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Abstract

Renal fibrosis (RF) is the final step in chronic kidney disease (CKD) that is represented by abundant extracellular matrix (ECM)
components, tubular atrophy and inflammatory cell infiltration. Renal failure results from a series of factors as follows; the activation
of cytokines due to the entrance of bioactive molecules of plasma to the tubulointerstitial space, the activation of signal molecules
such as transforming growth factor beta (TGF-B), connective tissue growth factor (CTGF), the activation of renin angiotensin
system (RAS) especially angiotensin Il (Ang II), endothelin-1, other pro-inflammatory cytokines including tumor necrosis factor
alpha (TNF-0) and interleukin-1 (IL-1), and finally endothelial to mesenchymal transition. Among all factors, this review focuses
on RAS by considering the role of component of two axes of this system and mediators involved in RF. Ang Il participates in many
chronic diseases such as hypertension and chronic heart disease. Moreover, ACE/Ang II/ATR axis exhibits a fibrogenic effect while
angiotensin (1-7) reveals both anti-fibrotic and fibrotic effects. However, most researchers believe in the renoprotective effect of
ACE2/Ang 1-7/MasR axis. The ratios of activities of these two axes determine the progression or inhibition of RF. Several signaling
pathways and cytokines play role in RF but TGF-B is the most important mediator. The existence of a feedback relationship between
TGF-B and RAS is considered in this study.
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Introduction

Chronic kidney disease (CKD) is the most important
problem in nephropathology that starts by diseases such
as diabetic nephropathy, obstructive nephropathy, cystic
nephropathies, glomerulonephritis or interstitial nephritis
and ends in renal fibrosis (RF) for which the patient needs
to undergo dialysis and transplantation (1-3).

Materials and Methods

For this review, we used a variety of sources including
PubMed, Embase, Scopus and directory of open access
journals (DOAJ). The search was performed by using
combinations of the following key words and or their
equivalents; renal fibrosis, renin angiotensin system,
angiotensin II (Ang II), angiotensin (1-7) (Ang 1-7), pro-
inflammatory cytokines, chronic kidney disease and end-
stage renal disease

Papers published in English as full-text articles and or as
abstracts were included in this study.

End-stage renal disease
End-stage renal disease (ESRD) is the final pathologic state
of CKD that is represented by extra-accumulation and

deposition of extracellular matrix (ECM) components,
tubular atrophy and inflammatory cell infiltration (4). The
entrance of bioactive molecules of plasma into the tubules
from injured glomerular barrier leads to the generation
and activation of different cytokines and infiltration of
monocytesinto the tubulointerstitial space (4,5). Infiltrated
monocytes could produce inflammatory and fibrogenic
cytokines and reactive oxygen species (ROS) (4). This
phenomenon ultimately results in ECM accumulation
(6). Another mechanism involved in the production of
extra ECM is the activation of signal molecules such as
transforming growth factor beta (TGF-B) which is the
most important molecule mediates RF in CKD (7,8).
Origin of TGF-B might be renal cells, infiltrated leukocytes
or plasma (7). TGF-p1 stimulates (Smad2 and Smad3)
or inhibits (Smad7) fibrosis through Smad family (9).
TGEF-B plays an important role in several steps of fibrosis
development including stimulation of myofibroblastic
activation, transition of mesangial cells and interstitial
tibroblasts, and finally production of fibrogenic cells in
matrix from tubular epithelial cells (8,9). Overexpression
of TGF- caused glomerular and interstitial fibrosis in
transgenic mice (10). Renin angiotensin system (RAS)
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Renal fibrosis (RF) is the final step in chronic kidney disease
(CKD) that is represented by abundant extracellular matrix
(ECM) components, tubular atrophy and inflammatory cell
infiltration. Renal failure results from a series of factors as
follows; the activation of cytokines due to the entrance of
bioactive molecules of plasma to the tubulointerstitial space,
the activation of signal molecules such as transforming growth
factor beta (TGF-B), connective tissue growth factor (CTGF),
the activation of renin angiotensin system (RAS) especially
angiotensin 1l, endothelin-1, other pro-inflammatory
cytokines including tumor necrosis factor alpha (TNF-a) and
interleukin-1 (IL-1), and finally endothelial to mesenchymal
transition.

activation participates in inflammation and fibrosis (11-
13). Angiotensin IT (AnglI) is the main effector in RAS that
is involved in this process (11). Ang II (AT1R) influences
growth factors such as TGF-p and results in ECM
accumulation via binding to angiotensin II type 1 receptor
(11). Increment of other growth factors such as connective
tissue growth factor (CTGF) and platelet-derived growth
factor (PDGF) in tubulointerstitial area of fibrotic kidney
was observed and proposed to have a potential role in RF
(14-16). Endothelial-mesenchymal transition (EMT) is
known as a new mechanism involved in the development
of interstitial fibrosis in different organs including kidney
(17), blood vessels (18) and lung (19). EMT is a four-step
process in which endothelial cells achieve mesenchymal
(myofibroblasts) properties like expression of a smooth
muscle actin (a-SMA) and actin (20). Myofibroblasts
are very important in producing and secreting of ECM
in the progression of RF (21). The rise of local growth
factors, especially TGF-B, could simplify EMT (22,23).
Moreover, endothelin-1 (ET-1) is a potent vasoconstrictor
that is plentiful in renal endothelial cells, and induces pro-
fibrotic as well as pro-inflammatory effects (24). Due to
vasoconstriction and hypoxic condition resulting from
ET-1, mesangial cells were proliferated and ECM was
produced (25,26). Other pro-inflammatory cytokines
that might interfere in RF are tumor necrosis factor alpha
(TNF-a) and interleukin-1 (IL-1) (27,28). As mentioned
above, various factors participate in the pathogenesis of
RF due to the significant role of RAS in pathophysiology
of kidney. However, this review focuses mainly on RAS
and fibrogenic activity of Ang II and AT1R. However,
there is the question on roles of other receptors or Ang
1-7 in RE This article aimed to notice the importance of
RAS peptides, receptors and enzymes separately in two
distinct axes. It also indicates the mechanisms mediated
by this system.

ACE/Angiotensin 1I/ATR

The most significant effector of the RAS is Ang II the
effects of which are mediated by two main receptors
of AT1 and AT2 (29). Ang II takes part in chronic
diseases, like hypertension and cardiac hypertrophy

(11). Moreover, Ang II plays an important role in renal
diseases by modulating inflammation and fibrosis (30,31).
Different mediators and signaling pathways are involved
in the fibrogenic action of Ang II. This peptide induces
fibrogenesis through the synthesis of chemotactic factors,
such as monocyte chemoattractant protein-1 (MCP-
1) (32). Ang II increases cell growth in kidney via ECM
proteins enhancement and activation of mesenchymal and
tubular cells and interstitial fibroblasts (32). It seems that
growth factors are involved in this effect. Angiotensin II
type 1 receptor (AT1R) mediates regulation of TGF-f and
CTGF expression (11,31,33). Moreover, AT1R activates
Rho/Rho kinase signaling pathway that participates in the
progression of RF (34). Rho is a small protein that starts
up different cellular functions such as the production of
cytokines (35). Rho kinase inhibitors such as Y-27632
or fasudil decreased tubulointerstitial fibrosis in kidney
by diminishing CTGF up-regulation and inflammatory
cells proliferation (36,37). Gene expression of several
pro-inflammatory cytokines, chemokines and adhesion
molecules are affected by Ang II via ATIR including
interleukin-6 (IL-6), MCP-1, vascular cell adhesion
molecule-1 (VCAM-1) and intercellular adhesion
molecule-1 (ICAM-1) (30). Different signaling pathways
are involved in the regulation of mediators such as Rho
proteins, nuclear factor-KB (NF-KB), mitogen-activated
protein kinase (MAPK) and redox pathways (30). NF-KB
activatedby AnglIldecreasedby AT1R and AT2R antagonist
or ACE inhibitors (32,38). Telmisartan, an AT1R blocker,
reversed up-regulation of TGF-B1, p38MAPK, collagen
III in diabetic mice, which leads to reduce fibrosis injury
in kidney (39). Diabetic nephropathy is a pathogenic
condition that is accompanied by RAS activation, Ang
IT elevation, NF-KB activation and up-regulation of pro-
inflammatory genes (40). Another pathologic condition
resulting in RF is unilateral ureteral obstruction. TGF-f3
plays a very significant role in fibroblast differentiation
of unilateral ureteral obstruction animal model (41-43).
Takeda et al reported that co-administration of fasudil and
an ACE inhibitor have more efficiency than monotherapy
in suppressing fibroblast differentiation which leads
to deposition of ECM and fibrosis (44). Macrophage/
monocyte infiltration which is regarded as the major action
in the progression of RF in unilateral ureteral obstruction
model could stimulate oxidative stress, TGF-p elevation
and cytokine production (42,45). Combination therapy
decreased TGF-p by reducing macrophage/monocyte
infiltration (44). It seems that when Rho kinase inhibition
was added to the ACE inhibition, that is the most common
treatment of renal disease, greater benefits were achieved
compared to performing merely the therapy (44). The role
of AT2R is not well understood till now, but few studies
consider a protective role against ATIR fibrotic function
for this receptor (46,47). AT2R knockout (AT2RKO) mice
have revealed properties of diabetic nephropathy in type
1 diabetic model (48). Increment of RAS components
including AT1R and ACE and decrement of angiotensin
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converting enzyme 2 (ACE2) was seen in AT2RKO mice.
Furthermore, oxidative stress and generation of ROS in
kidney of these mice increased (48). These observations
could explain diabetic nephropathy in AT2RKO mice (48).
The importance of AT2R stimulation was studied in the
two-kidney, one-clip (2K1C) rat model of hypertension
(49). Pro-inflammatory agents such as TNFa, TGF-p1,
and IL-6 expression decreased in response to treatment
with C21, an AT2R agonist (49). Inflammatory cell
infiltration and totally renal injury to the tubules and
glomerulosclerosis were reduced by C21 administration
(49). The antagonist of AT2R revealed a renoprotective
effect when applied in early phase in a partial
nephrectomized model (50). Other researchers began
their intervention in the presence of glomerulosclerosis in
order to stimulate CKD and study the effect of AT2R in
delayed phase of kidney disease (51). They observed that
not only AT2R blockade does not have any advantages
but also it prevents AT1R blockers (ARB) advantages on
sclerosis and proteinuria in combination therapy (51).
AT2R antagonists block AT2R and simultaneously up-
regulate a subtype of ATIR called AT1B. Therefore, the
final effect might be determined by AT1R to AT2R ratio
(51). Since AT2R function in RF is not completely clear,
more studies are required to elucidate controversies.

ACE2/Angiotensin 1-7/MasR

For several years, information about RAS was restricted
to classic axis and ACE/Ang II/ ATRs until the discovery
of Ang 1-7 as an active heptapeptide in the late 1980s
(52,53). ACE2 was discovered as the main enzyme to
degrade Ang I and mostly Ang II into Ang 1-7 (54,55).
The G-protein coupled receptor called Mas is the mediator
of Ang 1-7 (56). Thus ACE2/Ang 1-7/MasR is a new
axis of RAS with beneficial effects such as vasodilation,
anti-proliferation, anti-fibrosis, anti-thrombosis and
anti-arrhytmia (57-61). Moreover, this protective axis of
RAS attenuate inflammation and deposition of collagen
(62). Ang 1-7 prohibited cardiac fibrosis in response to
Ang II in Sprague-Dawley rats (60). The heptapeptide
reduced fibrosis in heart in 2K1C hypertensive rats (63).
Furthermore, the up-regulation of AT2R and MasR was
observed in this animals (63). ECM proteins might be
involved in anti-proliferative and anti-fibrotic effect of
MasR since the MasR-deficient mice revealed greater
amounts of collagen type I and III but fewer collagen
IV in heart (64). AVE0991, A MasR agonist or Ang
1-7 administration reduced migration and adhesion
of leukocytes to the endothelium of microvasculars at
swollen joints in arthritis model (65) Moreover, Ang 1-7
reduced inflammatory cell infiltration and pulmonary
fibrosis in murine model of asthma (66). In diabetic
nephropathy, ROS generation is related to RAS activation
(67,68) and diabetic condition leads to hyperactivity of
pro-inflammatory and pro-fibrotic cytokines and growth
factors which develop fibrosis (69). This study indicated
that RF decreased after treatment by Ang 1-7 in db/

db mice (69). STAT3 phosphorylation was involved in
the progression of fibrosis and increased in kidney of
db/db mice but Ang 1-7 reversed this effect (69). Other
studies revealed that MAPK phosphorylation, TGF-$1
expression, fibronectin and collagen IV induced by Ang
I1, decreased via Ang 1-7 (70). It could be concluded that
Ang 1-7 counteracted the inflammatory and fibrogenic
functions of Ang II through affecting mediators and
signaling pathways which were activated by Ang II. The
chronic administration of ACE inhibitors and ARBs
increased Ang 1-7 plasma level and changed balance
between Ang II and Ang 1-7 concentrations that could
be the mechanism of renoprotective action of these drugs
(71-73). ACE2 is the homolog of ACE which is responsible
to stop the effect of Ang II by breaking this octapeptide
to Ang 1-7 (54,55). Several studies consider a protective
role for ACE2 (74-76). For instance, in bleomycin induced
pulmonary fibrosis expression and function of ACE2
were attenuated in rats and mice (74). Moreover, ACE2
inhibition resulted in pulmonary Ang II level increment
and severe bleomycin induced pulmonary fibrosis (74).
ACE2 deficiency caused overexpression of inflammatory
cytokines and chemokines induced by Ang II in aorta
(75). On the other hand, the overexpression of ACE2
prevented the rise of MCP-1 induced by Ang II through
increasing 1-7 levels of Ang (77). In 5/6 nephrectomy, the
mice inhibition of ACE2 resulted in an AT1R mediated
proteinuria (76). Moreover, chronic ACE2 inhibition
induced proteinuria in normal and diabetic mice (78).
High amounts of TNF-a, IL-6 and MCP-1 in addition to the
development of inflammation, tubulointerstitial fibrosis
and increase of Ang II in comparison to Ang 1-7 result
from ACE2 deficiency in unilateral ureteral obstruction
model (79). Physio-pharmacological researches represent
that ACE2/Ang 1-7/MasR axis activation is involved in the
beneficial effect of ARBs to prevent inflammation (80,81).
Effect of ARBs consists of overexpression of ACE2,
Ang 1-7 and MasR in addition to up-regulation of anti-
inflammatory cytokine, IL-10 and down-regulation of
pro-inflammatory cytokines like IL-1B, IL-6, TNF-a and
interferon y (IFN- y) (80,81). As stated above, TGF-p is
the most important cytokine in inflammation and fibrosis
(82). There is evidence in the literature to show that
ACE2/Ang 1-7/MasR axis regulates TGF-B expression
(83,84). Administration of Ang 1-7 fusion gene, that is
conducted 2 weeks before receiving bleomycin, prevented
the rise of TGF-p mRNA level, generation of other pro-
inflammatory cytokines and pathophysiological alteration
that led to pulmonary fibrosis (83). Ang 1-7 slowed down
the rise of TGF-p and collagen I mRNA level induced by
cardiac infarction (84). On the other hand, TGF-f1 could
attenuate ACE2, MasR and conversion of Ang II to Ang
1-7 via a negative feedback (85). It seems that a feedback
relationship exists between ACE2 and TGF-p (85). A
few studies consider a stimulatory effect for ACE2/Ang
1-7/MasR axis in renal injury (86). For example, MasR
deficiency reduced renal injury in unilateral ureteral
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obstruction and ischemia/reperfusion. Moreover, Ang
1-7 administration in normal mice induced inflammation
(87), while 5 days administration of Ang 1-7 ameliorated
glomerulosclerosis (88). This controversy could be
explained by different pathological conditions that were
studied, RAS activation, route or dose of administration
and variation in signaling pathways (86). Furthermore,
Ang 1-7 signaling pathway is cell specific, for instance, in
proximal tubule of nephron exhibits a growth inhibitory
action that is against the effect of Ang II (89), whereas it
displays a stimulatory effect on mesangial cells which is
mediated by MAPK phosphorylation (90). These effects
of Ang 1-7 are MasR dependent but not AT1R or AT2R
dependent (90). In spite of all the controversies observed
in Ang 1-7 administration, most experiments suggest a
renoprotective effect.

Conclusion

ESRD is the final clinical problem in CKD which leads
to renal failure and dialysis and transplantation. Several
factors participate in RF but this article focused on RAS
among all of them. Ang II is a fibrogenic factor that
mediates ECM proteins production, pro-inflammatory
cytokines infiltration and expression through different
growth factors (TGF-B, CTGF) or signaling pathways
such as NF-KB, MAPK phosphorylation, Rho kinase
and redox pathways via AT1R. The effect of AT2R is
mainly against AT1R and time-dependent while it is
not completely understood. Ang 1-7 counteract Ang II
fibrogenic effects thorough mediating ECM proteins,
inflammatory cell infiltration in reverse side and also by
affecting the same signaling pathways. In short, both RAS
axes play roles in RF in the kidneys. Moreover, the major
determinant parameter is the ratio of enzyme activity of
this system (ACE/ACE2) and the ratio of their product
(AngI1/Ang 1-7).

Authors’ contribution
SS and AH searched the literature and wrote the manuscript equally.

Conflicts of interest
The authors declare no conflict of interest.

Ethical considerations
Ethical issues (including plagiarism, data fabrication, double
publication) have been completely observed by the authors.

Funding/Support
None

References

1. El Nahas A, Muchaneta-Kubara E, Essaway M, Soylemezoglu
O. Renal fibrosis: insights into pathogenesis and treatment. Int
J Biochem Cell Biol. 1997;29:55-62.

2. Eitner F, Floege J. Novel insights into renal fibrosis. Curr Opin
Nephrol Hypertens. 2003;12:227-32.

3. Remuzzi G, Bertani T. Pathophysiology of progressive
nephropathies. N Engl ] Med. 1998;339:1448-56.

4. Liu Y. Renal fibrosis: new insights into the pathogenesis and
therapeutics. Kidney Int. 2006;69:213-7.

5. Wang S-N, Lapage J, Hirschberg R. Glomerular ultrafiltration

20.

21.

22.

23.

24.

and apical tubular action of IGF-I, TGF-&bgr, and HGF in
nephrotic syndrome. Kidney Int. 1999;56:1247-51.

Strutz F, Miiller GA. Renal fibrosis and the origin of the renal
fibroblast. Nephrol Dial Transplant. 2006;21:3368-70. doi.
org/10.1093/ndt/gfl 199

Eddy AA. Molecular basis of renal fibrosis. Pediatr Nephrol.
2000;15:290-301.

Bottinger EP, Bitzer M. TGF-B signaling in renal disease. ] Am
Soc Nephrol. 2002;13:2600-10.

Fukasawa H, Yamamoto T, Togawa A, Ohashi N, Fujigaki
Y, Oda T, et al. Down-regulation of Smad7 expression by
ubiquitin-dependent degradation contributes to renal fibrosis
in obstructive nephropathy in mice. Proc Natl Acad Sci U S A.
2004;101:8687-92.

Kopp JB, Factor VM, Mozes M, Nagy P, Sanderson N, Bottinger
E, et al. Transgenic mice with increased plasma levels of
TGF-beta 1 develop progressive renal disease. Lab Invest.
1996;74:991-1003.

Ruiz-Ortega M, Rupérez M, Esteban V, Rodriguez-Vita J,
Sanchez-Lépez E, Carvajal G, et al. Angiotensin II: a key factor
in the inflammatory and fibrotic response in kidney diseases.
Nephrol Dial Transplant. 2006;21:16-20.

Ruiz-Ortega M, Lorenzo O, Ruperez M, Esteban V, Suzuki
Y, Mezzano S, et al. Role of the renin-angiotensin system
in vascular diseases expanding the field. Hypertension.
2001;38:1382-7.

Mezzano S, Droguett A, Burgos ME, Ardiles LG, Flores CA,
Aros CA, et al. Renin-angiotensin system activation and
interstitial inflammation in human diabetic nephropathy.
Kidney Int Suppl. 2003:564-70.

Heusinger-Ribeiro J, Eberlein M, Wahab NA, Goppelt-Struebe
M. Expression of connective tissue growth factor in human
renal fibroblasts: regulatory roles of RhoA and cAMP. ] Am Soc
Nephrol. 2001;12:1853-61.

Eitner F, Ostendorf T, Van Roeyen C, Kitahara M, Li X, Aase K,
et al. Expression of a novel PDGF isoform, PDGF-C, in normal
and diseased rat kidney. ] Am Soc Nephrol. 2002;13:910-7.
Changsirikulchai S, Hudkins KL, Goodpaster TA, Volpone
J, Topouzis S, Gilbertson DG, et al. Platelet-derived growth
factor-D expression in developing and mature human kidneys.
Kidney Int. 2002;62:2043-54.

Yang J, Shultz RW, Mars WM, Wegner RE, Li Y, Dai C, et al.
Disruption of tissue-type plasminogen activator gene in mice
reduces renal interstitial fibrosis in obstructive nephropathy. |
Clin Invest. 2002;110:1525-38.

Kisanuki YY, Hammer RE, Miyazaki J-i, Williams SC,
Richardson JA, Yanagisawa M. Tie2-Cre transgenic mice: a
new model for endothelial cell-lineage analysis in vivo. Dev
Biol. 2001;15;230:230-42.

Hashimoto N, Phan SH, Imaizumi K, Matsuo M, Nakashima
H, Kawabe T, et al. Endothelial-mesenchymal transition in
bleomycin-induced pulmonary fibrosis. Am J Respir Cell Mol
Biol. 2010;43:161-72. doi: 10.1165/rcmb.2009-00310C.
Yang J, Liu Y. Dissection of key events in tubular epithelial to
myofibroblast transition and its implications in renal interstitial
fibrosis. Am J Pathol. 2001;159:1465-75.

Li J, Bertram JF. Review: Endothelial-myofibroblast transition,
a new player in diabetic renal fibrosis. Nephrology (Carlton).
2010;15:507-12. doi: 10.1111/j.1440-1797.2010.01319.x.
Kalluri R, Neilson EG. Epithelial-mesenchymal transition and
its implications for fibrosis. ] Clin Invest. 2003;112:1776-84.
Bhowmick NA, Ghiassi M, Bakin A, Aakre M, Lundquist
CA, Engel ME, et al. Transforming growth factor-p1 mediates
epithelial to mesenchymal transdifferentiation through a
RhoA-dependent mechanism. Mol Biol Cell. 2001;12:27-36.
Yanagisawa M, Kurihara H, Kimura S, Tomobe Y, Kobayashi M,
Mitsui, etal. A novel potent vasoconstrictor peptide produced
by vascular endothelial cells. Nature. 1988 31;332:411-5.

4 | Journal of Renal Endocrinology, Volume 4, 2018



Renin angiotensin and renal fibrosis

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

in chronic renal failure-
Rheumatologyy.

Richter C. Role of endothelin
developments in renal involvement.
2006;45:iii36-8.

Sorokin A, Kohan DE. Physiology and pathology of
endothelin-1 in renal mesangium. Am ] Physiol Renal Physiol.
2003;285:F579-89.

Guo G, Morrissey J, McCracken R, Tolley T, Klahr S. Role of
TNFR1 and TNFR2 receptors in tubulointerstitial fibrosis of
obstructive nephropathy. Am J Physiol. 1999;277:F766-72.
Lan HY, Nikolic-Paterson DJ, Zarama M, Vannice JL, Atkins RC.
Suppression of experimental crescentic glomerulonephritis by
the interleukin-1 receptor antagonist. Kidney Int. 1993;43:479-
85.

De Gasparo M, Catt K, Inagami T, Wright J, Unger T.
International union of pharmacology. XXIII. The angiotensin Il
receptors. Pharmacol Rev. 2000;52:415-72.

Ruiz-Ortega M, Lorenzo O, Suzuki Y, Rupérez M, Egido J.
Proinflammatory actions of angiotensins. Curr Opin Nephrol
Hypertens. 2001;10:321-9.

Ruiz-Ortega M, Ruperez M, Esteban V, Egido J. Molecular
mechanisms of angiotensin ll-induced vascular injury. Curr
Hypertens Rep. 2003;5:73-9.

EstebanV, Lorenzo O, Rupérez M, SuzukiY, Mezzano S, Blanco
J, et al. Angiotensin Il, via AT1 and AT2 receptors and NF-xB
pathway, regulates the inflammatory response in unilateral
ureteral obstruction. ] Am Soc Nephrol. 2004;15:1514-29.
Rupérez M, Lorenzo O, Blanco-Colio LM, Esteban V, Egido
J, Ruiz-Ortega M. Connective tissue growth factor is a
mediator of angiotensin Il-induced fibrosis. Circulation.
2003;108:1499-505.

Yamakawa T, Tanaka S-i, Numaguchi K, Yamakawa Y, Motley
ED, Ichihara S, et al. Involvement of Rho-kinase in angiotensin
ll-induced hypertrophy of rat vascular smooth muscle cells.
Hypertension. 2000;35:313-8.

Nishikimi T, Matsuoka H. Molecular mechanisms
and therapeutic strategies of chronic renal injury:
renoprotective effect of rho-kinase inhibitor in hypertensive
glomerulosclerosis. ] Pharmacol Sci. 2006;100:22-8.

Rupérez M, Sanchez-Lépez E, Blanco-Colio LM, Esteban
V, Rodriguez-Vita J, Plaza JJ, et al. The Rho-kinase pathway
regulates angiotensin Il-induced renal damage. Kidney Int
Suppl. 2005:539-45.

Satoh S-i, Yamaguchi T, Hitomi A, Sato N, Shiraiwa K,
Ikegaki 1, et al. Fasudil attenuates interstitial fibrosis in rat
kidneys with unilateral ureteral obstruction. Eur J Pharmacol.
2002;455:169-74.

Ruiz-Ortega M, Lorenzo O, Rupérez M, Blanco J, Egido J.
Systemic infusion of angiotensin Il into normal rats activates
nuclear factor-kB and AP-1 in the kidney: role of AT1 and AT2
receptors. Am J Pathol. 2001;158:1743-56.

Lakshmanan AP, Watanabe K, Thandavarayan RA, Sari FR,
Harima M, Giridharan VV, et al. Telmisartan attenuates
oxidative stress and renal fibrosis in streptozotocin induced
diabetic mice with the alteration of angiotensin-(1-7)
mas receptor expression associated with its PPAR-y
agonist action. Free Radic Res. 2011;45:575-84. doi:
10.3109/10715762.2011.560149.

Mezzano S, Aros C, Droguett A, Burgos ME, Ardiles L, Flores C,
et al. NF-xB activation and overexpression of regulated genes
in human diabetic nephropathy. Nephrol Dial Transplant.
2004;19:2505-12.

Bascands J-L, Schanstra JP. Obstructive nephropathy: insights
from genetically engineered animals. Kidney Int. 2005;68:925-
37.

Chevalier RL, Forbes MS, Thornhill BA. Ureteral obstruction
as a model of renal interstitial fibrosis and obstructive
nephropathy. Kidney Int. 2009;75:1145-52. doi: 10.1038/
ki.2009.86.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Sato M, Muragaki Y, Saika S, Roberts AB, Ooshima A. Targeted
disruption of TGF-B1/Smad3 signaling protects against renal
tubulointerstitial fibrosis induced by unilateral ureteral
obstruction. J Clin Invest. 2003;112:1486-94.

Takeda Y, Nishikimi T, Akimoto K, Matsuoka H, Ishimitsu T.
Beneficial effects of a combination of Rho-kinase inhibitor
and ACE inhibitor on tubulointerstitial fibrosis induced by
unilateral ureteral obstruction. Hypertens Res. 2010;33:965-
73. doi: 10.1038/hr.2010.112.

Tojo A, Asaba K, Onozato ML. Suppressing renal NADPH
oxidase to treat diabetic nephropathy. Expert Opin Ther
Targets. 2007;11:1011-8.

Rompe F, Artuc M, Hallberg A, Alterman M, Stréder K, Thone-
Reineke C, etal. Directangiotensin Il type 2 receptor stimulation
acts anti-inflammatory through epoxyeicosatrienoic acid and
inhibition of nuclear factor kB. Hypertension. 2010;55:924-
31. doi: 10.1161/HYPERTENSIONAHA.109.147843

Bader M, Santos RA, Unger T, Steckelings UM. New therapeutic
pathways in the RAS. ] Renin Angiotensin Aldosterone Syst.
2012;13:505-8.

Chang S-Y, Chen Y-W, Chenier I, Tran SLM, Zhang S-L.
Angiotensin Il type Il receptor deficiency accelerates the
development of nephropathy in type | diabetes via oxidative
stress and ACE2. Exp Diabetes Res. 2011;2011:521076. doi:
10.1155/2011/521076.

Matavelli LC, Huang J, Siragy HM. Angiotensin AT2 receptor
stimulation inhibits early renal inflammation in renovascular
hypertension. Hypertension. 2011;57:308-13. doi: 10.1161/
HYPERTENSIONAHA.110.164202.

Cao Z, Bonnet F, Candido R, Nesteroff SP, Burns WC, Kawachi
H, et al. Angiotensin type 2 receptor antagonism confers renal
protection in a rat model of progressive renal injury. ] Am Soc
Nephrol. 2002;13:1773-87.

Naito T, Ma L-J, Yang H, Zuo Y, Tang Y, Han JY, et al.
Angiotensin type 2 receptor actions contribute to angiotensin
type 1 receptor blocker effects on kidney fibrosis. Am |
Physiol Renal Physiol. 2010;298:F683-91. doi: 10.1152/
ajprenal.00503.2009

Schiavone MT, Santos R, Brosnihan KB, Khosla MC, Ferrario
CM. Release of vasopressin from the rat hypothalamo-
neurohypophysial system by angiotensin-(1-7) heptapeptide.
Proc Natl Acad Sci USA.1988;85:4095-8.
Campagnole-Santos M), Diz DI, Santos R, Khosla MC,
Brosnihan KB, Ferrario CM. Cardiovascular effects of
angiotensin-(1-7) injected into the dorsal medulla of rats. Am J
Physiol Heart Circ Physiol.1989;257:H324-9.

Donoghue M, Hsieh F, Baronas E, Godbout K, Gosselin M,
Stagliano N, et al. A novel angiotensin-converting enzyme-—
related carboxypeptidase (ACE2) converts angiotensin | to
angiotensin 1-9. Circ Res. 2000 1;87:E1-9.

Tipnis SR, Hooper NM, Hyde R, Karran E, Christie G, Turner
AJ. A human homolog of angiotensin-converting enzyme
cloning and functional expression as a captopril-insensitive
carboxypeptidase. J Biol Chem. 2000;27;275:33238-43.
Santos RA, Haibara AS, Campagnole-Santos MJ, e Silva ACS,
Paula RD, Pinheiro SV, etal. Characterization of a new selective
antagonist for angiotensin-(1-7), D-pro7-angiotensin-(1-7).
Hypertension. 2003;41:737-43

le Tran Y, Forster C. Angiotensin-(1-7) and the rat aorta:
modulation by the endothelium. J Cardiovasc Pharmacol.
1997;30:676-82.

Santos RA, e Silva ACS, Maric C, Silva DM, Machado RP, de
Buhr I, et al. Angiotensin-(1-7) is an endogenous ligand for
the G protein-coupled receptor Mas. Proc Natl Acad Sci U S
A. 2003;8;100:8258-63.

Santos RA, Ferreira AJ, Nadu AP, Braga AN, de Almeida AP,
Campagnole-Santos MJ, et al. Expression of an angiotensin-
(1-7)-producing fusion protein produces cardioprotective

Journal of Renal Endocrinology, Volume 4, 2018 |5



Hasanvand A et al

60.

effects in rats. Physiol Genomics. 2004;19;17:292-9.
Grobe JL, Mecca AP, Lingis M, Shenoy V, Bolton TA, Machado

production. PLoS One. 2012;7:€38502. doi: 10.1371/journal.
pone.0038502.

JM, et al. Prevention of angiotensin ll-induced cardiac 76. Dilauro M, Zimpelmann J, Robertson SJ, Genest D, Burns
remodeling by angiotensin-(1-7). Am ] Physiol Heart Circ KD. Effect of ACE2 and angiotensin-(1-7) in a mouse model
Physiol. 2007;292:H736-42. of early chronic kidney disease. Am J Physiol Renal Physiol.

61. Mercure C, Yogi A, Callera GE, Aranha AB, Bader M, Ferreira 2010;298:F1523-32. doi: 10.1152/ajprenal.00426.2009.

AJ, et al. Angiotensin (1-7) blunts hypertensive cardiac 77. Guo Y-, Li W-H, Wu R, Xie Q, Cui L-Q. ACE2 overexpression
remodeling by a direct effect on the heart. Circ Res. 2008 inhibits angiotensin ll-induced monocyte chemoattractant
21;103:1319-26. doi: 10.1161/CIRCRESAHA. protein-1 expression in macrophages. Arch Med Res.

62. Sumners C, Horiuchi M, Widdop RE, McCarthy C, Unger T, 2008;39:149-54. doi: 10.1016/j.arcmed.2007.07.010.
Steckelings UM. Protective arms of the renin-angiotensin- 78. Soler M, Wysocki J, Ye M, Lloveras ], Kanwar Y, Batlle D.
system in neurological disease. Clin Exp Pharmacol Physiol. ACE2 inhibition worsens glomerular injury in association with
2013;40:580-8. doi: 10.1111/1440-1681.12137. increased ACE expression in streptozotocin-induced diabetic

63. Shah A, Oh Y-B, Lee SH, Lim JM, Kim SH. Angiotensin-(1-7) mice. Kidney Int. 2007;72:614-23.
attenuates hypertension in exercise-trained renal hypertensive 79. Liu Z, Huang XR, Chen H-Y, Penninger JM, Lan HY. Loss of
rats. Am J Physiol Heart Circ Physiol. 2012 ;1;302:H2372-80. angiotensin-converting enzyme 2 enhances TGF-p/Smad-
doi: 10.1152/ajpheart.00846.2011. mediated renal fibrosis and NF-kB-driven renal inflammation

64. Gava E, de Castro CH, Ferreira AJ, Colleta H, Melo MB, in a mouse model of obstructive nephropathy. Lab Invest.
Alenina N, et al. Angiotensin-(1-7) receptor Mas is an 2012;92:650-61. doi: 10.1038/labinvest.2012.2.
essential modulator of extracellular matrix protein expression 80. Sukumaran V, Veeraveedu PT, Gurusamy N, Yamaguchi
in the heart. Regul Pept. 2012 ;10;175:30-42. doi: 10.1016/j. Ki, Lakshmanan AP, Ma M, et al. Cardioprotective effects
regpep.2012.01.001. of telmisartan against heart failure in rats induced by

65. da Silveira KD, Coelho FM, Vieira AT, Sachs D, Barroso LC, experimental  autoimmune  myocarditis  through  the
Costa VV, et al. Anti-inflammatory effects of the activation of modulation of angiotensin-converting enzyme-2/angiotensin
the angiotensin-(1-7) receptor, MAS, in experimental models 1-7/mas receptor axis. Int ] Biol Sci. 2011;7:1077-92
of arthritis. ] Immunol. 2010;1;185:5569-76. doi: 10.4049/ 81. Sukumaran V, Veeraveedu PT, Gurusamy N, Lakshmanan
jimmunol.1000314. AP, Yamaguchi Ki, Ma M, et al. Telmisartan acts through the

66. El-Hashim AZ, Renno WM, Raghupathy R, Abduo HT, Akhtar modulation of ACE-2/ANG 1-7/mas receptor in rats with
S, Benter IF. Angiotensin-(1-7) inhibits allergic inflammation, dilated cardiomyopathy induced by experimental autoimmune
via the MAST receptor, through suppression of ERK1/2-and myocarditis. Life Sci. 2012;13;90:289-300. doi: 10.1016/j.
NF-kB-dependent pathways. Br ] Pharmacol. 2012;166:1964- Ifs.2011.11.018.

76. doi: 10.1111/j.1476-5381.2012.01905.x. 82. Goodwin A, Jenkins G. Role of integrin-mediated TGFp

67. Baynes JW, Thorpe SR. Role of oxidative stress in diabetic activation in the pathogenesis of pulmonary fibrosis. Biochem
complications: a new perspective on an old paradigm. Soc Trans. 2009;37:849-54. doi: 10.1042/BST0370849.
Diabetes. 1999;48:1-9. 83. Shenoy V, Ferreira AJ, Qi Y, Fraga-Silva RA, Diez-Freire

68. Cooper ME. Pathogenesis, prevention, and treatment of C, Dooies A, et al. The angiotensin-converting enzyme 2/
diabetic nephropathy. Lancet. 1998;18;352:213-9. angiogenesis-(1-7)/Mas  axis  confers  cardiopulmonary

69. Mori J, Patel VB, Ramprasath T, Alrob OA, DesAulniers ], protection against lung fibrosis and pulmonary hypertension.
Scholey JW, et al. Angiotensin 1-7 mediates renoprotection Am ] Respir Crit Care Med. 2010;15;182:1065-72. doi:
against diabetic nephropathy by reducing oxidative stress, 10.1164/rccm.200912-18400C.
inflammation, and lipotoxicity. Am ] Physiol Renal Physiol. 84. Marques FD, Melo MB, Souza LE, Irigoyen MCC, Sinisterra
2014;15;306:F812-21. doi: 10.1152/ajprenal.00655.2013. RD, de Sousa FB, et al. Beneficial effects of long-term

70. Moon J-Y, Tanimoto M, Gohda T, Hagiwara S, Yamazaki administration of an oral formulation of Angiotensin-(1-7) in
T, Ohara I, et al. Attenuating effect of angiotensin-(1-7) infarcted rats. Int ] Hypertens. 2012;2012:795452.
on angiotensin Il-mediated NAD (P) H oxidase activation 85. Chou C-H, Chuang L-Y, Lu C-Y, Guh J-Y. Interaction between
in type 2 diabetic nephropathy of KK-Ay/Ta mice. Am ] TGF-p and ACE2-Ang-(1-7)-Mas pathway in high glucose-
Physiol Renal Physiol. 2011;300:F1271-82. doi: 10.1152/ cultured NRK-52E cells. Mol Cell Endocrinol. 2013;5;366:21-
ajprenal.00065.2010. 30. doi: 10.1016/j.mce.2012.11.004.

71. e Silva ACS, Flynn JT. The renin-angiotensin-aldosterone 86. Zimmerman D, Burns KD. Angiotensin-(1-7) in kidney disease:
system in 2011: Role in hypertension and chronic kidney a review of the controversies. Clin Sci (Lond). 2012;123:333-
disease. Pediatr Nephrol. 2012;27:1835-45. doi: 10.1007/ 46. doi: 10.1042/CS20120111.
s00467-011-2002-y. 87. Esteban V, Heringer-Walther S, Sterner-Kock A, de Bruin R,

72. Kocks MJ, Lely AT, Boomsma F, de Jong PE, Navis G. Sodium van den Engel S, Wang Y, et al. Angiotensin-(1-7) and the
status and angiotensin-converting enzyme inhibition: effects g protein-coupled receptor MAS are key players in renal
on plasma angiotensin-(1-7) in healthy man. ] Hypertens. inflammation. PLoS One. 2009;4:e5406. doi: 10.1371/
2005;23:597-602. journal.pone.0005406.

73. Azizi M, Ménard ). Combined blockade of the renin- 88. Zhang ], Noble NA, Border WA, Huang Y. Infusion
angiotensin system with angiotensin-converting enzyme of angiotensin-(1-7) reduces glomerulosclerosis
inhibitors and angiotensin Il type 1 receptor antagonists. through ~ counteracting angiotensin Il in experimental
Circulation. 2004 1;109:2492-9. glomerulonephritis.  Am ] Physiol  Renal  Physiol.

74. Li X, Molina-Molina M, Abdul-Hafez A, Uhal V, Xaubet A, 2010;298:F579-88. doi: 10.1152/ajprenal.00548.2009.

Uhal BD. Angiotensin converting enzyme-2 is protective but 89. Su Z, Zimpelmann J, Burns K. Angiotensin-(1-7) inhibits
downregulated in human and experimental lung fibrosis. angiotensin ll-stimulated phosphorylation of MAP kinases in
Am J Physiol Lung Cell Mol Physiol. 2008;295:L178-85. doi: proximal tubular cells. Kidney Int. 2006 Jun;69(12):2212-8.

10.1152/ajplung.00009.2008. 90. Zimpelmann J, Burns KD. Angiotensin-(1-7) activates

75. Jin H-Y, Song B, Oudit GY, Davidge ST, Yu H-M, Jiang Y-Y, growth-stimulatory pathways in human mesangial cells. Am
et al. ACE2 deficiency enhances angiotensin Il-mediated J Physiol Renal Physiol. 2009;296:F337-46. doi: 10.1152/
aortic profilin-1 expression, inflammation and peroxynitrite ajprenal.90437.2008.

6 | Journal of Renal Endocrinology, Volume 4, 2018



