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INTRODUCTION

The study of hormone systems involved in cardiovascular and metabolic diseases, such as the renin—angiotensin system
(RAS), can only be performed in whole organisms due to the complex interplay of different organs, which determines cardio-
vascular physiology. In contrast to pharmacological interventions in these systems, which often lack specificity, the targeted
genetic alteration of the expression of single-hormone system components is the most straightforward method to analyze their
functions in cardiovascular and metabolic homeostasis and disorders. Accordingly, the generation of transgenic and knockout
(KO) animals was widely used to study the role of RAS components in cardiovascular control and in the pathogenesis of dis-
eases.'> The aim of this chapter is to describe the animal models generated by transgenic technology for the functional analysis
of the protective axis of the RAS, consisting of angiotensin-converting enzyme 2 (ACE2), Ang-(1-7), and Mas.

TRANSGENIC ANIMAL TECHNOLOGY: A BRIEF UPDATE

In biomedical research, the use of rats and mice has become a major tool, considering the easiness of breeding, growth, and
maintenance and the similarity with human organisms in most cardiovascular and metabolic systems.’ Currently, the use of
transgenic technologies to access animal physiology is routine, but the pioneering work was performed in the 1980s. The
first successful genetic modifications of a mouse were achieved by Gordon and colleagues.* This group demonstrated that
foreign genes can be integrated into the mouse genome by transfer of DNA constructs into the pronuclei of zygotes. By the
use of specific promoters, the investigator can direct the expression of the transgene into specific tissues. About 10 years
later, the same technology was also established for the rat, interestingly first targeting the RAS component renin.’

Since 1986, the elimination of gene expression is also possible by homologous recombination-mediated targeted gene
KO in embryonic stem (ES) cells.®* To this purpose, firstly, a targeting vector has to be designed and constructed that
contains parts of DNA sequences homologous to the gene of interest and the intended mutation. Following the transfection
of this vector into ES cells, a few cells will incorporate it into the endogenous gene via homologous recombination and can
be selected by appropriate methods. These successfully targeted ES cells are injected into host blastocysts, and a chimeric
animal is obtained. This animal carries the mutation in part of its cells and will eventually pass it on to its offspring, which
will be heterozygous or homozygous (KO) for the mutant gene. The KO animals will present the physiological pheno-
type caused by the absence of the gene product.® In general, this method is still the most commonly used for the targeted
alteration of the mouse genome. It took more than 20 years for this technology to also became available for the rat by the
discovery of a method to establish germ-line-competent ES cells from this species in 2008, and a few KO rat models have been
developed since using ES cells.'”!" However, recently, novel methods for the targeted alteration of genes in the mouse and
rat genome have become available, which will probably replace the relatively complicated ES cell method in the near fu-
ture. They are based on nucleases that are targeted to a certain site in the genome by different methods.'” Zinc finger (ZFN)
and TALE nucleases use protein domains that specifically recognize a DNA sequence of choice, while the CRISPR/Cas9
system uses a guide RNA that binds DNA by specific base pairing. Since only one animal model for the RAS has been
described yet produced by ZFN technology, the renin-KO rat,"® and since the Mas-KO rat has obviously been generated
using ZFNs (http://rgd.mcw.edu/rgdweb/report/strain/main.html?id=5131952; access 25.04.2014) but is not yet published,
we will not go into more detail on these novel technologies.
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TRANSGENIC AND KO RODENT MODELS OF THE ACE2/ANG-(1-7)/MAS AXIS

Our group and others have developed several transgenic and KO rat and mouse models with genetic deletion and/or overex-
pression of components of the ACE2/Ang-(1-7)/Mas axis. Some of these models produced pleiotropic phenotypes depend-
ing on the genetic background of the strain they were generated in.

In the following, we will list these models and summarize the insights into the physiology of the protective RAS axis
gained by their analysis (see also Table 1).

ACE2 Models
ACE2 KO Mice

The ACE2 gene is located on the X chromosome, and thus, heterozygous deletion (ACE2~%) already results in the complete
absence of the enzyme in male animals. Deletion of ACE2 in mouse leads to several cardiac abnormalities. In an elegant
study, Crackower and colleagues provided the first in vivo evidence'* supporting the hypothesis that the loss of ACE2
promotes heart dysfunction.®” However, later studies on the function of ACE2 in the heart resulted in contradictory obser-
vations.®' Two independent groups showed that the baseline cardiac function and morphology appeared normal in their
ACE2-deficient mouse lines.!*!* Nevertheless, ACE2~" and even heterozygous female ACE2*~ mice are more susceptible
to pressure overload or diabetes-induced cardiac injury.'®*" Moreover, the lack of ACE2 also exacerbated diabetic and
shock-induced kidney injury.>*’

There is also still a debate whether the deletion of ACE2 changes basic blood pressure in mice. Most likely, this effect
depends strongly on the genetic background of the mice analyzed: 129 mice show hardly any effect, while C57BL/6 or
FVB/N ACE2~" mice are clearly hypertensive®' (our unpublished results). Nevertheless, C57BL/6 ACE2~" mice displayed
high blood pressure during pregnancy and reduced weight gain and gave birth to smaller pups.'’ Besides an upregulation of
oxidative stress in the brain and consequently of the sympathetic nervous system,*' the cause for the hypertensive effect of
ACE2 deletion may be an endothelial dysfunction as evidenced by an impaired acetylcholine-induced aortic vasodilatation.'

ACE2 deletion in apolipoprotein E (ApoE) KO mice, a classical model for atherosclerosis, worsened plaque formation
and vascular inflammation.?"** In low-density lipoprotein receptor KO mice, fed a high-fat diet, ACE2 deletion also aggra-
vated atherosclerosis.”” Moreover, loss of ACE2 led to increased arterial neointima formation in response to endovascular
injury in the femoral artery accompanied by an overexpression of inflammation-related genes.*

Several studies have shown an important role of ACE2 in metabolism. C57BL/6 ACE2~"* mice show impaired glucose
homeostasis at different ages.”** Also, ACE2 gene deletion aggravated liver fibrosis in models of chronic hepatic injury.®

ACE2~" mice displayed aggravated pathologies in the acute respiratory distress syndrome® and in bleomycin-induced
lung injury” rendering ACE2 an important target for inflammatory lung diseases.

ACE27" animals were also instrumental for the surprising finding that the protein is not only an enzyme but also a
trafficking molecule in the gut being responsible for the functional expression of the amino acid transporter SLC6A19."
ACE27" mice, therefore, show reduced levels of large amino acids, such as tryptophan, in the circulation, altered gut mi-
crobiota, and intestinal inflammation.*

Human ACE2 Overexpression in Mouse

Besides being an enzyme and trafficking molecule, ACE2 is also the receptor for the human severe acute respiratory syn-
drome (SARS) coronavirus. In order to study this function, transgenic mouse models have been generated by several groups
that overexpress human ACE2 using the mouse ACE2 promoter,** the cytomegalovirus promoter,***” or the cytokeratin 18
promoter specific for the airway and other epithelia.**> As expected, human ACE2 expression led to an increased sus-
ceptibility of the transgenic mice to SARS virus infection. In the kidney, ACE2 overexpression protected the mice from
shock-induced injury.?

Human ACE2 Overexpression in the Mouse Brain

The transgenic mouse overexpressing human ACE2 in the brain using the synapsin promoter has confirmed the important
actions of central Ang II in the pathogenesis of cardiovascular diseases and the protective role of Ang-(1-7). The animals
are protected from hypertension induced by low peripheral infusions of Ang II** and DOCA-salt treatment.** Moreover, they
show an amelioration of cardiac hypertrophy induced by AngIl,* of chronic heart failure induced by coronary ligation,*
and of stroke induced by middle cerebral artery occlusion.*>¢” In most cases, an increase in Ang-(1-7) and a decrease of Ang
II in the brain both influencing the levels of local NO and the autonomic nervous system were shown to be instrumental.
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TABLE 1 Transgenic Rodent Models of the ACE2/Ang-(1-7)/Mas Axis

Component of the

ACE2/Ang-(1-7)/Mas Effect on
Axis Promoter Species Expression Phenotypes/References
ACE2 - Mouse Knockout Cardiac' and endothelial dysfunction' (our
unpublished data)
Increased blood pressure (depending on genetic
background)'®
Increased blood pressure during pregnancy'”
Increased susceptibility to cardiac damage'®>"
Aggravated atherosclerosis’'**
Disturbed glucose homeostasis®**
Aggravated kidney?°~” and lung injury?®*®
Amino acid uptake deficiency in the gut’*~”
ACE2 (human) ACE2 (mouse) Mouse General Increased susceptibility to SARS virus infection®’
overexpression
ACE2 (human) Cytokeratin 18 Mouse Overexpression Increased susceptibility to SARS virus infection®**>
in epithelia
ACE2 (human) CMV Mouse General Increased susceptibility to SARS virus infection’**”
overexpression
ACE2 (human) aMHC Mouse Overexpression Increase in ventricular tachycardia and sudden
in heart death’®
ACE2 (human) Nephrin Mouse Overexpression Ameliorated nephropathy induced by diabetes*
in podocytes
ACE2 (human) Synapsin Mouse Overexpression Attenuated neurogenic hypertension*’
in brain Decreased oxidative stress and sympathetic
activity !
Protection from brain ischemic injury*
ACE2 (human) SMMHC Rat (SHRSP) Overexpression Ameliorated hypertension, reduction in oxidative
in smooth stress*?
muscle
Mas B Mouse Knockout Increased anxiety (sex-dependent)**
Cardiac*® and endothelial dysfunction**®
Increased vascular and systemic oxidative
stress*’ 48
Erectile dysfunction*’
Nephropathy*°
Metabolic dysfunction®’
Mas (rat) Opsin Mouse Overexpression Degeneration of photoreceptors>
in retina
PRCP - Mouse Knockout Decrease in body weight, hypertension, vascular
dysfunction® (Schadock et al., unpublished results)
Ang-(1-7) CMV Rat Overexpression Improved cardiac and endothelial function,
in testis improved lipid and glycolytic profile®*®
Protection from heart hypertrophy®”
Ang-(1-7) aMHC Mouse Overexpression Protection from heart hypertrophy°*
in heart
Ang-(1-7) aMHC Rat Overexpression Improved cardiac function and protection from

in heart

heart hypertrophy*

PRCP, prolylcarboxypeptidase; SHRSP, spontaneously hypertensive stroke-prone rat; SMMHC, smooth muscle myosin heavy chain; CMV, cytomegalovirus;
aMHC, a-cardiac myosin heavy chain.
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Human ACE2 Overexpression in the Mouse Heart

Transgenic mice overexpressing human ACE2 in the heart surprisingly showed an increase in ventricular tachycardia and
sudden death, which was due to a dysregulation of connexins.* The underlying mechanism and the involved peptides could
not be elucidated.

Human ACE2 Overexpression in Mouse Podocytes

When human ACE2 was overexpressed in podocytes of mice using the nephrin promoter, the nephropathy induced by dia-
betes was ameliorated.*” The authors suggest that this is due to reduced renal Ang II levels leading to a reduced expression
of TGF-beta, but they could also not exclude a protective effect of Ang-(1-7).

Human ACE2 Overexpression in the Rat Vascular Smooth Muscle

ACE2 is highly expressed in the endothelium and smooth muscle cells (SMC), and its expression is reduced in the spon-
taneously hypertensive stroke-prone rat (SHRSP). When human ACE2 was overexpressed in vascular SMC of transgenic
SHRSP, endothelial dysfunction and hypertension were ameliorated, which was accompanied by a reduction in oxidative
stress linked to a decrease in Ang II and/or an increase in Ang-(1-7).%

Mas Models

Mas-KO Mice

In 1998, we generated Mas-deficient (Mas™~) mice on the mixed 129xC57BL/6 background and showed that these ani-
mals were healthy in appearance and grew normally and exhibited normal Ang II plasma levels.* However, male (but not
female*) Mas™~ mice displayed increased anxiety on the elevated-plus maze. We also showed not only that long-term po-
tentiation was markedly increased in the hippocampal CA1 region of Mas™~~ mice* but also that object recognition memory
is impaired.®® Collectively, these data support a role of Mas in behavior.

C57BL/6 Mas™~ mice show a marked cardiac dysfunction both in vitro® and in vivo'® accompanied by an increase
in extracellular matrix proteins, such as collagen I, collagen III, and fibronectin.*® Furthermore, Mas™~ animals exhibit
vascular oxidative stress, endothelial dysfunction, and high blood pressure at least on the FVB/N genetic background.*’
Consistently, endothelial function is also impaired in isolated Mas™~ vessels.”” Consequently, Mas™~ mice exhibit a pro-
nounced decrease in blood flow and a marked increase in resistance in different vascular beds.”" These functional changes
in both regional and systemic hemodynamics in Mas~~ mice suggest that the Ang-(1-7)/Mas axis plays an important role in
vascular regulation. A dysregulation of the vascular function in the corpus cavernosum is probably also the reason for the
erectile dysfunction observed in Mas™~ mice.*

Pinheiro et al.”° showed an imbalance in renal function in Mas™~ mice: reduced urine volume and fractional sodium ex-
cretion and increased glomerular filtration rate and proteinuria. Surprisingly, a proinflammatory role for Ang-(1-7) and Mas
was reported in a model of unilateral ureteral obstruction in mice’ in contrast to the anti-inflammatory effects of Ang-(1-7)
and Mas in other models of kidney nephropathy.” Certainly, additional studies are needed to clarify the role of Ang-(1-7) and
Mas in the kidney. The anti-inflammatory actions of Mas were also recently confirmed in a lipopolysaccharide (LPS)-induced
endotoxic shock model.™

Santos and colleagues®' have revealed the effects of Mas deficiency on lipid and glucose metabolism. They used Mas~~
mice on the FVB/N background and demonstrated that loss of Mas increases the risk of metabolic complications by causing
several features of the metabolic syndrome, such as type 2 diabetes mellitus, hypertension, dyslipidemia, and nonalcoholic
fatty liver disease. Mas deletion decreased the responsiveness of adipocytes to insulin accompanied by a decreased ex-
pression of PPARY in adipose tissue.”” Moreover, Silva et al. recently showed that Mas deletion in ApoE~~ mice leads to
dyslipidemia and liver steatosis.”®

Mas Overexpression in Retina

When rat Mas is overexpressed in the retina of transgenic mice using the opsin promoter, degeneration of photoreceptors
is the consequence, which is probably induced by proliferative signaling pathways activated in these cells due to the con-
stitutively active Mas protein.”’

Prolylcarboxypeptidase KO Mice

Prolylcarboxypeptidase (PRCP, EC 3.4.16.2) is another enzyme that can generate Ang-(1-7) from Ang II, but it is also not
specific for angiotensin peptides. PRCP-KO mice show elevated levels of a-melanocyte-stimulating hormone (x-MSH),
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an anorexigenic neuropeptide, in the hypothalamus. The phenotype of these animals is characterized by a decrease in body
weight and body length under normal diet, accompanied by decreased white adipose tissue.’® The lean phenotype is also
observed after high-fat diet-induced obesity (Schadock et al., unpublished results).

Moreover, PRCP-KO mice display hypertension and vascular dysfunction probably due to an increase in reactive oxy-
gen species and uncoupled eNOS.* In addition, PRCP also regulates angiogenesis and vascular repair.”® How much of these
cardiovascular actions are due to alterations in Ang II or Ang-(1-7) levels remains to be elucidated.

Ang-(1-7) Models

Based on an elegant system to generate RAS peptides by release from an artificial protein, which is processed by furin dur-
ing secretion,”’ several transgenic animal models with altered Ang-(1-7) levels were generated.

Transgenic Rats Overexpressing Ang-(1-7)

The transgenic rat TGR(A1-7)3292 expresses the Ang-(1-7)-producing protein mainly in the testis.*” In this model, Ang-
(1-7) levels are chronically elevated in plasma and testis ~2.5-fold and ~4.5-fold, respectively. Surprisingly, this chronic
increase in Ang-(1-7) did not alter basal blood pressure levels measured by telemetry. However, TGR(A1-7)3292 rats
displayed a marked reduction in isoproterenol-induced heart hypertrophy and an improvement of postischemic systolic
function.” Botelho-Santos and colleagues’” showed changes in systemic and regional hemodynamic parameters in these
rats, resulting in an increase of vascular conductance in several tissues and a decreased total peripheral resistance.
Furthermore, the transgenic rats showed a significant increase in stroke volume and cardiac index”’ and a reduction in
basal urinary flow, leading to increased urinary osmolality and osmolal clearance.*® Furthermore, chronic elevation of
circulating Ang-(1-7) levels considerably improved the lipid and glycolytic profile and lowered the fat mass accompa-
nied by a decrease in triglycerides and cholesterol in plasma and an improved glucose tolerance and insulin sensitivity
and reduced gluconeogenesis in the liver.*

Transgenic Mice and Rats Overexpressing Ang-(1-7) in the Heart

Transgenic mice carrying the Ang-(1-7)-releasing construct under the control of the alpha-cardiac myosin heavy-chain pro-
moter exhibit about an eightfold increase of the peptide in the heart and show a normal basic cardiac function but are pro-
tected from hypertensive cardiac hypertrophy induced by Ang II infusion™ but not from myocardial infarction.*’ Transgenic
rats generated with the same construct showed a slightly improved resting cardiac function and were also protected from
hypertrophy in this case induced by isoproterenol.”

CONCLUSIONS AND OUTLOOK

Transgenic and KO rodent models were pivotal for our understanding of the protective functions of the novel RAS axis,
ACE2/Ang-(1-7)/Mas. Transgenic overexpression of the components of this axis in general led to ameliorated cardiac and
vascular damage in disease states and to an improved metabolic profile. KO models for ACE2 and Mas, however, show
aggravated cardiovascular pathologies and a metabolic-syndrome-like state. In particular, the local production of Ang-(1-7)
in the vascular wall, in the heart, and in the brain was found to be of high physiological relevance by the use of transgenic
animals overexpressing ACE2 or Ang-(1-7) in these tissues. Inducible and cell-type-specific KO models for Mas and
ACE2 will be helpful in the future to deepen our understanding of the ACE2/Ang-(1-7)/Mas axis.

REFERENCES

1. Bader M. Mouse knockout models of hypertension. Method Mol Med 2005;108:17-32.
Alenina N, Xu P, Rentzsch B, Patkin EL, Bader M. Genetically altered animal models for mas and angiotensin-(1-7). Exp Physiol 2008;93:528-37.

3. Vaquer G, Riviere F, Mavris M, Bignami F, Llinares-Garcia J, Westermark K, et al. Animal models for metabolic, neuromuscular and ophthalmo-
logical rare diseases. Nat Rev Drug Discov 2013;12:287-305.

4. Gordon JW, Scangos GA, Plotkin DJ, Barbosa JA, Ruddle FH. Genetic transformation of mouse embryos by microinjection of purified DNA. Proc
Natl Acad Sci U S A 1980;77:7380—4.

5. Mullins JJ, Peters J, Ganten D. Fulminant hypertension in transgenic rats harbouring the mouse ren-2 gene. Nature 1990;344:541-4.
Ramirez-Solis R, Bradley A. Advances in the use of embryonic stem cell technology. Curr Opin Biotechnol 1994;5:528-33.

7. Thomas KR, Capecchi MR. Introduction of homologous DNA sequences into mammalian cells induces mutations in the cognate gene. Nature
1986;324:34-8.


http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0010
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0015
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0020
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0020
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0025
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0025
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0030
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0035
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0040
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0040

166 The Protective Arm of the Renin—Angiotensin System (RAS)

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Doetschman T, Gregg RG, Maeda N, Hooper ML, Melton DW, Thompson S, et al. Targetted correction of a mutant hprt gene in mouse embryonic
stem cells. Nature 1987;330:576-8.

Buehr M, Meek S, Blair K, Yang J, Ure J, Silva J, et al. Capture of authentic embryonic stem cells from rat blastocysts. Cell 2008;135:1287-98.
Tong C, Li P, Wu NL, Yan Y, Ying QL. Production of p53 gene knockout rats by homologous recombination in embryonic stem cells. Nature
2010;467:211-13.

Meek S, Buehr M, Sutherland L, Thomson A, Mullins JJ, Smith AJ, et al. Efficient gene targeting by homologous recombination in rat embryonic
stem cells. PLoS One 2010;5:€14225.

Gaj T, Gersbach CA, Barbas 3rd CF. Zfn, talen, and crispr/cas-based methods for genome engineering. Trends Biotechnol 2013;31:397-405.
Moreno C, Hoffman M, Stodola TJ, Didier DN, Lazar J, Geurts AM, et al. Creation and characterization of a renin knockout rat. Hypertension
2011;57:614-19.

Crackower MA, Sarao R, Oudit GY, Yagil C, Kozieradzki I, Scanga SE, et al. Angiotensin-converting enzyme 2 is an essential regulator of heart
function. Nature 2002;417:822-8.

Lovren F, Pan Y, Quan A, Teoh H, Wang G, Shukla PC, et al. Angiotensin converting enzyme-2 confers endothelial protection and attenuates ath-
erosclerosis. Am J Physiol Heart Circ Physiol 2008;295:H1377-84.

Gurley SB, Allred A, Le TH, Griffiths R, Mao L, Philip N, et al. Altered blood pressure responses and normal cardiac phenotype in ace2-null mice.
J Clin Invest 2006;116:2218-25.

Bharadwaj MS, Strawn WB, Groban L, Yamaleyeva LM, Chappell MC, Horta C, et al. Angiotensin-converting enzyme 2 deficiency is associated
with impaired gestational weight gain and fetal growth restriction. Hypertension 2011;58:852-8.

Yamamoto K, Ohishi M, Katsuya T, Ito N, Ikushima M, Kaibe M, et al. Deletion of angiotensin-converting enzyme 2 accelerates pressure overload-
induced cardiac dysfunction by increasing local angiotensin II. Hypertension 2006;47:718-26.

Patel VB, Bodiga S, Fan D, Das SK, Wang Z, Wang W, et al. Cardioprotective effects mediated by angiotensin II type 1 receptor blockade and
enhancing angiotensin 1-7 in experimental heart failure in angiotensin-converting enzyme 2-null mice. Hypertension 2012;59:1195-203.

Wang W, Patel VB, Parajuli N, Fan D, Basu R, Wang Z, et al. Heterozygote loss of ace?2 is sufficient to increase the susceptibility to heart disease.
J Mol Med 2014;92(8):847-58.

Thomas MC, Pickering RJ, Tsorotes D, Koitka A, Sheehy K, Bernardi S, et al. Genetic ace2 deficiency accentuates vascular inflammation and
atherosclerosis in the apoe knockout mouse. Circ Res 2010;107:888-97.

Sahara M, Ikutomi M, Morita T, Minami Y, Nakajima T, Hirata Y, et al. Deletion of angiotensin-converting enzyme 2 promotes the development of
atherosclerosis and arterial neointima formation. Cardiovasc Res 2014;101:236-46.

Niu MJ, Yang JK, Lin SS, Ji XJ, Guo LM. Loss of angiotensin-converting enzyme 2 leads to impaired glucose homeostasis in mice. Endocrine
2008;34:56-61.

Takeda M, Yamamoto K, Takemura Y, Takeshita H, Hongyo K, Kawai T, et al. Loss of ace2 exaggerates high-calorie diet-induced insulin resistance
by reduction of glut4 in mice. Diabetes 2013;62:223-33.

Wong DW, Oudit GY, Reich H, Kassiri Z, Zhou J, Liu QC, et al. Loss of angiotensin-converting enzyme-2 (ace2) accelerates diabetic kidney injury.
Am J Pathol 2007;171:438-51.

Yang XH, Wang YH, Wang JJ, Liu YC, Deng W, Qin C, et al. Role of angiotensin-converting enzyme (ace and ace2) imbalance on tourniquet-
induced remote kidney injury in a mouse hindlimb ischemia-reperfusion model. Peptides 2012;36:60-70.

Shiota A, Yamamoto K, Ohishi M, Tatara Y, Ohnishi M, Maekawa Y, et al. Loss of ace2 accelerates time-dependent glomerular and tubulointerstitial
damage in streptozotocin-induced diabetic mice. Hypertens Res 2010;33:298-307.

Imai Y, Kuba K, Rao S, Huan Y, Guo F, Guan B, et al. Angiotensin-converting enzyme 2 protects from severe acute lung failure. Nature
2005;436:112-16.

Rey-Parra GJ, Vadivel A, Coltan L, Hall A, Eaton F, Schuster M, et al. Angiotensin converting enzyme 2 abrogates bleomycin-induced lung injury.
J Mol Med 2012;90:637-47.

Singer D, Camargo SM, Ramadan T, Schafer M, Mariotta L, Herzog B, et al. Defective intestinal amino acid absorption in ace2 null mice. Am J
Physiol Gastr Liver Physiol 2012;303:G686-95.

Camargo SM, Singer D, Makrides V, Huggel K, Pos KM, Wagner CA, et al. Tissue-specific amino acid transporter partners ace2 and collectrin dif-
ferentially interact with hartnup mutations. Gastroenterology 2009;136:872—-82.

Hashimoto T, Perlot T, Rehman A, Trichereau J, Ishiguro H, Paolino M, et al. Ace2 links amino acid malnutrition to microbial ecology and intestinal
inflammation. Nature 2012;487:477-81.

Yang XH, Deng W, Tong Z, Liu YX, Zhang LF, Zhu H, et al. Mice transgenic for human angiotensin-converting enzyme 2 provide a model for sars
coronavirus infection. Comp Med 2007;57:450-9.

McCray PB, Pewe L, Wohlford-Lenane C, Hickey M, Manzel L, Shi L, et al. Lethal infection of k18-hace2 mice infected with severe acute respira-
tory syndrome coronavirus. J Virol 2007;81:813-21.

Netland J, Meyerholz DK, Moore S, Cassell M, Perlman S. Severe acute respiratory syndrome coronavirus infection causes neuronal death in the
absence of encephalitis in mice transgenic for human ace2. J Virol 2008;82:7264-75.

Tseng CT, Huang C, Newman P, Wang N, Narayanan K, Watts DM, et al. Severe acute respiratory syndrome coronavirus infection of mice trans-
genic for the human angiotensin-converting enzyme 2 virus receptor. J Virol 2007;81:1162-73.

Yoshikawa N, Yoshikawa T, Hill T, Huang C, Watts DM, Makino S, et al. Differential virological and immunological outcome of severe acute respiratory
syndrome coronavirus infection in susceptible and resistant transgenic mice expressing human angiotensin-converting enzyme 2. J Virol 2009;83:5451-65.


http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0045
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0045
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0050
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0055
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0055
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0060
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0060
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0065
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0070
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0070
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0075
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0075
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0080
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0080
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0085
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0085
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0090
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0090
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0095
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0095
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0100
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0100
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0105
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0105
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0110
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0110
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0115
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0115
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0120
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0120
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0125
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0125
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0130
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0130
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0135
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0135
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0140
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0140
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0145
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0145
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0150
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0150
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0155
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0155
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0160
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0160
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0165
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0165
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0170
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0170
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0175
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0175
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0180
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0180
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0185
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0185
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0190
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0190

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

67.

Animal Models with a Genetic Alteration of the ACE2/Ang-(1-7)/Mas Axis Chapter | 22 167

Donoghue M, Wakimoto H, Maguire CT, Acton S, Hales P, Stagliano N, et al. Heart block, ventricular tachycardia, and sudden death in ace2 trans-
genic mice with downregulated connexins. J Mol Cell Cardiol 2003;35:1043-53.

Nadarajah R, Milagres R, Dilauro M, Gutsol A, Xiao F, Zimpelmann J, et al. Podocyte-specific overexpression of human angiotensin-converting
enzyme 2 attenuates diabetic nephropathy in mice. Kidney Int 2012;82:292-303.

Feng Y, Xia H, Cai Y, Halabi CM, Becker LK, Santos RA, et al. Brain-selective overexpression of human angiotensin-converting enzyme type 2
attenuates neurogenic hypertension. Circ Res 2010;106:373-82.

Xia H, Suda S, Bindom S, Feng Y, Gurley SB, Seth D, et al. Ace2-mediated reduction of oxidative stress in the central nervous system is associated
with improvement of autonomic function. PLoS One 2011;6:€22682.

Zheng JL, Li GZ, Chen SZ, Wang JJ, Olson JE, Xia HJ, et al. Angiotensin converting enzyme 2/ang-(1-7)/mas axis protects brain from ischemic
injury with a tendency of age-dependence. CNS Neurosci Ther 2014;20:452-9.

Rentzsch B, Todiras M, Iliescu R, Popova E, Campos LA, Oliveira ML, et al. Transgenic angiotensin-converting enzyme 2 overexpression in vessels
of shrsp rats reduces blood pressure and improves endothelial function. Hypertension 2008;52:967-73.

Walther T, Balschun D, Voigt JP, Fink H, Zuschratter W, Birchmeier C, et al. Sustained long term potentiation and anxiety in mice lacking the mas
protooncogene. J Biol Chem 1998;273:11867-73.

Walther T, Voigt JP, Fink H, Bader M. Sex specific behavioural alterations in mas-deficient mice. Behav Brain Res 2000;107:105-9.

Santos RA, Castro CH, Gava E, Pinheiro SV, Almeida AP, Paula RD, et al. Impairment of in vitro and in vivo heart function in angiotensin-(1-7)
receptor mas knockout mice. Hypertension 2006;47:996—1002.

Xu P, Costa-Goncalves AC, Todiras M, Rabelo LA, Sampaio WO, Moura MM, et al. Endothelial dysfunction and elevated blood pressure in mas
gene-deleted mice. Hypertension 2008;51:574-80.

Rabelo LA, Xu P, Todiras M, Sampaio WO, Buttgereit J, Bader M, et al. Ablation of angiotensin (1-7) receptor mas in c57bl/6 mice causes endo-
thelial dysfunction. J Am Soc Hypertens 2008;2:418-24.

da Costa Goncalves AC, Leite R, Fraga-Silva RA, Pinheiro SV, Reis AB, Reis FM, et al. Evidence that the vasodilator angiotensin-(1-7)-mas axis
plays an important role in erectile function. Am J Physiol Heart Circ Physiol 2007;293:H2588-96.

Pinheiro SV, Ferreira AJ, Kitten GT, da Silveira KD, da Silva DA, Santos SH, et al. Genetic deletion of the angiotensin-(1-7) receptor mas leads to
glomerular hyperfiltration and microalbuminuria. Kidney Int 2009;75:1184-93.

Santos SH, Fernandes LR, Mario EG, Ferreira AV, Porto LC, Alvarez-Leite JI, et al. Mas deficiency in fvb/n mice produces marked changes in lipid
and glycemic metabolism. Diabetes 2008;57:340-7.

Adams GN, LaRusch GA, Stavrou E, Zhou Y, Nieman MT, Jacobs GH, et al. Murine prolylcarboxypeptidase depletion induces vascular dysfunction
with hypertension and faster arterial thrombosis. Blood 2011;117:3929-37.

Wallingford N, Perroud B, Gao Q, Coppola A, Gyengesi E, Liu ZW, et al. Prolylcarboxypeptidase regulates food intake by inactivating alpha-MSH
in rodents. J Clin Invest 2009;119:2291-303.

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 effects in rats. Physiol Genomics 2004;17:292-9.

Santos SH, Braga JF, Mario EG, Porto LC, Rodrigues-Machado Mda G, Murari A, et al. Improved lipid and glucose metabolism in transgenic rats
with increased circulating angiotensin-(1-7). Arterioscler Thromb Vasc Biol 2010;30:953-61.

Bilman V, Mares-Guia L, Nadu AP, Bader M, Campagnole-Santos MJ, Santos RA, et al. Decreased hepatic gluconeogenesis in transgenic rats with
increased circulating angiotensin-(1-7). Peptides 2012;37:247-51.

Botelho-Santos GA, Sampaio WO, Reudelhuber TL, Bader M, Campagnole-Santos MJ, Souza dos Santos RA. Expression of an angiotensin-(1-7)-
producing fusion protein in rats induced marked changes in regional vascular resistance. Am J Phys Heart Circ Physiol 2007;292:H2485-90.
Mercure C, Yogi A, Callera GE, Aranha AB, Bader M, Ferreira AJ, et al. Angiotensin(1-7) blunts hypertensive cardiac remodeling by a direct effect
on the heart. Circ Res 2008;103:1319-26.

Ferreira AJ, Castro CH, Guatimosim S, Almeida PW, Gomes ER, Dias-Peixoto MF, et al. Attenuation of isoproterenol-induced cardiac fibrosis in
transgenic rats harboring an angiotensin-(1-7)-producing fusion protein in the heart. Ther Adv Cardiovasc Dis 2010;4:83-96.

Oudit GY, Kassiri Z, Patel MP, Chappell M, Butany J, Backx PH, et al. Angiotensin II-mediated oxidative stress and inflammation mediate the age-
dependent cardiomyopathy in ace2 null mice. Cardiovasc Res 2007;75:29-39.

Gurley SB, Coffman TM. Angiotensin-converting enzyme 2 gene targeting studies in mice: mixed messages. Exp Physiol 2008;93:538-42.
Thatcher SE, Zhang X, Howatt DA, Lu H, Gurley SB, Daugherty A, et al. Angiotensin-converting enzyme 2 deficiency in whole body or bone
marrow-derived cells increases atherosclerosis in low-density lipoprotein receptor—/— mice. Arterioscler Thromb Vasc Biol 2011;31:758-65.
Osterreicher CH, Taura K, De Minicis S, Seki E, Penz-Osterreicher M, Kodama Y, et al. Angiotensin-converting-enzyme 2 inhibits liver fibrosis in
mice. Hepatology 2009;50:929-38.

Xia H, Sriramula S, Chhabra KH, Lazartigues E. Brain angiotensin-converting enzyme type 2 shedding contributes to the development of neurogenic
hypertension. Circ Res 2013;113:1087-96.

Feng Y, Hans C, Mcllwain E, Varner KJ, Lazartigues E. Angiotensin-converting enzyme 2 over-expression in the central nervous system reduces
angiotensin-II-mediated cardiac hypertrophy. PLoS One 2012;7:¢48910.

Xiao L, Gao L, Lazartigues E, Zucker IH. Brain-selective overexpression of angiotensin-converting enzyme 2 attenuates sympathetic nerve activity
and enhances baroreflex function in chronic heart failure. Hypertension 2011;58:1057-65.

Chen J, Zhao Y, Chen S, Wang J, Xiao X, Ma X, et al. Neuronal over-expression of ace2 protects brain from ischemia-induced damage.
Neuropharmacology 2014;79:550-8.


http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0195
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0195
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0200
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0200
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0205
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0205
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0210
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0210
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0215
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0215
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0220
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0220
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0225
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0225
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0230
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0235
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0235
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0240
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0240
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0245
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0245
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0250
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0250
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0255
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0255
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0260
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0260
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0265
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0265
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0270
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0270
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0275
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0275
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0280
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0280
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0285
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0285
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0290
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0290
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0295
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0295
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0300
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0300
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0305
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0305
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0310
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0315
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0315
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0320
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0320
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0325
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0325
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0330
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0330
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0335
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0335
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0340
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0340

168 The Protective Arm of the Renin—Angiotensin System (RAS)

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

Lazaroni TL, Raslan AC, Fontes WR, de Oliveira ML, Bader M, Alenina N, et al. Angiotensin-(1-7)/Mas axis integrity is required for the expression
of object recognition memory. Neurobiol Learn Mem 2012;97:113-23.

Castro CH, Santos RA, Ferreira AJ, Bader M, Alenina N, Almeida AP. Effects of genetic deletion of angiotensin-(1-7) receptor mas on cardiac
function during ischemia/reperfusion in the isolated perfused mouse heart. Life Sci 2006;80:264-8.

Peiro C, Vallejo S, Gembardt F, Azcutia V, Heringer-Walther S, Rodriguez-Manas L, et al. Endothelial dysfunction through genetic deletion or
inhibition of the g protein-coupled receptor Mas: a new target to improve endothelial function. J Hypertens 2007;25:2421-5.

Botelho-Santos GA, Bader M, Alenina N, Santos RA. Altered regional blood flow distribution in mas-deficient mice. Ther Adv Cardiovasc Dis
2012;6:201-11.

Esteban V, Heringer-Walther S, Sterner-Kock A, de Bruin R, van den Engel S, Wang Y, et al. Angiotensin-(1-7) and the g protein-coupled receptor
Mas are key players in renal inflammation. PLoS One 2009;4:e5406.

Silveira KD, Barroso LC, Vieira AT, Cisalpino D, Lima CX, Bader M, et al. Beneficial effects of the activation of the angiotensin-(1-7) mas receptor
in a murine model of adriamycin-induced nephropathy. PLoS One 2013:8:¢66082.

Souza LL, Duchene J, Todiras M, Azevedo LC, Costa-Neto CM, Alenina N, et al. Receptor mas protects mice against hypothermia and mortality
induced by endotoxemia. Shock 2014;41:331-6.

Mario EG, Santos SH, Ferreira AV, Bader M, Santos RA, Botion LM. Angiotensin-(1-7) mas-receptor deficiency decreases peroxisome proliferator-
activated receptor gamma expression in adipocytes. Peptides 2012;33:174-7.

Silva AR, Aguilar EC, Alvarez-Leite JI, da Silva RF, Arantes RM, Bader M, et al. Mas receptor deficiency is associated with worsening of lipid
profile and severe hepatic steatosis in apoe-knockout mice. Am J Physiol Regul Integr Comp Physiol 2013;305:R1323-30.

Xu X, Quiambao AB, Roveri L, Pardue MT, Marx JL, Rohlich P, et al. Degeneration of cone photoreceptors induced by expression of the mas1
protooncogene. Exp Neurol 2000;163:207-19.

Adams GN, Stavrou EX, Fang C, Merkulova A, Alaiti MA, Nakajima K, et al. Prolylcarboxypeptidase promotes angiogenesis and vascular repair.
Blood 2013;122:1522-31.

Methot D, LaPointe MC, Touyz RM, Yang XP, Carretero OA, Deschepper CF, et al. Tissue targeting of angiotensin peptides. J Biol Chem
1997;272:12994-9.

Ferreira AJ, Pinheiro SV, Castro CH, Silva GA, Silva AC, Almeida AP, et al. Renal function in transgenic rats expressing an angiotensin-(1-7)-
producing fusion protein. Regul Pept 2006;137:128-33.

Wang Y, Qian C, Roks AJ, Westermann D, Schumacher SM, Escher F, et al. Circulating rather than cardiac angiotensin-(1-7) stimulates cardiopro-
tection after myocardial infarction. Circ Heart Fail 2010;3:286-93.


http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0345
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0345
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0350
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0350
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0355
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0355
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0360
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0360
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0365
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0365
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0370
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0370
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0375
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0375
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0380
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0380
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0385
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0385
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0390
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0390
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0395
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0395
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0400
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0400
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0405
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0405
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0410
http://refhub.elsevier.com/B978-0-12-801364-9.00022-5/rf0410

	Animal Models with a Genetic Alteration of the ACE2/Ang-(1-7)/Mas Axis
	Introduction
	Transgenic Animal Technology: A Brief Update
	Transgenic and KO Rodent Models of the ACE2/Ang-(1-7)/Mas Axis
	ACE2 Models
	ACE2 KO Mice
	Human ACE2 Overexpression in Mouse
	Human ACE2 Overexpression in the Mouse Brain
	Human ACE2 Overexpression in the Mouse Heart
	Human ACE2 Overexpression in Mouse Podocytes
	Human ACE2 Overexpression in the Rat Vascular Smooth Muscle

	Mas Models
	Mas-KO Mice
	Mas Overexpression in Retina

	Prolylcarboxypeptidase KO Mice
	Ang-(1-7) Models
	Transgenic Rats Overexpressing Ang-(1-7)
	Transgenic Mice and Rats Overexpressing Ang-(1-7) in the Heart


	Conclusions and Outlook
	References


