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Double Deletion of Angiotensin II Type 2 
and Mas Receptors Accelerates Aging- 
Related Muscle Weakness in Male Mice
Hikari Takeshita, PhD; Koichi Yamamoto , MD, PhD; Masaki Mogi , MD, PhD; Yu Wang, BM;  
Yoichi Nozato, MD, PhD; Taku Fujimoto, MD, PhD; Serina Yokoyama, MD, PhD; Kazuhiro Hongyo, MD, PhD; 
Futoshi Nakagami, MD, PhD; Hiroshi Akasaka, MD, PhD; Yoichi Takami, MD, PhD; Yasushi Takeya, MD, PhD; 
Ken Sugimoto, MD, PhD; Masatsugu Horiuchi, MD, PhD; Hiromi Rakugi , MD, PhD

BACKGROUND: The activation of AT2 (angiotensin II type 2 receptor ) and Mas receptor by angiotensin II and angiotensin- (1- 7), 
respectively, is the primary process that counteracts activation of the canonical renin- angiotensin system (RAS). Although 
inhibition of canonical RAS could delay the progression of physiological aging, we recently reported that deletion of Mas had 
no impact on the aging process in mice. Here, we used male mice with a deletion of only AT2 or a double deletion of AT2 and 
Mas to clarify whether these receptors contribute to the aging process in a complementary manner, primarily by focusing on 
aging- related muscle weakness.

METHODS AND RESULTS: Serial changes in grip strength of these mice up to 24 months of age showed that AT2/Mas knock-
out mice, but not AT2 knockout mice, had significantly weaker grip strength than wild- type mice from the age of 18 months. 
AT2/Mas knockout mice exhibited larger sizes, but smaller numbers and increased frequency of central nucleation (a marker 
of aged muscle) of single skeletal muscle fibers than AT2 knockout mice. Canonical RAS- associated genes, inflammation- 
associated genes, and senescence- associated genes were highly expressed in skeletal muscles of AT2/Mas knockout mice. 
Muscle angiotensin II content increased in AT2/Mas knockout mice.

CONCLUSIONS: Double deletion of AT2 and Mas in mice exaggerated aging- associated muscle weakness, accompanied by 
signatures of activated RAS, inflammation, and aging in skeletal muscles. Because aging- associated phenotypes were absent 
in single deletions of the receptors, AT2 and Mas could complement each other in preventing local activation of RAS during 
aging.
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The renin- angiotensin system (RAS), primarily in-
volved in the maintenance of blood pressure, 
has been identified to be functional in individual 

organs including skeletal muscles.1- 5 Previous studies 
have suggested that acute administration of angioten-
sin II induces muscle wasting in rodents.6- 8 Conversely, 
RAS inhibition was reported to alleviate pathological 
conditions associated with muscle disorders, includ-
ing muscular dystrophies, in mice.9- 11 In addition, the 

contribution of RAS in aging- associated muscle weak-
ness is supported by findings revealing that pharma-
cological and genetic inhibition of AT1 (angiotensin II 
type 1 receptor) led to protection from physiological 
muscle weakness, muscle injury, and disuse muscle 
atrophy in aged mice.9,12,13

Accumulating lines of evidence have established 
the presence of 2 endogenous pathways that con-
fer protection from RAS activation, namely, the ACE2 

Correspondence to: Koichi Yamamoto, MD, PhD, Department of Geriatric and General Medicine, Osaka University Graduate School of Medicine, 2- 2 
Yamadaoka, Suita, Osaka 565- 0871, Japan. E- mail: kyamamoto@geriat.med.osaka-u.ac.jp

Supplementary Material for this article is available at https://www.ahajo urnals.org/doi/suppl/ 10.1161/JAHA.120.021030

For Sources of Funding and Disclosures, see page 10.

© 2021 The Authors. Published on behalf of the American Heart Association, Inc., by Wiley. This is an open access article under the terms of the Creative 
Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use 
is non- commercial and no modifications or adaptations are made. 

JAHA is available at: www.ahajournals.org/journal/jaha

https://orcid.org/0000-0003-0107-9315
mailto:﻿
https://orcid.org/0000-0002-0275-9198
https://orcid.org/0000-0001-6508-4338
mailto:kyamamoto@geriat.med.osaka-u.ac.jp
https://www.ahajournals.org/doi/suppl/10.1161/JAHA.120.021030
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.ahajournals.org/journal/jaha


J Am Heart Assoc. 2021;10:e021030. DOI: 10.1161/JAHA.120.021030 2

Takeshita et al Muscle Weakness in Aged AT2/Mas Deficient Mice

(angiotensin- converting enzyme 2)/A1- 7 (angiotensin 
1- 7)/Mas axis and the angiotensin II/AT2 (angioten-
sin II type 2 receptor) axis. The protective role of A1- 7 
in muscle disorders, exerted by binding to Mas, has 
been well established by previous reports using animal 
models of several muscle disorders.14- 18 However, this 
protective effect is not observed in aging- associated 
muscle weakness. We have recently reported that the 
absence of ACE2, which cleaves angiotensin II into A1- 
7, accelerates aging- associated muscle weakness be-
cause of upregulation of the senescence- associated 
p16 gene and led to increased central nucleated fibers 
(CNFs) in mice.19,20 In contrast, Mas knockout (Mas KO) 
mice did not exhibit any phenotypes of early aging, 
suggesting that the early aging phenotypes of ACE2 
knockout (ACE2 KO) mice were independent of the 

potential suppression of A1- 7- Mas– dependent path-
way by ACE2 deletion.19 In addition, intraperitoneal in-
fusion of A1- 7 was shown to alleviate muscle weakness 
in 24- month- old ACE2 KO and wild- type (WT) mice, 
but not in Mas KO mice.19 These suggest that lifelong 
attenuation of physiological Mas- A1- 7 activation does 
not induce muscle weakness, whereas overactivation 
of Mas by exogenous A1- 7 or pathological conditions 
alleviates muscle disorders, including muscle weak-
ness, in old mice.

In contrast to the abundant insights into the contri-
bution of Mas in skeletal muscle, there is relatively little 
information about the association between AT2 and 
skeletal muscle function. Yoshida et al reported that 
AT2 expression increases with regeneration of skeletal 
muscle after injury or differentiation of muscle progen-
itor cells (satellite cells).21 They also reported that mus-
cle regeneration after injury in mice was accelerated 
and attenuated by AT2 agonist and AT2 antagonist 
(or siRNA of AT2), respectively.21 These findings high-
light certain functional roles of AT2 in skeletal muscles, 
but the influence of AT2 on aging- associated muscle 
weakness remains to be determined.

In this study, we used AT2 knockout (AT2 KO) mice 
to investigate whether lifelong inhibition of the angio-
tensin II- AT2 pathway affects the aging process in 
mice, primarily by focusing on skeletal muscle func-
tion. In addition, we used AT2/Mas double knockout 
(AT2/Mas KO) mice to investigate whether dual inhibi-
tion of the protective pathways against RAS would pro-
mote different synergistic effects in the aging process 
in mice compared with single deletions. Through this 
study, we aimed to reveal the overall significance of 
RAS regulation in the context of modulation of muscle 
function during aging.

METHODS
The data that support the findings of this study are 
available from the corresponding author upon reason-
able request.

Experimental Design
Male WT mice, AT2 KO mice,22 and AT2/Mas KO mice 
generated in a C57BL/6J background were used in 
the study. AT2/Mas KO mice were obtained from 
mating AT2 KO mice and Mas KO mice.23 These mice 
were maintained under specific pathogen- free con-
ditions at 22℃ under a 12- hour light– dark cycle and 
received standard chow and water ad libitum. Grip 
strength and body weight were measured periodically 
at 6, 12, 18, and 24 months of age. At 24 months, tis-
sues were extracted for further analysis. Mice were 
anesthetized with intraperitoneal injection of a mix-
ture of medetomidine (0.75 mg/kg), midazolam (4 mg/

CLINICAL PERSPECTIVE

What Is New?
• Double deletion, but not single deletion, of the 

AT2 (angiotensin II type 2 receptor) and an 
angiotensin- (1- 7) receptor, Mas, both of which 
involved in protection against the activation of 
the renin- angiotensin system, contribute to ac-
celerated aging- induced muscle weakness in 
mice.

What Are the Clinical Implications?
• AT2 and Mas could act complementarily to 

prevent transcriptional activation of the muscle 
renin- angiotensin system, thereby leading to al-
leviation of aging- induced muscle weakness.

• The current findings support the pivotal and 
complementary role of AT2 and Mas in main-
taining skeletal muscle homeostasis during 
aging, which prevents the local activation of the 
renin- angiotensin system.

Nonstandard Abbreviations and Acronyms

A1- 7 angiotensin 1- 7
ACE2 angiotensin- converting enzyme 2
AT1 angiotensin II type 1 receptor
AT2 angiotensin II type 2 receptor
CNF central nucleated fiber
H&E hematoxylin and eosin
KO knockout
RAS renin- angiotensin system
SDH succinate dehydrogenase
WT wild- type
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kg), and butorphanol (5 mg/kg) following guidelines 
of the Osaka University Institutional Animal Care and 
Committee. We prepared 7 to 9 mice in each group, 

but lost several mice before the final tissue excision 
mostly attributable to accidental deaths (number of 
animals in each time point are shown in Figure 1). The 

Figure 1. Schematic overview and aging- induced changes in body weight and grip strength of mice.
A, Schematic overview of the experimental protocol. Body weight (B) and grip strength (C) in mice during the experimental period. The 
numbers of WT, AT2 KO, and AT2/Mas KO mice were 5, 8, and 6, respectively. (Several mice died before the final excision of tissues.) 
Difference was analyzed with 1- way ANOVA, using a Bonferroni post hoc test. *P<0.05, WT vs AT2/Mas KO. †P<0.05, AT2 KO vs AT2/
Mas KO. ACE2 indicates angiotensin- converting enzyme 2; AT1, angiotensin II type 1 receptor; AT2, angiotensin II type 2 receptor; 
AT2 KO, AT2 knockout; AT2/Mas KO, AT2/Mas double knockout; RT- qPCR, quantitative real- time polymerase chain reaction; n.s., not 
significant and WT, wild- type.
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Animal Care and Use Committee of Osaka University 
and Ehime University approved the study protocol. 
All experiments were performed strictly according 
to the US National Institutes of Health Guide for the 
Care and Use of Laboratory Animals. All efforts were 
made to reduce animal suffering and to minimize the 
number of animals used.

Estimation of Grip Strength
Grip strength was measured on a digital force trans-
ducer (GPM- 100; Melquest, Toyama, Japan), as pre-
viously described.24 We performed 6 consecutive 
measurements a day for 3 days. The first day was al-
lotted for training, whereas data acquired on the sec-
ond and third days were analyzed. The average of 12 
measurements was used to represent grip strength for 
each animal. The measurements were performed by 
2 investigators, and each group of mice were blinded 
to the investigator who performed the measurements. 
All test sessions were performed during the afternoon 
hours of the light cycle (11 am to 5 pm) in the vivarium 
where the animals were housed.

RNA Extraction and Quantitative Real- 
Time Polymerase Chain Reaction
Total RNA was extracted from mouse tissues using 
Sepasol (R)- RNA Super G (Nacalai Tesque, Kyoto, 
Japan). cDNA was synthesized using a ReverTra Ace 
quantitative real- time polymerase chain reaction kit 
(FSQ- 101; Toyobo, Osaka, Japan) according to the 
manufacturer’s instructions. We performed quantitative 
estimation of the genes associated with RAS (AT1, AT2, 
Mas, Renin, Angiotensinogen, ACE, and ACE2), the pro-
inflammatory senescence- associated secretory pheno-
type (p16, p19, p21, p53, PAI- 1, IGFBP2, MMP13, IL- 6, 
TNF- α, and MCP- 1),25- 27 muscle- specific gene markers 
of senescence (MuRF- 1, Atrogin- 1, and Myostatin),28,29 
mitochondrial function (Mfn1, Mfn2, and DRP1), and fi-
brosis (α- SMA, TGF- β1, COL1A1, and CTGF), relative to 
GAPDH expression in the vastus muscle. Quantitative 
real- time polymerase chain reaction was performed with 
the SYBR Green qPCR system (Takara, Shiga, Japan) 
and a 7900HT Fast Real- Time PCR instrument (Applied 
Biosystems, Chiba, Japan). Data were analyzed with 
SDS software 2.4 (Applied Biosystems). Relative ex-
pression was calculated using the ΔΔCt method, with 
data normalized using GAPDH as an internal control. 
The primer pairs used in the study are listed in Table S1.

Histological and Morphological Analysis
For hematoxylin and eosin (H&E) and Masson’s tri-
chrome staining, skeletal muscles were fixed using 
4% paraformaldehyde for 24  hours after excision. 
The samples were then dehydrated using an alcohol 

gradient and embedded in paraffin. Thereafter, the 
samples were sectioned at 10- µm thickness and de-
paraffinized in xylene, rehydrated, and stained with 
H&E and Masson’s trichrome according to conven-
tional methods. For succinate dehydrogenase (SDH) 
staining, the vastus muscles were immediately frozen 
after excision in liquid nitrogen– cooled isopentane, 
covered in embedding agent (Tissue- Tek optimal cut-
ting temperature compound; Sakura Finetek, Torrance, 
CA) and stored at −80°C until cryosectioning at 10- µm 
thickness. All sections for analysis were collected from 
the midabdomen of skeletal muscles. Single muscle 
fiber cross- sectional area was measured in 200 my-
ofibers from skeletal muscle in H&E– stained samples. 
The number of muscle fibers was estimated by dividing 
the area of skeletal muscle by the cross- sectional area 
of a single fiber of the same muscle in each mouse. 
The frequency of the central nucleus was analyzed by 
counting 1200 to 1800 myofibers from skeletal mus-
cle in H&E- stained samples, as previously reported.30 
The amount of leukocyte infiltration was obtained by 
counting intramyofiber and interstitial leucocytes, as 
previously reported.31 The values were expressed as 
a percentage of the estimated number of muscle fib-
ers.32 The percentage of area with fibrosis and num-
ber of vessels were analyzed in samples stained with 
Masson’s trichrome. The number of vessels was evalu-
ated by counting blood vessels having a diameter of 
≥25 μm in the vastus muscle and dividing the count 
by the area of the same muscle. SDH intensity was 
measured in 225 to 253 myofibers using the SDH- 
stained vastus muscle samples. Images of all stained 
and sectioned muscle fibers were acquired under 
a microscope (Keyence BZ- X900; Keyence, Osaka, 
Japan) at 20× magnification. Cross- sectional area and 
frequency of CNFs and SDH intensity were calculated 
using ImageJ software (version 1.51; National Institutes 
of Health, Bethesda, MD). The number of myofibers, 
area of fibrosis, and number of vessels were estimated 
using the BZ- X software (BZ- X version 1.4.01; Keyence).

For skin analysis, skin sections were cut perpendic-
ular to the skin surface. These sections were permeabi-
lized in 4% paraformaldehyde for 24 hours after excision. 
The samples were then dehydrated using an alcohol 
gradient and embedded in paraffin. Thereafter, the 
samples were sectioned and deparaffinized in xylene, 
rehydrated, and stained with H&E. The thickness of the 
dermis, epidermis, and fat layers was assessed using 30 
to 50 random measurements on the skin surface in the 
vertical direction, following a previous report.33

Measurement of Muscle Angiotensin II 
Content
Gastrocnemius muscles were collected into tubes 
and immediately frozen in liquid nitrogen and stored 
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at −80°C until measurement. Samples were homog-
enized in saline and complete protease inhibitor cock-
tail tablets (11697498001; Roche Applied Science, 
Penzberg, Germany) using TissueLyser LT (Qiagen, 
Hilden, Germany) with zirconia balls. Protein concen-
tration of the homogenate was determined by Bradford 
protein assay (Bio- Rad Laboratories, Hercules, CA). 
Angiotensin II concentration in the homogenate were 
measured using an ELISA system (catalog number 
ADI- 900- 204; Enzo Clinical Labs, Farmingdale, NY) 
according to the manufacturer’s instructions. Muscle 
angiotensin II content was calculated by angiotensin II 
concentration divided by protein concentration (pico-
grams per milligram protein).

Statistical Analysis
All statistical analyses were conducted with GraphPad 
Prism version 5.0 (GraphPad Software, La Jolla, CA). 
Values are shown as mean±SEM or as a percentage. 
Statistical differences among 3 groups or between 2 
groups were analyzed using 1- way ANOVA with the 
Bonferroni post hoc test or the Student t test, respec-
tively. A value of P<0.05 was considered statistically 
significant.

RESULTS
AT2/Mas KO Mice, But Not AT2 KO Mice, 
Showed Aging- Induced Reduction in Grip 
Strength Compared With WT Mice
We measured body weight and grip strength of WT, 
AT2 KO, and AT2/Mas KO mice until 24 months of age 
(Figure  1A). There was no difference in body weight 

among the 3 types of mice during the period of data ac-
quisition (Figure 1B). AT2 KO mice showed grip strength 
equivalent to that of WT mice (Figure 1C). In contrast, 
AT2/Mas KO mice exhibited lower grip strength than 
that of WT and AT2 KO mice from 18 months of age 
(Figure 1C).

Aging- Induced Decrease in Skeletal 
Muscle Weight in AT2/Mas KO Mice, But 
Not in AT2 KO Mice
The absolute or body mass– adjusted wet weight of in-
ternal organs, including several types of skeletal mus-
cles, collected from 24- month- old mice are shown in 
Tables 1 and 2. Among skeletal muscles, the soleus 
muscle was lighter in AT2/Mas KO mice compared 
with WT, and the vastus muscle was lighter in AT2/
Mas KO mice compared with both WT and AT2 KO 
mice. Among the other organs, we found differences 
in weight of only the liver, which was lighter in AT2/Mas 
KO mice compared with WT ones.

Morphologically Distinct Skeletal Muscles 
in AT2/Mas KO Mice Compared With AT2 
KO Mice
Figures 2 and 3 show histological analysis of the vas-
tus muscle in 24- month- old mice. We found that the 
cross- sectional area of myofibers was smaller in AT2 
KO mice compared with both WT and AT2/Mas KO 
mice (Figure  2B). In contrast, the number of muscle 
fibers in AT2/Mas KO mice wasfewer than that in AT2 
KO mice (Figure  2C). CNFs, which are known to in-
crease with aging in skeletal muscles,34,35 were more 
frequently observed in AT2/Mas KO mice than in AT2 

Table 1. Absolute Wet Weight of Organs

WT, n=5 AT2 KO, n=8 AT2/Mas KO, n=6

Body weight, g 33.6±0.75 33.5±0.98 34.67±4.85

Skeletal muscles, mg

Triceps 116.03±7.64 106.43±3.73 109.48±15.32

Tibialis anterior 45.62±0.65 43.21±1.48 42.6±5.99

Gastrocnemius 128.52±5.21 135.56±5.48 128.7±18.45

Soleus 9.44±1.5 7.76±0.44 5.17±1.07*

Extensor digitorum longus 7.24±0.74 7.70±0.62 7.97±1.09

Rectus femoris 88.06±3.85 79.16±3.34 83.48±11.93

Vastus 98.2±5.75 92.9±6.46 69.27±12.2*

Organs, mg

Heart 163.22±6.1 151.93±3.96 163.6±23.16

Kidney, average 231.52±10.41 223.78±10.53 224.18±30.88

Adipose tissue 335.56±36.35 385.38±49.86 287.88±55.53

Liver 1729.1±92.25 1553.08±60.71 1501.33±216.73

Spleen 99.84±13.26 95.54±8.34 84.73±16.03

Differences were analyzed by a 1- way ANOVA using the Bonferroni post hoc test. AT2 indicates angiotensin II type 2 receptor; AT2 KO, AT2 knockout; AT2/
Mas KO, AT2/Mas double knockout; and WT, wild- type.

*P<0.05 vs WT.
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KO mice (Figure 2D). These findings were consistent 
with those in the tibialis anterior muscle, where fewer 
muscle fibers and an increased number of CNFs were 
observed in AT2/Mas KO mice (Figure S1c and S1d). 
There was no difference in fibrosis area (Figure 3B) and 
number of vessels (Figure  3C) of the vastus muscle 
among the 3 types of mice. There was also no differ-
ence in leukocyte infiltration of the vastus and tibialis 
anterior muscles among the 3 types of mice (Figure 2E, 
Figure S1e). We also compared the histological findings 
of the vastus and tibialis anterior muscles between 3-  
and 24- month- old WT mice (Figures S2 through S4). 
We found that fiber size was smaller in the tibialis an-
terior muscle, leucocyte infiltration was larger in the 
vastus muscle, and frequency of CNFs was higher 
in the 2 types of muscles of 24- month- old mice than 
3- month- old mice (Figures S2 and S4). We also found 
that fibrosis area was larger in the vastus muscle of 
24- month- old mice than 3- month- old mice (Figure S3). 
Although we previously reported aging- induced thin-
ning of subcutaneous fat in ACE2 KO mice,19 this was 
not observed in the AT2/Mas KO mice used in the pre-
sent study (Figure S5).

Upregulation of Genes Associated With 
RAS Activation and Increased Angiotensin 
II Content in the Skeletal Muscles of AT2/
Mas KO Mice, But Not in AT2 KO Mice
Using quantitative real- time polymerase chain reac-
tion, we confirmed the deletion of AT2 and AT2/Mas 

in 3 different skeletal muscles, liver, heart, and adi-
pose tissue collected from AT2 KO and AT2/Mas KO 
mice, respectively (Figures S6 and S7). The relative 
abundance of genes associated with RAS in each 
organ of WT mice is shown in Figure S8. In Figure 4A, 
we show an increase in the levels of AT1, Renin, and 
ACE (genes associated with RAS activation) in the 
vastus muscle of AT2/Mas KO mice compared with 
WT mice. This alteration in gene expression was also 
observed to a degree in the tibialis anterior muscle, 
gastrocnemius muscle, and heart, but not in adipose 
tissue or the liver (Figures S6a and S7a). Additionally, 
analysis of the gastrocnemius muscle showed an in-
crease in tissue angiotensin II content in AT2/Mas 
KO mice compared with WT mice (Figure 5). There 
was no alteration in the genes associated with RAS 
and tissue angiotensin II content in muscles of AT2 
KO compared with WT mice. We found no signifi-
cant difference in the expression of RAS- associated 
genes, including AT2 and Mas, in the tibialis ante-
rior muscle between 3-  and 24- month- old WT mice 
(Figure S9).

Genes Associated With Aging, 
Inflammation, and Fibrosis Showed 
Aging- Induced Increase in Skeletal 
Muscles of AT2/Mas KO Mice, But Not in 
AT2 KO Mice
We then investigated genes related to senescence, 
inflammation, and fibrosis. Among gene markers as-
sociated with cell cycle arrest and senescence (p16, 
p19, p21, and p53), those encoded in the same locus 
(p16 and p19) increased in the vastus muscle in AT2/
Mas KO mice, but not in AT2 KO mice (Figure 4B). 
Among genes associated with the proinflammatory 
senescence- associated secretory phenotype (PAI- 1, 
IGFBP2, MMP13, IL- 6, TNF- α, and MCP- 1), IL- 6 and 
MCP- 1 expression increased in AT2/Mas KO mice 
but not in AT2 KO mice (Figure  4B). The expres-
sion of TGF- β1 and COL1A1 increased in AT2/Mas 
KO mice among genes associated with fibrosis (α- 
SMA, COL1A1, TGF- β1, and CTGF ) (Figure 4C). As to 
genes associated with mitochondrial function (Mfn1, 
Mfn2, and DRP1), Mfn2, a regulatory factor for mi-
tochondrial fusion, was downregulated in AT2/Mas 
KO mice. Changes in the expression of these genes 
were similarly observed in the tibialis anterior and 
gastrocnemius muscle, but not in heart, liver, and 
adipose tissues of AT2/Mas KO mice (Figures S6b, 
S6c, and S7b). We found no difference in SDH ac-
tivity of the vastus muscle that reflects mitochon-
drial accumulation and activity among the 3 types of 
mice (Figure S10). Although there were no changes 
in muscle- specific signatures of aging- associated 
genes (Myostatin, MuRF- 1, and Atrogin- 1) in the 

Table 2. Body Mass– Adjusted Wet Weight of Organs

WT, n=5
AT2 KO, 

n=8
AT2/Mas KO, 

n=6

Skeletal muscles, mg

Triceps 3.47±0.26 3.18±0.09 3.16±0.45

Tibialis anterior 1.36±0.04 1.29±0.04 1.23±0.17

Gastrocnemius 3.83±0.17 4.04±0.08 3.71±0.55

Soleus 0.28±0.04 0.23±0.01 0.15±0.03*

Extensor 
digitorum longus

0.22±0.02 0.23±0.02 0.23±0.03

Rectus femoris 2.63±0.16 2.36±0.07 2.41±0.35

Vastus 2.93±0.21 2.76±0.14 2.00±0.37*,†

Organs, mg

Heart 4.86±0.14 4.55±0.11 4.72±0.67

Kidney, average 6.89±0.25 6.66±0.19 6.47±0.91

Adipose tissue 9.99±1.11 11.31±1.26 8.24±1.57

Liver 51.37±1.97 46.46±1.68 43.31±6.30*

Spleen 2.99±0.43 2.78±0.20 2.45±0.47

Differences were analyzed by a 1- way ANOVA using the Bonferroni post 
hoc test. AT2 indicates angiotensin II type 2 receptor; AT2 KO, AT2 knockout; 
AT2/Mas KO, AT2/Mas double knockout; and WT, wild- type.

*P<0.05 vs WT.
†P<0.05 vs AT2 KO.
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vastus muscle (Figure 4C), Myostatin and Atrogin- 1 
increased in the tibialis anterior muscle of AT2/Mas 
KO mice compared with AT2 KO mice, and Myostatin 
increased in the gastrocnemius muscle of AT2/
Mas KO mice compared with WT and AT2 KO mice 
(Figure S6c).

DISCUSSION
We found that the double deletion of AT2 and Mas, 
but not deletion of only AT2, could substantially modify 
aging- associated muscle weakness in mice. Together 
with our previous finding that single deletion of Mas did 

Figure 2. Histological analysis of the vastus muscle in mice.
A, Hematoxylin and eosin (H&E)- stained sections. Representative H&E- stained sections of the vastus muscle in each group of mice. 
B, Average value and distribution of cross- sectional area (CSA). The frequency of skeletal muscles was adjusted as a percentage of 
the total number of fibers and displayed as a histogram. C, Approximate number of muscle fibers in the vastus muscle, as estimated 
by dividing the muscle area by the CSA of a single muscle fiber in each mouse. D, Central nucleated fibers expressed as a percentage 
of total myofibers. E, Leucocyte infiltration determined as infiltrated nucleus expressed as a percentage of myofibers. *P<0.05. AT2 
indicates angiotensin II type 2 receptor; AT2 KO, AT2 knockout; AT2/Mas KO, AT2/Mas double knockout; n.s., not significant; and WT, 
wild- type.
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not influence muscle aging in mice, this indicates that 
the 2 receptors involved in RAS counter- regulation are 
not essential by themselves, but protect skeletal mus-
cles from advanced senescence in a complementary 
manner. Gene expression analysis revealed that skel-
etal muscles were more prominently affected by the 
absence of the 2 receptors compared with heart, liver, 
and adipose tissue. Together with the previous find-
ing that AT2/Mas KO mice exhibit normal blood pres-
sure,36 it is conceivable that muscle, but not systemic, 
expression of these receptors is primarily responsible 
for the unique characteristics of skeletal muscles in old 
mice.

Interestingly, AT2 KO mice exhibited smaller mus-
cle fiber size than WT and AT2/Mas KO mice, and 

higher number of muscle fibers than that in AT2/Mas 
KO mice. In contrast, the frequency of CNFs in skel-
etal muscle was not altered in AT2 KO mice and in-
creased in AT2/Mas KO mice. Although CNFs are well 
known to increase in regenerative processes initiated 
as a response to acute muscle injury, previous studies 
including ours have indicated that increase in CNFs is 
a hallmark of aging muscles.19,20,30,33,34 These findings 
suggest that although the deletion of AT2 alters muscle 
morphology to a certain extent, the former is not asso-
ciated with accelerated aging in skeletal muscle.

In contrast to the ubiquitous expression of AT1 in adult 
organs, the expression of AT2 is much less abundant in 
adults than that in fetal tissues. In skeletal muscles, AT2 
exists in muscle microvasculature37 and satellite cells21 in 

Figure 3. Histological analysis of the vastus muscle in mice.
A, Masson’s trichrome– stained sections. Representative Masson’s trichrome– stained sections of the 
vastus muscle in each group of mice. Percentage of fibrosis area (B) and number of vessels (C) in muscle 
fibers. Differences were analyzed with 1- way ANOVA using a Bonferroni post hoc test. Circles indicate 
the centrally located nuclei. Arrows indicate the infiltrated leucocytes. Scale bars: 200 μm. AT2 indicates 
angiotensin II type 2 receptor; AT2 KO, AT2 knockout; AT2/Mas KO, AT2/Mas double knockout; n.s., not 
significant; and WT, wild- type.

Figure 4. Quantitative real- time polymerase chain reaction analysis of age- induced changes in genes associated with the 
renin- angiotensin system (RAS), aging, inflammation, mitochondrial function, and fibrosis in the vastus muscle in mice.
Quantitative estimation of the expression levels of genes associated with RAS (A), aging and proinflammatory senescence- associated 
secretory phenotype (B), and muscle- specific gene markers of senescence, mitochondrial function, and fibrosis (C), relative to GAPDH 
expression in the vastus muscle. Differences were analyzed with 1- way ANOVA using the Bonferroni post hoc test. No significant 
difference was observed among the groups unless otherwise indicated. *P<0.05. AT2 indicates angiotensin II type 2 receptor; AT2 KO, 
AT2 knockout; AT2/Mas KO, AT2/Mas double knockout; and WT, wild- type.
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the mature stage. The expression of AT2 is upregulated in 
pathological conditions, such as vascular injury, myocar-
dial infarction, congestive heart failure, and renal failure.38- 41 
Likewise, AT2 was upregulated in skeletal muscles with 
pharmacologically or genetically induced fibrosis.42 The 
expression of Mas was also upregulated in pathological 
conditions, including muscle wasting, in rodents.43,44

We recently reported that 18- month- old Tsukuba hy-
pertensive mice, carrying the genes for both human renin 
and angiotensinogen, exhibited ≈3- fold increase in the 
muscle expression of Mas, compared with WT mice.45 
Therefore, these receptors could be upregulated in skel-
etal muscles to counteract pathogenic stimuli, including 
RAS activation. However, these pathological conditions 
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are distinct from the physiological aging process, as in-
vestigated in the present study. We found that aging is 
not a transcriptional inducer of the expression of these 
2 receptors, as shown in the similar expression level of 
the corresponding genes in 3-  and 24- month- old WT 
mice (Figure S9). We previously found that A1- 7 admin-
istration improved muscle weakness in 24- month- old 
mice via a Mas- dependent pathway, suggesting that the 
physiological expression level of this receptor is function-
ally relevant in skeletal muscles. In contrast, we found 
no aging- related changes in muscle function in Mas KO 
mice. This led us to conclude that a physiological level of 
A1- 7 is not associated with the maintenance of muscle 
function during aging. However, this conclusion needs 
to be revised, because our current findings have uncov-
ered the substantial role of Mas in maintaining skeletal 
muscle homeostasis in the absence of AT2. We found 
that deletion of only AT2 or Mas did not alter the mus-
cle expression of Mas (Figure 4A) or AT2,19 respectively. 
Therefore, the distinct characteristics in mice with the 
double deletion of AT2 and Mas compared with those 
with deletion of either gene indicate that these receptors 
interact functionally, but not transcriptionally, with each 
other in skeletal muscle cells. This conclusion may be 
further strengthened by a future study investigating ex-
acerbation of the aging process in old AT2 KO mice by 
the Mas antagonist, A779.

Interestingly, Villela et al showed that AT2 and Mas 
form a heterodimer and deletion of either receptor 
blunted the effect of agonists for both receptors in as-
trocytes.46 This physical and functional interaction of the 
receptors appears to be contradicted by our findings, 
suggesting that AT2 and Mas function independently to 
prevent excessive aging in muscle. However, this dis-
crepancy may be explained by potential tissue speci-
ficity of the receptor interaction in vivo, as summarized 
extensively in a previous review.46 The in vivo evidence 
has shown that inhibition of either Mas or AT2 can blunt 
the effect of both receptors in certain tissues, though 
the signaling pathways for Mas or AT2 were reported to 
be intact in vascular tissue in the absence of AT2 or Mas, 
respectively, suggesting that the effect of the receptor 
interaction varies across the tissues.46 Conversely, our 
findings of muscle- specific aging phenotypes in AT2/
Mas KO mice, but not in AT2 KO mice, suggest that 
the physical interaction between AT2 and Mas is less 
relevant biologically in skeletal muscle.

Importantly, genes in RAS components were up-
regulated specifically in the skeletal muscles of old 
AT2/Mas KO mice. AT1, Renin, and ACE increased in 
2 different skeletal muscles in 24- month- old AT2/Mas 
KO mice. We also found that muscle angiotensin II 
content increased in old AT2/Mas KO mice, suggest-
ing that local angiotensin II production is chronically 
accelerated in the absence of the 2 pathways confer-
ring protection against RAS activation. The local acti-
vation of RAS in AT2/Mas KO mice is also supported 
by the increase of profibrotic genes including TGF- β1 
and COL1A1, whereas no obvious morphological in-
crease in fibrosis area was observed in skeletal mus-
cles. In particular, RAS activation is known to exert 
profibrotic effects via elevated expression of TGF- β1 
in skeletal muscle cells.17,47 Muscle IL- 6, whose ex-
pression increased in AT2/Mas KO mice, is also re-
ported to be a key molecule in mediating angiotensin 
II– induced muscle wasting.48 Although it remains un-
clear how the double deletion of AT2 and Mas upreg-
ulated genes involved in angiotensin II biosynthesis, it 
is possible that the 2 receptors prevent transcriptional 
activation of muscle RAS, which could eventually lead 
to aging- induced muscle weakness, in a complemen-
tary fashion. It should be noted that these findings in 
skeletal muscles contrast with the findings in other 
tissues of AT2/Mas KO mice (including liver and adi-
pose tissues), in which the alteration of gene expres-
sion profiles was not obvious. The relative abundance 
of RAS- associated genes in WT mice did not appear 
to explain the specific transcriptional regulation of 
these genes in the skeletal muscle of AT2/Mas KO 
mice (Figure S8). Further investigation will be required 
to elucidate the underlying mechanism and explain 
the intriguing tissue specificity of transcriptional reg-
ulation of RAS by the absence of these 2 receptors.

Figure 5. Angiotensin II content in the gastrocnemius 
muscle.
Angiotensin II content was adjusted by protein concentration of 
tissue lysate. Differences were analyzed with 1- way ANOVA using 
the Bonferroni post hoc test. *P<0.05. AT2 indicates angiotensin 
II type 2 receptor; AT2 KO, AT2 knockout; AT2/Mas KO, AT2/Mas 
double knockout; and WT, wild- type.
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We recently reported that ACE2 deletion could ac-
celerate aging phenotypes, including muscle weak-
ness, in mice.19,20 However, the aging process in ACE2 
KO and AT2/Mas KO mice appears to be different with 
respect to several aspects. In contrast to the aging- 
induced decrease in muscle strength in AT2/Mas KO 
mice, ACE2 KO mice manifested muscle weakness 
as early as 6 months after birth.20 Old ACE2 KO mice 
exhibited thinning of subcutaneous fat and increased 
expression of p16 in adipose tissues as well as skeletal 
muscles. This is also in contrast to the characteristics 
of aged AT2/Mas KO mice, in which the specific aging 
phenotype is limited to skeletal muscles and are not 
observed in adipose tissues. We also found that p16, 
but not profibrotic and proinflammatory genes, was up-
regulated in 15- month- old ACE2 KO mice. Therefore, 
it is conceivable that the chronic increase of profibrotic 
and proinflammatory stimuli is involved in the develop-
ment of accelerated muscle senescence in AT2/Mas 
KO mice, but not in ACE2 KO ones.20 Collectively, our 
current findings in AT2/Mas KO mice are not likely to 
support the involvement of RAS in accelerated aging 
phenotypes in ACE2 KO mice. ACE2 has multifunc-
tional roles besides its involvement in RAS,49- 52 and 
further investigations will be required to identify the role 
of ACE2 responsible for the specific characteristics of 
ACE2 KO mice during aging.

Finally, the study limitations should be noted. First, 
as shown in Figure 1, we lost several mice during the 
observation mostly because of accidental deaths, 
and the decrease in the number of animals could po-
tentially decrease the statistical power in the analysis 
of tissues. Thus, caution should be paid on the inter-
pretation of certain analysis that could be interfered 
by type II error. Second, we did not find significant dif-
ference in muscle morphology between old WT and 
AT2/Mas KO mice, suggesting that muscle weakness 
observed in old AT2/Mas KO mice was not attributed 
to muscle fiber atrophy. Although it is conceivable that 
the double deletion of AT2 and Mas reduces the con-
tractile capacity of single muscle fiber, this hypothesis 
was not confirmed because of the lack of single- fiber 
analysis. Third, we used only male mice in the present 
study because of the limited capacity of the animal fa-
cility. Therefore, a potential sex difference in the pres-
ent findings remains undetermined.

CONCLUSIONS
Double deletion, but not single deletion of AT2 or Mas 
receptors, which are the primary receptors involved in 
the RAS counter- regulatory axis, was found to accel-
erate aging- induced muscle weakness in mice. Aged 
AT2/Mas KO mice exhibited gene signatures of RAS 
activation, accompanied by the induction of profibrotic 

and proinflammatory gene expression and reduced 
mitochondrial dysfunction, in skeletal muscles. These 
findings support the pivotal and complementary role 
of AT2 and Mas in maintaining skeletal muscle homeo-
stasis during aging, which prevents the local activation 
of RAS.
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SUPPLEMENTAL MATERIAL



Table S1. Primer list

gene type gene name Primer Sequence

Renin-

angiotensin-

system-

components

AT1

F TCACCTGCATCATCATCTGG

R AGCTGGTAAGAATGATTAGG

AT2

F CCTGCATGAGTGTCGATAGGT

R CCAGCAGACCACTGAGCATA

Mas

F CCTCCCATTCTTCGAAGCTGTA

R GCCTGGGTTGCATTTCATCTTT

Renin

F GCCCTCTGCCACCCAGTAA

R CAAAGCCAGACAAAATGGCCC

Angiotensinogen

F ACCCCCGAGTGGGAGAGGTTC

R GCCAGGCTGCTGGACAGACG

ACE

F TCATCATCCAGTTCCAGTTCCA

R CGGTGACGAGCCATTCTGT

ACE2

F CTACAGGCCCTTCAGCAAAG

R AATGGTGCTCATGGTGTTCA

Cell cycle

arrest and

senescence

p16

F CCGCTGCAGACAGACTGG

R CCATCATCATCACCTGAATCG

p19

F AAGAGAGGGTTTTCTTGGTG

R CATCATCATCACCTGGTCC

p21

F GACAAGAGGCCCAGTACTTCCT

R CAATCTGCGCTTGGAGTGATA

p53

F CCCCTGTCATCTTTTGTCCCTT

R GGGAGGAGAGTACGTGCACATAA



gene type gene name Primer Sequence

SASP

PAI-1

F TCAGAGCAACAAGTTCAACTACACTGAG

R CCCACTGTCAAGGCTCCATCACTTGCCCCA

IGFBP2

F GGGTGCCAAACACCTCAG

R AGGTTGTACCGGCCATGC

MMP13

F CTTCTACCCATTTGATGGACCTT

R AAGCTCATGGGCAGCAACA

IL-6

F CTACCCCAATTTCCAATGCT

R ACCACAGTGAGGAATGTCCA

TNF-α
F CCCTCACACTCAGATCATCTTCT

R GCTACGACGTGGGCTACAG

MCP-1

F TGTAGGTTCTGATCTCATTTGG

R ACTCATTCACCAGCAAGATG

Muscle  

specific gene  

signatures of  

ageing

MuRF-1

F GTGAAGTTGCCCCCTTACAA

R TGGAGATGCAATTGCTCAGT

Atrogin-1

F CCATCAGGAGAAGTGGATCTATGTT

R GCTTCCCCCAAAGTGCAGTA

Myostatin

F CATCTTGTGCACCAAGCAAA

R GGGAGACATTTTTGTCGGAGT

Regulatory  

factor for  

mitochondrial  

fusion

Mfn1

F AGCCCAACATCTTCATTCTGAA

R CTTACAACCTTGAGCTCTTCTACCA

Mfn2

F CATCAGTTACACCGGCTCTAACT

R GAGCCTCGACTTTCTTGTTCA

DRP1

F GTTCCACGCCAACAGAATAC

R CCTAACCCCCTGAATGAAGT



gene type gene name Primer Sequence

Fibrosis

α-SMA

F GTCCCAGACATCAGGGAGTAA

R TCGGATACTTCAGCGTCAGGA

TGF-β1

F CCCCTGGAAAGGGCTCAACAC

R TCCAACCCAGGTCCTTCCTAAAGTC

COL1A1

F GCCGCAAAGAGTCTACA

R CGGGTTTCCACGTCTCA

CTGF

F TCCACCCGAGTTACCAA

R TTAGGTGTCCGGATGC

House 

keeping gene

GAPDH

F TTGTGATGGGTGTGAACCACGAGA

R CATGAGCCCTTCCACACAATGCCAAA

18S

F CGATCCGAGGGCCTCACTA

R AGTCCCTGCCCTTTGTA



Fig. S1

(a) WT AT2 KO AT2/Mas KO

WT AT2 KO AT2/Mas KO

Histological analysis of the tibialis anterior muscle in mice.

Representative H&E-stained sections of the tibialis anterior muscle in each group of mice(a).  

Average value and distribution of CSA. The frequency of myofibers was adjusted as a  

percentage of the total number of fibers and displayed as a histogram(b).

Approximate number of muscle fibers in the tibialis anterior muscle, as estimated by dividing  

the muscle area by the CSAof a single muscle fiber in each mouse (c).

Central nucleated fibers (CNFs) expressed as a percentage of total myofibers (d).

Leucocyte infiltration determined as infiltrated nucleus expressed as a percentage ofmyofibers 

(e).

Differences were analyzed with a one-way ANOVA using a Bonferroni post-hoctest.

*p < 0.05; n.s., not significant

Scale bars: 200 μm. Circles indicate the centrally located nuclei. Arrows indicate the infiltrated

leucocytes. WT, Wild-type.

Fiber size(b)

Central nucleus(c) Number of muscle fibers (d) (e) Leucocyte infiltration



24 months3 months

Fig. S2

(a)

Histological analysis of the vastus muscle in mice.

Representative H&E-stained sections of the vastus muscle in each group of mice (a).

Average value and distribution of CSA. The frequency of myofibers was adjusted as a

percentage of the total number of fibers and displayed as a histogram(b).

Approximate number of muscle fibers in the vastus muscle, as estimated by dividingthe  

muscle area by the CSA of a single muscle fiber in each mouse(c).

Central nucleated fibers (CNFs) expressed as a percentage of total myofibers (d).

Leucocyte infiltration determined as infiltrated nucleus expressed as a percentage ofmyofibers 

(e).

Differences were analyzed with a student’s t-test.

*p < 0.05; n.s., not significant

Scale bars: 200 μm. Circles indicate the centrally located nuclei. Arrows indicate the infiltrated

leucocytes.

Fiber size(b)

Central nucleus(c) Number of muscle fibers (d) (e) Leucocyte infiltration



24 months3 months

Histological analysis of the vastus muscle in mice.

Representative Masson’s tricrome-stained sections of the vastus muscle in each group of mice  

(a).

Percentage of fibrosis area (b) and number of vessels (c) in muscle fibers.  

Differences were analyzed with a student’s t-test.

*p < 0.05; n.s., not significant  

Scale bars: 200 μm.

Fig. S3

(a)

(b) Fibrosis area (c) Number of vessels



24 months3 months

Fig. S4
(a)

Histological analysis of the tibialis anterior muscle in mice.

Representative H&E-stained sections of the tibialis anterior muscle in each group of mice (a).  

Average value and distribution of CSA. The frequency of myofibers was adjusted as a  

percentage of the total number of fibers and displayed as a histogram(b).

Approximate number of muscle fibers in the vastus muscle, as estimated by dividingthe

muscle area by the CSA of a single muscle fiber in each mouse (c).

Central nucleated fibers (CNFs) expressed as a percentage of total myofibers (d).

Leucocyte infiltration determined as infiltrated nucleus expressed as a percentage ofmyofibers  

(e).

Differences were analyzed with a student’s t-test.

*p < 0.05; n.s., not significant

Scale bars: 200 μm. Circles indicate the centrally located nuclei. Arrows indicate the infiltrated  

leucocytes.

Fiber size(b)

Central nucleus Leucocyte infiltration(c) Number of muscle fibers (d) (e)



Fig. S5

WT AT2 KO AT2/Mas KO

500 μm

(a)

WT AT2 KO AT2/Mas KO

Histological analysis of the skin in mice.

Representative skin sections visualized by H&E staining (a).

Quantification of thickness in dermis and epidermis layers (b) and fat layers (c).  

Differences were analyzed with a one-way ANOVA using a Bonferroni post-hoctest.  

n.s., not significant

WT, Wild-type; KO, knockout



Fig. S6

(a)

WT AT2 KO AT2/Mas KO



(b)

WT AT2 KO AT2/Mas KO



(c)

WT AT2 KO AT2/Mas KO



48

RT-qPCR analysis of age-induced changes in genes associated with RAS, aging,  

inflammation, mitochondrial function, and fibrosis in the tibialis-anterior muscle and  

gastrocnemius muscle in mice.

Quantitative estimation of the expression levels of genes associated with RAS (a), aging  

and pro-inflammatory senescence-associated secretory phenotype (b), and muscle-specific  

gene markers of senescence, mitochondrial function, and fibrosis (c), relative to GAPDH  

expression in the tibialis-anterior muscle and gastrocnemius muscle.

Differences were analyzed with a one-way ANOVA using the Bonferroni post-hoc test.

*, p < 0.05

No significant difference was observed among the groups otherwise indicated.  

WT, Wild-type; KO, knockout



Fig. S7

WT AT2 KO AT2/Mas KO



WT AT2 KO AT2/Mas KO



(b)

WT AT2 KO AT2/Mas KO
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Adipose tissue

WT AT2 KO AT2/Mas KO

RT-qPCR analysis of genes associated with RAS, aging, inflammation, and  

fibrosis in tibialis anterior muscles, heart, and adipose tissues in old mice.  

Expression of genes associated with RAS (a) and aging and proinflammatory  

senescence-associated secretory phenotype (b) relative to GAPDH expression in liver  

anterior muscles, heart, and adipose tissues.

Differences were analyzed with a one-way ANOVA using a Bonferroni post-hoc test.

*, p < 0.05

No significant difference was observed among the groups otherwise indicated.  

WT, Wild-type, KO, knockout

52



Fig. S8

Relative abundance of genes associated with RAS in muscles, liver, heart, and  

adipose tissue in 24 month-old wildtype mice.

Quantitative estimation of the expression levels of genes associated with RAS.  

Comparison of the expression levels of genes associated with RAS across the organs.  

Y-axis represents log-transformed ΔΔCt of each gene normalized to 18S.

VM, vastus muscle; TA, tibialis anterior muscle; GM, gastrocnemius muscle



Fig. S9

Aging associated changes in the expression of the renin-angiotensin system  

(RAS) components in tibialis anterior muscles in mice.

Expression of genes associated with RAS in tibialis anterior muscles of young (3-

months old) and aged (24-months old) wildtype mice, relative to GAPDH expression.  

No significant difference was observed between the age-groups analyzed by a  

Student’s t-test.



Succinate dehydrogenase (SDH) activities of the vastus muscles

Representative SDH-stained sections of the vastus muscle in each group of mice (a).  

Average value and distribution of SDH intensity. Differences were analyzed with a one-

way ANOVA using a Bonferroni post-hoc test.

n.s., not significant  

Scale bars: 200 μm.

Fig. S10

(a)
WT AT2 KO AT2/Mas KO
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