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Angiotensin 1-7 prevents the excessive force loss 
resulting from 14- and 28-day denervation in mouse 
EDL and soleus muscle 
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Denervation leads to muscle atrophy, which is described as muscle mass and force loss, the latter exceeding expectation from 
mass loss. The objective of this study was to determine the efficiency of angiotensin (Ang) 1-7 at reducing muscle atrophy in 
mouse extensor digitorum longus (EDL) and soleus following 14- and 28-d denervation periods. Some denervated mice were 
treated with Ang 1-7 or diminazene aceturate (DIZE), an ACE2 activator, to increase Ang 1-7 levels. Ang 1-7/DIZE treatment 
had little effect on muscle mass loss and fiber cross-sectional area reduction. Ang 1-7 and DIZE fully prevented the loss of 
tetanic force normalized to cross-sectional area and accentuated the increase in twitch force in denervated muscle. However, 
they did not prevent the shift of the force-frequency relationship toward lower stimulation frequencies. The Ang 1-7/DIZE 
effects on twitch and tetanic force were completely blocked by A779, a MasR antagonist, and were not observed in MasR-1-

muscles. Ang 1-7 reduced the extent of membrane depolarization, fully prevented the loss of membrane excitability, and 
maintained the action potential overshoot in denervated muscles. Ang 1-7 had no effect on the changes in a-actin, myosin, or 
MuRF-1, atrogin-1 protein content or the content of total or phosphorylated Akt, S6, and 4EPB. This is the first study that 
provides evidence that Ang 1-7 maintains normal muscle function in terms of maximum force and membrane excitability 
during 14- and 28-d periods after denervation. 

lntroduction 

Muscle atrophy is defined as a decrease in muscle mass that 
eventually leads to partial or complete muscle wasting. Muscle 
atrophy occurs in a variety of conditions, including chronic 
diseases such as heart or kidney failure and limb immobiliza
tion, and following a complete loss of muscle activity after spinal 
cord injury or peripheral nerve injury (Martinez et al., 2010; Xu 
et al., 2012; MacDonald et al., 2014). Muscle atrophy has two 
major consequences. First, there is a decrease in force associated 
with loss of muscle mass and contractile components, which 
deteriorates quality of life as patients become unable to perform 
certain tasks, such as walking or moving, or increases the risk of 
accidents while performing those tasks. Second, skeletal muscle 
plays major metabolic roles, such as glucose homeostasis, and 
these roles are then diminished or lost with the loss of 
muscle mass. 

Atrophy associated with denervation involves significant 
muscle mass loss, reaching 50% within just 14 d, resulting in 
smaller fiber cross-sectional area (CSA; Pellegrino and Franzini, 
1963). More importantly, there is a net loss of CSA normalized 

maximum tetanic force by 30-40% in <10 d (Finol et al., 1981). A 
net loss of normalized tetanic force implies that force loss ex
ceeds expectation from mass loss. At least two mechanisms are 
involved in this force loss. First, the cell membrane depolarizes 
from a mean of approximately -75 mV to -60/-55 mV in 4 d 
due to greater Na+ permeability and lower K+ permeability 
(Albuquerque and Thesleff, 1968; Albuquerque et al., 1971; 
Vyskocil et al., 1973; Kotsias and Venosa, 1987). Na+ channels 
become inactivated when the cell membrane depolarizes, which 
then reduces membrane excitability. That is, smaller action 
potential amplitudes are generated by some fibers while other 
fibers fail to generate action potentials; failure to generate action 
potential occurs when the resting membrane potential (EM) 
becomes less than -60 mV (Cairns et al., 1997; Ammar et al., 
2015). As a consequence of lower membrane excitability, less 
Ca2+ is released by sarcoplasmic reticulum and less force is 
generated. Second, degeneration of myofibrils starts at the fiber 
periphery and is quite significant by 14 d; after 28 d, myofibril 
number and diameters are significantly reduced, resulting in 
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fiber areas completely devoid of contractile machinery (Pellegrino 
and Franzini, 1963). 

Several studies have attempted to attenuate or fully prevent 
the atrophy process following denervation. Some of these 
studies include chronic stimulations (e.g., 9 h/d every 15 s to 2 h 
for 15-104 d), lGF-1 analogues or ß-adrenergic agonists to acti
vate the Akt/mTOR hypertrophic signaling pathway (Al-Amood 
et al., 1986; Zeman et al., 1987; Vandenburgh et al., 1991; Hinkle 
et al., 2002; Shavlakadze et al., 2005), and phosphodiesterase 4 
inhibition to increase cAMP levels (Hinkle et al., 2005). All these 
studies reported significant reductions in the loss of muscle 
mass, protein content, force, and fiber CSA; however, none of 
these approaches allowed for a füll prevention of muscle atrophy 
(i.e., keep all values close to those of normal innervated mus
cles). Finally, an inhibition of ActRIIB, the myostatin receptor 
that inhibits muscle growth, completely fails to prevent the at
rophy process in denervated muscles (MacDonald et al., 2014). 

Angiotensin (Ang) 1-7 is the main peptide of the nonclassical 
renin-angiotensin system (Santos et al., 2018). lt is produced by 
angiotensin-converting enzyme 2 (ACE2), which removes one 
amino acid from Ang II. Ang 1-7 acts as a local vasodilator 
counteracting the vasoconstriction effect of Ang II (Fu et al., 
2014; de Moraes et al., 2017). ACE2 is also expressed in the 
sarcolemma of skeletal muscle fibers (Fernandes et al., 2010; 
Riquelme et al., 2014), along with the Ang II receptor, AT-1, and 
the Ang 1-7 G protein-coupled transmembrane receptor MasR 
(Cisternas et al., 2015; Morales et al., 2015a). More importantly, 
Ang II activates the MuRF-1 and atrogin-1 atrophic pathway, re
sulting in greater myonuclear apoptosis, smaller fiber CSA, tetanic 
force, and myosin expression, while Ang 1-7 not only activates the 
Akt-mTOR hypertrophic pathway but also inhibits Ang II- and 
transforming growth factor ß (TGF-ß)-induced activation of the 
atrophic pathway (Cisternas et al., 2015; Meneses et al., 2015; 
A.brigo et al., 2016). 

Activation of the MasR-Angl-7 pathway improves the skel
etal muscle metabolic profile associated with a high-fat diet and 
insulin resistance, and it reverses the atrophy associated with 
muscle immobilization, muscular dystrophy, sepsis, cancer, Ang 
II, and TGF-ß (Marcus et al., 2013; Acufi.a et al., 2014; Echeverria
Rodriguez et al., 2014; Morales et al., 2015b; A.brigo et al., 2016; 
Morales et al., 2016; Murphy et al., 2019). lt remains to be de
termined how effective Ang 1-7 is at preventing muscle atrophy 
and fünction loss following denervation. The objective of this 
study was to determine the effectiveness of Ang 1-7 in pre
venting the decrease in muscle mass, fiber CSA, and force loss 
that occurs after 14- and 28-d denervation periods. For this, the 
left leg was denervated and mice treated with Ang 1-7 using an 
osmotic pump or diminazene aceturate (DIZE), an ACE2 acti
vator, by gavage. At a dose of 350-390 ng/kg/min, plasma and 
kidney Ang 1-7 levels increase by approximately twofold (Oh 
et al., 2012; Mori et al., 2014). However, at a lower dose of 
100 ng/kg/d, Ang 1-7 significantly reduced skeletal muscle at
rophy and apoptosis induced by endotoxin, Ang II, TGF-ß, or 
disuse (Cisternas et al., 2015; Meneses et al., 2015; Morales et al., 
2015b; A.brigo et al., 2016; Morales et al., 2016) while it restores 
muscle strength in dystrophic mice (Acufi.a et al., 2014). So, for 
this study, the lower Ang 1-7 dose was used. At a dose of 
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15 mg/kg/d, as used in this study, DIZE increases plasma Ang 1-7 
levels by almost fourfold (Zhang et al., 2015). The results of this 
study show that Ang 1-7 is not effective at reducing muscle mass 
loss and fiber CSA reduction but is fülly effective at preventing 
maximum tetanic force loss, because Ang 1-7 reduces the extent 
of the membrane depolarization that occurs during denervation, 
allowing for füll preservation of membrane excitability and ac
tion potential overshoot. 

Materialsand methods 

Animals 

Wild-type CD-1 mice and Mas receptor-knockout mice (MasR-J-) 
generated by Walther et al. (1998) were used. Mice were bred, 
fed ad libitum, and housed according to the guidelines of the 
Canadian Council for Animal Care. The Animal Care Committee 
of the University of Ottawa approved all surgical and experi
mental procedures. 

Genotyping 

All MasR-1- mice were genotyped using NucleoSpin Tissue kit 
(catalog no. 740952.250; Macherey Nagel). Briefly, a 2-3-mm 
piece of ear was incubated in a proteinase digestion buffer 
overnight at 56°C. After adding elution buffer, digested tissues 
were incubated sample at 70°C for 10 min before being centri
füged 5 min at 11,000 g. Supernatant was washed with ethanol, 
and the extracted DNA was subjected to PCR using the following 
primers: forward, 5'-GCCGTTGCCCTCCTGGCGCCTGGG-3'; re
verse, 5'-GGCAGCGCGGCTATCGTGG-3'. Bands were visualized 
using gel Doc imager (Bio-Rad). 

Denervation procedure: Ang 1-7, DIZE, and A779 treatment 

Mice received a subcutaneous injection of buprenorphine 
(0.05 mg/kg) before surgery. For the surgery, mice were 
anesthetized using 2.5-3.5% isoflurane, and 1 ml sterile 0.9% 
NaCl solution was injected in the neck to minimize dehydra
tion. A small posterolateral (mid-thigh) incision was made 
where 3-4 mm of the sciatic nerve sciatic was cut and removed. 
For Ang 1-7 treatment (MilliporeSigma, Canada) with and 
without A779 (Tocris Bioscience), a small incision was made in 
the subscapular area to create a pocket to insert an osmotic 
pump (Durect Co. 1002 and 1004 model; Alzet) just under the 
skin. Both Ang 1-7 and A779 were administered at dose of 
100 ng/kg/min for the entire denervation period of either 14 or 
28 d. A topical application of 2% bupivacaine was placed on the 
wound. DIZE (Santa Cruz Biotechnology), on the other hand, 
was administered by oral gavage at a dosage of 15 mg/kg/d 
without or with treatment with A779 by osmotic pump as de
scribed above. One group of denervated mice received sucrose 
at 1 g/kg/d also by oral gavage as a control for DIZE treatment. 

Force measurement 

Prior to muscle excision, mice were anaesthetized with a single 
intraperitoneal injection of 65 mg ketamine/13 mg xylazine/ 
2 mg acepromazine per kilogram body weight and sacrificed by 
cervical dislocation. Extensor digitorum longus (EDL) and soleus 
were then dissected out for in vitro experiments. Muscles were 
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positioned horizontally in a Plexiglas chamber. One end of the 
muscle was fixed to a stationary hook, while the other end was 
attached to a force transducer (model no. 400A; Aurora Scien
tific Canada). The transducer was connected to a KCPI3104 data 
acquisition system (Keithley), and data were recorded at 5 kHz. 

Muscle length was adjusted to give maximal tetanic force 
while muscles were stimulated every 100 s. The force-frequency 
relationship was measured after a 30-min equilibrium period. 
Frequency 50 represented the stimulation frequency at which 
muscles generated 50% of maximum force (i.e., tetanic force). 
The force-frequency relationship of each muscle was fitted by 
nonlinear regression analysis to a sigmoidal curve (version 13; 
SigmaPlot) from which frequency 50 was calculated as follows: 

FORCE= 
FORmax 

[-(Freq-FFSO)] ' 

1 + e C 

where FORCE is the measured force in newtons per square 
centimeter (N/cm2), FF50 is frequency 50, FORmax is the
maximum tetanic force, Freq is the stimulation frequency, and C 
is a constant. 

Twitch and tetanic force, defined as the force developed 
following a single stimulation pulse or a train of pulses, re
spectively, was calculated as the difference between the maxi
mum force during a contraction and the force measured 5 ms 
before the contraction was elicited. Forces are presented in N 
and N/cm2 (i.e., normalized to CSA). At the end of each exper
iment, muscle weight (free of tendons) was measured and 
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Figure 1. Ang 1-7/DIZE significantly reduced 

muscle weight loss at 14-d denervation for 
EDL and at 14- and 28-d denervation for so

leus; an effect not observed in the presence 
of A779 or in MasR-1- soleus. Muscle weight 
expressed as a ratio of body weight of (A) wild 
type (CD-1) and (B) MasR-1- EDL, (C) wild type 
and (D) MasR-1- soleus. Ang 1-7 and A779 were 
delivered using an osmotic pump (100 ng/kg/min), 
while sucrose (1 g/kg/d) and DIZE (15 mg/kg/d) 
were given once daily by gavage. INN, innervated; 
DEN, denervated; SUC, sucrose. Vertical bars 
represent SE of 5-19 muscles. •, mean muscle 
weight significantly different from that of inner
vated muscles; §, mean muscle weight significantly 
different from that of denervated or denervated/ 
sucrose muscles (ANOVA and LSD, P < 0.05). 

converted to a volume using a density of 1.06 g/cm3
, and CSA 

was calculated by dividing muscle volume by the length mea
sured in the bath. Time to peak was defined as the time interval 
between the first stimulation and the time force reached its 
maximum during a contraction. Half-relaxation time for a 
twitch contraction was defined as the time interval between the 
time at which force reached a peak and the time force had de
cayed by 50% during the relaxation phase, while for a tetanic 
contraction, it was the time interval between the time the last 
stimulation was applied and the time when force had decayed by 
50% during the relaxation phase. 

Stimulation 

Electrical stimulations were applied across two platinum wires 
(4 mm apart) located on opposite sides of the muscles. They 
were connected to a Grass S88X stimulator and a Grass stimu
lation isolation unit ( Grass Technologies/ Astro-Med). Twitch 
contractions were elicited with a 0.3-ms, 10-V (supramaximal 
voltage) pulse, while tetanic contractions were elicited with 
400-ms trains of the same pulses at frequencies varying be
tween 10 and 200 Hz.

Physiological solutions 

Physiological saline solution contained (in mM) 118.5 NaCl, 4.7 
KCl, 2.4 CaC12, 3.1 MgC12, 25 NaHCO3, 2 NaH2PO4, and 
5.5 D-glucose. Solutions were continuously bubbled with 95% 
Oz-5% C02 to maintain a pH of 7.4. Experimental temperature 
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Figure 2. Ang 1-7 did not prevent the decrease in fiber CSA associated with 28-d denervation in EDL. (A) Mean fiber CSA values; fiber CSA distribution of 
(B) innervated, denervated EDL without or with Ang 1-7 treatment; (C) innervated, sucrose-treated, and DIZE-treated denervated EDL. CSA values were
divided in bin of 100 µm2, and the number of fibers in each bin is presented as a percentage of the total number of fibers analyzed. For clarity, the CSA
distributions of EDL from mice treated with the MasR antagonist, A779, is not shown, as it was similar to that of denervated/ Ang 1-7 and denervated/DIZE. The 
CSA frequency distribution was first determined for each muscle, and then mean and SE (vertical bars) were calculated from four or five muscles (with a total 
number of fibers ranging between 2,728 and 4,797). •, CSA distribution was significantly shifted toward lower CSA when compared with innervated (AN OVA,
and LSD, P < 0.05).

was 37°C. Total flow of solutions in the muscle chamber was 
15 ml/min, being split just above and below the muscle in order 
to prevent any buildup of reactive oxygen species, which is 
quite large at 37°C and deleterious in terms of force generation 
(Edwards et al., 2007). 

Resting EM and action potential measurements 

Once force measurements were completed as described above, 
resting EM and action potential were measured by penetrating 
individual fibers located at the surface of both EDL and soleus 
muscles with glass microelectrodes as previously described 
(Ammar et al., 2015). Briefly, microelectrode tip resistances 
were 7-10 MD. and that of the reference electrode ~l MD.. All 
electrodes were filled with 3 M KCL A recording was rejected 
when the change in potential upon penetration was not a sharp 
drop or when the microelectrode potential did not return to zero 
upon withdrawal from the fiber. Stimulating electrodes for force 
measurements were disconnected. Instead, single action po
tentials were elicited using fine platinum wires 2 mm apart 
placed as close as possible to the surface fibers and moved lat
erally to stimulate fibers in the region where the microelectrode 
was positioned. This approach was used to reduce the extent of 
contracting fibers and prevent the breaking or dislodging of 
microelectrodes. To further reduce the number of contracting 
fibers, action potentials were triggered using a single 2- to 10-V, 
0.3-ms square stimulating pulse; usually, a low voltage was 

Albadrani et al. 

Angiotensin 1-7 and denervation 

enough to trigger an action potential in innervated muscle fi
bers, while higher voltages were often necessary with dener
vated fibers. When an action potential was not triggered, voltage 
was always increased to 10 V to properly verify that the fiber 
was unexcitable. Data were digitized using a KCP13104 data 
acquisition system (Keithley) at 400 kHz. 

The number of excitable fibers, resting EM, action potential, 
and the overshoot maximum rate of depolarization were de
termined in 5-15 fibers in each muscle. Overshoot was taken 
from the action potential peak, while maximum rate of depo
larization was first calculated by linear regression analysis of 
every 10 data points and taken from the peak value. Individual 
fiber values for each muscle were averaged, and the final mean 
was calculated from the muscle average values. For these pa
rameters, the number of samples are reported as number of 
tested fibers/number of muscles used. 

Fiber typing and CSA 

EDL and soleus muscles were embedded in Tissue-Tek at a 
length similar to that in situ, frozen in isopentane precooled in 
liquid nitrogen, and stored at -80°C. 10-µm sections were cut at 
-20°C using a cryostat (Leica CM 1850), placed on positive
charged glass slides, and stored at -80°C. Sections were
stained using a Mouse on Mouse (MOM) fluorescein kit (catalog
no. FMK-2201; MJS Biolynx) for type I, IIA, and IIB fibers.
Briefly, a section was incubated for 1 h in MOM mouse Ig
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Figure 3. Ang 1-7 did not prevent the decrease in fiber CSA associated with 28-d denervation, but A779 significantly worsened the decrease in CSA in 
soleus. (A) Mean fiber CSA values; fiber CSA distribution of (B) innervated, denervated soleus without or with Ang 1-7 treatment; (C) innervated, sucrose
treated, and DIZE-treated denervated soleus. CSA values were divided in bin of 100 µm2

, and the number of fibers in each bin is presented as a percentage of 
the total number of fibers analyzed. The CSA frequency distribution was first determined for each muscle, and then mean and SE (vertical bars) were calculated 
from four or five muscles (with a total number of fibers ranging between 1,970 and 3,850). •, CSA distribution was significantly shifted toward lower CSA when 
compared with innervated; §, CSA distribution was significantly shifted toward lower CSA when compared with denervated or denervated/sucrose (ANOVA 
and LSD, P < 0.05). 

blocking reagent and washed with PBS. Cross sections were 
incubated 5 min in a MOM diluent protein concentrated solution 
before being exposed for 1 h to mouse monoclonal anti-myosin 
type I (A4.840), anti-myosin IIA (SC-71), or anti-myosin heavy 
chain type IIB (BF-F3; Developmental Studies Hybridoma Bank). 
After three washouts with PBS, cross sections were exposed for 
10 min to biotinylated anti-mouse IgG reagent solution. Finally, 
cross sections were incubated for 15 min in a fluorescein avidin 
solution (1:500) followed by three washouts in PBS. Laminin 
staining was clone by incubating cross sections with anti
laminin antibody (1:1,000, catalog no. 19393, rabbit polyclonal; 
MilliporeSigma, Canada) for 30 min followed by Alexa Fluor 594 
(1:500, catalog no. A-11012; Invitrogen). After three washouts 
with PBS, sections were mounted on slides with mounting media 
and covered with a coverslip. Images were captured on a Zeiss 
Axiolmager.M2 microscope using a digital camera (AxioCam 
mRm CCD). Pictures were taken from overlapping regions of 
each muscle and then collaged together to allow fiber typing and 
CSA (from the laminin boundaries) measurements from all fi
bers of each muscle using Imaris software (Bitplane). 
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Western blot analysis 

EDL and soleus muscles were freeze-clamped in liquid nitrogen 
and kept at -80°C until use. Muscles were homogenized in Tris 
lysis buffer containing 20 mM HEPES, 10 mM NaCl, 1.5 mM 
MgCl, 1 mM dithiothreitol, 20% glycerol, 0.1% TritonX-100, and 
a cocktail of protease inhibitors (catalog no. 04693124001; Mil
liporeSigma, Canada) and phosphatase inhibitors (catalog no. 
04693124001; MilliporeSigma, Canada). Homogenates were 
centrifuged for 10 min at 1,200 g and 4°C. Protein concentrations 
in the supernatants were determined using the bicinchoninic 
acid assay method (Thermo Fisher Scientific). The final protein 
concentrations were adjusted using Laemmli buffer (45 SDS, 
20% glycerol, 10% ß mercaptoethanol, 0.004% bromophenol 
blue, and 0.125 M Tris HCl, pH 6.8) to 25 µg/10 ml and heated for 
5 min at 95°C. Proteins (25 µg/10 µl) were subjected to 8% SDS/ 
PAGE, transferred onto a nitrocellulose membrane (Miniprotean 
III apparatus; Bio-Rad), and probed with the following primary 
antibodies: rabbit anti-total-Akt (T-Akt; catalog no. 4691), rabbit 
anti-phospho-Akt (P-Akt; catalog no. 4060), rabbit anti-total 
4EPB (catalog no. 9452), rabbit anti-phospho-4EPB (P-4EBP; 
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Figure 4. Ang 1-7 and DIZE significantly prevented the loss of tetanic force in CD-1 EDL and soleus associated with 14- and 28-d denervation periods. 
Tetanie foree in N of EDL after (A) 2-wk and (B) 4-wk denervation; of soleus at (E) 2-wk and (F) 4-wk denervation, normalized to CSA in N/em2 for EDL at (C) 
2-wk and (D) 4-wk denervation, for soleus at (G) 2-wk and (H) 4-wk denervation. Tetanie foree represents the maximum foree a muscle ean generate and was
measured at 200 Hz. Vertieal bars represent the SE of five or six muscles. •, Mean tetanie foree signifieantly different from that of innervated muscles; §, mean
tetanie foree signifieantly different from that of denervated or denervated/suerose muscles; t, mean tetanie foree signifieantly different from that of CD-1
muscles (ANOVA and LSD, P < 0.05).

catalog no. 9452), rabbit anti-Na-K pump o.l subunit (catalog no. 
3010S; Cell Signaling Technology), rabbit anti-MuRF-1 (catalog 
no. 554561AP; Cedarlane), rabbit anti-total S6 (catalog no. 
Ab32529; Abcam), rabbit anti-Atrogin-1 (catalog no. AP2041; 
ECM Bioscience), mouse anti-phospho-S6 (P-S6; catalog no. 
MABS82), rabbit anti-Na-K pump o.2 subunit (catalog no. 
07674; MilliporeSigma, Canada), rabbit anti-o.-actin (catalog 
no. CSBPA00750E0RB), and mouse anti-total myosin (catalog 
no. MAB4470; Cedarlane). Horseradish peroxidase-conjugated 
secondary antibodies, either goat anti-rabbit antibody (catalog 
no. 7074; Cell Signaling Technology) or goat anti-mouse antibody 
(catalog no. G21040; Thermo Fisher Scientific), were then used 
for visualization. Immunoreactions were visualized and quanti
fied by chemiluminescence ECL (PerkinElmer) using the LI-COR 
imaging system (model no. 2800). 

Statistical analysis 

Data are expressed as mean ± SE. One-way ANOV A was used to 
determine statistical differences for twitch and tetanic force, 
frequency 50, excitability, resting EM, overshoot, protein con
tent measured by Western blot, muscle weight, and CSA. Cal
culations were made using the general linear model procedures 
of Statistical Analysis Software (SAS Institute). When a main 
effect or an interaction was significant, the least square differ
ence (LSD) was used to locate significant differences (Steel and 
Torrie, 1980). The word "significant" refers only to a statistical 
difference (P < 0.05). 
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Results 
Muscle weight and CSA 

EDL and soleus muscle weight per se (data not shown) or ex
pressed as a ratio of body weight (Fig. 1) gave rise to similar 
results. EDL muscle to body weight ratio did not significantly 
decrease during the first 3 d of denervation (Fig. 1 A), whereas a 
significant 17% decrease occurred for the soleus (Fig. 1 C). Nei
ther Ang 1-7 nor DIZE altered muscle weight loss. Muscle to 
body weight ratio further decreased over the 14- and 28-d de
nervation period, with decreases after 28 d being 38% and 48% 
for EDL and soleus, respectively. Treating mice with Ang 1-7 had 
no significant effect on the weight ratio. DIZE-treated muscles, 
on the other hand, had significantly higher weight ratios than 
denervated sucrose-treated muscles; the significant effects oc
curred only for the 14-d denervation period for EDL and both 14-
and 28-d period for soleus; for the latter muscle, A779, a MasR 
antagonist, inhibited the DIZE effect at 28 d. Body weight ratios 
were greater for MasR-1- EDL and especially soleus muscle than 
for CD-1 muscles (Fig. l, B and D). The loss of muscle weight over 
a 28-d denervation period was 52% and 48% for EDL and soleus, 
respectively. Treating MasR-1- mice with Ang 1-7 did not affect
the extent of muscle weight loss. 

To specifically determine how Ang 1-7 affects muscle fibers, 
we next measured fiber CSA. Mean EDL fiber CSA decreased by 
32% during a 28-d denervation period (DEN and DEN/SUC in 
Fig. 2 A). The extent of the decreases in CSA was not altered 
when mice were treated with either Ang 1-7 or DIZE. 

Journal of General Physiology 6 of 21 
https://doi.org/10.1085/jgp.201912556 



A EDL-2WEEKS B 
C D -1 

50 50 

40 40 

� 
w 

30 30 
u "' 
e 
:,: 20 20 
u 
>--

i: 
10 10 >--

� !v� ..,"- .;,'-' ö.,(<,

Q

�
c, 

�
<; 

�
Q
' 

� Q«; Q«; 
Q«; 

SOLEUS -2 WEEKS F 
CD-1 

50 50 

40 40 

� 
w 

30 30 u "' 
e 
:,: 20 20 
u 

� 
10 10 >--

EDL-4WEEKS 

CD-1 

*§

�� !v� ..,,... '-"-°' .;,'-' ö.,(<, '-"-°'

' Q�
(> 

"'
"' 

�
<; 

�
<$-

,;;.
"' 

� ,. Q«;Q«;f:f Q«; 
�

(> !v�� Q Q«; 
SOLEUS -4 WEEKS 

CD-1 

�� !v� � �'I°' .;,'-' ö.,(<, �'I°'

' 
Q

�
(> 

"'
"' 

�
<; 

�
Q
',;;.

"' 
� c." Q«;Q«;�� 

Q«;
�
,t 

Q
,,,
� Q«; 

C 
MasR-1-

10 

"e 
8 

" 

,::_ 
w 

u "' 
e 4 
:,: 
u 
>--

i: 2 

�� <:lc.,
1-

�,t 
Q«; 

G 
MasR

-1
. 

12 

_ 10 

NE 
" 

,::_ 
w 

u "' 

:,: 4 
u 
>--

i: 2 
>--

�� Q,,,�(>,1-

�,t 
Q«; 

EDL-2WEEKS D 
CD-1 

10 

*§

�� !v� ..,,... .;,'-' ö.,(<,

Q

�
c, 

�
<; 

�

<$' 

� Q«; Q«; 
Q«; 

SOLEUS -2 WEEKS H 
CD-1 

12 

*§
10 

*§

�� !v� ..,"- .;,'-' ö.,(<, 
Q�

c, 
�<; �� Q«; Q,,,� 

Q«; 

��JGP 
EDL-4WEEKS 

�� 

CD-1 

!v� '1- -c-°' ro�"' ,J,"' '-"-°' Q
�

c, 
"'
"' � 

�
Q ,;;."' 

� 

c."
Q«; Q«;��

Q«;
�
,t 

Q,,,� Q«; 
SOLEUS -4 WEEKS 

C D -1 

�� !v� ,1- '-"-°' .;,'-' ,J,(<, �'I°'Q �(> 

"'

"' 

�
<; 

�
Q 

,;;.

"' 
� c.'" Q«; Q«;��

Q«; ,
t 

!v�� Q Q«; 

MasR-1-

�� Q,,,�(>,1-
�
,t 

Q«; 

MasR'· 

*t

��Q,,,�c,"'\

�
,t 

Q«; 

Figure 5. Ang 1-7 and DIZE significantly increased twitch force of CD-1 EDL and soleus associated with 14- and 28-d denervation periods, but not in
MasR·/- muscles. Twitch force in N of EDL after (A) 2-wk and (B) 4-wk denervation; of soleus at (E) 2-wk and (F) 4-wk denervation, normalized to CSA in N/ 
cm2 for EDL at (C) 2-wk and (D) 4-wk denervation, for soleus at (G) 2-wk and (H) 4-wk denervation. Vertical bars represent the SE of five muscles. •, Mean 
twitch force significantly different from that of INN muscle; §, mean twitch force significantly different from that of denervated or denervated/sucrose muscle; 
t, mean twitch force significantly different from that of wild-type soleus (ANOVA and LSD, P < 0.05). 

Denervation significantly reduced the proportion of fibers with 
CSA >1,500 µm2 while it significantly increased the proportion 
of fibers with CSA below 1,200 µm2 (Fig. 2 B). Ang 1-7, DIZE, 
and A779 (data not shown for the latter) did not affect the CSA 
frequency distribution (Fig. 2, B and C). The effects of dener
vation, Ang 1-7, and DIZE on soleus fiber CSA (Fig. 3) were very 
similar to those of EDL, with three exceptions: (1) 28-d dener
vation reduced soleus fiber CSA by 61% compared with only 32% 
in EDL, (2) the shift toward lower CSA in the CSA distribution 
was much more pronounced in soleus, and (3) A779 significantly 
exaggerated the CSA loss in soleus muscle, but not in EDL. 

Tetanie and twitch force 

As EDL became smaller over the 14- and 28-d denervation pe
riod, mean tetanic forces in newton (N) decreased significantly 
when compared with their innervated counterpart (Fig. 4, A and 
B). Mean tetanic forces of Ang 1-7- or DIZE-treated denervated 
EDL were significantly greater compared with that of untreated 
denervated EDL but remained significantly less than that of 
innervated EDL. However, when tetanic forces were normalized 
to CSA, EDL mean tetanic forces from Ang 1-7- and DIZE-treated 
denervated EDL were no longer significantly different from that 
of innervated EDL, while those of untreated denervated EDL 
were still significantly less (by 36%; Fig. 4, C and D). Thus, both 
Ang 1-7 and DIZE fully prevented the loss of normalized tetanic 
force associated with denervation, an effect completely inhibited 
by A779. MasR-1- EDL mean tetanic force (in newton) also 
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decreased during a 28-d denervation period, a decrease that 
was similar to that of CD-1 EDL (Fig. 4 B). However, when te
tanic force was normalized to CSA, mean tetanic force of de
nervated MasR-1- EDL decreased by only 17% compared with 
36% in CD-1 denervated EDL (Fig. 4 D). Ang 1-7 did not allow for 
an increased in normalized tetanic force during a 28-d dener
vation period as it did for CD-1 EDL. 

Similarly, all denervated soleus mean tetanic forces (in N) 
were significantly lower than those in innervated soleus (Fig. 4, 
E and F), whereas the CSA normalized mean tetanic forces of 
Ang 1-7 /DIZE-treated, but not untreated, denervated soleus 
remained similar to those of innervated soleus (Fig. 4, G and H). 
Again A779 completely blocked the Ang 1-7/DIZE effect. For 
MasR-1- soleus, 28-d denervation resulted in lower mean tetanic 
force in N (Fig. 4 F) but notably no loss in the CSA normalized 
tetanic force whether or not mice were Ang 1-7 treated 
(Fig. 4 H). 

14- and 28-d denervated EDL generated greater mean twitch
forces (in N or N/cm2) than innervated EDL (Fig. 5, A-D). At 
28-d denervation and compared with innervated EDL, the nor
malized twitch forces were 1.8- and 2.1-fold greater for dener
vated and sucrose-treated denervated EDL, respectively (DEN/
SUC in Fig. 5 C). Ang 1-7- and DIZE-treated denervated EDL
generated even greater twitch force than untreated denervated
EDL; mean normalized twitch forces of Ang 1-7- and DIZE
treated EDL were respectively 4.4- and 3.5-fold greater than
that of innervated EDL. The Ang 1-7 and DIZE effects were
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Figure 6. In CD-1 EDL, Ang 1-7 did not prevent the shift in the force-frequency relationship toward lower stimulation frequencies that occurred 
after 14 and 28 d of denervation. (A and B) Force-frequency relationships at (A) 2-wk and (B) 4-wk denervation. Forces are expressed as a percentage of the 
force measured at 200 Hz. (c and D) Frequency 50 at (C) 2-wk and (D) 4-wk denervation. Frequency 50 is the stimulation frequency at which force was 50% of 
the maximum tetanic force (see Materials and methods for calculations). (E) Examples of twitch force traces from innervated and denervated muscles. Forces 
are plotted as a percentage of the maximum force du ring contraction. (F) Example of force traces elicited at 50 Hz from innervated and denervated muscle. 
Horizontal bars show the 200-ms portions of the contractions that are expanded below. Vertical bars (A and B) represent the SE of five muscles. •, Mean 
frequency 50 significantly different compared with innervated muscle (ANOVA and LSD, P < 0.05). 

completely blocked by A779 (Fig. 5, B and D). Innervated 
MasR-1- EDL mean normalized twitch force was 1.8 times 
greater than that of innervated CD-1 EDL. For MasR-1- EDL, 
mean twitch force after 28-d denervation became 2.8 times 
greater than in innervated MasR-1- EDL, an effect much
greater when compared with wild-type EDL, for which the 
difference was only 1.8-fold. Ang 1-7 did not cause any further 
increase in twitch force of denervated MasR-1- EDL. Dener
vation, Ang 1-7, DIZE, and A779 effects in soleus were similar 
to those described for EDL for both CD-1 and MasR-1- soleus
(Fig. 5, E-H). 

14- and 28-d denervation was also associated with a signifi
cant shift in the CD-1 EDL force-frequency relationship toward 
lower stimulation frequencies, and this shift was not prevented 
by Ang 1-7 or DIZE (Fig. 6, A-D). The shift occurred as twitch 
contractions became slower (Fig. 6 E), with mean times to peak 
and half-relaxation times becoming significantly longer in de
nervated muscles (Table 1). As a consequence of prolonged 
twitch contractions, stimulation at 50 Hz still resulted in indi
vidual twitches in innervated EDL, while there was a clear 
summation of twitch contractions in denervated EDL (Fig. 6 F). 
Wild-type EDL time to peak and half-relaxation time during 
tetanic contractions also became significantly prolonged fol
lowing 28-d denervation (Table 2). Neither Ang 1-7 (Tables 1 and 
2) nor DIZE (data not shown) reversed the denervation effects
on time to peak and half-relaxation time. Similar to wild-type
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EDL, the force-frequency relationship of denervated soleus 
was significantly shifted toward lower stimulation frequencies 
(Fig. 7). Contrary to EDL, however, the shift was slightly ac
centuated by Ang 1-7 and DIZE, especially at 14-d denervation. 
Soleus twitch contractions also became significantly longer with 
prolonged time to peak and half-relaxation time, and these ef
fects were not reversed by Ang 1-7 (Table 1) or DIZE (data not 
shown). For tetanic contractions, time to peak was not affected, 
while half-relaxation times were significantly longer in wild
type denervated than innervated soleus (Table 2). 

Although 28-d denervation had small effects on tetanic force 
loss in MasR-1- than in wild-type EDL and soleus, significant
shifts of the force-frequency relationship toward lower stimu
lation frequencies were observed in denervated compared with 
innervated MasR-1- muscles (Fig. 8). Ang 1-7 did not accentuate
the shift in MasR-1- soleus. Again, the shift in the force
frequency relationship was linked to prolonged twitch con
tractions, as both time to peak and half-relaxation time were 
significantly longer in denervated than innervated EDL and so
leus (Table 1). Notably, mean half-relaxation time of denervated 
MasR-1- EDL and soleus were significantly longer than those of
denervated wild-type EDL and soleus. Longer tetanic contraction 
times to peak and half-relaxation times were also observed in 
denervated than in innervated MasR-1- EDL, whereas only
half-relaxation times were significantly longer in denervated 
MasR-1- soleus (Table 2).
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Table 1. Ang 1-7 does not reverse the significant prolongation oftwitch 
contraction associated with 4-wk denervation for both wild-type and 
MasR_,_ EDL and soleus 

Muscle Condition Wild type MasR-1-

Time to Half- Time to Half-
peak relaxation peak relaxation 
(ms) time (ms) (ms) time (ms) 

EDL lnnervated 7.2 ± 1.1 5.8 ± 0.3 8.2 ± 10.2 ± 1.2 
0.8 

EDL Denervated 14.8 ± 9.4 ± 1.1 13.4± 17.0 ± 1.5a, b 
1.4a 0.8a 

EDL Denervated 13.0 ± 11.9 ± 0.7a 17.3 ± 20.5 ± 5.3a,b 
Ang 1-7 l.la 4.2a,b 

Soleus lnnervated 15.7 ± 10.3 ± 1.1 13.3 ± 16.6 ± 2.24 
0. 6 0.7 

Soleus Denervated 33.7 ± 38.5 ± 4_9a 28.9 ± 43.9 ± 4.5a 

1.oa 1.7a 

Soleus Denervated 34.7 ± 37.2 ± 2.7a 25.3 ± 35.6 ± 9.la 

Ang 1-7 l.la 3_5a, b 

Ang 1-7 was delivered using an osmotic pump at a rate of l5 mg/kg/d. Data 
are presented as mean ± SE of five or six muscles. 
aMean value is significantly different from that of innervated muscles 
(ANOVA and LSD, P < 0.05). 
6Mean value is significantly different from CD-1 muscles (ANOVA and LSD, 
P < 0.05). 

Membrane excitability, resting EM, and action potential 

lt is well established that the sarcolemma of denervated muscle 
fibers are depolarized (Albuquerque and Thesleff, 1968; 
Albuquerque et al., 1971; Wareham, 1978; Clausen et al., 1981). 
Thus, we next tested whether Ang 1-7 improves resting EM as a 
potential physiological mechanism that prevents the loss of 
normalized tetanic force following denervation. Fiber excita
bility was 100% in innervated EDL, as all fibers generated an 
action potential upon a single stimulation (Fig. 9 A). After a 
28- d denervation period, fiber excitability fell to 42-49% (DEN
and DEN-SUC). Ang 1-7 treatment completely prevented the
loss of fiber excitability, while excitability was 85% in DIZE
treated denervated EDL. As previously reported, denervated
fibers were significantly depolarized compared with inner
vated fibers, with a mean resting EM of -62 mV for denervated
fibers versus -76 mV for innervated fibers (Fig. 9 B). Both Ang
1-7 and DIZE significantly, but not completely, reduced the
extent of depolarization in denervated EDL fibers, with a mean
resting EM of -69 mV. Mean overshoots were significantly less in 
denervated than innervated fibers, an effect completely prevented
by Ang 1-7 and DIZE (Fig. 9 C). Mean maximum rates of depo
larization of denervated fibers were 2.2- to 2.7-fold less than in 
innervated fibers; however, for this parameter, neither Ang 1-7
nor DIZE significantly abolished the denervation effect (Fig. 9 D). 
The effects of denervation, Ang 1-7, and DIZE in soleus were ba
sically similar to those of wild- type and MasR-1- EDL (Fig. 9, E-H). 

Considering that the normalized mean tetanic forces of 
MasR_,_ EDL and soleus were less affected by denervation than 
their CD-1 counterpart and that Ang 1-7 fully prevented the loss 
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Table 2. Ang 1-7 does not reverse the prolongation ofthe tetanic time 
to peak in EDL and half-relaxation time of EDL and soleus associated 
with 4-wk denervation in both wild-type and MasR_,_ mice 

Muscle Condition Wild type MasR-1-

Time to Half- Time Half-
peak relaxation topeak relaxation 
(ms) time (ms) (ms) time (ms) 

EDL lnnervated 118.8 ± 19.0 ± 2.9 118.5 ± 27.8 ± 1.4 
11.0 22.2 

EDL Denervated 196.9 ± 44.8 ± 2.7a 178.4 ± 53.4 ± 3.oa 

3.8a 18.7a 

EDL Denervated 197.4 ± 45.2 ± 2_5a 191.7 ± 63.8 ± 13.la,b 
Ang 1-7 2.7a 3.4a 

Soleus lnnervated 204.6 ± 43.3 ± 1.7 211.8 ± 52.3 ± 3.6 
0.7 1.2 

Soleus Denervated 208.0 ± 95.3 ± 5_9a 213.4 ± 103.8 ± 10.2a 

6.0 1.4 

Soleus Denervated 210.0 ± 97.6 ± 11.7a 212.0 ± 85.2 ± 11.3a 

Ang 1-7 5.3 5.0 

Ang 1-7 was delivered using an osmotic pump at a rate of 15 mg/kg/d. 
Tetanie contractions for EDL and soleus were respectively elicited at 200 and 
140 Hz. Data are presented as mean ± SE of five or six muscles. 
aMean value is significantly different from that of innervated muscles 
(ANOVA and LSD, P < 0.05). 
6Mean value is significantly different f rom CD-1 muscles (ANOVA and LSD, 
P < 0.05). 

of membrane excitability and normalized tetanic force, we also 
determined the effect of denervation on fiber excitability of 
MasR_,_ EDL and soleus. Although mean fiber excitability and 
resting EM significantly decreased during the 28- d denervation 
compared with innervated muscles, the extent of the decreases 
was less in MasR-1- than in CD-1 muscles. Contrary to CD-1, 
mean action potential overshoot was completely abolished in 
denervated MasR_,_ EDL and soleus, as the mean action poten
tial peaks were respectively -8 and -4 mV. 

Fiber excitability is suppressed when resting EM becomes less 
negative than approximately-60 mV (Cairns et al., 1995; Ammar 
et al., 2015). So, to better understand how the reduced resting EM 

depolarization with Ang 1-7/DIZE affected membrane excita
bility, we determined the frequency distribution of resting EM. 
For innervated EDL, resting EM ranged from -90 to -60 mV 
(Fig.10 A; i.e., none of the fibers were in the unexcitable range). 
The resting EM distribution of denervated fibers was signifi
cantly shifted toward less negative EM, and up to 35% of the fi
bers had resting EM less negative than -60 mV. Ang 1-7 
significantly shifted the resting EM distribution toward more 
negative EM, reducing the number of fibers with resting EM less 
negative than -60 mV to 0. A similar situation was observed 
with DIZE, except that the number of fibers with resting EM less 
negative than -60 mV was 11% (Fig.10 B), in agreement with the 
decrease in fiber excitability still detectable (Fig. 9 A). The ef
fects of denervation, Ang 1-7, and DIZE in soleus were basically 
similar to those of EDL (Fig.10, C and D). 

The membrane depolarization associated with denervation 
is due to an increased Na+ permeability and decreased K+ 
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Figure 7. In CD-1 soleus, Ang 1-7 did not prevent the shift of the force-frequency relationship toward lower stimulation frequencies following 14 

and 28 d of denervation. (A and B) Force-frequency relationships at (A) 2-wk and (B) 4-wk denervation. Forces are expressed as a percent of the force at 200 
Hz. (c and D) Frequency 50 at (C) 2-wk and (D) 4-wk denervation. Frequency 50 is the stimulation frequency at which force was 50% of the maximum tetanic 
force (see Materials and methods for calculations). Vertical bars represent SE of five muscles. •, Mean frequency 50 significantly different from that of in
nervated muscles; §, mean frequency 50 significantly different from that of denervated or denervated/sucrose muscle soleus (AN OVA and LSD, P < 0.05). 

permeability (Kotsias and Venosa, 1987). The Na+ K+ pump 
content, which contributes up to -15 mV to the resting EM in 
innervated muscles (Chibalin et al., 2012; Ammar et al., 2015), 
also decreases during denervation (Clausen et al., 1981; Clausen 
et al., 1982; Ward et al., 1987). So, we measured the Ang 1-7 ef
fects on the pump o.l and o.2 subunit protein content over a 28-d 
denervation period. Denervated EDL had significantly greater 
o.l and o.2 protein content than innervated EDL, the differences 
being 1.8- and 1.5-fold, respectively (Fig. 11, A and B). The in
crease in o.l reached 2.9- and 2.3-fold for Ang 1-7 and DIZE 
treatment, respectively. Ang 1-7 also increased the o.2 protein 
content by 2.0-fold when compared with innervated EDL. 
Contrary to the situation in EDL, 28-d denervation resulted in 
significant decreases in both o.l and o.2 content by 40-50%, while 
neither Ang 1-7 nor DIZE had any effect. 

Contractile components 

Denervation also leads to decreases in sarcomere contents, es
pecially near the cell membrane within 14 d (Yang et al., 2020). 
We therefore determined the total o.-actin and myosin content to 
document whether Ang 1-7 reduces the loss of contractile pro
teins during the 28-d denervation period. ex-Actin protein con
tent was reduced by 12% in denervated EDL, while Ang 1-7 and 
DIZE had no effect (Fig. 11 C). Denervation caused greater de
creases in o.-actin in soleus, as the content was reduced by 30%. 
Although no decrease in o.-actin was detected with Ang 1-7, the 
difference with denervated soleus was not significant, while 
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DIZE had no effect. Ang 1-7 and DIZE caused decreases in total 
myosin content, even when denervation alone had a small effect 
(Fig. 11 D). 

Normal innervated EDL muscle contained 60% type IIB, 15% 
type IIA, and 2% type I fibers (Fig. 12). After 28-d denervation, 
the proportion of fibers expressing type I and IIA myosin sig
nificantly increased in EDL muscle to 7% and 96%, respectively, 
while the number of fibers expressing type IIB myosin did not 
change. However, as shown in Fig. 12 A, while a large number of 
denervated fibers still expressed type IIB myosin, the intensity 
of the staining is much less in denervated than innervated fibers. 
Ang 1-7 partially reduced the increase in the number of fibers to 
4% for the expression of type I myosin and 54% for type IIA 
myosin. Contrary to EDL, innervated soleus muscle contain 62% 
type I fibers and 44% type IIA fibers (Fig. 13). Neither dener
vation nor Ang 1-7 significantly affected the fiber type compo
sition in soleus. 

Hypertrophie and atrophic pathways 

Total Akt (T-Akt) and phosphorylated Akt (P-Akt) protein con
tent was significantly greater after 14 and 28 d of denervation, 
but not after 3 d, when compared with levels in innervated EDL 
(Fig. 14, A and B). Neither Ang 1-7 nor DIZE affected T-Akt and 
P-Akt content. T-4EBP and P-4EBP slightly increased after 3 
and 14 d of denervation followed by a decrease at 28 d (Fig. 14, C 
and D). Ang 1-7 had only one significant effect, as it increased 
T-4EBP at 3 d. Significant increase in P-S6 content was observed

Journal of General Physiology 10 of 21 

https://doi.org/10.1085/jgp.201912556 



��JGP 
EDL 

A B 
100 120 

80 .,
100 

� � . 
0 80 

w 60 "' 

(.) 
a::: (.) 60 0 z 
ll. 40 -0- INN 

w 

::::, 

-er DEN 0 40 
w 

20 -er DEN/ANG1-7 a::: 
ll. 20 

0 
0

0 25 50 75 100 125 150 175 200 �� 

Figure 8. Force-frequency relationships of 
MasR-1- EDL and soleus were significantly 
shifted toward lower stimulation frequencies 
after a 28 d denervation period. (A and 
C) Force-frequency relationships of (A) EDL and
(C) soleus. Forces are exp ressed as a percentage 
of the force at 200 Hz. Frequency 50 of (B) EDL
and (D) soleus. Frequency 50 is the stimulation
frequency at which force was 50% of the max
imum tetanic force (see Materials and methods
for calculations). Vertical bars represent SE of 
five muscles. •, Mean f requency 50 significantly
different compared with innervated muscle (AN
OVA and LSD, P < 0.05). 

FREQUENCY (Hz) 

SOLEUS 

C 100 D 70 

60 
80 ., 

� �50 
0 

w 60 "' 

(.) 
>- 40 

a::: (.) 

0 40 a5 30 
ll. 

::::, 

20 
ß20 
a::: 

u. 10 
0 

0
0 25 50 75 100 125 150 175 200 

FREQUENCY (Hz) 

only at 14-d denervation, without any effect of Ang 1-7 or DIZE 
(Fig. 14, E and F). In soleus, denervation significantly increased 
T-Akt content at 14 d; there were also increases in P-Akt content
at 14 and 28 d, but the differences compared with innervated
muscle were not significant (Fig. 15, A and B). There were no
significant changes in T-4EPB and P-4EPB as well as for rabbit
anti-total S6 and P-S6 (Fig. 15, C-F). Neither Ang 1-7 nor DIZE
affected levels of Akt, 4EPB, and S6. Significant decreases in
MuRF-1 protein content were observed in EDL at 28 d and
insoleus at both 14 and 28 d (Fig. 16, A and B), while decreases in
atrogin-1 were observed at both 14 and 28 d, being especially
significant at 28 d (Fig. 16, B and C). Neither Ang 1-7 nor DIZE
affected MuRF-1 and atrogin-1 levels.

Discussion 

The major findings regarding changes in EDL and soleus during 
14- and 28-d denervation periods were as follows. (1) Neither
Ang 1-7 nor DIZE prevented the loss of muscle mass and fiber
CSA. (2) Twitch force increased and was further potentiated by
Ang 1-7 and DIZE. (3) Ang 1-7 and DIZE were fully effective at
maintaining normalized maximal tetanic force. (4) A779, a MasR
antagonist, fully blocked the effect of Ang 1-7 and DIZE on twitch
and tetanic force. (5) Normalized tetanic force of MasR_,_ EDL
and soleus was less affected when compared with their wild-
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type counterpart, and Ang 1-7 did not potentiate twitch force. (6) 
N either Ang 1-7 nor DIZE prevented the shift in force-frequency 
relationship in denervated EDL but caused a further shift in 
denervated soleus. (7) Ang 1-7 prevented the loss in membrane 
excitability, membrane depolarization, and decreases in action 
potential overshoot. (8) Na+-K+ pump protein content increased 
in EDL, an effect potentiated by Ang 1-7, whereas in soleus, 
denervation reduced pump content, while Ang 1-7 had no effect. 
(9) Ang 1-7 did not allow for an increase in o.-actin and myosin
content. (10) There was a shift in fiber type toward type I and IIA
in denervated EDL muscle, an effect partially reversed by Ang
1-7, whereas fiber type composition of soleus was unaffected by
denervation and Ang 1-7. (11) Ang 1-7 and DIZE had little effect
on the protein content of total and phosphorylated Akt, 4EPB,
and S6, three important hypertrophic factors, as well as little
effect on MuRF-1 and atrogin-1 content.

Ang 1-7 maintains muscle function in denervated muscles, but 

not muscle mass 

In regard to muscle mass, only DIZE significantly reduced the 
extent of mass loss. DIZE, at 15 mg/kg/d as in this study, in
creases plasma Ang 1-7 levels by almost fourfold (Zhang et al., 
2015). At 350-390 ng/kg/min Ang 1-7, plasma and kidney levels 
increased by approximately twofold (Oh et al., 2012; Mori et al., 
2014); so, at a dose of 100 ng/kg/d, as in this study, the increase 
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Figure 9. Ang 1-7 significantly improved membrane excitability in 28-d denervated EDL and soleus. (A) Fiber excitability, (B) resting EM , (C) action 
potential overshoot, (D) rate of depolarization in EDL fibers, (E) fiber excitability, (F) resting EM , (G) action potential overshoot, and (H) rate of depolarization in 
soleus fibers. Action potentials were triggered with a single stimulation. Excitability is defined as the number of fibers that generated an action potential upon 
stimulation and is expressed as a percentage of all tested fibers. Mean values from individual fibers were first averaged for each muscle, and mean and SE 
(vertical bars) were calculated from five or six muscles, with a total number of tested fibers ranging between 70 and 123. •, Mean value significantly different 
from that of innervated muscle; §, mean value significantly different from that of denervated or denervated/sucrose muscle; t, mean value for denervated 
MasR-1- muscles significantly different from mean value of denervated CD-1 muscles (ANOVA and LSD, P < 0.05). 

in Ang 1-7 level is expected to be less than with DIZE. Although 
one can then suggest that at a high concentration Ang 1-7 has the 
capacity to reduce the extent of muscle mass loss during de
nervation, such conclusion is not supported by the results on 
fiber CSA, as neither Ang 1-7 nor DIZE prevented the reduction 
in fiber CSA. On the other hand, A779 worsened the reduction in 
fiber CSA in soleus, but not in EDL. The extent of muscle mass 
and force loss was greater in denervated soleus than EDL; that is, 
soleus is more sensitive to the denervation effect and perhaps is 
also more sensitive to a MasR inhibition, at least in terms of CSA 
reduction. We suggest that during denervation, endogenous Ang 
1-7 helps at preventing fiber CSA decreases, primarily in soleus,
because inhibiting the MasR worsened the decrease in fiber
CSA, but a further increase in plasma Ang 1-7 levels (from either
Ang 1-7 or DIZE treatment) was not effective at further reducing
muscle fiber CSA loss.

Maximum tetanic force 
As a consequence of muscle mass loss, the capacity of denervated 
muscles to generate force is drastically reduced whether it is 
expressed in N or normalized to CSA in N/cm2 as previously 
reported (Finol et al., 1981). The decrease in normalized tetanic 
force suggests that the extent of the decrease exceeds the ex
pected decrease from just a reduction in muscle mass. This study 
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now demonstrates for the first time that Ang 1-7 completely 
prevents the loss of normalized tetanic force in both EDL and 
soleus. Ang 1-7 had little to no consistent effects on o.-actin or 
myosin content, so the preservation of contractile proteins 
cannot be a mechanism for the maintenance of normalized force. 
However, future work should address the possibility that the 
myofibrillar fractional area could be altered in response to ele
vated Ang 1-7 levels. Another potential mechanism is a change in 
fiber type. In EDL, denervation leads to decreases in myosin IIB 
expression and increases in type IIA, an effect reversed by Ang 
1-7. However, mouse and rat single type IIA and IIB fibers de
velop similar maximum force (Bottinelli et al., 1991; Pellegrino
et al., 2003). Furthermore, neither denervation nor Ang 1-7 af
fects fiber type composition in soleus. lt is therefore unlikely
that changes in fiber type composition are involved in the
preservation of normalized tetanic force in Ang 1-7-treated
denervated muscles.

Mean resting EM was much less negative in denervated than 
innervated muscle fibers as previously reported (Albuquerque 
and Thesleff, 1968; Albuquerque et al., 1971; Wareham, 1978; 
Clausen et al., 1981). Furthermore, a large proportion of dener
vated muscle fibers had resting EM less negative than -60 mV, 
resting EM at which muscle no longer generate force and thus 
action potential (Cairns et al., 1995; Ammar et al., 2015). The loss 
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ofmembrane excitability was completely prevented by Ang 1-7 
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Figure 11. Ang 1-7 significantly increased the Na• K• pump protein content in CD-1 EDL, but not the a-actin and myosin content after a 28-d de
nervation period. Protein content of (A) Na•-K• pump al, (B) Na•-K• pump a2, (C) a-actin, and (D) myosin. Ponceau staining is from the 3-d Western blots to 
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Figure 13. Neither denervation nor Ang 1-7 affected the expression of myosin I and IIA in CD-1 soleus. (A) Images of type I and IIA and fibers in in
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Figure 14. In CD-1 EDL, Ang 1-7 did not significantly affect the changes in total (T) and phosphorylated Akt, 4EPB, and S6 protein content associated 
with 3, 14, and 28 d of denervation. Protein content of total and phosphorylated (A) Akt, (C) 4EPB, (E) S6, phosphorylated/total ratio for (B) Akt, (D) 4EPB, 
and (F) S6 associated with 3, 14, and 28 d of denervation. Protein content was first normalized to the total protein content and then expressed relative to the 
content in innervated muscle. Ponceau staining is from the 3-d Western blots to provide an example for total proteins. A, denervated Ang 1-7 treated; D and 
DEN, denervated; Di, denervated-DIZE treated; 1, INN, and O d, innervated; P, phosphorylated; T, total. Vertical bars represent the SE of six to eight muscles. •, 
Mean protein content significantly different from that of innervated muscle (ANOVA and LSD, P < 0.05). 

potential overshoot and maximum rate of depolarization, which 
have been used as an index of Na+ current during the depolar
ization phase (Hodgkin and Katz, 1949), were both depressed in 
denervated muscle fibers. Ang 1-7 and DIZE allowed for normal 
action potential overshoot in denervated muscle fibers despite 
small increases in maximum rate of depolarization. Thus, we 
suggest that the primary mechanism by which Ang 1-7 prevents 
the loss of normalized tetanic force is by preventing the mem
brane depolarization associated with denervation, allowing fi
bers to remain fully excitable with normal action potential 
amplitude. 

lt is interesting to note that changes in resting EM during 
denervation with and without Ang 1-7 treatment occur to the 
same extent in denervated EDL and soleus despite the fact that 
the Na+ K+ pump content increases in the former muscle and 
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decreases in the latter. Using the 3H-ouabain-binding technique, 
15- and 31-d denervation periods result in pump content that
decreases by ~35% in rat soleus and only 15% in rat EDL (Clausen
et al., 1982; Ward et al., 1987). Thus, the decrease in soleus o.l and
o.2 pump content observed in this study is in agreement with
previous studies, whereas the increase in EDL is not. The in
crease in pump content in mouse EDL may reflect a difference in
species and may also be related to the large increase in the
number of denervated fibers expressing type IIA fibers.
Normal and innervated soleus muscle has fibers that pri
marily express type I (63%) and type IIA (51%) myosin
(compared with only 2% and 16%, respectively, in normal and 
innervated EDL; this study). Furthermore, the higher number
oftype IIA in normal soleus is associated with a pump content
that is two times greater than in normal EDL (Clausen et al.,
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Figure 15. In CD-1 soleus, Ang 1-7 mostly did not significantly affect the changes total and phosphorylated Akt, 4EPB, and S6 protein content 
associated with 3, 14, and 28 d of denervation. Protein content of total and phosphorylated (A) Akt, (C) 4EPB, and (E) S6, and phosphorylated/total ratio for 
(B) Akt, (D) 4EPB, and (F) S6 associated with 3, 14, and 28 d of denervation. Protein contents were first normalized to the total protein content and then
expressed relative to the content in innervated muscle. Ponceau staining is from the 3-d Western blots to provide an example for total proteins. Vertical bars
represent the SE of six to eight muscles. •, Mean protein content significantly different from that of INN muscles; §, mean protein content significantly different
from DEN muscles (ANOVA and LSD, P < 0.05). 

2011; Ammar et al., 2015). Finally, in a hyperkalemic periodic 
paralysis (HyperKPP) mouse model, the number ofEDL fibers 
that express type IIA myosin is ~60% (Khogali et al., 2015) 

compared with 16% in normal EDL muscle (this study); again, 
the greater number of type IIA fibers in HyperKPP EDL is 
associated with a pump content that is two times greater than 
in normal EDL (Clausen et al., 2011; Ammar et al., 2015). To
gether, these facts suggest that fibers expressing type IIA 
myosin contain more Na+ K+ pump than fibers expressing 
type IIB myosin, and as the number of fibers expressing type 
IIA myosin increases to 95% in denervated EDL, there is a 
concomitant increase in pump content. 

The next question is why the depolarization in denervated 
EDL and soleus muscles is the same with opposite changes in 
pump content and similar effects of Ang 1-7 on membrane ex
citability, despite the fact that Ang 1-7 increases the pump 
content only in EDL. Compared with normal muscles, HyperKPP 
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EDL muscle fibers are largely depolarized and contain two times 
more Na+ K+ pump than normal muscles, with no increase in the 
pump electrogenic contribution. HyperKPP diaphragm, on the 
other hand, has similar resting EM compared with normal dia
phragm, because the pump electrogenic contribution is twice 
that in normal diaphragm, despite the fact that the pump con
tent is not elevated (Ammar et al., 2015). lt therefore appears 
that changes or the lack ofpump content in both HyperKPP and 
denervated muscles cannot be an indication of the pump elec
trogenic contribution to the resting EM. Thus, future studies will 
be necessary to fully understand how Ang 1-7 prevents mem
brane depolarization in denervated muscles by determining not 
only the pump electrogenic contribution but also whether Ang 
1-7 reverses the increase in Na+ permeability and decrease in K+ 

permeability (Kotsias and Venosa, 1987), as well as changes in K+ 

and cl- conductance, as all these components are known to af
fect resting EM.
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Figure 16. In CD-1 EDL and soleus, Ang 1-7 had no significant effect on the changes MuRF-1 and atrogin-1 protein content associated with 3, 14, and 

28 d of denervation. Protein content of MURF-1 in (A) EDL and (B) soleus, and of atrogin-1 in (C) EDL and (D) soleus. Protein content was first normalized to
the total protein content and then expressed relative to the content in innervated muscle. Ponceau staining is from the 3-d Western blots to provide an 
example for total proteins. Vertical bars represent the SE of six to eight muscles. •, Mean protein content significantly different from that of innervated muscles 
(ANOVA and LSD, P < 0.05). 

Twitch force and force-frequency relationship 

lt is interesting that despite a decrease in action potential 
overshoot and a 60% loss in excitability, the normalized twitch 
force to CSA becomes greater in denervated EDL and soleus as 
previously reported (Finol et al., 1981; Dufresne et al., 2016). The 
decrease in mean overshoot to 1-5 mV is not expected to cause 
large decrease in twitch force, because twitch force decreases by 
~10% as overshoot decreases from 30 mV to 1-5 mV (Yensen 
et al., 2002; Cairns et al., 2003). One factor that may counteract 
the expected decrease in twitch force from the excitability loss is 
a prolongation of the twitch contraction (this study; Finol et al., 
1981). Both time to peak and the relaxation phase are prolonged 
in denervated muscles, allowing more time to develop force 
during a twitch; whether other factors can also contribute to the 
increase in twitch force cannot be determined from this study. 
The further increases in twitch force by Ang 1-7-treated muscles 
can then be explained by the maintenance of membrane excit
ability as explained above. 

The prolongation of the twitch contraction is also responsible 
for the major shift in the force-frequency relationship toward 
lower frequencies in both denervated EDL and soleus, because 
twitch contractions start to fuse at lower frequencies. Two 
causes of the twitch prolongation and shift in force-frequency 
relationship can be proposed: (1) a shift in the fiber type com
position and (2) a decreased capacity of the Ca2+ ATPase pump to 
transport Ca2+ back in the sarcoplasmic reticulum. The maxi
mum unloaded shortening velocity of type IIA single fibers is 
~23-35% slower than for type IIB for rat muscles; in mouse 
muscles, that difference is even greater, being 50% (Bottinelli 
et al., 1991; Bottinelli et al., 1994; Pellegrino et al., 2003). An 
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increase in the number of type IIA fibers in denervated EDL, 
which have slower shortening velocities, would be expected to 
result in slower force development and thus lower twitch force. 
Furthermore, Ang 1-7 treatment further increases twitch force 
despite a reduction in the number of type IIA fibers. Finally, 
there was no change in fiber type composition in denervated 
soleus. lt is therefore unlikely that greater twitch force in de
nervated fibers is due to a change in fiber type composition 
following denervation. 

In EDL, the fast Ca2+ ATPase pump SERCAl protein content 
decreases while that of the slow SERCA2 increases. More im
portantly, there is a net decrease in the maximal rate of the total 
Ca2+ ATPase activity; a decrease in the maximal rate also oc
curred in soleus, but to a smaller extent when compared with 
EDL (Dufresne et al., 2016). Such decreases in Ca2+ ATPase pump 
activity then slow down Ca2+ reuptake by the sarcoplasmic re
ticulum, resulting in prolonged increase in [Ca2+]; and allowing 
more time to generate greater force during twitches. Finally, the 
lack of an Ang 1-7 effect on those two contractile parameters 
suggests that Ang 1-7 does not affect the denervation effect on 
the expression and activity of either SERCAl or SERCA2. 

Ang 1-7 has little effect on the atrophy and 

hypertrophy pathways 

All Ang 1-7 effects on twitch and tetanic force were blocked by 
A779, a MasR antagonist, or absent in MasR-1- muscles (twitch
force). A779 treatment also exacerbated the decrease in soleus 
fiber CSA during denervation. These results are in agreement 
with the fact that Ang 1-7 acts via its MasR in skeletal muscle. 
Interestingly, while the normalized tetanic forces of wild-type 
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1 protein content in denervated muscles using contralat
eral innervated muscle results in an overestimation. Protein
content of MURF-1 in (A) EDL and (B) soleus, and of atrogin-1 in 
(C) EDL and (D) soleus. MuRF-1 and atrogin-1 were measured in
muscles from nondenervated mice (INN) and the innervated
contralateral muscles of a denervated mice (CT). Changes in 
protein content for denervated, Ang 1-7- and DIZE-treated
denervated muscles were then calculated relative to the data
from INN or CT. The CT data are relative to INN data.
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denervated EDL and soleus were respectively 35% and 56% less 
than those of their innervated counterparts, denervated MasR-1-
soleus muscle develops a normalized tetanic force similar to that 
of the innervated soleus, whereas a 17% decrease was observed 
in MasR-1- EDL. The resting EM depolarization in denervated
MasR-1- was smaller than in denervated wild-type muscles, 
resulting in smaller but still significant decrease in membrane 
excitability. Furthermore, the overshoot was completely abol
ished in denervated MasR-1- muscles, as the action potential
peak remained negative. Together these results suggest that the 
normalized tetanic force should be less in denervated than in
nervated MasR-1- muscles. There is therefore at least one other 
mechanism that prevents the decrease in normalized force, and 
future studies are necessary to elucidate this mechanism. 

Denervation has a strong impact on the content and phos
phorylation of the Akt-mTOR hypertrophic pathway. In regard 
to Akt, we observed no change in protein content after a 3-d 
denervation period but very large increases in both total and 
phosphorylated Akt after 14 and 28 d of denervation in EDL and 
after 14 d in soleus. Large increases in phosphorylated S6, a 
mTOR downstream target, was also observed after 14 d in EDL, 
while no change was observed for 4EPB, another mTOR target. lt 
is surprising that the Akt-mTOR pathway (especially Akt) is 
activated after 14 and 28 d in EDL, a time when atrophy is ex
pected to be high. However, the effect of denervation on total 
and phosphorylated Akt, S6, and 4EPB are in agreement with 
results recently published for the tibialis anterior muscle 
(MacDonald et al., 2014; Castets et al., 2019). Castets et al. ac
tually suggested that a tight regulation of the Akt-mTOR path
way is required to maintain muscle homeostasis; a reduced 
activation promotes more atrophy, while a large and sustained 
activation of mTOR results in muscle myopathy, including for
mation of vacuoles, aggregates, and abnormal nuclei. Large de
creases in MuRF-1 and atrogin-1 protein content were observed 
by 14 and 28 d, which is also in agreement with a large decrease 
in atrogin-1 after a 21-d denervation period (MacDonald et al., 
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vs. CT 

2014). Considering the activation of the Akt pathway, which is 
known to inhibit the expression of both MuRF-1 and atrogin-1, 
and the conclusion of Castets et al. (2019), our results are not 
surprising; that is, the large decreases at 14 and 28 d are most 
likely because of inhibition from the Akt pathway. 

lt was, however, surprising that the 3-d denervation period 
resulted in small changes for MuRF-1 and atrogin-1 protein 
content; that is, there were 6% and 24% increases in MuRF-
1 protein content for EDL and soleus, respectively while for 
atrogin-1, there was a 14% increase in EDL and a 17% decrease in 
soleus. These values are quite low compared with the 5- to 40-
fold increase in MuRF-1 and atrogin-1 mRNA transcripts after a 
3-d denervation period before returning to normal levels by day
14 (Sacheck et al., 2007; Macpherson et al., 2011; Milan et al.,
2015). Compared with the increase in mRNA transcripts, the
increases in MuRF-1 and atrogin-1 protein content are much
smaller, being 1.3- to 5-fold after 6-7 d of denervation (Fjällström
et al., 2014; Baumann et al., 2016; Guo et al., 2016; Lala-Tabbert
et al., 2019; You et al., 2021). There is even one study reporting
20-30% decreases in MuRF-1 and atrogin-1 protein content in
EDL and soleus after 4 d of denervation (Gao and Li, 2018). Al
though the antibody used in this study has also been used in
many other studies, a shortcoming of the present work is that
the MuRF-1 antibody specificity has not been verified using
MuRF-1-1- skeletal muscle lysate. We must also take into account 
that in most studies, one leg is denervated while muscles from 
the contralateral leg are used as control innervated muscles,
whereas in this study, our control innervated muscles were from
mice that were not denervated. Denervating one leg results in an
increased load to the contralateral leg, an effect that triggers
hypertrophy. Notably, we found that MuRF-1 and atrogin-1
protein content of contralateral innervated EDL from dener
vated mice were 17% to 20% less than the content from normal
innervated EDL from nondenervated mice (Fig. 17). If we now
calculate the change in protein content between contralateral
innervated and denervated muscles as in other studies, then
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after 3-d denervation, MuRF-1 and atrogin-1 protein content 
increases by 28% and 43% in EDL, respectively. Similar calcu
lations for soleus result in increases of 34% and 6%, respectively. 
Thus, one must be careful in using contralateral muscles, as it 
overestimates the changes in MuRF-1 and atrogin-1 protein 
content, and our results are perhaps a better representation of 
the changes in these proteins in EDL and soleus, at least for a 3-d 
denervation period. 

Activation of MasR by Ang 1-7 is known to activate the 
Akt-mTOR pathway (Cisternas et al., 2015). However, Ang 1-7 
and DIZE either has little effect or did not cause consistent in
creases or decreases on Akt, S6, and 4EPB, as well as for MuRF-
1 and atrogin-1 protein content. We therefore suggest that the 
lack of an effect of Ang 1-7 on protein content detected during 
denervation is the reason why Ang 1-7 has no major effect on 
actin and myosin protein content, muscle mass, and fiber CSA. 
What remains to be determined is how Ang 1-7 improves 
membrane excitability and resting EM in denervated muscles. 
However, as discussed above, future studies are first necessary 
to determine how Ang 1-7 modifies the activity of membrane 
components involved in resting EM regulation and then deter
mine whether the Akt pathway or another pathway is involved. 

In conclusion, this study provides evidence that Ang 1-7 is 
very effective at preventing excessive force loss, as it maintains 
the normalized tetanic force to CSA to a level similar to that of 
innervated muscles, at least up to 28 d of denervation. A phar
macological approach using DIZE to increase Ang 1-7 levels is 
also as effective. The major mechanism for the maintenance of 
normalized tetanic force is likely to involve a reduction by Ang 
1-7 treatment in the extent of the membrane depolarization
associated with denervation, allowing for the maintenance of
membrane excitability and normal action potential overshoot.
Ang 1-7 was, on the other hand, ineffective at preventing muscle
mass loss and fiber CSA reduction, possibly because it does not
alter the level of Akt-mTOR activity or MuRF-1 and atrogin-
1 protein content.
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