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Abstract
Angiotensin II (Ang II) levels are elevated in patients with chronic kidney disease or heart failure, and directly causes
skeletal muscle wasting in rodents, but the molecular mechanisms of Ang II-induced skeletal muscle wasting and its
potential as a therapeutic target are unknown. We investigated the NLR family pyrin domain containing 3 (NLRP3)
inflammasome-mediated muscle atrophy response to Ang II in C2C12 myotubes and Nlrp3 knockout mice. We also assessed
the mitochondrial dysfunction (MtD)/NLRP3 inflammasome axis in Ang II-induced C2C12 myotubes. Finally, we examined
whether a peroxisome proliferator-activated receptor-γ (PPAR-γ) agonist could attenuate skeletal muscle wasting by
targeting the MtD/NLRP3 inflammasome axis in vitro and in vivo. We demonstrated that Ang II increased NLRP3
inflammasome activation in cultured C2C12 myotubes dose dependently. Nlrp3 knockdown or Nlrp3−/− mice were
protected from the imbalance of protein synthesis and degradation. Exposure of C2C12 to Ang II increased mitochondrial
ROS (mtROS) generation, accompanied by MtD. Remarkably, the mitochondrial-targeted antioxidant not only decreased
mtROS and MtD, it also significantly inhibited NLRP3 inflammasome activation and restored skeletal muscle atrophy.
Finally, the PPAR-γ agonist protected against Ang II-induced muscle wasting by preventing MtD, oxidative stress, and
NLRP3 inflammasome activation in vitro and in vivo. This work suggests a potential role of MtD/NLRP3 inflammasome
pathway in the pathogenesis of Ang II-induced skeletal muscle wasting, and targeting the PPAR-γ/MtD/NLRP3
inflammasome axis may provide a therapeutic approach for muscle wasting.

Introduction

Muscle wasting, characterized by loss of muscle mass, mus-
cular weakness, and decreased force generation, is one of the
most devastating clinical complications in chronic kidney
disease (CKD), chronic heart failure (CHF), and cancer-
associated cachexia, which leads to lower quality of life and
increased morbidity and mortality [1]. Stimulation of the renin
angiotensin system and increased levels of circulating angio-
tensin II (Ang II) are found in patients with CHF and CKD.
Interestingly, increasing evidence indicates that Ang II, an

endogenous peptide, plays a pivotal role in atrophic activity of
skeletal muscle [2]. Enhanced protein proteolysis and reduced
protein synthesis account for the onset of muscle wasting,
which may be activated by effects of Ang II in a direct or
indirect manner [3–6]. However, the understanding of explicit
cellular mechanisms of Ang II in regulating the protein bal-
ance and as a potential therapeutic target remains unclear.

Many studies have indicated that inflammation is a crucial
link in the onset of muscle wasting. Inflammatory cytokines
including interleukin (IL)-6, tumor necrosis factor-α (TNF-α),
and nuclear factor kappa B (NF-κB) act on the muscle protein
imbalance via activating muscle proteolysis, paralleled by
impairing muscle regeneration in many diseases [7]. How-
ever, limited benefits were observed in patients treated with
IL-6 inhibitors or anti-TNFα therapy in clinical trials [8–10],
which indicated that other inflammatory mediators might be
involved in muscle wasting. The NLR family pyrin domain
containing 3 (NLRP3) inflammasome may be implicated in
skeletal muscle atrophy. Therefore, the potential role and
mechanism of NLRP3 inflammasome in muscle wasting
warrants further investigation.
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Oxidative stress generally refers to the elevated cellular
production of reactive oxygen species (ROS), which func-
tion as signaling molecules that regulate the process of
pathogen defense and programmed cell death [11]. The
major sources of ROS generation in atrophic skeletal
muscles depends on two oxidant systems, NADPH oxidase
and the mitochondrial system [12]. Several studies have
suggested that mitochondrial dysfunction (MtD) is involved
in muscle wasting [13, 14]. Nevertheless, the relationship
between mtROS/MtD and the NLRP3 inflammasome has
not been discussed in skeletal muscle wasting.

PPAR-γ, one of the three different isoforms of peroxi-
some proliferator-activated receptors (PPARs), which are
ligand-inducible transcription factors belonging to the
family of nuclear hormone receptors, regulates adipogen-
esis, lipid biosynthesis, and energy balance [15]. PPAR-γ
agonist exerts protective effects by preventing MtD in
diverse pathological conditions, including diabetes [16],
neurodegenerative diseases [17, 18], CKD, and can-
cer cachexia [19–21]. However, studies based on the pro-
tective response of PPAR-γ activation in skeletal muscle
wasting are rare, especially those dealing with the induction
of Ang II. Thus, in the present study, we explored the
effects and underlying molecular mechanism of PPAR-γ
activation on Ang II-induced skeletal muscle wasting.

Methods

Animal experiments

All animal procedures were approved by the Animal Care
Committee at Shanghai Jiao Tong University. Nlrp3−/−

mice on a C57BL/6J background (Jackson Laboratory,
Sacramento, CA, USA) were used to detect the role of
NLRP3 inflammasome activation in Ang II-induced muscle
wasting. Heterozygous littermates were bred to generate
homozygous knockout (KO) mice and littermates wild-type
(WT) controls. Mice were maintained in a temperature-
controlled environment with a 12-h light/dark cycle and fed
a routine rodent diet. The animal model of muscle wasting
was created by implanting an osmotic mini-pump to infuse
Ang II (AngII 500 ng/kg/min subcutaneously, n= 6) or
saline (n= 6) for 4 weeks. In the Ang II+Rosi group or
Rosi group, mice were treated with rosiglitazone (Rosi) (10
mg/kg/day, intragastric administration, n= 6) for 4 weeks.

Cell culture and differentiation

Mouse C2C12 myoblasts were purchased from the ATCC
(Manassas, VA, USA) and cultured in high glucose Dul-
becco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS). To initiate cell

differentiation at a confluence of 80–90%, we allowed the
cells to reach 100% confluence, changed the medium to
high glucose DMEM containing 2% horse serum, and
replaced the medium every 2 days. After 4–5 days of dif-
ferentiation, the C2C12 myotubes were used for the sub-
sequent experiments.

Transfection of short interfering RNAs

On day 4 after C2C12 myotube differentiation, the media of
the C2C12 cells were replaced with siRNA transfection
medium. The cells were then transfected with NLRP3 short
interfering RNA (siRNA) (siNLRP3) (100 nmol/L) or con-
trol siRNA (siNC) (100 nmol/L) using Lipofectamine 3000
(Invitrogen) according to the manufacturer’s protocols.
After 24 h of transfection with the siRNAs, C2C12 myo-
tubes were used for subsequent experiments. The depletion
of NLRP3 was confirmed by western blotting.

Mitochondrial membrane potential (△ψm)
assessment

To evaluate mitochondrial function, we employed JC-1
staining to quantitatively determine alterations of △ψm.
Briefly, C2C12 myotubes were cultured in a 6-well plate with
the indicated treatment. The cells were then washed with ice-
cold phosphate-buffered saline (PBS), incubated with JC-1
for 20 min at 37 °C and washed twice with ice-cold PBS. The
myotubes were then visualized under a fluorescent micro-
scope at an excitation wavelength of 488 nm and emission
wavelengths of 530 nm (green) and 590 nm (red). JC-1
aggregates are presented as red fluorescence while JC-1
monomers show green fluorescence. Thus, the alterations of
△ψm could be measured as the ratio of red/green fluores-
cence intensities. The red or green fluorescence intensity was
quantified by Image-pro plus 6.0 and the results were
expressed as the fluorescence intensity ratio of red to green
normalized with the control group.

MitoSOX and 2′,7′-dichlorofluorescin diacetate
staining

Mitochondrial superoxide is detected by MitoSOX staining,
and intracellular ROS is detected using 2′,7′-dichlorofluorescin
diacetate (DCFDA) staining, according to the manufacturer’s
instructions (Invitrogen, USA). Briefly, C2C12 myotubes with
corresponding treatment were incubated with the MitoSOX
working solution for 30min at 37 °C. The myotubes were then
washed with PBS gently and observed under a Nikon
fluorescent microscope. To detect intracellular ROS, 2′,7′-
dichlorodihydrofluorescein diacetate (DCFH-DA) was dis-
solved in dimethyl sulfoxide (DMSO) and diluted to 10 μM
with serum-free media. After 48 h of treatment, C2C12
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myotubes were washed with PBS and incubated with DCFDA
for 30min at 37 °C. The myotubes were then visualized
under a fluorescent microscope. The results were presented
as the average fluorescence intensity normalized with the
control group.

Superoxide dismutase 2, malondialdehyde
measurement, and ATP assay

The superoxide dismutase 2 (SOD2) activity and mal-
ondialdehyde (MDA) level in the gastrocnemius muscle
were measured using a colorimetric assay kit (Beyotime
Institute of Biotechnology) following the manufacture’s
protocol. The absorbance of the samples was detected using
a microplate reader at 450 nm (SOD2) and 533 nm (MDA).
All results were expressed as U/mg protein and nmol/mg
protein, respectively. The ATP content in gastrocnemius
muscle tissues was measured using an ATP assay kit
(Beyotime Institute of Biotechnology) according to the
manufacturer’s protocol.

Western blotting and antibodies

C2C12 cells and gastrocnemius muscle tissues were col-
lected and lysed in lysis buffer for protein extraction. Equal
amounts of proteins were then resolved electrophorectically
and transferred to polyvinylidene fluoride (PVDF) mem-
branes. The membranes were blocked with 5% nonfat milk
for 1 h and then incubated with primary antibody overnight
at 4 °C. The membranes were then incubated with second-
ary antibodies and visualized using an enhanced chemilu-
minescent system (Amersham, UK). The intensities of the
immunoreactive proteins were quantified using Image J and
normalized to the intensity of β-actin. The primary anti-
bodies were used as follows: anti-MyHC (myosin heavy
chain; R&D Systems, USA), anti-PPAR-γ (Cell Signaling
Technology, USA), anti-NLRP3 (Life Science, USA), anti-
ASC (apoptosis-associated speck-like protein containing a
CARD; Life Science, USA), anti-IL-18 (MBL, USA), anti-
IL-1β (R&D Systems, USA), anti-caspase-1 (Santa Cruz,
USA), anti-Akt (Santa Cruz, USA), anti-p-Akt (Santa Cruz,
USA), anti-PI3K (Santa Cruz, USA), anti-p-PI3K (Santa
Cruz, USA), anti-mTOR (Santa Cruz, USA), anti-p-mTOR
(Santa Cruz, USA), and anti-β-actin (Millipore, USA).

RNA extraction and quantitative RT-PCR

C2C12 cells and gastrocnemius muscle tissue were
homogenized in the TRizol reagent (Thermo Scientific,
Wilmington, MA, USA) to extract total RNA, following
the manufacture’s protocol. First-strand cDNA was
reverse transcribed from total RNA using the RT reagent
kits, according to the manufacture’s recommendations.

Real-time PCR was then conducted using a SYBR Green
Master Mix on the ABI Prism 7500 Sequence Detection
System (Foster City, CA, USA). The relative expression
was quantified using the comparative 2−ΔΔCt method and
normalized against the expression of Gapdh. The sequence-
specific primers used for PCR amplification are shown in
Table 1.

Grip strength

The forelimb grip strength of the mice was measured by
grip strength measurement (Life Science, USA) according
to previously published methods [22]. Mice were permitted
to grasp the bar mounted on the force gauge. The gauge was
reset to 0 g after stabilization, and the mouse were pulled by
the tail until they let go of the bar. During this process, the
peak pull force was recorded on a digital force transdu-
cer. Each mouse went through five consecutive force
measurements, with 1-min interval between tests. The five
records for each mouse were averaged for statistical
analysis.

Transmission electron microscopy

A portion of the gastrocnemius muscle samples was fixed in
2.5% glutaraldehyde in phosphate buffer at room tempera-
ture. Subsequently, the samples were rinsed with 1 mmol/L
phosphoric acid solution, post-fixed in 1% osmium tetr-
oxide, and embedded in Epon resin. Ultrathin sections (60
nm) were prepared and place on copper grids, and then
stained with uranyl acetate and lead citrate for observation
using a transmission electron microscopy.

Immunofluorescence staining and myofiber size
measurement

Gastrocnemius muscles were snap-frozen in isopentane
cooled by liquid nitrogen and cut into 10-μm sections. The
slices were fixed with acetone, washed with PBS, and
blocked by 1% bovine serum albumin for 20 min. The
sections were then incubated with anti-dystrophin primary
antibodies at 4 °C overnight and with the secondary anti-
body for 30 min in the dark at room temperature. Images
were captured under a Nikon fluorescent microscope to
evaluate myofiber cross-sectional areas using the ImageJ
software. At least 300 myofibers in each mouse gastro-
cnemius muscle were examined.

Statistical analysis

All results were expressed as the mean ± standard deviation
(mean ± SD) unless otherwise stated. Data were analyzed
with one-way analysis of variance (ANOVA) followed by
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Tukey’s post hoc test using SPSS 20.0. In all cases, p < 0.05
was considered statistically significant.

Results

NLRP3 inflammasome activation leads to Ang
II-induced muscle wasting in vitro

To investigate the role of Ang II in NLRP3 inflammasome
activation, we stimulated C2C12 myotubes with different
doses (10−8, 10−7, 10−6, and 10−5 mol/L) of Ang II. As
shown in Fig. 1a, b, Ang II directly activated the NLRP3
inflammasome by the induction of NLRP3 protein and its
downstream components ASC, caspase-1, IL-1β, and IL-18
in a dose-dependent manner. Many studies have proved that
Ang II-induced muscle wasting [2]. Inhibition of Nlrp3 via
siRNA treatment reduced the level of the NLRP3 protein
significantly (Fig. 1c) and the Ang II-induced reduction of
MyHC protein level was remarkably attenuated (Fig. 1d, e).
Moreover, the PI3K/AKT/mTOR signaling pathway was
inhibited by Ang II stimulation (10−6 mol/L) presented by
the decreased protein levels of phosphorylated PI3K,
phosphorylated Akt, and phosphorylated mTOR (Fig. 1d,
e). Accordingly, the mRNA level of muscle proteolytic
genes Atrogin-1, MuRF-1, and myostatin were increased in
the Ang II group (Fig. 1f). However, the Ang II-induced
muscle wasting was rescued by treatment with siNLRP3,
which indicated that Nlrp3 silencing significantly attenuated
the Ang II-induced protein imbalance.

Nlrp3−/− mice attenuate Ang II-induced muscle
wasting in vivo

To further confirm the effects of Ang II on NLRP3
inflammasome activation, the expressions of NLRP3
inflammasome-associated proteins were observed in WT

mice with the infusion of Ang II using a micro-osmotic
pump at different times (0, 1, 2, 3, 4 weeks). As shown in
Fig. 2a, b, Ang II directly activated the NLRP3 inflamma-
some by the induction of NLRP3 protein and its down-
stream components ASC, caspase-1, IL-1β, and IL-18 in a
time-dependent manner. To evaluate whether NLRP3 defi-
ciency exerted an ameliorative effect on muscle wasting, we
examined WT and Nlrp3−/− mice after the infusion of Ang
II using a micro-osmotic pump for 4 weeks. As shown in
Fig. 2d, e, the WT mice treated with Ang II manifested
progressive body weight loss (Fig. 2d) and reduced gas-
trocnemius muscle mass (normalized to tibia length;
Fig. 2e), which was reversed by NLRP3 deficiency.
Improved muscle function, as assessed by grip strength, was
also observed in Nlrp3−/− mice treated with Ang II
(Fig. 2f). In addition, as shown in Fig. 2g–j, compared with
the WT mice treated with Ang II, the Nlrp3−/− mice treated
with Ang II exhibited remarkably increased muscle mass,
characterized by increased mean myofiber area (Fig. 2g, j)
and a rightward shift in the distribution of myofiber size
area (Fig. 2i), which was in consistent with above
improvement in muscle function. At the molecular level,
depletion of NLRP3 improved the muscle wasting char-
acterized by increased MyHC protein level, increased pro-
tein expressions of phosphorylated PI3K (p-PI3K),
phosphorylated Akt (p-Akt), and phosphorylated mTOR
(p-mTOR), as well as decreased mRNA expressions of
muscle proteolytic genes Atrogin-1, MuRF-1, and Myos-
tatin (Fig. 2k–m).

The mtROS/MtD/NLRP3 inflammasome axis induces
Ang II-induced muscle wasting in C2C12 myotubes

To identify whether mitochondrial ROS (mtROS) and MtD
occupy an important position in Ang II-induced muscle
wasting, C2C12 myotubes were pretreated with Mito-TEMPO
(10 µM) for 1 h and then incubated with Ang II (10−6 mol/L).

Table 1 Primer sequences used
in the present study.

Gene Forward primer Reverse primer

Atrogin-1

(Fbxo32) CAGCTTCGTGAGCGACCTC GGCAGTCGAGAAGTCCAGTC

MuRF-1 GTGTGAGGTGCCTACTTGCTC GCTCAGTCTTCTGTCCTTGG

(Trim63)

myostatin AGTGGATCTAAATGAGGGCA GGTTTCCAGGCGCAGCTTAC

(Mstn)

mtDNA TTTTATCTGCATCTGAGTTTAA CCACTTCATCTTACCATTTAT

Mt-nd1 ATCCTCCCAGGATTTGGAAT ACCGGTAGGAATTGCGATAA

Gapdh AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGG

MuRF-1 muscle-specific RING finger protein 1 (also known as tripartite motif containing 63 (Trim63)),
mtDNA mitochondrial DNA, MT-ND1 mitochondrially encoded NADH:ubiquinone oxidoreductase core
subunit 1, GAPDH glyceraldehyde-3-phosphate dehydrogenase
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The results showed that Mito-TEMPO treatment induced an
elevated MyHC protein level and increased expressions of p-
PI3K, p-Akt, and p-mTOR, accompanied by decreased
expression of muscle proteolytic genes Atrogin-1, MuRF-1,
and myostatin (Fig. 3a–c). Meanwhile, increased oxidative
stress was observed in the Ang II group, including decreased
SOD2 activity and elevated MDA levels (Fig. 3d, e). Addi-
tionally, after treatment with Ang II, we found that Ang II
induced increased total ROS production and mitochondrial
ROS, characterized by elevated fluorescent intensity of DCF
and MitoSOX (Fig. 3f, g). In addition, as shown in Fig. 3h–l,
Ang II induced MtD, characterized by impaired mitochondrial
membrane potential (△ψm), decreased mtDNA copy num-
bers, decreased the mitochondrially encoded NADH:ubiqui-
none oxidoreductase core subunit 1 (MT-ND1) level, and
reduced ATP content. By contrast, these effects were sig-
nificantly reversed by Mito-TEMPO treatment. Taken toge-
ther, these results indicated that mtROS and MtD are involved
in Ang II-induced muscle wasting in C2C12 myotubes.

To further explore the relationship between mtROS/MtD
and NLRP3 inflammasome activation in response to Ang II-

induced muscle wasting, we hypothesized that the MtD/
NLRP3 inflammasome axis mediated AngII-induced mus-
cle wasting. Therefore, we detected the effect of Mito-
TEMPO (MT) on NLRP3 inflammasome activation induced
by Ang II in C2C12 myotubes. As expected, compared
with the Ang II group, the protein levels of NLRP3, ASC,
caspase-1, IL-1β, and IL-18 were downregulated in the Ang
II+MT group (Fig. 3m, n). Thus, we concluded that the
mtROS/MtD/NLRP3 inflammasome axis is involved in
Ang II-induced muscle wasting in C2C12 myotubes.

PPAR-γ agonist attenuates muscle wasting by
inhibiting mtROS/MtD and NLRP3 inflammasome
activation in C2C12 myotubes

To further investigate the mechanism of Ang II-induced
muscle wasting, we examined the role of PPAR-γ in Ang II-
induced muscle wasting, MtD, and NLRP3 inflammasome
activation. In vitro, C2C12 myotubes were incubated with
Ang II (10−6 mol/L) following pretreatment with the PPAR-
γ agonist rosiglitazone (10 µM) for 1 h.
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As shown in Fig. 4a–c, the disruption of protein synth-
esis (such as p-PI3K, p-Akt, and p-mTOR protein) and the
induction of protein degradation (such as Atrogin-1, MuRF-
1, and myostatin) were reversed by rosiglitazone treatment.
In addition, the Ang II-induced increase in cellular ROS and
mtROS (Fig. 4f, g), manifested by increased fluorescent

intensity of DCF and MitoSOX, respectively, as well as the
elevated level of oxidative stress, represented by reduced
SOD2 activity (Fig. 4d) and increased MDA levels
(Fig. 4e), were attenuated by rosiglitazone treatment.
Unsurprisingly, as shown in Fig. 4h–l, rosiglitazone ame-
liorated MtD characterized by impaired mitochondrial
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membrane potential (△ψm), and decreased mtDNA copy
numbers, the MT-ND1 level, and the ATP content. Fur-
thermore, as shown by western blotting analysis, upregu-
lation of the protein levels of NLRP3, ASC, caspase-1,
IL-1β, and IL-18 by Ang II stimulation was suppressed by
rosiglitazone treatment (Fig. 4m, n).

PPAR-γ antagonist aggravates muscle wasting by
increasing mtROS/MtD and NLRP3 inflammasome
activation in C2C12 myotubes

To further confirm the possible underlying mechanism,
PPAR-γ antagonist T0070907 (10 µM) was used to validate
whether PPAR-γ could serves as a regulator of the MtD/
NLRP3 inflammasome axis in Ang II-induced muscle wast-
ing. Decreased protein expressions of MHC, p-PI3K, p-Akt,
and p-mTOR as well as increased expression of muscle
proteolytic genes (Atrogin-1, MuRF-1, and myostatin) in the
Ang II group were exacerbated by treatment with the PPAR-γ
antagonist T0070907 in C2C12 myotubes (Fig. 5a–c).
Additionally, the increased oxidative stress presented by
reduced SOD2 activity (Fig. 5d) and elevated MDA level
(Fig. 5e) as well as the increased cellular ROS and mtROS
generation shown by DCFDA staining and MitoSOX stain-
ing, respectively (Fig. 5f, g), in the Ang II group were exa-
cerbated by T0070907 treatment in C2C12 myotubes.
Accordingly, decreased △ψm, mtDNA copy numbers, the
MT-ND1 level, and ATP content induced by Ang II treatment
were also aggravated in the AngII+ T007097 group
(Fig. 5h–l). Besides, NLRP3 inflammasome activation,

represented by upregulated protein levels of NLRP3, ASC,
caspase-1, IL-1β, and IL-18, was also exacerbated by
T0070907 treatment in C2C12 myotubes (Fig. 5m, n).

PPAR-γ agonist rosiglitazone ameliorates Ang II-
induced muscle wasting in vivo

To confirm the role of PPAR-γ in Ang II-induced muscle
wasting, we established an animal model by infusion of Ang
II using a micro-osmotic pump in WTmice. The Ang II group
showed progressive body weight loss (Fig. 6a) and decreased
gastrocnemius muscle mass normalized to tibia lengths
(Fig. 6b), accompanied by impaired muscle function as
assessed by grip strength (Fig. 6c), which were remarkably
restored by rosiglitazone treatment. As shown in Fig. 6d–g, in
accordance with improved muscle function, the Ang II mice
treated with rosiglitazone showed increased muscle mass,
represented by increased mean myofiber area and a rightward
shift in the distribution of myofiber sizes area. Accordingly,
the protein imbalance, characterized by decreased protein
synthesis (such as MyHC, p-PI3K, p-Akt, and p-mTOR) and
increased protein degradation (such as Atrogin-1, MuRF-1
and myostatin), was reversed by rosiglitazone administration
by virtue of increasing PPAR-γ activity (Fig. 6h–j).

PPAR-γ agonist rosiglitazone attenuates muscle
wasting by preventing MtD and NLRP3
inflammasome activation in vivo

To further determine whether PPAR-γ/MtD/NLRP3 inflam-
masome signaling exerts a vital role in Ang II-induced muscle
wasting, oxidative stress, MtD, and NLRP3 inflammasome
activation were assessed in vivo. As shown in Fig. 7a, b,
enhanced SOD2 activity and decreased MDA level were
detected in gastrocnemius muscles of the Ang II mice treated
with rosiglitazone. Additionally, abnormal mitochondria,
characterized by swelling with vacuolar degeneration and
fragmented cristae, were observed by TEM in the Ang II
group, which was reversed by rosiglitazone treatment
(Fig. 7c). Accordingly, increased ATP levels, mtDNA, and
Mt-nd1 mRNA expression were also observed in the Ang II
mice treated with rosiglitazone (Fig. 7d–f). Moreover, rosi-
glitazone administration also decreased NLRP3 inflamma-
some activation, represented by reduced NLRP3, ASC,
caspase-1, IL-1β, and IL-18 protein levels (Fig. 7g, h).

Discussion

Overactivation of the renin-angiotensin system (RAS),
especially Ang II, plays a central role in the pathogenesis
and progression of various chronic diseases. The aim of this
study was to determine the exact molecular mechanisms of

Fig. 2 Nlrp3−/− mice ameliorated Ang II-induced muscle wasting
in vivo. a Protein expressions of NLRP3, caspase-1, ASC, IL-1β, and
IL-18 in wild-type (WT) mice with the infusion of Ang II using a
micro-osmotic pump at different times (0, 1, 2, 3, 4 weeks) were
detected by western blotting. b Quantification of NLRP3, caspase-1,
ASC, IL-1β, and IL-18 expression normalized to β-actin. c Western
blot analysis of NLRP3 protein level in WT mice and Nlrp3−/− mice,
and quantification of NLRP3 expression normalized to β-actin. d Body
weight changes in the WT mice and Nlrp3−/− mice with or without
Ang II. e Gastrocnemius muscle weight normalized to tibia length.
f Assessment of muscle grip strength in the WT mice and Nlrp3−/−

mice with or without Ang II. g Representative micrographs of gas-
trocnemius sections with dystrophin staining (scale bar: 20 µm, mag-
nification: 400×). h & i Distribution of myofiber cross-sectional area
(CSA) in gastrocnemius muscles of the WT mice and Nlrp3−/− mice
with or without Ang II. j Mean myofiber area in gastrocnemius
muscles. k Protein expression of MyHC, p-Akt, Akt, p-PI3K, PI3K,
p-mTOR, and mTOR in gastrocnemius muscles was determined by
western blotting. l Quantification of MyHC, the ratio of p-Akt to the
Akt, p-PI3K to PI3K, and p-mTOR to mTOR expression normalized
to β-actin. m The mRNA expression of Atrogin-1, MuRF-1, and
myostatin in gastrocnemius muscles of the WT mice and Nlrp3−/−

mice with or without Ang II normalized to Gapdh. Data represent
the mean ± SD (n= 6). *P < 0.05, compared with the WT control
group, **P < 0.01, compared with the WT control group. #P < 0.05,
the Nlrp3−/−/Ang II group versus the WT/Ang II group.
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Fig. 3 The mtROS/MtD/NLRP3 inflammasome axis is involved in
Ang II-induced muscle wasting in C2C12 myotubes. Cells were
pretreated with Mito-TEMPO (10 µM) for 1 h and then incubated with
Ang II (10−6 mol/L) for 24 h. a Western blotting analysis of MyHC,
p-Akt, Akt, p-PI3K, PI3K, p-mTOR, and mTOR in gastrocnemius
muscles. b Quantification of MyHC, the ratio of p-Akt to the Akt,
p-PI3K to PI3K, p-mTOR to mTOR expression normalized to β-actin.
c The mRNA level of Fbxo32 (Atrogin-1), Trim63 (MuRF-1), and
Mstn (myostatin) in C2C12 myotubes normalized to Gapdh was per-
formed using real-time PCR. d & e The SOD2 activity and MDA level
in C2C12 myotubes were determined according to the manufacturer’s
protocols. f Representative images of total ROS production stained
with dichlorodihydrofluorescein diacetate (DCFDA) (10 µM) and
mitochondrial ROS stained with MitoSOX Red (5 µM) in C2C12
myotubes, respectively (scale bar: 50 µm, magnification: 200×).

g Quantification of 2′,7′-dichlorofluorescein and MitoSOX Red
fluorescence intensity, respectively. h Representative images of JC-1
staining in C2C12 myotubes. JC-1 aggregates (590 nm, red); JC-1
monomers (530 nm, green) (scale bar: 50 µm, magnification: 200×).
i Quantification of JC-1 fluorescence intensity. j ATP production in
C2C12 myotubes was determined according to the manufacturer’s
protocol. k, l The mtDNA copy number and Mt-nd1 level in C2C12
myotubes normalized to Gapdh were detected using real-time PCR,
respectively. m Western blotting analysis of NLRP3, caspase-1, ASC,
IL-1β, and IL-18 in C2C12 myotubes. n Quantification of NLRP3,
caspase-1, ASC, IL-1β, and IL-18 expression normalized to β-actin.
The values represent the mean ± SD (n= 6). *P < 0.05, compared with
the control group, **P < 0.01, compared with the control group. #P <
0.05, the Ang II+MT group versus the Ang II group. MT, Mito-
TEMPO.
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Fig. 4 The PPAR-γ agonist rosiglitazone attenuated Ang II-induced
muscle wasting by inhibiting mtROS/MtD and NLRP3 inflamma-
some activation in C2C12 myotubes. Cells were pretreated with
rosiglitazone (10 µM) for 1 h and then incubated with Ang II
(10−6 mol/L) for 24 h. a Western blotting analysis of PPAR-γ, MyHC,
p-Akt, Akt, p-PI3K, PI3K, p-mTOR, and mTOR in C2C12 myotubes.
b Quantification of PPAR-γ, MyHC, the ratio of p-Akt to the Akt,
p-PI3K to PI3K, and p-mTOR to mTOR expression normalized to
β-actin. c The mRNA level of Atrogin-1, MuRF-1, and myostatin in
C2C12 myotubes was performed using real-time PCR. d & e The
SOD2 activity and MDA level in C2C12 myotubes were determined
according to the manufacturer’s protocol. f Representative images of
total ROS production by DCFDA staining and mitochondrial ROS by
MitoSOX Red staining in C2C12 myotubes (scale bar: 50 µm,

magnification: 200×). g Quantification of 2′,7′-dichlorofluorescein and
MitoSOX Red fluorescence intensity. h Representative images of JC-1
staining in C2C12 myotubes. JC-1 aggregates (590 nm, red); JC-1
monomers (530 nm, green) (scale bar: 50 µm, magnification: 200×).
i Quantification of JC-1 fluorescence intensity. j ATP production in
C2C12 myotubes was determined according to the manufacturer’s
protocol. k, l The mtDNA copy number and Mt-ND1 level in C2C12
myotubes normalized to Gapdh were detected using real-time PCR.
m Western blotting analysis of NLRP3, caspase-1, ASC, IL-1β, and
IL-18 in C2C12 myotubes. n Quantification of NLRP3, caspase-1,
ASC, IL-1β, and IL-18 expression normalized to β-actin. The values
represent the mean ± SD (n= 6). *P < 0.05, compared with the control
group; **P < 0.01, compared with the control group. #P < 0.05, the
Ang II+Rosi group versus the Ang II group. Rosi, rosiglitazone.
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Ang II-induced muscle wasting. The results revealed that
NLRP3 inflammasome activation contributes to Ang II-
induced muscle wasting. Ang II dose-dependently triggered
NLRP3 inflammasome activation in vitro and in vivo, and
NLRP3 deficiency in mice attenuated the decrease in body
weight, grip strength, myocyte cross-sectional area, and
restored the imbalance of protein synthesis and degradation
in skeletal muscle induced by Ang II. In addition, we also
demonstrated that mtROS/MtD mediated Ang II-induced
NLRP3 inflammasome activation in skeletal muscle; and

treatment with the mitochondrial targeted antioxidant, Mito-
TEMPO, significantly inhibited mitochondrial reactive
oxygen species (mtROS), MtD, NLRP3 inflammasome
activation, and restored Ang II-induced skeletal muscle
atrophy. Finally, we revealed the mechanisms linking
PPAR-γ to the MtD/NLRP3 inflammasome in skeletal
muscle. The PPAR-γ agonist protected against Ang II-
induced muscle wasting by inhibiting the MtD/NLRP3
inflammasome pathway both in vitro and in vivo. Therefore,
the PPAR-γ/MtD/NLRP3 inflammasome axis might

N

R
el

at
iv

e 
pr

ot
ei

n 
le

ve
l

(f
ol

d 
ch

an
ge

 o
f c

on
tro

l)

NLRP3 Cas-1 p20 ASC IL-1β IL-18

**

#

**

#

**

#

**

#

**

#

control
AngII
AngII+T0070907
T0070907

m
tD

N
A

/G
A

PD
H

 
(f

ol
d 

ch
an

ge
 o

f c
on

tro
l)

control AngII AngII+
T0070907

T0070907

**

#

K

N
D

-1
/G

A
PD

H
 

(f
ol

d 
ch

an
ge

 o
f c

on
tro

l)

control AngII AngII+
T0070907

T0070907

**
#

L

J

AT
P(

nm
ol

/m
g 

pr
ot

ei
n)

control AngII AngII+
T0070907

T0070907

**
#

I

control AngII AngII+
T0070907

T0070907

**
#JC

-1
 5

90
/5

30
 n

M
(f

ol
d 

ov
er

 c
on

tro
l) 

)nietorp
g

m/lo
mn(

A
D

M

control AngII AngII+
T0070907

T0070907

**

#

E

R
el

at
iv

e 
m

R
N

A
 le

ve
l 

(f
ol

d 
ch

an
ge

 o
f c

on
tro

l)

Atrogin-1 MuRF-1 myostatin

control
AngII

AngII+T0070907
T0070907

**

#

**

#
**

#

C

SO
D

2 
ac

tiv
ity

(U
/m

g 
pr

ot
ei

n)

control AngII AngII+
T0070907

T0070907

**

#

D

H
AngIIcontrol AngII+T0070907 T0070907

Red

Green

Merge

A
PPAR-γ - 53kDa

MyHC - 220kDa

β-actin - 42kDa

p-PI3K - 110kDa

Akt - 62kDa

p-Akt - 62kDa

PI3K - 190kDa

p-mTOR - 220kDa

mTOR - 289kDa

AngII
T0090907

+ +
+ +

_ _
_ _

R
el

at
iv

e 
pr

ot
ei

n 
le

ve
l

(f
ol

d 
ch

an
ge

 o
f c

on
tro

l)

**

**

#

*

#

control
AngII

AngII+T00709907
T0070907

B

#

*

#

*

#
*

F control AngII AngII+T0070907 T0070907

M
ito

SO
X

D
C

FD
A

G

DCF MitoSOX

R
el

at
iv

e 
flu

or
es

ce
nc

e 
le

ve
l 

(f
ol

d 
ch

an
ge

 o
f c

on
tro

l) **

#

**
#

control
AngII

AngII+T0070907
T0070907

M
Pro-Cas-1

Cas-1 p20

NLRP3

ASC

pro-IL-1β

β-actin

IL-1β

Pro-IL-18

IL-18

- 110kDa

- 45kDa

- 20kDa

- 25kDa

- 40kDa

- 17kDa

- 24kDa

- 18kDa

- 42kDa

AngII
T0090907

+ +
+ +

_ _
_ _

Mitochondrial dysfunction/NLRP3 inflammasome axis contributes to angiotensin II-induced skeletal muscle. . . 721



represent a therapeutic target to treat Ang II-induced ske-
letal muscle wasting.

Inflammasomes are multi-protein platforms that mediate
the activation of caspases and induced inflammation.
Among them, the NLRP3 inflammasome, a crucial reg-
ulator of innate immunity, is the best known. After forma-
tion and activation, the NLRP3 inflammasome associates
with the adaptor protein apoptosis speck-like protein con-
taining a caspase recruitment domain (ASC), which then
induces the auto-catalytic cleavage and activation of
procaspase-1. Activated caspase-1 cleaves pro-IL-1β and
pro-IL-18 to their mature forms, generating the feedback
mechanism that triggers the inflammatory response [23].
NLRP3 inflammasomes are active not only in immune cells,
but also in non-immune cells, including myocytes and renal
cells [24]. Our previous study demonstrated that NLRP3
inflammasomes were involved in aldosterone-induced renal
tubular cell injury and unilateral ureteral obstruction
(UUO)-induced renal fibrosis [25, 26]. To date, the NLRP3
inflammasome has been poorly studied in skeletal muscle
[27, 28]. In the present study, we found that Ang II dose-
dependently activated NLRP3 inflammasomes in C2C12
myotubes, and induced C2C12 myotube atrophy by the
disruption of protein synthesis via inhibiting the PI3K/
AKT/mTOR signaling pathway and the induction of protein
degradation (such as Atrogin-1, MuRF-1, and myostatin). In
addition, Nlrp3 silencing significantly attenuated the Ang
II-induced protein imbalance. In vivo, Nlrp3 deletion
markedly attenuated the body weight loss, gastrocnemius

muscle mass loss, decreased grip strength, and reduced
gastrocnemius cross-sectional areas that were observed in
the Ang II-infused group. Furthermore, the Ang II-induced
imbalance of proteins in the gastrocnemius muscle was
reversed in Nlrp3−/− mice. These data strongly indicated the
pathogenic role of the NLRP3 inflammasome in Ang II-
mediated muscle wasting.

The potential mechanisms of Ang II-induced NLRP3
inflammasome activation were further investigated. Recent
research suggested that the NLRP3 inflammasome could be
activated by a wide range of danger signals, including ROS,
Ca2+, nitric oxide (NO), and MtD. Excessive ROS gen-
eration was identified as the most common pathway in
NLRP3 inflammasome assembly, and treatment with ROS
inhibitors could decrease NLRP3 inflammasome-dependent
pyroptosis, which suggested that ROS served as direct
activators of NLRP3 inflammasomes [29, 30]. The imbal-
ance between increased ROS generation and limited anti-
oxidant capacity could lead to severe damage to cellular
function. Mitochondria are the major source of cellular
ROS; however, they are also the main targets attacked by
ROS. There is evidence that ROS production in mito-
chondria is crucial for MtD and decreased mitochondrial
content [31]. Increasing evidence suggests that MtD con-
tributes to skeletal muscle wasting [32]. In the present
study, in cultured C2C12 myotubes, Ang II induced
increased mitochondrial ROS (as determined by MitoSOX
staining and DCFDA staining). However, the mitochondria-
targeted antioxidant, Mito-TEMPO, significantly inhibited
Ang II-induced ROS generation in vitro. Based on previous
observations and our data, we hypothesized that the
protective effect of Mito-TEMPO on C2C12 cell injury
might be mediated, at least partly, through the mtROS/MtD
pathway.

To further determine MtD in AngII-induced muscle
wasting, we set up an in vitro experiment using C2C12
myotubes subjected to Ang II incubation. As expected, Ang
II induced MtD, as evidenced by impaired △ψm,
decreased mtDNA copy numbers, Mt-nd1 expression, and
ATP content. Treatment with Mito-TEMPO dramatically
reversed these mitochondrial abnormalities. Although MtD
has been suggested to lead to skeletal muscle wasting, the
relationship between mtROS/MtD and NLRP3 inflamma-
some activation in response to Ang II-induced muscle
wasting was unclear. The present study showed that Mito-
TEMPO robustly blocked Ang II-induced NLRP3 inflam-
masome activation and the imbalance of proteins in C2C12
myotubes, suggesting a pathogenic role for the mtROS/
MtD/NLRP3 inflammasome axis in Ang II-induced skeletal
muscle wasting. Recently, Wei et al. reported that
Ang II markedly induced NADPH oxidase activation
in skeletal muscle cells [33, 34]; Sukhanov et al. also
indicated the involvement of dual oxidases (NADPH

Fig. 5 The PPAR-γ antagonist T0070907 aggravated Ang
II-induced muscle wasting by increasing mtROS/MtD and NLRP3
inflammasome activation in C2C12 myotubes. Cells were pretreated
with T0070907 (10 µM) for 1 h and then incubated with Ang II (10−6

mol/L) for 24 h. a Western blotting analysis of PPAR-γ, MyHC,
p-Akt, Akt, p-PI3K, PI3K, p-mTOR, and mTOR in C2C12 myotubes.
b Quantification of PPAR-γ, MyHC, the ratio of p-Akt to the Akt,
p-PI3K to PI3K, and p-mTOR to mTOR expression normalized to
β-actin. c The expression of Atrogin-1, MuRF-1, and myostatin in
C2C12 myotubes was performed using real-time PCR. d, e The SOD2
activity and MDA level in C2C12 myotubes were determined
according to the manufacturer’s protocol. f Representative images of
total ROS production by DCFDA staining and mitochondrial ROS by
MitoSOX Red staining in C2C12 myotubes (scale bar: 50 µm, mag-
nification: 200×). g Quantification of 2′,7′-dichlorofluorescein and
MitoSOX Red fluorescence intensity. h Representative images of JC-1
staining in C2C12 myotubes. JC-1 aggregates (590 nm, red); JC-1
monomers (530 nm, green) (scale bar: 50 µm, magnification: 200×).
i Quantification of JC-1 fluorescence intensity. j ATP production in
C2C12 myotubes was determined according to the manufacturer’s
protocol. k & l The mtDNA copy number and Mt-nd1 level in C2C12
myotubes normalized to Gapdh were detected using real-time PCR.
m Western blotting analysis of NLRP3, caspase-1, ASC, IL-1β, and
IL-18 in C2C12 myotubes. n Quantification of NLRP3, caspase-1,
ASC, IL-1β, and IL-18 expression normalized to β-actin. The values
represent the mean ± SD (n= 6). *P < 0.05, compared with the control
group; **P < 0.01, compared with the control group. #P < 0.05, the
Ang II+ T0070907 group versus the Ang II group.
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oxidase and the MtD mitochondrial system) in Ang II-
induced muscle wasting [12]. These results raised the
question of mitochondrial/NADPH oxidase cross-talk in

Ang II-induced ROS and muscle wasting. Daiber observed
that Ang II activated NADPH oxidase, and subsequently,
NADPH oxidase-dependent ROS attacked mitochondrial
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ATP-sensitive potassium channels, leading to MtD and
increased mtROS, which activated the NADPH oxidase
cycle [35]. Further research into the mechanism of the
cross-talk between NADPH oxidase and mitochondria in
skeletal muscle wasting is required.

Finally, we provided direct evidence that PPAR-γ acts as
a key regulator of the MtD/NLRP3 inflammasome axis in
Ang II-induced skeletal muscle wasting. PPAR-γ is a
ligand-activated transcription factor that belongs to the
nuclear hormone receptor family. Although PPAR-γ was
thought to regulate the metabolism of glucose and lipids, it

also plays important roles in various physiological functions
[15]. A previous study suggested that PPAR-γ agonists
rescued the mitochondrial dyfunction caused by inhibition
of complex I in neurodegenerative models [17]. Moreover,
the PPAR-γ agonist rosiglitazone prevented Ang II-induced
inflammation in vascular smooth muscle cells [36]. How-
ever, the metabolic functions of PPAR-γ in nonadipose
tissue are not well understood, especially in skeletal muscle.
To explore the molecular mechanism underlying the pro-
tective role of PPAR-γ on skeletal muscle function,
we tested the response of the mtROS/MtD/NLRP3
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inflammasome axis to rosiglitazone. The results showed that
rosiglitazone inhibited mtROS and MtD (characterized by
impaired △ψm); decreased mtDNA copy numbers, Mt-nd1
expression, and the ATP content; and reduced NLRP3
inflammasome activation in C2C12 myotubes. Most
importantly, rosiglitazone significantly ameliorated Ang II-
induced disruption of protein synthesis and the induction of
protein degradation. Next, we observed the role of the
PPAR-γ inhibitor T0070907 in muscle wasting. T0070907
exacerbated Ang II-induced mtROS production, MtD,
NLRP3 inflammasome activation, and protein imbalance.
Based on these results, we suggested that pharmacological
targeting of PPAR-γ/MtD/NLRP3 inflammasome signaling
may represent a novel approach to treat muscle wasting. To
further investigate this proposal, we assessed the role of
rosiglitazone in Ang II-infused skeletal muscle wasting
in vivo. Rosiglitazone attenuated the impaired skeletal
function by increasing grip strength, the myocyte cross-
sectional area, and reducing the imbalance of protein
synthesis and the degradation of the gastrocnemius muscle.
In addition, rosiglitazone also inhibited ROS generation,
attenuated the impaired mitochondrial morphology and
function, and NLRP3 inflammasome activation in the Ang
II-induced model. Our findings partially revealed the
mechanism of Ang II-induced muscle wasting and identi-
fied PPAR-γ as a pharmacological target to treat muscle
wasting.

In conclusion, muscle wasting often occurs in patients
with CKD and CHF, and increased Ang II is involved in the
progression of these disease. Our data showed that the MtD/
NLRP3 inflammasome axis mediates Ang II-induced

muscle wasting. Thus, the use of siRNA or genetic deple-
tion of NLRP3, pharmacological antioxidants, or PPAR-γ
agonists significantly normalized muscle function and the
protein energy balance (Fig. 8). The present study provided
evidence of a novel downstream pathway in Ang II-induced
skeletal muscle wasting and suggested that targeting
the PPAR-γ/MtD/NLRP3 inflammasome axis might pro-
vide a therapeutic approach to treat Ang II-mediated muscle
wasting.
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