle arrester in fibrotic
kidneys

Kidney tubular cell cycle arrest induced by severe AKI
plays an important role in the development of fibrosis
[58,59]. While cell cycle arrest is normally used as a pro-
tective mechanism to avoid cell division during stress
and injury, sustained cell cycle arrest at the G2/M phase
results in a senescence-associated secretory phenotype
and leads to secretion of pro-proliferative and profibrotic
factors such as connective tissue growth factor (CTGF)
and TGF-$1, which can induce fibroblast proliferation
and collagen deposition [60]. Our laboratory has reported
that the tubular cell cycle arrest in the G2/M phase ob-
served during interstitial fibrosis after IRI is prevented by
renal denervation, as indicated by a decreased number of
tubular cells positive for phosphorylated histone H3, and
decreased ratio of cyclin B1 to cyclin D1, markers of the
G2/M phase in the cell cycle [28]. However, NE infusion
induces cell cycle arrest in the denervated kidney under-
going IRI [28]. Excluding the finding that G2/M-arrested
kidney tubular cells activate the c-jun N-terminal kinase
(JNK) signaling cascade that acts to upregulate profi-
brotic cytokine production [58], there is little information
available about how cell cycle arrest links AKI to CKD.
Despite no direct evidence showing that renal tubular
cell cycle arrest mediates the AKI to CKD transition, pro-
fibrotic factors such as TGF-$1 derived from cell cycle
arrested tubular cells may be indirectly involved in CKD
progression, including fibrosis progression.

Norepinephrine can induce a profibrotic response
in isolated renal proximal tubular cells

Our studies in cultured kidney PTC indicate that ex-
posure to NE induces the production and secretion of
TGF-B1 and CTGF [27]. TGF-B1, as a central mediator of
fibrogenesis, induces CTGF upregulation through the
binding of Smad3 to the CTGF promotor [61]. On the
other hand, CTGF binds directly to TGF-$1, resulting
in its increased activity through binding to two distinct
TGF-B type I and II receptors [62]. Upon stimulation of
TGF-B1 and/or CTGF alone, fibroblasts are activated and
undergo a phenotypic transition into myofibroblasts [62].

We previously showed that culture medium from NE-
exposed tubular cells, which contains released TGF-1
and CTGE triggers differentiation of kidney interstitial
fibroblasts into o.-SMA-positive myofibroblasts [27]. The
myofibroblast is an activated form of fibroblast that is
widely recognized as a major type of extracellular ma-
trix-producing cell, and originates from bone marrow-
derived cells or resident fibroblasts in fibrotic kidneys
[63—65]. Although under debate, it is thought that kidney
tubular cells also produce extracellular matrix, including
fibronectin and collagen, and further undergo a phe-
notypic conversion into extracellular matrix-producing
fibroblasts and myofibroblasts, the so-called epithelial-
mesenchymal transition (EMT), during interstitial fibro-
genesis after kidney injury [64,66,67]. Our laboratory has
also shown that kidney proximal tubular cells exposed
to NE can release fibronectin to the culture media inde-
pendent of the TGF-p1 signaling pathway, but not EMT,
as a-SMA expression was not detected in NE-treated PTC
cells [27]. Therefore, NE-exposed kidney tubular cells
contribute to interstitial fibrosis not only by stimulating
extracellular matrix deposition derived from adjacent
fibroblasts but also from themselves, suggesting that NE
functions as a profibrotic inducer in kidney tubular cells.

Targeting the a,-adrenergic receptor in chronic
kidney diseases

We previously demonstrated that inhibition of a,-ARs
prevents interstitial fibrogenesis after IRI, as indicated
by reduced TGF-f1 production, Smad3 phosphorylation,
downregulation of a.-SMA, and collagen deposition [28].
Other reports have indicated that inhibition of either o-
AR or B-AR protects kidneys against 5/6 nephrectomy-
induced injury, and a combinational inhibition of «,-AR
and B-AR is more effective in preventing glomerular, in-
terstitial, and vascular injury than the inhibition of a,-AR
or B-AR alone [68,69]. Our data implicating NE signaling
through o,-AR in induction of fibrogenesis in IRI kidneys
are intriguing, as presynaptic o,,-AR and o,c-AR subtypes
in the vas deferens, isolated brain, and atrial tissue [70,71]
and the a,,-AR subtype in the kidney play a predominant
role in regulating synaptic NE release [72]. Loss of a,,-AR
and o,c-AR subtypes increases susceptibility to develop-
ment of heart failure after chronic pressure overload in
mice [73,74].
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Intriguingly, other investigators have reported that
either activation of a,-AR using clonidine [75] and mox-
onidine [76] or inhibition of B-AR using propranolol
[77] is protective against IRI. However, we found that
the activation of a,-AR is detrimental and promotes the
development and progression of fibrosis, inflammation,
cell death, and cell cycle arrest after IRI [28]. Thus, the
a,-AR activation in IRI-induced fibrotic kidneys may trig-
ger alternate signaling events to sympathetic inhibition,
such as activation of signaling pathways implicated in
inflammation, cell death, and cell cycle arrest to insti-
gate kidney fibrogenesis. This notion is supported by our
finding that NE infusion in denervated kidneys enhances
PMN-positive neutrophil and F4/80-positive macrophage
infiltration, increases TUNEL-positive tubular apoptotic
cell death, and induces cell cycle arrest in G2/M positive
for phosphorylated histone H3 [28]. In UUO-subjected
kidneys, inhibition of a,-AR using corresponding an-
tagonists has no effect on NE level, but reduces cytokine/
chemokine expression [27], suggesting a possible mecha-
nism by which NE may promote leukocyte recruitment
and inflammation. This premise is supported by other
reports demonstrating that o,-AR signaling activation
using NE and UK-14304, an o,-AR agonist, augments the
production of inflammatory cytokines (including TNF-q,
in macrophages) [78], accelerates TUNEL-positive apop-
tosis in mesenchymal cells [79], and triggers cell cycle ar-
rest in oligodendrocyte progenitors [80].

Interaction between renal sympathetic nerves and RAS
is highly associated with BP regulation and CKD progres-
sion [81]. Renal sympathetic nerve activation triggers
renin release from the juxtaglomerular apparatus, which
in turn results in an increase of angiotensin II (Ang II),
the main effector of RAS and determinant of renal dam-
age [81,82]. Conversely, Ang II can enhance NE level by
acting on sympathetic nerve terminals, resulting in sym-
pathoexcitation [19,83,84]. Hoch et al [85] showed that
genetic inhibition of a,,-AR or pharmacological inhibi-
tion of a,-AR diminishes Ang II-mediated NE release in
kidneys with 5/6 nephrectomy. In a recent report, Erigu-
chi et al [86] demonstrated that renal denervation halts
CKD progression independent of BP in a rat model of N“-
nitro-L-arginine methyl ester (L-NAME; a nitric oxide
synthase inhibitor), in which a hydralazine-mediated
BP lowering effect had only a minor effect on preventing
CKD progression, including kidney fibrosis, compared
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to renal denervation. The effect of renal denervation is
associated with suppressed expression of intrarenal RAS
components, indicating sympathetic regulation of in-
trarenal RAS. However, it remains to be defined whether
renal sympathetic nerves or related signaling control in-
trarenal RAS in CKD progression through o,-AR.

In summary, intrarenal change following renal injury
signals the central nervous system through renal affer-
ents, and then the signal from the central nervous system
contributes to sympathetic nerve activation and increas-
es in renal NE level (Fig. 1). The renal sympathetic nerve-
derived factor NE mediates the fibrogenic response, and
o,-AR inhibition can prevent UUO- and IRI-induced
renal interstitial fibrogenesis. These data are significant
in that they suggest a,-AR as a primary signaling compo-
nent that in turn regulates several of the key pathogenic
molecules and processes implicated in renal inflamma-
tion, interstitial fibrogenesis and CKD (Fig. 1). Further,
these findings are expected to have clinical translational
potential, given that o,-AR inhibitors are already in clini-
cal use for some diseases and in trials for other diseases,
making them adaptable to prevent fibroproliferative dis-
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Figure 1. Renal sympathetic nerve-derived norepinephrine
(NE) and alpha 2 adrenergic receptor («,-AR) in chronic kidney
disease development and progression. Intrarenal changes fol-
lowing renal injury, ischemia/reperfusion injury or unilateral ureteral
obstruction are sensed by renal afferents, and integration of these
signals in the brain contributes to sympathoexcitation and augments
the sympathetic outflow and increase of renal norepinephrine level.
The increased norepinephrine may trigger tubular cell death and cell
cycle arrest, renal inflammation, and fibrosis progression through
Ooa- OF 0lc-AR, leading to chronic kidney disease.
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eases in the kidney and plausibly in other organs such as
the liver, lung and heart.

Conflicts of interest

All authors have no conflicts of interest to declare.

Acknowledgments

This study was supported by NIH grants DK-083291 and
DK-090332, American Heart Association (AHA) Grant in
Aid 15GRNT25080031 (BJP) and AHA postdoctoral fel-
lowship Grant 15P0OST25130003 (HSJ). J. Kim was sup-
ported by the National Research Foundation of Korea
(NRF) funded by the Ministry of Science and ICT (NRF-
2016R1C1B2012080).

References

[1] Grams ME, Sang Y, Ballew SH, et al. Predicting timing of
clinical outcomes in patients with chronic kidney disease
and severely decreased glomerular filtration rate. Kidney
Int 2018;93:1442-1451.

[2] Go AS, Chertow GM, Fan D, McCulloch CE, Hsu CY. Chron-
ic kidney disease and the risks of death, cardiovascular
events, and hospitalization. N Engl ] Med 2004;351:1296-
1305.

[3] Coca SG, Singanamala S, Parikh CR. Chronic kidney disease
after acute kidney injury: a systematic review and meta-
analysis. Kidney Int 2012;81:442-448.

[4] Hsu RK, Hsu CY. The role of acute kidney injury in chronic
kidney disease. Semin Nephrol 2016;36:283-292.

[5] Okusa MD, Rosin DL, Tracey KJ. Targeting neural reflex cir-
cuits in immunity to treat kidney disease. Nat Rev Nephrol
2017;13:669-680.

[6] Kanagy NL. Alpha(2)-adrenergic receptor signalling in hy-
pertension. Clin Sci (Lond) 2005;109:431-437.

[7] Small KM, Mialet-Perez J, Seman CA, Theiss CT, Brown KM,
Liggett SB. Polymorphisms of cardiac presynaptic alpha2C
adrenergic receptors: diverse intragenic variability with
haplotype-specific functional effects. Proc Natl Acad Sci
U S A 2004;101:13020-13025.

[8] MacDonald E, Kobilka BK, Scheinin M. Gene targeting--hom-
ing in on alpha 2-adrenoceptor-subtype function. Trends
Pharmacol Sci 1997;18:211-219.

[9] Kable JW, Murrin LC, Bylund DB. In vivo gene modification

elucidates subtype-specific functions of alpha(2)-adrener-
gic receptors. ] Pharmacol Exp Ther 2000;293:1-7.

[10] Hein L. Transgenic models of alpha 2-adrenergic receptor
subtype function. Rev Physiol Biochem Pharmacol 2001;
142:161-185.

[11] Philipp M, Hein L. Adrenergic receptor knockout mice:
distinct functions of 9 receptor subtypes. Pharmacol Ther
2004;101:65-74.

[12] Ferguson M, Ryan GB, Bell C. Localization of sympathetic
and sensory neurons innervating the rat kidney. J Auton
Nerv Syst 1986;16:279-288.

[13] DiBona GF. Physiology in perspective: The Wisdom of the
Body. Neural control of the kidney. Am J Physiol Regul In-
tegr Comp Physiol 2005;289:R633-R641.

[14] Converse RL Jr, Jacobsen TN, Toto RD, et al. Sympathetic
overactivity in patients with chronic renal failure. N Engl J
Med 1992;327:1912-1918.

[15] Veelken R, Vogel EM, Hilgers K, et al. Autonomic renal de-
nervation ameliorates experimental glomerulonephritis. |
Am Soc Nephrol 2008;19:1371-1378.

[16] Veelken R, Schmieder RE. Renal denervation--implications
for chronic kidney disease. Nat Rev Nephrol 2014;10:305-
313.

[17] Ma MC, Huang HS, Chen CF. Impaired renal sensory re-
sponses after unilateral ureteral obstruction in the rat. J
Am Soc Nephrol 2002;13:1008-1016.

[18] Ma MC, Huang HS, Wu MS, Chien CT, Chen CF. Impaired
renal sensory responses after renal ischemia in the rat. J
Am Soc Nephrol 2002;13:1872-1883.

[19] Johns EJ, Kopp UC, DiBona GF. Neural control of renal
function. Compr Physiol 2011;1:731-767.

[20] Mulder J, Hokfelt T, Knuepfer MM, Kopp UC. Renal sensory
and sympathetic nerves reinnervate the kidney in a similar
time-dependent fashion after renal denervation in rats. Am
J Physiol Regul Integr Comp Physiol 2013;304:R675-R682.

[21] Clayton SC, Haack KK, Zucker IH. Renal denervation mod-
ulates angiotensin receptor expression in the renal cortex
of rabbits with chronic heart failure. Am J Physiol Renal
Physiol 2011;300:F31-F39.

[22] Wyatt CM, Textor SC. Emerging evidence on renal denerva-
tion for the treatment of hypertension. Kidney Int 2018;94:
644-646.

[23] Mahfoud F, Schlaich M, B6hm M, Esler M, Liischer TF.
Catheter-based renal denervation: the next chapter begins.
Eur Heart ] 2018;39:4144-4149.

[24] Bhatt DL, Bakris GL. Renal denervation for resistant hyper-

www.krcp-ksn.org 1



Kidney Res Clin Pract Vol. 38, No. 1, March 2019

tension. N Engl ] Med 2014;371:184.

[25] Azizi M, Schmieder RE, Mahfoud F, et al.; RADIANCE-HTN
Investigators. Endovascular ultrasound renal denervation
to treat hypertension (RADIANCE-HTN SOLO): a multi-
centre, international, single-blind, randomised, sham-
controlled trial. Lancet 2018;391:2335-2345.

[26] Umemura S, Marver D, Smyth DD, Pettinger WA. Alpha2-
adrenoceptors and cellular cAMP levels in single nephron
segments from the rat. Am J Physiol 1985;249:F28-F33.

[27] Kim ], Padanilam BJ. Renal nerves drive interstitial fibro-
genesis in obstructive nephropathy. ] Am Soc Nephrol
2013;24:229-242.

[28] Kim ], Padanilam BJ. Renal denervation prevents long-term
sequelae of ischemic renal injury. Kidney Int 2015;87:350-
358.

[29] Kneer NM, Wagner M]J, Lardy HA. Regulation by calcium
of hormonal effects on gluconeogenesis. J Biol Chem 1979;
254:12160-12168.

[30] Dartt DA. Physiology of tear production. In: Lemp MA,
Marquardt R, eds. The dry eye: a comprehensive guide.
Berlin: Springer-Verlag Berlin Heidelberg GmBH, 1992. p.
65-99.

[31] Masuo K, Kawaguchi H, Mikami H, Ogihara T, Tuck ML. Se-
rum uric acid and plasma norepinephrine concentrations
predict subsequent weight gain and blood pressure eleva-
tion. Hypertension 2003;42:474-480.

[32] Shaffer F, McCraty R, Zerr CL. A healthy heart is not a met-
ronome: an integrative review of the heart’s anatomy and
heart rate variability. Front Psychol 2014;5:1040.

[33] Glowinski J, Baldessarini R]. Metabolism of norepinephrine
in the central nervous system. Pharmacol Rev 1966;18:
1201-1238.

[34] Liu Y. Cellular and molecular mechanisms of renal fibrosis.
Nat Rev Nephrol 2011;7:684-696.

[35] Padro CJ, Sanders VM. Neuroendocrine regulation of in-
flammation. Semin Immunol 2014;26:357-368.

[36] Spengler RN, Chensue SW, Giacherio DA, Blenk N, Kunkel
SL. Endogenous norepinephrine regulates tumor necrosis
factor-alpha production from macrophages in vitro. J Im-
munol 1994;152:3024-3031.

[37] Flierl MA, Rittirsch D, Nadeau BA, et al. Phagocyte-derived
catecholamines enhance acute inflammatory injury. Na-
ture 2007;449:721-725.

[38] Flierl MA, Rittirsch D, Nadeau BA, et al. Upregulation of
phagocyte-derived catecholamines augments the acute in-

flammatory response. PLoS One 2009;4:e4414.

12 www.krcp-ksn.org

[39] Szelényi J, Kiss JP, Vizi ES. Differential involvement of
sympathetic nervous system and immune system in the
modulation of TNF-alpha production by alpha2- and beta-
adrenoceptors in mice. ] Neuroimmunol 2000;103:34-40.

[40] Xiu F, Stanojcic M, Jeschke MG. Norepinephrine inhibits
macrophage migration by decreasing CCR2 expression.
PLoS One 2013;8:€69167.

[41] Swanson MA, Lee WT, Sanders VM. IFN-gamma produc-
tion by Thl cells generated from naive CD4+ T cells ex-
posed to norepinephrine. ] Immunol 2001;166:232-240.

[42] Li Z, Oben JA, Yang S, et al. Norepinephrine regulates he-
patic innate immune system in leptin-deficient mice with
nonalcoholic steatohepatitis. Hepatology 2004;40:434-441.

[43] Vida G, Pefa G, Kanashiro A, et al. 2-Adrenoreceptors of
regulatory lymphocytes are essential for vagal neuromodu-
lation of the innate immune system. FASEB ] 2011;25:4476-
4485.

[44] Guereschi MG, Araujo LP, Maricato JT, et al. Beta2-adren-
ergic receptor signaling in CD4+ Foxp3+ regulatory T cells
enhances their suppressive function in a PKA-dependent
manner. Eur ] Immunol 2013;43:1001-1012.

[45] Kasprowicz DJ, Kohm AP, Berton MT, Chruscinski AJ,
Sharpe A, Sanders VM. Stimulation of the B cell receptor,
CD86 (B7-2), and the beta 2-adrenergic receptor intrinsi-
cally modulates the level of IgG1 and IgE produced per B
cell. J Immunol 2000;165:680-690.

[46] Kohm AP, Sanders VM. Norepinephrine and beta 2-adren-
ergic receptor stimulation regulate CD4+ T and B lympho-
cyte function in vitro and in vivo. Pharmacol Rev 2001;53:
487-525.

[47] Sanders VM. The beta2-adrenergic receptor on T and B
lymphocytes: do we understand it yet? Brain Behav Immun
2012;26:195-200.

[48] Vannella KM, Wynn TA. Mechanisms of organ injury and
repair by macrophages. Ann Rev Physiol 2017;79:593-617.

[49] Burne M]J, Elghandour A, Haq M, et al. IL-1 and TNF inde-
pendent pathways mediate ICAM-1/VCAM-1 up-regulation
in ischemia reperfusion injury. J Leukoc Biol 2001;70:192-
198.

[50] Docherty NG, O’Sullivan OE, Healy DA, Fitzpatrick JM,
Watson RW. Evidence that inhibition of tubular cell apop-
tosis protects against renal damage and development of
fibrosis following ureteric obstruction. Am J Physiol Renal
Physiol 2006;290:F4-F13.

[51] Daemen MA, van’t Veer C, Denecker G, et al. Inhibition of

apoptosis induced by ischemia-reperfusion prevents in-



Jang, et al. Renal nerves drive CKD progression

flammation. J Clin Invest 1999;104:541-549.

[52] Madrigal JL, Feinstein DL, Dello Russo C. Norepinephrine
protects cortical neurons against microglial-induced cell
death. J Neurosci Res 2005;81:390-396.

[53] Schlachetzki JC, Fiebich BL, Haake E, et al. Norepinephrine
enhances the LPS-induced expression of COX-2 and secre-
tion of PGE2 in primary rat microglia. ] Neuroinflammation
2010;7:2.

[54] Fu YC, Chi CS, Yin SC, Hwang B, Chiu YT, Hsu SL. Norepi-
nephrine induces apoptosis in neonatal rat cardiomyocytes
through a reactive oxygen species-TNF alpha-caspase sig-
naling pathway. Cardiovasc Res 2004;62:558-567.

[55] Fu YC, Chi CS, Yin SC, Hwang B, Chiu YT, Hsu SL. Norepi-
nephrine induces apoptosis in neonatal rat endothelial
cells via down-regulation of Bcl-2 and activation of beta-
adrenergic and caspase-2 pathways. Cardiovasc Res 2004;
61:143-151.

[56] Cronin RE, Erickson AM, de Torrente A, McDonald KM,
Schrier RW. Norepinephrine-induced acute renal failure: a
reversible ischemic model of acute renal failure. Kidney Int
1978;14:187-190.

[57] Bulger RE, Burke TJ, Cronin RE, Schrier RW, Dobyan DC.
Morphology of norepinephrine-induced acute renal failure
in the dog. Anat Rec 1986;214:341-347.

[58] Yang L, Besschetnova TY, Brooks CR, Shah JV, Bonventre JV.
Epithelial cell cycle arrest in G2/M mediates kidney fibrosis
after injury. Nat Med 2010;16:535-543.

[59] Lovisa S, LeBleu VS, Tampe B, et al. Epithelial-to-mesen-
chymal transition induces cell cycle arrest and parenchy-
mal damage in renal fibrosis. Nat Med 2015;21:998-1009.

[60] Canaud G, Bonventre JV. Cell cycle arrest and the evolu-
tion of chronic kidney disease from acute kidney injury.
Nephrol Dial Transplant 2015;30:575-583.

[61] Grotendorst GR. Connective tissue growth factor: a media-
tor of TGF-beta action on fibroblasts. Cytokine Growth Fac-
tor Rev 1997;8:171-179.

[62] Biernacka A, Dobaczewski M, Frangogiannis NG. TGF-8
signaling in fibrosis. Growth Factors 2011;29:196-202.

[63] Liu Y. Renal fibrosis: new insights into the pathogenesis
and therapeutics. Kidney Int 2006;69:213-217.

[64] LeBleu VS, Taduri G, O’Connell J, et al. Origin and function
of myofibroblasts in kidney fibrosis. Nat Med 2013;19:1047-
1053.

[65] Buchtler S, Grill A, Hofmarksrichter S, et al. Cellular origin
and functional relevance of collagen I production in the
kidney. J Am Soc Nephrol 2018;29:1859-1873.

[66] Liu Y. Epithelial to mesenchymal transition in renal fibro-
genesis: pathologic significance, molecular mechanism,
and therapeutic intervention. J Am Soc Nephrol 2004;15:1-
12.

[67] Kriz W, Kaissling B, Le Hir M. Epithelial-mesenchymal
transition (EMT) in kidney fibrosis: fact or fantasy? J Clin
Invest 2011;121:468-474.

[68] Amann K, Koch A, Hofstetter J, et al. Glomerulosclerosis
and progression: effect of subantihypertensive doses of al-
pha and beta blockers. Kidney Int2001;60:1309-1323.

[69] Amann K, Rump LC, Simonaviciene A, et al. Effects of low
dose sympathetic inhibition on glomerulosclerosis and
albuminuria in subtotally nephrectomized rats. ] Am Soc
Nephrol 2000;11:1469-1478.

[70] Trendelenburg AU, Klebroff W, Hein L, Starke K. A study
of presynaptic alpha2-autoreceptors in alpha2A/D-, al-
pha2B- and alpha2C-adrenoceptor-deficient mice. Naunyn
Schmiedebergs Arch Pharmacol 2001;364:117-130.

[71] Trendelenburg AU, Philipp M, Meyer A, Klebroff W, Hein L,
Starke K. All three alpha2-adrenoceptor types serve as au-
toreceptors in postganglionic sympathetic neurons. Nau-
nyn Schmiedebergs Arch Pharmacol 2003;368:504-512.

[72] Vonend O, Habbel S, Stegbauer J, Roth J, Hein L, Rump LC.
o2A-Adrenoceptors regulate sympathetic transmitter re-
lease in mice kidneys. Br ] Pharmacol 2007;150:121-127.

[73] Brede M, Philipp M, Knaus A, Muthig V, Hein L. Alpha2-
adrenergic receptor subtypes - novel functions uncovered
in gene-targeted mouse models. Biol Cell 2004;96:343-348.

[74] Brede M, Wiesmann F, Jahns R, Hadamek K, Arnolt C, Neu-
bauer S, et al. Feedback inhibition of catecholamine release
by two different alpha2-adrenoceptor subtypes prevents
progression of heart failure. Circulation 2002;106:2491-
2496.

[75] Solez K, Ideura T, Silvia CB, Hamilton B, Saito H. Clonidine
after renal ischemia to lessen acute renal failure and micro-
vascular damage. Kidney Int 1980;18:309-322.

[76] Tsutsui H, Sugiura T, Hayashi K, et al. Moxonidine prevents
ischemia/reperfusion-induced renal injury in rats. Eur J
Pharmacol 2009;603:73-78.

[77] Solez K, D’Agostini R], Stawowy L, et al. Beneficial effect of
propranolol in a histologically appropriate model of post-
ischemic acute renal failure. Am J Pathol 1977;88:163-192.

[78] Spengler RN, Allen RM, Remick DG, Strieter RM, Kunkel
SL. Stimulation of alpha-adrenergic receptor augments the
production of macrophage-derived tumor necrosis factor. J
Immunol 1990;145:1430-1434.

www.krcp-ksn.org 13



Kidney Res Clin Pract Vol. 38, No. 1, March 2019

[79] Wang RX, Limbird LE. Distribution of mRNA encoding
three o.2-adrenergic receptor subtypes in the develop-
ing mouse embryo suggests a Role for the a2A subtype in
apoptosis. Mol Pharmacol 1997;52:1071-1080.

[80] Ghiani CA, Eisen AM, Yuan X, DePinho RA, McBain C]J,
Gallo V. Neurotransmitter receptor activation triggers
p27(Kip1 )and p21(CIP1) accumulation and G1 cell cycle
arrest in oligodendrocyte progenitors. Development 1999;
126:1077-1090.

[81] DiBona GF. Nervous kidney. Interaction between renal
sympathetic nerves and the renin-angiotensin system in
the control of renal function. Hypertension 2000;36:1083-
1088.

[82] Larsen R, Thorp A, Schlaich M. Regulation of the sympa-
thetic nervous system by the kidney. Curr Opin Nephrol
Hypertens 2014;23:61-68.

14  www.krcp-ksn.org

[83] Schlaich MP, Socratous F, Hennebry S, et al. Sympathetic
activation in chronic renal failure. ] Am Soc Nephrol 2009;
20:933-939.

[84] Stegbauer J, Vonend O, Habbel S, et al. Angiotensin Il mod-
ulates renal sympathetic neurotransmission through nitric
oxide in AT2 receptor knockout mice. J Hypertens 2005;23:
1691-1698.

[85] Hoch H, Stegbauer J, Potthoff SA, et al. Regulation of
renal sympathetic neurotransmission by renal o(2A)-
adrenoceptors is impaired in chronic renal failure. Br J
Pharmacol 2011;163:438-446.

[86] Eriguchi M, Tsuruya K, Haruyama N, et al. Renal denerva-
tion has blood pressure-independent protective effects on
kidney and heart in a rat model of chronic kidney disease.
Kidney Int 2015;87:116-127.



