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REVIEW

The role of the renin-angiotensin system in pediatric kidney
diseases and neonatal development

Maki Urushihara
Department of Pediatrics, Institute of Biomedical Sciences, The Tokushima University Graduate School, Tokushima, Japan

Abstract : The local renal renin-angiotensin system (RAS) is regulated independently of the systemic RAS. The
renal RAS not only regulates blood pressure and hemodynamics but also plays an important role in the kidney
disease development. Many studies have shown that the of angiotensinogen urinary excretion rate is a specific
index of the intrarenal RAS activation. Moreover, urinary angiotensinogen (AGT) levels reflect the intrarenal
RAS status associated with hypertension, chronic kidney disease, and diabetic nephropathy. In addition, uri-
nary AGT is a novel biomarker of intrarenal RAS activation during neonatal kidney development. Furthermore,
angiotensin-converting enzyme 2 and the (pro)renin receptor have recently been identified as new components
of the RAS that have novel functions in kidney diseases and development. This review summarizes the current
knowledge on intrarenal RAS activation in the context of pathological and physiological processes in children.
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INTRODUCTION

The renin-angiotensin system (RAS) is pivotal in regulating
blood pressure and fluid/electrolyte balance (1). The systemic
RAS is primarily controlled via renin production by juxtaglomer-
ular cells in the kidney, which acts on angiotensinogen (AGT) pro-
duced by the liver to initiate a tightly regulated enzymatic cascade
that regulates the production of angiotensin II (Ang II) (2). Local
activation of intrarenal RAS is involved in the pathogenesis of
hypertension and kidney injury, as well as in kidney development
(3). Recent studies have reported that the progression of protein-
uria and kidney tissue damage are associated with intrarenal
RAS activation (1, 4, 5). Furthermore, angiotensin-converting
enzyme 2 (ACE2) and (pro)renin receptor (P)RR) contribute to
kidney diseases development (Figure 1) (6, 7). In this review, we
explored recent findings pertaining to the involvement of the
intrarenal RAS in the progression of renal diseases.

INTRARENAL RAS ACTIVATION

The renal RAS is unique in that all necessary components to
generate intrarenal Ang II are present along the nephrons in
both the interstitial and intratubular components (8). There is
substantial evidence that the major fraction of Ang II present
in renal tissues is generated from AGT and subsequently deliv-
ered to the kidney, as well as from AGT produced by proximal
tubule cells (8). Furthermore, Ang I delivered to the kidneys
can be converted to Ang II (8). Renin has also been detected
in cultured proximal tubular cells (9). Additionally, the brush
border membrane of proximal human kidney tubules express-
es abundant levels of ACE mRNA and protein (8). ACE has
been detected in both proximal and distal tubular fluids, with
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higher concentrations observed in the proximal tubular fluid (8).
Therefore, all major components required to generate Ang I are
expressed in kidneys (4). It is difficult to clearly distinguish the
influences of intrarenal RAS from that of circulating Ang II (5).
Nevertheless, there are circumstances in which the intrarenal
and circulating RAS achieve concordance, such as variations
in salt intake (5). In other situations, alterations in intrarenal
RAS are not mirrored by changes in systemic renin and Ang I1
levels, as observed in certain types of hypertension and diabetes
mellitus (5). Although every organ system in the body contains
elements of RAS, the kidney contains every component of RAS,
with compartmentalization in the nephron and intestinal net-
works ; additionally, intracellular accumulation of Ang II has
been observed in the kidney (8). Thus, the kidneys are unique
regarding the tissue concentrations of Ang II, which are much
higher than the concentrations delivered to this organ by arte-
rial blood flow (1).
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Figure 1. The renin-angiotensin system cascade.

Ang, angiotensin ; ACE, angiotensin converting enzyme ; (P)RR, (pro)
renin receptor ; AT1R, angiotensin type 1 receptor ; AT2R, angiotensin
type 2 receptor ; MasR, Mas receptor.
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ACE2 IN PEDIATRIC KIDNEY DISEASES

ACE2 is an ACE homolog that regulates ACE activity (10).
ACE2 cleaves Ang I into Ang-(1-9) and Ang II into the vaso-
dilator peptide Ang-(1-7) (10). Ang-(1-7) is a biologically active
peptide that binds to the Mas receptor to expert opposing effects
on Ang II (11). Although many studies have reported the protec-
tive role of Ang-(1-7) in the prevention of Ang II activity, it has
been shown that Ang-(1-7) stimulates growth factor expression
and cell proliferation (12). Furthermore, coronavirus disease
2019 (COVID-19) interfaces with the RAS through ACE2, which
functions as a receptor for the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) (13). The interaction between
SARS-CoV-2 and ACE2 has been suggested as a potential factor
in infectivity (13).

Recently, we demonstrated that ACE2 expression is increased
in the kidney of patients with pediatric IgA nephropathy and is
accompanied by mesangial hypercellularity (14). Furthermore,
we clarified that intrarenal RAS activation was suppressed
in pediatric patients with IgA nephropathy treated with RAS
blockade (15). In a future study, we aim to measure urinary
ACE2 levels following RAS blockade and evaluate the expression
of ACE2 in kidney tissue to test the hypothesis that ACE2 is as-
sociated with kidney damage in pediatric IgA nephropathy (16).
On the other hand, urinary and glomerular ACE2 expression
levels at the second biopsy were lower than those at the first biop-
sy in patients with pediatric IgA nephropathy (16). Furthermore,
urinary ACE2 levels were positively correlated with urinary
protein levels, mesangial hypercellularity, and ACE2 expression
levels in kidney tissue (16). These data suggest that measuring
urinary ACE2 levels may be useful for assessing glomerular
damage in pediatric patients with IgA nephropathy (16).

The loss of ACE2 functionality has been suggested to be
critical COVID-19 pathophysiology (17). Several studies have
suggested that RAS inhibitors increase ACE2 expression, rais-
ing concerns regarding their safety in patients with COVID-
19 (13). However, sufficient data from human studies are not
available ; furthermore, continuation of RAS inhibitors is rec-
ommended because its abrupt withdrawal may result in clinical
instability and adverse health outcomes in high-risk patients
(13). Our current findings suggest that ACE2 in the kidney
is crucial for glomerular damage in pediatric IgA nephropa-
thy ; however, it is difficult to determine whether ACE2 drives
the activity of IgA nephropathy.

URINARY AGT IN DEVELOPMENT AND PEDIATRIC
CHRONIC KIDNEY DISEASE

Recent studies have demonstrated the contribution of RAS to
the mammalian kidney development (18, 19). Many studies have
established the importance of an intact RAS cascade during
renal development using both pharmacological inhibition and
genetic deletions that affect various RAS components. Prenatal
insults likely result in renal injury via the disturbance of RAS
and other factors necessary for normal kidney development (19).
Our previous study demonstrated that urinary AGT levels at
birth were significantly higher in preterm neonates than in full-
term neonates, suggesting that intrarenal RAS was activated
during kidney development (20). Another study reported that
urinary AGT could be an efficient tool for screening renal dys-
function after discharge from the neonatal intensive care unit
(21). However, urinary AGT excretion and renal AGT expression
associated with the pathophysiology of kidney injury have not
been extensively studied in humans, more so in neonates. We
demonstrated that urinary AGT levels were decreased during
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the first year of life and were significantly higher in neonates
than in children (22). In addition, urinary AGT levels at birth
and 1 year later were inversely correlated with cystatin C-based
eGFR measured 1 year after birth (22). These results, in addi-
tion to those of our previous investigations, suggest that neonatal
urinary AGT is a prognostically significant biomarker of renal
dysfunction later in life.

In addition to RAS activation, the activation and infiltration
of monocytes/macrophages into kidney tissues and fibrosis are
involved in kidney injury progression (23). Recently, the degree
of macrophage infiltration into the renal region was evaluated by
measuring CD68 expression, a surface marker of macrophages,
in renal glomeruli and by measuring the urinary concentration
of monocyte chemoattractant protein-1 (MCP-1), which is a
monocyte chemoattractant (24-27). In addition, it was suggested
that RAS activation induced CD68-positive macrophages and
promoted crescent formation in a rat model of crescentic glo-
merulonephritis (28). Therefore, we examined the relationship
between RAS activation and childhood chronic glomerulone-
phritis (29). Urinary AGT levels were positively correlated with
urinary protein levels, mesangial hypercellularity, crescentic
glomeruli ratio, and expression levels of AGT and CD68 in the
glomeruli. Moreover, urinary MCP-1 levels positively correlated
with urinary protein levels, mesangial hypercellularity, crescen-
tic glomeruli ratio, and AGT and CD68 expression levels in the
glomeruli. We also demonstrated that urinary AGT and MCP-1
levels, and renal AGT and CD68 expression were decreased in
pediatric patients with chronic glomerulonephritis treated with
immunosuppressive therapy. These observations further corrob-
orate that urinary AGT can act as a novel biomarker of intrare-
nal RAS activation ; additionally. MCP-1 is a useful marker for
monitoring changes in intraglomerular macrophage infiltrate
levels associated with glomerular injury in pediatric patients
with chronic glomerulonephritis (29).

(P)RR IN GLOMERULONEPHRITIS

(P)RR was identified as a single transmembrane receptor
encoded by the ATP6AP2 gene that acts by enhancing tissue RAS
by binding to its ligands renin and/or prorenin (30, 31). This re-
ceptor plays important roles in various pathways, such as RAS,
mitogen-activated protein kinase (MAPK)/extracellular sig-
nal-regulated kinase (ERK), and Wnt/p-catenin pathways, that
are involved in a wide range of physiological and pathological
processes (32). The tissue RAS in the kidney has several patho-
physiological functions, not only in blood pressure regulation
but also in regulating renal cell growth and glomerulosclerosis,
which can lead to the development of renal fibrosis (33). Previous
studies have shown that RAS blockades has beneficial effects in
various renal diseases, which are often considerably more signif-
icant than its suppressive effects on blood pressure (5).

The development of renin inhibitors has provided an opportu-
nity to evaluate the effects of direct renin inhibition (DRI) as an-
other method of RAS blockade. Currently, aliskiren is the main
available inhibitor (34). Direct administration of aliskiren to the
kidneys using a collagen matrix was shown to mitigate anti-Thy
1.1 antibody-induced glomerulonephritis (35). In addition, the
treatment of mesangioproliferative glomerulonephritis in rats
with aliskiren reduced or prevented marked proteinuria and
albuminuria due to intrarenal RAS activation (36). Our previous
studies showed that RAS blockades have beneficial effects in
various glomerulonephritis models, which are often considerably
more significant than the suppressive effects of RAS on blood
pressure (37, 1, 33). However, our current knowledge regarding
the effects of direct renin inhibitors (DRIs) for glomerulonephritis
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and its mechanisms of action is limited. Therefore, we focused
on the potential role of (P)RR in the progression of crescentic
glomerulonephritis in rats.

Treatment with DRIs reduces glomerular crescent forma-
tion and prevents proteinuria, accompanied by suppressed
macrophage infiltration (38). In addition, (P)RR expression
in the glomeruli was markedly increased in nephritic rats,
which was suppressed by DRI treatment (38). We observed that
prorenin significantly enhanced cell proliferation and treatment
with PD98059 and (P)RR siRNA transfection abrogated this
change in cultured parietal epithelial cells (PECs) (38). Notably,
treatment of cultured PECs with prorenin induced ERK1/2
phosphorylation, which was inhibited by transfection of (P)RR
siRNA. These results suggest that ERK1/2 phosphorylation in
PECs by prorenin enhances cell proliferation via (P)RRE, which
is associated with crescent formation during glomerulonephritis
progression. DRIs did not inhibit cell proliferation or ERK1/2
phosphorylation in cultured PECs treated with prorenin, sug-
gesting that DRIs failed to block prorenin binding to (P)RR in
PECs. Furthermore, cultured mesangial cells (MCs) stimulated
with prorenin-induced MCP-1 mRNA, and (P)RR siRNA trans-
fection inhibited this augmentation (38). Additionally, Wnt4
siRNA transfection and selective B-catenin pharmacological
antagonist XAV939 treatment blocked MCP-1 expression in
cultured MCs stimulated by prorenin (38). Taken together, these
data indicate that prorenin binds (P)RR and induces MCP-1
expression via Wnt/p-catenin signal activation, leading to glo-
merular crescent formation in rats.

CONCLUSION

To understand of the role of RAS in pediatric kidney diseases
and neonatal kidney development, we must focus on intrarenal
RAS activation. Novel mechanisms regarding RAS activation
in the kidneys of pediatric patients and their role in pediatric
kidney development will further help in this endeavor. Thus,
targeted research to improve our understanding of these aspects
are required. Given our current knowledge, researchers must act
to bridge these gaps in our understanding to protect pediatric
kidney health.

CONFLICT OF INTEREST

None.

ACKNOWLEDGEMENTS

The author acknowledges the critical discussion and/or excel-
lent technical assistance from Shoji Kagami, Ryuji Nakagawa,
Shuji Kondo, Maki Shimizu, Masanori Takamatsu, Kenichi
Suga, Sato Matuura, Yukiko Kinoshita, Natsuko Kishi, Takashi
Nagai, Masashi Suzue, Miki Shono, Keisuke Fujioka, Ariunbold
Jamba, Tomoki Hattori, Yuki Sakaki, Naomi Okamoto, Chizuko
Yamamoto (Tokushima University Graduate School). These
studies were supported by grants-in-aid from the Ministry of
Education, Culture, Sports, Science, and Technology of Japan.

REFERENCES

1. Urushihara M, Kagami S : Role of the intrarenal renin-an-
giotensin system in the progression of renal disease. Pediatr
Nephrol 32 : 1471-9, 2017

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

243

Prieto MC, Gonzalez AA, Visniauskas B, Navar LG : The
evolving complexity of the collecting duct renin-angiotensin
system in hypertension. Nat Rev Nephrol 17 : 481-92, 2021
Nishiyama A, Kobori H : Independent regulation of re-
nin-angiotensin-aldosterone system in the kidney. Clin Exp
Nephrol 22 : 1231-9, 2018

Kobori H, Urushihara M : Augmented intrarenal and uri-
nary angiotensinogen in hypertension and chronic kidney
disease. Pflugers Arch 465 : 3-12, 2013

Navar LG : Intrarenal renin-angiotensin system in regula-
tion of glomerular function. Curr Opin Nephrol Hypertens
23:38-45, 2014

Nomura H, Kuruppu S, Rajapakse NW : Stimulation of An-
giotensin Converting Enzyme 2 : A Novel Treatment Strat-
egy for Diabetic Nephropathy. Front Physiol 12 : 813012,
2021

Funke-Kaiser H, Unger T : The (pro)renin receptor as a
pharmacological target in cardiorenal diseaes. Hypertens
Res 46 :2527-34, 2023

Kobori H, Nangaku M, Navar LG, Nishiyama A : The in-
trarenal renin-angiotensin system : from physiology to the
pathobiology of hypertension and kidney disease. Pharma-
col Rev 59 : 251-87, 2007

Henrich WL, McAllister EA, Eskue A, Miller T, Moe
OW : Renin regulation in cultured proximal tubular cells.
Hypertension 27 : 1337-40, 1996

Donoghue M, Hsieh F, Baronas E, Godbout K, Gosselin M,
Stagliano N, Donovan M, Woolf B, Robison K, Jeyaseelan
R, Breitbart RE, Acton S: A novel angiotensin-converting
enzyme-related carboxypeptidase (ACE2) converts angio-
tensin I to angiotensin 1-9. Circ Res 87 : E1-9, 2000
Ferrario CM. ACEZ2 : more of Ang-(1-7) or less Ang I1? Curr
Opin Nephrol Hypertens 20 : 1-6, 2011

Zimpelmann J, Burns KD : Angiotensin-(1-7) activates
growth-stimulatory pathways in human mesangial cells.
Am J Physiol Renal Physiol 296 : F337-46, 2009
Vaduganathan M, Vardeny O, Michel T, McMurray JJV,
Pfeffer MA, Solomon SD : Renin-Angiotensin-Aldosterone
System Inhibitors in Patients with Covid-19. N Engl J Med
382:1653-9, 2020

Urushihara M, Seki Y, Tayama T, Nagai T, Kinoshita
Y, Jamba A, Kondo S, Kagami S : Glomerular angioten-
sin-converting enzyme 2 in pediatric IgA nephropathy. Am
J Nephrol 38: 355-67, 2013

Urushihara M, Nagai T, Kinoshita Y, Nishiyama S, Suga K,
Ozaki N, Jamba A, Kondo S, Kobori H, Kagami S : Changes
in urinary angiotensinogen posttreatment in pediatric IgA
nephropathy patients. Pediatr Nephrol 30 : 975-82, 2015
Sakaki Y, Urushihara M, Nagai T, Fujioka K, Kondo S,
Kinoshita Y, Hattori T, Kagami S : Urinary angiotensin
converting enzyme 2 and disease activity in pediatric IgA
nephropathy. J Med Invest 68 : 292-6, 2021

South AM, Brady TM, Flynn JT : ACE2 (Angiotensin-Con-
verting Enzyme 2), COVID-19, and ACE Inhibitor and Ang
IT (Angiotensin IT) Receptor Blocker Use During the Pan-
demic : The Pediatric Perspective. Hypertension 76 : 16-22,
2020

Madsen K, Tinning AR, Marcussen N, Jensen BL : Postna-
tal development of the renal medulla ; role of the renin-an-
giotensin system. Acta Physiol (Oxf) 208 : 41-9, 2013

Baum M : Role of the kidney in the prenatal and early post-
natal programming of hypertension. Am J Physiol Renal
Physiol 298 : F235-47, 2010

Suzue M, Urushihara M, Nakagawa R, Saijo T, Kagami
S : Urinary angiotensinogen level is increased in preterm
neonates. Clin Exp Nephrol 19 : 293-7, 2015



21.

22.

23.

24.

25.

26.

217.

28.

29.

244

Nishizaki N, Hirano D, Nishizaki Y, Fujinaga S, Nagata S,
Ohtomo Y, Kaneko K, Shimizu T : Increased urinary angio-
tensinogen is an effective marker of chronic renal impair-
ment in very low birth weight children. Clin Exp Nephrol
18:642-8, 2014

Shono M, Urushihara M, Suga K, Watanabe N, Saijo T,
Nakagawa R, Kagami S: Enhanced angiotensinogen ex-
pression in neonates during kidney development. Clin Exp
Nephrol 23 : 537-43, 2019

Atkins RC, Holdsworth SR, Glasgow EF, Matthews
FE : The macrophagen in human rapidly progressive glo-
merulonephritis. Lancet 1 : 830-2, 1976

Dias CB, Malafronte P, Lee J, Resende A, Jorge L, Pinheiro
CC, Malheiros D, Woronik V : Role of renal expression of
CD68 in the long-term prognosis of proliferative lupus ne-
phritis. J Nephrol 30 : 87-94, 2017

Tam FW, Sanders JS, George A, Hammad T, Miller C,
Dougan T, Cook HT, Kallenberg CG, Gaskin G, Levy JB,
Pusey CD : Urinary monocyte chemoattractant protein-1
(MCP-1) is a marker of active renal vasculitis. Nephrol Dial
Transplant 19 : 2761-8, 2004

Segerer S, Cui Y, Hudkins KL, Goodpaster T, Eitner F,
Mack M, Schlondorff D, Alpers CE : Expression of the
chemokine monocyte chemoattractant protein-1 and its
receptor chemokine receptor 2 in human crescentic glomer-
ulonephritis. J Am Soc Nephrol 11 : 2231-42, 2000

Ozawa Y, Kobori H, Suzaki Y, Navar LG : Sustained renal
interstitial macrophage infiltration following chronic angio-
tensin II infusions. Am J Physiol Renal Physiol 292 : F330-
9, 2007

Urushihara M, Ohashi N, Miyata K, Satou R, Acres OW,
Kobori H : Addition of angiotensin II type 1 receptor blocker
to CCR2 antagonist markedly attenuates crescentic glomer-
ulonephritis. Hypertension 57 : 586-93, 2011

Hattori T, Fujioka K, Nagai T, Kondo S, Kagami S,
Hirayama M, Urushihara M : Intrarenal renin-angiotensin

30.

31.

32.

33.

34.

35.

36.

37.

38.

M. Urushihara Renal RAS in pediatric kidney diseases

system activation and macrophage infiltrations in pediatric
chronic glomerulonephritis. Pediatr Nephrol 38:3711-9,
2023

Ichihara A, Yatabe MS: The (pro)renin receptor in health
and disease. Nat Rev Nephrol 15 :693-712, 2019
Ramkumar N, Kohan DE : The nephron (pro)renin recep-
tor : function and significance. Am J Physiol Renal Physiol
311:F1145-F8, 2016

Nguyen G, Muller DN : The biology of the (pro)renin recep-
tor. J Am Soc Nephrol 21 : 18-23, 2010

Urushihara M, Kinoshita Y, Kondo S, Kagami S : Involve-
ment of the intrarenal renin-angiotensin system in experi-
mental models of glomerulonephritis. J Biomed Biotechnol
2012 : 601786, 2012

Jensen C, Herold P, Brunner HR : Aliskiren : the first
renin inhibitor for clinical treatment. Nat Rev Drug Discov
7:399-410, 2008

Sato A, Piao H, Nozawa Y, Morioka T, Kawachi H, Oite
T : Local delivery of a direct renin inhibitor into the kidney
ameliorates progression of experimental glomerulonephri-
tis. Clin Exp Nephrol 16 : 539-48, 2012

Miyata K, Satou R, Inui D, Katsurada A, Seth D, Davis A,
Urushihara M, Kobori H, Mitchell KD, Navar LG : Reno-
protective effects of direct renin inhibition in glomerulone-
phritis. Am J Med Sci 348 : 306-14, 2014

Nagai T, Urushihara M, Kinoshita Y, Jamba A, Kondo S,
Kagami S : Differential regulation of angiotensin II-induced
extracellular signal regulated kinase-1/2 and -5 in progres-
sive glomerulonephritis. Nephrology (Carlton) 21 : 950-8,
2016

Urushihara M, Kondo S, Kinoshita Y, Ozaki N, Jamba
A, Nagai T, Fujioka K, Hattori T, Kagami S : (Pro)renin
receptor promotes crescent formation via the ERK1/2 and
Wnt/beta-catenin pathways in glomerulonephritis. Am J
Physiol Renal Physiol 319 : F571-F8, 2020



