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Editorial on the Research Topic

Trends in Muscle and Tendon Molecular and Cell Biology

INTRODUCTION

The musculoskeletal system performs a vital role over life, participating in structural support,
delicate to complex movements involved in daily life activities, elite sporting events, and body
protection/stabilization (Greising et al., 2020). The musculoskeletal system includes muscles and
tendons, as well as ligaments and bones (Yamamoto and Abe, 2020). Muscles and tendons
are fundamental for locomotion and posture maintenance, however, although they have been
largely explored at the structural, functional, and cellular/molecular biology levels, their adaptive
mechanisms are still largely unknown. The connection site between muscle and tendon is named
the myotendinous junction (MTJ), which is a fundamental transitional structure for transferring
muscle force from the contractile apparatus to the tendon, and ultimately to the final destination:
bone, cartilage, skin, and eye (Charvet et al., 2012). Further, theMTJ is themost prominent place for
traumatic muscle strain injury. This will put it into perspective also of sports injury. Considering
this critical issue, the overall aim of this Research Topic was to investigate how muscle, tendon,
and the myotendinous junction adapt under different stimuli conditions, such as mechanical
unloading (atrophy) and loading (exercise), sepsis, inflammation, lesion, and aging, under the
perspective of basic science. Another goal was to characterize the role of the extracellular matrix
(ECM), matrix cell interactions with molecular pathways, and morphological tissue properties
under these conditions. In this Research Topic we will present a collection of studies on skeletal
muscle (seven articles) and tendon (two articles), and one study specifically addressing the muscle-
tendon junction. Researchers in the area can benefit from the advancement in the science and
increased chances of integrative insights into muscle and tendon.

MUSCLE

Skeletal muscle tissue contains immense, highly specialized cells with an exceedingly
developed cytoskeleton, where myosin interacts with actin, generating mechanical energy.
Furthermore, skeletal muscle is particularly abundant, comprising 40–60% of total body
mass in humans, and is involved in body mobility and stands as an essential energy
reservoir (Frontera and Ochala, 2015). It is now clear that decreased skeletal muscle mass
is an independent predictor of mortality (Du et al., 2014). Therefore, deep understanding
of the biology of muscle atrophy is essential for the future development of more efficient
treatments, especially in older adults, which is one of the focuses of this Research
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Topic: He et al. revealed the circulating microRNAs involved
in older adults with sarcopenia. In addition a comprehensive
time course of the transcriptome in the clinically relevant rotator
cuff tear model, including intense atrophy was reported by
Vasquez-Bolanos et al. Diaphragm muscle is especially prone
to develop atrophy and quick functional loss under stressful
conditions such as sepsis and muscular dystrophies. In this
collection, it was emphasized that diaphragm under sepsis
undergoes functional loss through mitochondrial dysfunction
(Oliveira et al.). Furthermore, it was showed that oxidative
stress is a key player in diaphragm degeneration, which can
be mitigated by anti-oxidant treatment (Silva et al.). Physical
exercise is certainly one of the most powerful strategies to
fight skeletal muscle atrophy. Physical activity could create an
intergenerational drive, attenuating the harmful effects of a high
fat diet (HFD) in skeletal muscle from offspring (Salomão et al.).
As demonstrated by Rovina and coauthors, even a single bout
of physical activity can boost the expression of Nr1d1, a nuclear
factor known to decrease atrophy gene program and increase
mitochondrial biogenesis (Rovina et al.).

TENDON

Of all consultations performed by primary care physicians,
20% are related to musculoskeletal diseases; 30% of these
are associated with tendon injuries, called tendinopathies,
which represent a highly prevalent problem in musculoskeletal
medicine (Jordan et al., 2014). According to Burton, an important
range of physical, genetic, and psychological individual factors
has been recognized in patients affected by tendinopathy,
resulting in a tremendous heterogeneous population and
a challenge for rehabilitation (Burton). For this reason,
understanding the basic science of tendons such as tendon
homeostasis, maintenance, remodeling, and repair is an essential
strategy for improving rehabilitation. Accordingly, we know
that mechanical load is vital for tendon development and
homeostasis to preserve all properties of the extracellular
matrix (ECM). Tendons are mechanosensitive soft tissues able
to transmit tensile forces between muscle and bone, acting
in a catapult-like manner, also called a mechanical spring
mechanism, by storing and releasing energy and then increasing
the efficiency of the movement system (Nakajima et al.,
2021). It is well-known that tendon fibroblasts adapt to the
mechanical forces, transmitting forces across the extracellular
matrix (ECM) without losing mechanical dynamism (Sawadkar
et al., 2020). The specific ECM enables joint function and
mediates mechanical signals to tendon cells, driving biological
responses to exercise or injury. Interactions between the cells
and the matrix (cell-matrix interactions) permit tenocytes
(predominant cell type in the tendon) to sense and reply
to mechanical signals with a catabolic or anabolic response
(Kjaer, 2004; Chatterjee et al., 2021). Mechanotransduction
is an essential mechanism by which mechanical stress acts
upon a cell, initiating intracellular signaling, promoting cell
growth and survival. As a tissue that efficiently transmits the
mechanical forces, it is essential to comprehend the mechanisms

of mechanotransduction. New insights have been gained in
which several ion channels and receptors are identified as
mechanosensors. The mechanosensitive ion channel PIEZO1 is
responsible for different mechanotransduction processes in the
lymphatic, cardiovascular, renal, and skeletal systems. Passini
et al. (2021) analyzed the effect of reduced and elevated PIEZO1
mechanosignaling in tendons of rodents. Piezo1 knockout mice
(Piezo1cKO) showed reduced tail tendon stiffness, while in
vitro pharmacological PIEZO1 stimulation and in vivo PIEZO1
overactivity improved tendon stiffness and strength (Passini et al.,
2021). Mechanical properties allow tendons to respond and adapt
to the load transmitted by the muscles. Collagen fibrils are
tendon force-transmitting units distributed within the ECM and
oriented parallel to the bone-muscle axis (Eekhoff et al., 2021).
Tension across themuscle and tendon is essential formaintaining
the integrity of both tissues. When one of them undergoes a
change, both are affected. In this collection, it was reported that
transcriptional changes in supraspinatus muscle after a rotator
cuff tear model in rabbits. Consequently, the dysfunction led to
muscle atrophy and fatty infiltration (Vasquez-Bolanos et al.).
However, the transmitting force generated by the muscle to
the tendon depends on the connection between these tissues,
the MTJ.

MYOTENDINOUS JUNCTION

The MTJ is a specific anatomical region connecting skeletal
muscle to tendon. The MTJ constitutes an integrated mechanical
unit, the major site of force transmission. The muscle cell
membrane is folded into finger-like extensions and invaginations
to increase the area and allow the membrane to resist muscle
contraction forces (Charvet et al., 2012; Subramanian and
Schilling, 2015). The significant molecules of the tendon side
are collagen I and tenascin-care, while the laminins and collagen
IV are the major constituents of the muscle side (Subramanian
and Schilling, 2015). Jakobsen and Krogsgaard, presented in this
collection a review exploring the importance of MTJ in the sports
field since the majority of strains are most dominantly located at
the MTJ. The MTJ adapts to load by increasing the remodeling
and junctional interface, while the opposite effect, shortening
the folding in a smaller interface, occurs during inactivity. The
authors also concluded that the limited knowledge about human
MTJ is related to the lack of a standard method to obtain biopsies
from this region. The MTJ is an essential source of information
about structural proteins. However, investigations focusing on
other molecules such as macrophages, satellite cells, fibroblasts,
and adipocytes are necessary, since these molecules are essential
for remodeling following exercise, injury, and inactivity.

CONCLUSION

This Research Topic mainly highlights the critical role of
mechanical load in maintaining the integrity of muscle, tendon,
and the connection site between these tissues (MTJ). Most of
the studies published on this Research Topic referred to muscle
tissue. However, forthcoming studies need to address additional
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aspects, such as the mechanisms of molecular and cellular
pathways in response to tendon and skeletal muscle in a wide-
ranging situation such as injury; chronic and acute responses
to loading, unloading, and aging; how the muscle-tendon unit
adapts to inactivity and immobilization in combination with
injury and aging, and with particular attention to the interactions
of these mechanisms in MTJ.
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The nuclear receptor subfamily 1, group D member 1 (Nr1d1), plays a role in the skeletal
muscle’s oxidative capacity, mitochondrial biogenesis, atrophy genes, and muscle fiber
size. In light of the effects of physical exercise, the present study investigates the
acute response of Nr1d1 and genes related to atrophy and mitochondrial biogenesis
on endurance and resistance exercise protocols. In this investigation, we observed,
after one bout of endurance exercise, an upregulation of Nr1d1 in soleus muscle,
but not in the gastrocnemius, and some genes related to mitochondrial biogenesis
and atrophy were enhanced as well. Also, analysis of muscle transcripts from diverse
isogenic BXD mice families revealed that the strains with higher Nr1d1 gene expression
displayed upregulation of AMPK signaling and mitochondrial-related genes. In summary,
a single session of endurance exercise can enhance the Nr1d1 mRNA levels in an
oxidative muscle.

Keywords: Nr1d1, exercise, skeletal muscle, atrophy, mitochondrial biogenesis

INTRODUCTION

Acute and chronic physical exercises can be used as a non-pharmacological strategy to prevent
and treat several diseases, improve life quality, and maximize athletes’ performance (Gleeson et al.,
2011). The acute resistance exercise can stimulate the gain of muscle mass and strength through
the activation of protein kinase B (Akt)/mammalian target of rapamycin (mTOR) pathway (Bodine
et al., 2001). On the other hand, glucocorticoids can inhibit the mTOR pathway through Krüppel-
like factor 15 (KLF15). This pathway has an important function in skeletal muscle catabolism due to
the transcriptional upregulations of atrogin-1 and muscle RING-finger protein-1, which are related
to muscle mass control. Also, branched-chain amino acid transaminase 2 (BCAT2) is a regulator
of mTOR activity, but through the participation in the BCAA catabolism event (Liu et al., 2017;
Shimizu et al., 2011).

The acute endurance exercise is related to the activation of the AMP-activated protein
kinase (AMPK)/proliferator-activated receptor gamma coactivator 1-alpha (PGC1-α) pathway,
increasing skeletal muscle oxidative capacity, mitochondrial content, and maximal oxygen uptake
(VO2max) (Hardie et al., 2012). The PGC1-α is classically known as a transcriptional coregulator
of events like mitochondrial biogenesis and angiogenesis, playing a central role in endurance
adaptations. However, as Ruas and colleagues (Woldt et al., 2013) described, the isoform named
PGC1-α4 is linked to hypertrophy responses in skeletal muscle. This specific isoform of PGC-1
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regulates the insulin-like growth factor 1 and myostatin
pathways, having a different role from the other isoforms.

In an elegant investigation, Woldt et al. (2013) showed that
the knocking down of the nuclear receptor subfamily 1, group
D member 1 (Nr1d1), the codify gene of the protein Rev-erb-
alpha, was linked to lower skeletal muscle oxidative capacity,
mitochondrial content, and VO2max. Interestingly, the Rev-
erb-alpha can regulate the mitochondrial biogenesis through
the Stk11 (Serine/threonine kinase 11)-Ampk-Sirt1-Ppargc1α

pathway. The Stk11 plays a significant role in regulating the
expression of Ampk and, consequently, of the Ppargc1α. On the
other hand, a deficiency of Rev-erb-alpha leads to lower Ppargc1α

expression in skeletal muscle, one of the central genes in the
mitochondrial biogenesis pathway (Woldt et al., 2013). Also,
Mayeuf-Louchart et al. (2017) demonstrated that the genetic
ablation of Nr1d1 was associated with the increased expression
of the atrophy-related genes and reduced muscle mass and fiber
size in skeletal muscle samples.

Knowing the pharmacological activation of Rev-erb-alpha
enhanced mitochondrial content and respiration in skeletal
muscle cells, as well as exercise capacity, and reverted the negative
effects of dexamethasone treatment in skeletal muscle mass and
atrophy-related genes (Woldt et al., 2013; Mayeuf-Louchart et al.,
2017), it is relevant to investigate physiological strategies capable
of increasing the expression of this gene in skeletal muscle.
Therefore, we investigated the acute effects of resistance and
endurance exercise protocols on the messenger ribonucleic acid
(mRNA) levels of Nr1d1, Prkaa1, Ppargc1a, Fbxo32, Trim63, Ubc,
and Bcat2 in mice skeletal muscle samples.

MATERIALS AND METHODS

Experiment Animals
Eight-week-old C57BL/6 mice from the Central Animal Facility
of the Ribeirão Preto campus from the University of São
Paulo (USP) were used for the experiment. The animals were
accommodated in sterile micro-insulators (three animals per
cage) in a ventilated rack (INSIGHT R©, Ribeirão Preto, Brazil)
with controlled temperature (22 ± 2◦C) on a 12:12-h light-dark
inverted cycle. Food (Purina chow) and water were provided
ad libitum. According to the Brazilian College of Animal
Experimentation (COBEA), all experimental procedures were
approved by the Ethics Committee of the University of São Paulo
(I.D. 2017.5.33.9037).

Mice were divided into three experimental groups: Control
(CT; sedentary), Resistance (RES; submitted to the resistance
exercise protocol), and Endurance (END; submitted to the
endurance exercise protocol). The sample size (n) for each
experiment is available in the figure legends. Mice from the
RES group were submitted to 5 days of adaptation on a
ladder-climbing (INSIGHTTM, Ribeirão Preto, Brazil) with and
without external load (Wang et al., 2016). The ladder had
1,110 mm of height, 80◦ of inclination, and 85 steps with a
distance of 6 mm between each. Also, mice from the END
group were submitted to 5 days of adaptation on a treadmill
(INSIGHTTM, Ribeirão Preto, Brazil), 10 min/day, at a speed of
6 m.min−1. The experimental design is described in Figure 1A.

Resistance Group
Mice from the RES group were submitted to 5 days of adaptation
on a ladder-climbing (INSIGHTTM, Ribeirão Preto, Brazil)
without external load. The ladder had 1,110 mm of height, 80◦ of
inclination, and 85 steps with a distance of 6 mm between each.
On the day of the acute exercise protocol, the RES group first
performed one climb without external load to warm-up. After
that, an external load corresponding to 75% of body weight was
applied at the base of each animal’s tail, and mice performed ten
climbs with a 2 min recovery between each. This protocol was
adapted from the investigation of Wang and coworkers (Wang
et al., 2015), which verified molecular signs of hypertrophy
in rodents. The total duration of the acute resistance exercise
protocol was approximately 20 min.

Endurance Group
Mice from the END group were submitted to 5 days of
adaptation on a treadmill (INSIGHTTM, Ribeirão Preto, SP,
Brazil), 10 min/day, at a speed of 6 m.min−1. After 48 h of the
treadmill adaptation, the locomotor performance test started at
an initial velocity of 6m/min, at 0% of inclination for the END
group, with 3 m/min increments every 3 min until voluntary
exhaustion. The exhaustion velocity (EV) was used to prescribe
the exercise intensity for the END group. Mice ran at 60% of the
EV at 0% inclination for 60 min (Ferreira et al., 2007). Previously,
Ferreira et al. (2007) showed the intensity corresponding to
60% of EV obtained in the incremental load test was similar
to the MLSS intensity, which can be defined as the highest
exercise intensity in which balance between the production
and removal of blood lactate occurs, and is used as the gold
standard to determine exercise intensity (Da Silva et al., 2010;
Ferreira et al., 2007).

Glucose Levels
The blood from the tail tip was collected, and glucose levels
were measured before and immediately after the acute physical
exercise protocols using a glycemic monitoring system (Accu-
ChekTM Active model, Roche, Santo André, Brazil).

Extraction of the Skeletal Muscle
Immediately after the acute physical exercise protocols, the
animals were anesthetized by an intraperitoneal administration
of xylazine (10 mg/kg of body weight) and ketamine (100 mg/kg
of body weight). As soon as the loss of pedal reflexes confirmed
the effect of anesthesia (i.e., about 5 min), the gastrocnemius and
soleus samples were removed, washed with sterile saline, and
stored for reverse transcription-quantitative polymerase chain
reaction (RTq-PCR) technique [storage at −80◦C with RNAlater
(Ambion, Life Technologies, Grand Island, NY, United States)].

Reverse Transcription-Quantitative
Polymerase Chain Reaction
Total RNA from the whole gastrocnemius and soleus
were extracted with TRIZOL (Invitrogen, Carlsbad, CA,
United States). All procedures were performed under standard
RNase-free conditions to avoid exogenous RNase contamination.
The quantitative Real time-PCR technique was performed
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FIGURE 1 | Schematic representation of the experimental procedures (A); Body weight of the CT, RES, and END groups (B); Glycemia of the CT, RES, and END
groups (C). Data correspond to the mean ± SD of n = 5 mice/group. CT, sedentary mice; RES, mice submitted to the resistance protocol; END, mice submitted to
the endurance protocol.

by the ViiA7 Real-Time PCR System (Applied Biosystems)
for analysis of gene mRNA expression for Nr1d1 (nuclear
receptor subfamily 1, group D, member 1), Prkaa1 (protein
kinase, AMP-activated, alpha 1 catalytic subunit), Ppargc1a
(peroxisome proliferative activated receptor, gamma, coactivator
1 alpha), Mtor (mechanistic target of rapamycin kinase), Fbxo32
(F-box protein 32), Trim63 (tripartite motif-containing 63),
Ubc (ubiquitin C), and Bcat2 (branched-chain aminotransferase
2, mitochondrial).

Reverse transcription-quantitative polymerase chain reaction
was performed in duplicate with the following reagents: 5 µl
HOT FIREPol EvaGreen qPCR SuperMix from Solis BioDyne
(Tartu, Estonia), 1 µl primer forward, 1 µl primer reverse
(both at a final concentration of 200 nM), 1 µl cDNA (10 ng),
and 1 µl d H2O. Each amplification reaction occurred with
standard cycling with the following cycles: one cycle at 95◦C
for 12 min, 40 cycles of 15 s at 95◦C, 25 s at 60◦C, and
25 s at 72◦C. Relative quantitation was calculated by the
2−11CT method using Thermo Fisher Cloud Software, RQ
version 3.7 (Life Technologies Corporation, Carlsbad, CA,
United States). All values were corrected by the value obtained

for the Gapdh (Glyceraldehyde-3-phosphate dehydrogenase)
amplification. Primer designs are described in Table 1.

Bioinformatic Analysis
Correlation analyses were performed using a data set from muscle
Nr1d1 [EPFL/LISP BXD CD Muscle Affy Mouse Gene 1.0 ST
(Dec11) RMA] and muscle genes related to the AMPK signaling
and mitochondria of genetically diverse BXD mice as previously
published (Andreux et al., 2012). The four strains with the
highest Nr1d1 values and the four strains with the lowest Nr1d1
values were selected to correlate with the other genes. All data
are accessible on Genetwork1. The heatmap graph was obtained
using the Gene-E software.

Statistical Analysis
Results are expressed as mean ± standard deviation (SD). The
Shapiro–Wilk’s W-test was used to verify data normality, and
Levene’s test was used to test the homogeneity of variances.
One-way ANOVA and post hoc and Bonferroni were used

1http://www.genenetwork.org
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TABLE 1 | The primers design.

Gene Forward Reverse

Nr1d1 AGAGAGGCCATCACAACCTC TGTAGGTGATAACACCACCTGT

Prkaa1 CCAGGTCATCAGTACACCATCT TTTCCTTTTCGTCCAACCTTCC

Ppargc1a GAGTTGAAAAAGCTTGACTGGC CAGCACACTCTATGTCACTCC

Mtor CCACGTGGTTAGCCAGACT TAGCGGATATCAGGGTCAGGA

Fbxo32 CAAAGGAAGTACGAAGGAGCG TCAGCTCCAACAGCCTTACTA

Murf1 CAGGCTGCGAATCCCTACTG GCCGGTCCATGATCACTTCA

Ubc CGCGCTGATCCCTCCG CTGCATCGTCTCTCTCACGG

Bcat2 TATGGACCCACTGTGGCTGT CAGCTCCAGTACTCCGTCTTC

Gapdh AAGAGGGATGCTGCCCTTAC CGGGACGAGGAAACACTCTC

Nr1d1, Nuclear receptor subfamily 1, group D, member 1; Prkaa1, Protein kinase,
AMP-activated, alpha 1 catalytic subunit; Ppargc1a, Peroxisome proliferative
activated receptor, gamma, coactivator 1 alpha; Mtor, Mechanistic target of
rapamycin kinase; Fbxo32, F-box protein 32; Trim63, Tripartite motif-containing
63; Ubc, Ubiquitin C; Bcat2, Branched-chain aminotransferase 2, mitochondrial;
Gapdh, Glyceraldehyde-3-phosphate dehydrogenase.

to verify the effects of acute experimental protocols. When
applicable, Pearson’s correlation coefficient was used to test
the association between the studied parameters. All statistical
analyses were two-sided, and the significance level was set at
p ≤ 0.05. Statistical analyses were performed using the software
SPSS v.20.0 for Windows (IBM, Chicago, IL, United States).

RESULTS

Metabolic Parameters and Gene
Expression
Figures 1B,C show body weight and glycemia were not
different between the experimental groups, respectively. For the
gastrocnemius samples, the mRNA levels of Nr1d1, Prkaa1,
Fbxo32, Murf, and Ubc were not different between the
experimental groups (Figure 2A). The mRNA levels of Ppargc1a
and Mtor were higher for the END group than the CT and RES
groups (Figure 2A). Also, the mRNA levels of Bcat2 were lower
for the RES group compared to the CT group (Figure 2A).

For the soleus samples, the mRNA levels of Nr1d1, Mtor,
Fbxo32, and Trim63 were higher for the END group than the CT
and RES groups (Figure 2B). Also, the mRNA levels of Ppargc1a
were higher for the END group compared to the CT group
(Figure 2B). The mRNA levels of Prkaa1, Ubc, and Bcat2 were
not different between the experimental groups (Figure 2B).

Figure 3 shows the correlation between the responses of
Nr1d1 gene in the soleus muscle for the END group, where Mtor
(p < 0.01; r = 0.95), Ppargc1a (p < 0.005; r = 0.97) and Bcat2
(p < 0,01; r = 0.95) displayed significant positive correlations. The
Nr1d1 responses for the RES group in the soleus muscle did not
present significant correlations with the other genes. The Nr1d1
responses in gastrocnemius for both RES and END groups were
not significantly correlated with other genes.

Bioinformatic Results
To test our hypothesis in different mice strains, we resorted
to a bioinformatics analysis using the BXD database, which is

the largest and best-categorized family of isogenic strains and
provides a broad set of data appropriate for investigations. First,
we visualized the distribution of muscle Nr1d1 mRNA levels
in 42 strains of isogenic BXD mice, highlighting four strains
with lower (BXD95, 98, 89, and 68) and four strains with
higher (BXD45, DBA/2J, BXD60, and BXD90) levels of Nr1d1
mRNA in the skeletal muscle (Figures 4A,B). The transcriptomic
analysis demonstrated that the variations of Nr1d1 influenced
several genes related to AMPK signaling and mitochondria
(Figures 4C–E).

DISCUSSION

The control of the muscular physiological state during rest or
exercise requires fine adjustment between the oxidative capacity
of fibers with the consequent use of energetic substrates and
molecular signals dependent on regulated genomic orchestration.
Therefore, the main findings of this study were: (1) Regardless
of the skeletal muscle type, most of the significant changes
were observed for the END group; (2) While the mRNA
levels of Ppargc1a and Mtor were upregulated in both skeletal
muscle samples after the END protocol, the mRNA levels
of Nr1d1, Fbxo32, and Trim63 were upregulated only in the
predominant oxidative skeletal muscle; (3) The mRNA levels
of Bcat2 were downregulated in the gastrocnemius sample
after the RES protocol. Figure 5 summarizes the data of the
present investigation.

BXD mice population has been extensively used to explore
the causal and mechanistic links between genomes and several
physiological or pathological conditions (Andreux et al., 2012;
Wu et al., 2014; Williams et al., 2016). Here, we found a
differential distribution of Nr1d1 gene expression in skeletal
muscle from 42 BXD strains. Four families with higher Nr1d1
gene expression displayed upregulation of AMPK signaling
and mitochondrial-related genes. These data reinforce previous
results showing Nr1d1 activation led to an increase of
mitochondrial content and respiration, as well as exercise
capacity (Woldt et al., 2013).

Except for the Bcat2 mRNA levels, the RES protocol did not
modulate the other genes in any of the skeletal muscle samples,
which can be linked to the lower volume of the RES protocol
(approximately 20 min) compared to the END protocol (60 min).
The global deletion of Bcat2 led to elevated gastrocnemius
protein turnover in mice (Lynch et al., 2015). Our RES protocol
reduced the mRNA levels of Bcat2 in the gastrocnemius muscle.
In contrast, Roberson et al. (2018) did not observe significant
changes for the Bcat2 in the vastus lateralis of subjects performing
ten sets of five repetitions of a back squat exercise at 80% of
one-repetition maximum. Possibly, the main differences between
Roberson’s investigation (Roberson et al., 2018) and ours are
the experimental models (humans vs. rodents), tissue extraction
times (2 h after vs. immediately after), and training state (trained
subjects vs. sedentary mice).

The exercise intensity and volume may justify that most
alterations were observed for the END group, which ran
for 60 min at 60% of the EV that corresponds to the
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FIGURE 2 | (A) Gastrocnemius mRNA levels of Nr1d1, Prkaa1, Ppargc1a, Mtor, Fbxo32, Trim63, Ubc, and Bcat2. (B) Soleus mRNA levels of Nr1d1, Prkaa1,
Ppargc1a, Mtor, Fbxo32, Trim63, Ubc, and Bcat2. Data correspond to the mean ± SD of n = 5 mice/group. *p ≤ 0.05 vs. END group; #p ≤ 0.05 vs. RES group. CT,
sedentary mice; RES, mice submitted to the resistance protocol; END, mice submitted to the endurance protocol.

FIGURE 3 | Correlations of Nr1d1 with (A) Mtor, (B) Ppargc1a, and (C) Bcat2 in soleus muscle for the endurance group.
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FIGURE 4 | (A) The violin plot shows the Nr1d1 gene expression distribution in the muscle of 42 BXD mice strains (B) Nr1d1 gene expression in each BXD strain
muscle. (C) Heatmap graph highlighting the gene expression in 4 BXD strains with low (blue) and 4 BXD strains with high (red). (D) Pearson’s correlation and (E) two
factors analysis graphs show the correlation between Nr1d1gene expression and Prkaa1 mRNA levels, mitochondrial-related, and ribosomal-related genes. Blue
lines indicate negative and red lines indicate a positive correlation.

moderate-exercise intensity (Ferreira et al., 2007; Da Silva
et al., 2010). Interestingly, the END protocol increased the
mRNA levels of Ppargc1a and Mtor in both skeletal muscle
samples. Transgenic mice overexpression Ppargc1a highlighted
its fundamental role in regulating the mitochondrial biogenesis
in skeletal muscles (Calvo et al., 2008). Also, the sensitivity
of Ppargc1a to acute endurance exercise was recently reviewed
(Popov, 2018).

On the other hand, mTOR complex 1 inhibition prevents
growth and increases atrophy in skeletal muscles (Bentzinger
et al., 2013). Corroborating our findings, Hayasaka et al.
(2014) verified an increase of mTOR phosphorylation in serine
2,448 immediately after a treadmill running at 28 m/min for
60 min in gastrocnemius muscles of Sprague–Dawley rats. Woldt
and coauthors (Woldt et al., 2013) demonstrated the higher
expression of Rev-erb-alpha occurred in soleus (a predominant
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FIGURE 5 | Schematic representation summarizing the main findings of the present investigation.

oxidative muscle), and its global deletion impaired mitochondrial
and exercise capacity. Also, these authors verified that 8 weeks
of treadmill running at an initial intensity of 8 m/min, which
increased to 16 m/min during the last 4 weeks, 5 days a week,
1–2 h per day, increased the protein contents of Rev-erb-alpha in
gastrocnemius and soleus samples (Woldt et al., 2013).

Although Yasumoto et al. (2015) verified an increased
expression of Nr1d1 in mice’s skeletal muscle in response to
chronic wheel-running activity, to the best of our knowledge,
this is the first investigation showing the Nr1d1 was elevated
immediately after one single bout of moderate-intensity
endurance exercise. Interestingly, this result occurred only in
the most oxidative skeletal muscle. Although we did not find
significant changes after the RES protocol, future studies should
evaluate different time-points since the mRNA expression
alterations can occur up to 12 h after acute exercise (Egan
and Zierath, 2013). Atrogin-1 and MuRF1 are encoded by the
atrophy-related genes Fbxo32 and Trim63, respectively (Dang
et al., 2016). The Nr1d1 and the mRNA levels of Fbxo32 and
Trim63 in soleus were elevated after the END protocol. These
results are contrary to the investigation of Mayeuf-Louchart
et al. (2017), who observed increased levels of Atrogin and Murf1
mRNA levels in quadriceps muscle of Rev-erb-alpha knockout
mice. Stefanetti et al. (2015) did not monitor significant changes
for Atrogin-1 mRNA levels in vastus lateralis muscle of subjects
immediately after an endurance or resistance exercise session.
Also, the mRNA levels of Atrogin-1 were increased 2.5, 5.0, and
22 h after the acute endurance exercise.

Here, we showed positive associations between the Nr1d1
gene with Ppargc1a, Mtor, and Bcat2 genes in soleus muscles
after a single bout of endurance exercise. Interestingly, most of
the alterations of the END group occurred in the predominant
oxidative phenotype muscle. It is essential to point out that
the gastrocnemius and soleus present phenotypical differences
between de muscle fiber composition. For instance, studying
BALB/c mice, Dimauro et al. (2019) observed that the myosin
heavy chain (MHC)-IIA was the most expressed isoform in
gastrocnemius (40.25% ± 6.55) without significant differences
among the other isoforms (MHC-IA, 18.6% ± 4.39; MHC-IIX,
6.75% ± 2.75; MHC-IIB, 15.8% ± 3.35). In soleus samples,
MHC-IIA was also the isoform more expressed (50.75% ± 4.03),
followed by MHC-I (42.20% ± 3.70). Regarding C57BL6J mice,
Augusto et al. (2017) observed that the gastrocnemius muscle
had (median ± semi amplitude) type IIB (54.42 ± 8.11%), IIDB

(19.37 ± 2.98%), IID (2.26 ± 2.24%), IIAD (12.40 ± 2.34%),
IIA (5.73 ± 3.24%) and I (5.74 ± 2.55%) fibers. In contrast, the
soleus contained type I (37.42 ± 8.20%), IIA (38.62 ± 6.81%),
IIAD (18.74 ± 6.95%), and IID (5.69 ± 3.09%) fibers. The
authors concluded that the gastrocnemius presented IIB and
IIDB fibers predominantly, while the soleus muscles displayed
mostly type IIA fibers. Although these fiber type differences may
influence the expression of the analyzed genes in response to
acute exercise sessions, further investigations should evaluate
these genes’ expression in isolated skeletal muscle fibers to
confirm this theory.

Altogether, these findings support our initial hypothesis
that Nr1d1 would be increased concomitantly with oxidative
capacity-related genes in response to the acute endurance
exercise session. In conclusion, an acute bout of endurance
exercise elevated the mRNA levels of Nr1d1 in oxidative
skeletal muscle, which was accompanied by an increase of
mitochondrial biogenesis and atrophy-related genes. These
findings have health implications since the global genetic
ablation of this gene was linked to negative adaptations such
as the impairment of skeletal muscle oxidative capacity and
exercise performance, as well as the increased expression of
the atrophy-related genes and reduction of the skeletal muscle
fiber size. Future studies should evaluate the circadian rhythm
response of Nr1d1 to different exercise models and the post-
translational modifications for metabolism regulation central
proteins. Moreover, new studies should assess if the muscle-
specific knockout of Nr1d1 blunts these responses to confirm our
hypothesis for a mechanistic approach.
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The incidence of strain injuries continues to be high in many popular sports, especially
hamstring strain injuries in football, despite a documented important effect of eccentric
exercise to prevent strains. Studies investigating the anatomical properties of these
injuries in humans are sparse. The majority of strains are seen at the interface between
muscle fibers and tendon: the myotendinous junction (MTJ). It has a unique morphology
with a highly folded muscle membrane filled with invaginations of collagen fibrils from
the tendon, establishing an increased area of force transmission between muscle and
tendon. There is a very high rate of remodeling of the muscle cells approaching the MTJ,
but little is known about how the tissue adapts to exercise and which structural changes
heavy eccentric exercise may introduce. This review summarizes the current knowledge
about the anatomy, composition and adaptability of the MTJ, and discusses reasons
why strain injuries can be prevented by eccentric exercise.

Keywords: myotendinous junction, strain injury, Nordic Hamstring, Eccentric exercise, force transmission, injury
prevention, hamstring strain injury

INTRODUCTION

The transition zone between skeletal muscle and tendon, the myotendinous junction (MTJ), has
a key role in being the structure where muscle fibers interact with tendon. During muscle activity
and especially during high effort exercise, large forces are transmitted from muscle fibers to the
tendon through the MTJ (Huijing, 1999). The ability to transmit force is optimized by a unique
architecture of the muscle fibers at their termination at the MTJ (Knudsen et al., 2015). Despite
this, force applied to the MTJ can be so extensive, especially during eccentric loading, that strain
injuries occur (Garrett, 1996). These are among the most frequent injuries in many popular sports
(Orchard and Seward, 2002). There is intense research to develop models to predict who are at risk
to be afflicted by these injuries, how to prevent them and on what the best rehabilitation strategy
is, once they have occurred. Strangely, there has been a negligible focus on the ultrastructure of the
human MTJ, which is where many injuries occur, and how the MTJ adapts to training and inactivity
(Mjolsnes et al., 2004; Petersen et al., 2011; Seagrave et al., 2014; Van Der Horst et al., 2015). Even
though such basic science studies would be highly relevant to understand the clinical aspects of
strain injuries, the human studies have mainly explored the ultrastructure of the MTJ. The plasticity
of the MTJ in relation to loading and unloading which is of particular interest for clinicians working
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with strain injuries, have been studied in animals exposed to
running or weightlessness, and these activities are not easily
transformable to human exercise situations.

The aim of this article is to review current knowledge about
the ultrastructure and composition of the MTJ with focus
on the human MTJ, strain injuries, with particular focus on
hamstring strain injuries, and possible strategies for prevention.
Also, the review suggests directions for research related to the
MTJ in the future.

METHODOLOGY

The literature for this review was found by searching PubMed.
To identify studies regarding the structure of the MTJ and strain
injuries, the following strategy was used:

(Myotendinous junction OR Muscle-tendon interface) AND
(ultrastructure OR morphology OR force transmission OR strain
injury OR hamstring strain injury).

To identify studies addressing strain injuries and prevention
of hamstring strain injuries the following strategy was used:
[(Muscle strain injury) OR (Hamstring strain injury)] AND
(Injury prevention) NOT (sprain) NOT (tendinopathy)
NOT (ACL).

All studies identified with the search strategies were manually
evaluated by reading either the title, abstract or full article. In
addition to articles identified from the search strategy, we used
articles that we knew from our research on the MTJ. Studies
regarding the neonatal or developing MTJ was not included
in this review, and it has been reviewed thoroughly by others
(Charvet et al., 2011, 2012; Valdivia et al., 2017).

The identified literature describing the basic structures of
the MTJ and the adaptations at the MTJ following exercise
seemed slightly dated. In contrast, there are many recent clinical
investigations describing the preventive effects of various training
protocols on the incidence of strain injuries, and the Nordic
hamstring protocol is by far the most documented.

ULTRASTRUCTURE

The ultrastructure of the MTJ in animals, show finger-like
processes from tendon, protruding into muscle at the contact area
between the two tissues (Trotter et al., 1985). By 3-D EM of the
human MTJ these processes have been shown to be foldings of
tendon, protruding into invaginations of the muscle membrane
(Figure 1; Knudsen et al., 2015). This ultrastructure increases
the contact area between muscle and tendon, making it possible
for the contractile force from the myofibrils to be transmitted
through a larger area. This results in a reduced amount of stress
and higher breaking strength of the MTJ (Eisenberg and Milton,
1984; Tidball, 1991). In a model of frog semitendinosus MTJ it
has been calculated that these protrusions increase the surface
area by 13.2 times compared to a smooth cone-shaped junction
(Tidball, 1984). Also, the folding structure increases the angle of
force transmission, and consequently a high proportion of force
is transmitted through shear stress (Tidball, 1983). For chicken

latissimus dorsi muscles it has been reported that the surface
area of the MTJ in type II muscle fibers is 40% larger compared
to type I fibers (Trotter and Baca, 1987). Type II muscles are
capable of producing higher forces than type I fibers, and it is
good strategy that the transmission surface is larger in relation
to type II fibers. However, whether this difference in surface
area between muscle fiber types also exists in humans is not
known. The correlation between muscle fiber type and risk of
strain injury has been suggested previously (Garrett et al., 1984).
In contrast to rats and mice, where many muscles are primarily
composed of either type I or type II fibers, human muscles
consist of varying proportions of both fiber types and in the most
frequently injured muscles in humans, the hamstrings, rectus
femoris and gastrocnemius, type II fibers are dominant (Polgar
et al., 1973). Whether the surface area in the MTJ from these
muscles is larger by development or can be increased through
training, is unknown.

The plasticity (ability to adapt) of the MTJ to various loads
has mainly been investigated in animals (summarized in Table 1)
where most of the studies are slightly dated, and there is only
one study investigating the human MTJ (Kannus et al., 1992;
Tidball and Quan, 1992; Zamora et al., 1995; Roffino et al., 2006,
1998; Kojima et al., 2008; Palma et al., 2011; Curzi et al., 2012,
2013, 2016; Rissatto Sierra et al., 2018; Jacob et al., 2019; Pimentel
et al., 2020). The protocols for the animal studies are very
inhomogeneous, as the animals have been subjected to different
regimens for loading and unloading, and as various species
and muscles have been analyzed, which makes it impossible
to draw one conclusion from these studies. In addition, the
method to measure the area of the MTJ interface varies between
studies (Table 1).

Overall, in the rat MTJ there is evidence of an increasing
complexity of the foldings as response to a period of intensified
loading (by running), with higher number of branches and
longer foldings (Kojima et al., 2008; Curzi et al., 2013, 2016).
This indicates that the MTJ adapts to load by increasing
the junctional interface. Higher intensity of loading provided
as fast running has shown significantly greater increases in
the surface area of the MTJ compared to a lighter intensity
running intervention (Curzi et al., 2016). This positive effect
of load was not seen on the length and thickness of the
evaginations when compared in a model of ladder climbing
and loaded ladder climbing (Pimentel et al., 2020). It would
be relevant in future studies to implement various training
variables, such as intensity, and study the effect on the surface
area of the MTJ.

There are varying results on the effect of unloading (Table 1).
The rat MTJ shows a smaller interface between muscle and
tendon in groups after 3 weeks of unloading compared to
control groups, and this is effected by shortening of the foldings.
The surface area of the MTJ is almost 50% in the unloading
groups, independent of muscle fiber type (Kannus et al., 1992),
and similar changes have been recorded after only 4 days of
weightlessness during a spaceflight (Tidball and Quan, 1992).
Contrary, the length of foldings in MTJs from rats that had been
exposed to a 14 days spaceflight and weightlessness was 58%
higher than in controls (Roffino et al., 1998).
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FIGURE 1 | The MTJ of a human semitendinosus muscle fiber viewed with
EM. The protrusions (arrows) from the tendon (T) into the muscle fiber (M)
increase the contact area between the muscle and tendon. Scale bar is
10 µm. Image by Andreas B. Knudsen, made at the Centre for Integrated
Microscopy (CFIM) at the Panum Institute in Copenhagen, Denmark, used by
permission.

These conflicting results may be explained by the method
to calculate the surface area, namely as the ratio between the
length of foldings at the MTJ and muscle fiber diameter. It
is reasonable to assume that 14 days of weightlessness results
in a higher degree of muscle fiber atrophy than 4 days, and
if the length of the foldings remain constant, the calculated
surface area increases with increasing length of loading. This may
explain the surprising higher surface area of MTJ in rats after 14
days space flight.

The effect of unloading on the surface area of the MTJ in
humans has been studied in 12 elderly patients who had a femoral
amputation after being bed based for a long time period due to
chronic disease. When compared to specimens from legs of 3
young persons who had acute amputations after accidents, there
was a reduction in the surface area of the MTJs in the bed based
patients (Palma et al., 2011). However, it is not known to which
degree this was a result of unloading, the age difference or the
chronic disease conditions.

Reduction of the surface area between muscle and tendon
as a consequence of unloading can theoretically weaken the
MTJ by making it less capable to transmit load – and thereby
more susceptible to injuries. This may be the reason why elite
soccer players, who had less than 10 training sessions before
they participated in a competitive match after an injury period,
had an increased risk of a subsequent injury (Bengtsson et al.,
2019). For every additional training session before returning to
match, the odds for an injury were 7% lower. This indicates that
after a period of reduced activity, loading of the hamstrings MTJ

should be implemented in training as soon as possible before full
activity is resumed.

COMPOSITION OF THE MTJ

Through invagination of the muscle fiber membrane the
cytoskeleton from the muscle fibers is in contact with the
extracellular matrix (ECM) which connects muscle to tendon:
the cytoskeletal connection—from actin to the ECM (Henderson
et al., 2017). In brief, intramuscular bundles of actin filaments
from the last A-band attaches at the cytoplasmic side of the
sarcolemma to either dystrophin, which connects with the
transmembrane dystroglycan complex, or the vinculin-talin-
integrin complex (Shear and Bloch, 1985). These complexes
penetrate the sarcolemma and attach actin on the intracellular
side with laminin and collagen fibrils on the other, providing
the path for force transmission from muscle fiber to tendon.
Dystrophin and integrins therefore represent the physical
structure through which force is transmitted. Knockout studies
on mice have shown that absence of either dystrophin or
integrin severely reduces the strength of muscle and increases
its susceptibility to injuries (Guo et al., 2006). Interestingly, it
has been observed, that by increasing the levels of integrin, the
negative effects from the knockout of dystrophin are largely
compensated (Hakim et al., 2013). This finding is clinically
relevant for patients with Duchennes muscular dystrophy, since
absence of dystrophin is the main pathogenesis of the disease.
However, in addition to impairing the force transmission through
the MTJ, called the linear force transmission pathway as it
occurs in line with the sarcomeres, absence of dystrophin also
affects lateral force transmission (Ramaswamy et al., 2011).
Through this pathway force is transmitted from the contractile
elements in the muscle fiber laterally through costameres to
the endomysium (Pardo et al., 1983; Ervasti, 2003). There are
junctions between the endomysium and perimysium, suggesting
that lateral force transmission might occur through these
junctions to the perimysium, which continues as endotenon
in the tendon (Passerieux et al., 2006, 2007). It is not known
if the lateral force transmission is changed by loading and
unloading. However, an increase in lateral instead of linear force
transmission through the MTJ would relieve the MTJ of some of
the extra stress related to increasing training load.

It has been demonstrated by confocal imaging of MTJ
that collagen type XXII is exclusively present in the foldings
immediately on the tendon side of the muscle fiber membrane
(Figures 2, 3; Jakobsen et al., 2017). The specific function of this
collagen is not known, but knockout studies in zebrafish have
shown a reduced potential for force transmission as well as
an increased risk of ruptures at the MTJ when collagen XXII
is absent (Charvet et al., 2013). Collagen XXII is located at
tissue junctions and is not found elsewhere in skeletal muscle
(Koch et al., 2004). Therefore, it is a marker to identify the
MTJ, which is helpful, for instance in wide field imaging. Next
to collagen XXII on the tendon side of the MTJ is a variety
of collagens, including the smaller FACIT (Fibril Associated
Collagen with Interrupted Triple Helices) collagens XII and XIV
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TABLE 1 | Studies describing the effects of loading and unloading on the surface area of the MTJ with a description of species used, muscles and muscle fiber types
and the method used for measurements.

Studies describing the effect of increased load on the MTJ

Author,
year,species

Sample Size pr
Group

Muscles/dominant
fiber type

Intervention Method of measurement Results

Kojima,2008,rat 5 Gastrocnemius/ I
Tibialis Ant./II

Running Branching of fingers Angle
of branching

↑

Curzi. 2012,rat 6 Gastrocnemius/ I EDL/II Running Branching of fingers ↑

Curzi. 2016. rat 3 EDL/II Running Interface
length/baseline(IL/B ratio)

↑

Sierra. 2018. rat 3 Soleus/I Swimming Length and thickness of
invaginations and
evaginations

↑

Jacob. 2019. rat 5 Sternomastoid/II Swimming IL/B

Neto J, 2020 rat 10 Plantaris/II Loaded ladder climb Length and thickness of
invaginations and
evaginations

↑

Studies describing the effect of unloading the MTJ

Author,
year,species

Sample Size pr
Group

Muscles/dominant
fiber type

Intervention Method of measurement Results

Kannus, 1992. rat 8 Gastrocnemius/II
Soleus/l

Immobilization 1 and 3
weeks

Length of surface area in
relation to muscle fiber
diameter

↓

Tidball 1992. rat 6 Plantaris/lI Space flight -4 davs Folding factor ↓

Zamora. 1995. rat 2
5

Soleus/I Plantaris/lI Limb suspension for 8, 18
and 29 davs
Space flight 14 days

No quantification Only minor changes
observed in Plantar is
MTJ’s.
thinning and lengthening
of the foldings at MTJ of
Soleus MTJ s

Roffino, 1998. rat 8 Soleus/I Space flight 14 days IL B ratio-named
normalized interface values
by the authors.

↑

Roffino,
2006.monkey

2 Soleus/I +II Space flight 14 days No qualification -

de Palma,
2011,human

12
Unloaded
3 controls

Gastrocnemius/ I+II Bed rest (mean 60 months)
in chronic diseased patients

Length of surface area
n relation to muscle
fiber diameter

↓

Curzi,2013,rat 4 Plantaris/II Unloading IL/B ratio Length of primary
digits Brancing of fingers

↓

In most studies the assessments have not been performed blinded to study group. Most studies provide information about the number of foldings/invaginations measured
per group and not per animal and have not provided information about the number of slides from each animal. Because of this, the results should be interpreted with
some caution. Arrows indicate whether an increase (↑) or a decrease (↓) in the measures was reported. EDL, Extensor Digitorum Longus.

(Figure 3; Jakobsen et al., 2017). Future studies must determine
the functions of these various collagens.

EFFECTS OF EXERCISE ON THE
COMPOSITION OF THE MTJ

There is incomplete knowledge about the effects of exercise on
the composition and ultrastructure of the MTJ.

In human muscle the concentration of integrin type α7β1
increases following eccentric exercise (De Lisio et al., 2015).
This integrin is also located at the MTJ, and because integrins
are responsible for direct force transmission from muscle to

tendon, increasing levels may be a way to prepare MTJ for
increasing stress (Boppart et al., 2006). Similarly, in mice a single
session of multiple eccentric contractions induces a significant
increase of vinculin and talin in the soleus and plantaris muscles.
Similar results are found in rats exposed to running with a
higher expression of the mRNA for vinculin (Curzi et al., 2016).
Although these proteins are found in the MTJ, they are not
exclusively seen in this region, indicating that the increase in
expression following exercise could arise from different regions
of the muscle. Like the MTJ, both the neuromuscular junction
and the costameres involved in lateral force transmission contain
vinculin (Pardo et al., 1983; Ervasti, 2003). Both studies analyzed
whole muscles and parts of tendon meaning that the increases in
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FIGURE 2 | Confocal image of human semitendinosus MTJ showing the
highly folded muscle membrane at the interface between muscle (M) and
tendon (T). Collagen XXII labeling (red) the foldings connecting the tendon (T)
with the muscle (M) The nuclei are stained blue (DAPI). Scale bar is 10 µm.
For staining protocol and details regarding image acquisition (see
Supplementary File).

vinculin and talin are not necessarily seen at the MTJ. However,
these two proteins are known to be present to a high extent at the
MTJ but also neuromuscular junction, meaning that the increase
following exercise is likely to arise from the MTJ where they
are both elements in the chain of proteins that are responsible
for force transmission through the junction (Frenette and Côté,
2000). Increase in expression of vinculin was also observed in
rats exposed to a running intervention. However, it is not known
if the increased levels of these proteins after exercise result in
strengthening of the MTJ. It could be expected that the amount
of larger collagens in the human MTJ would increase following
heavy resistance exercise, but this has not been demonstrated for
collagen I, III and VI (Jakobsen et al., 2018). However, the FACIT
collagen type XIV increases in the endomysium surrounding the
muscle fibers closest to the MTJ following exercise (Jakobsen
et al., 2017). Like the MTJ, the endomysium contains a wide
variety of collagens, and collagen XIV might be responsible for
anchoring the larger collagen fibrils to form stronger networks.

The effects of various exercises on the length of the distal
sarcomere in rat MTJs have been studied. Whether these lengths
are important for the MTJ and risk of injury is unknown.
Theoretically shorter sarcomere length, not to be confused with
fascicle length, would be beneficial at the MTJ since they are more
resistant to stretch during heavy loading, due to more overlapping
cross-bridges between actin and myosin (Morgan et al., 1991;
Rassier et al., 2020). In rats exposed to swimming exercise the
distal sarcomeres of the sternomastoid MTJ are significantly
shorter than in resting control rats (Jacob et al., 2019). However,

the opposite is found following the same exercise intervention
in rats of similar age, in the soleus muscle (Rissatto Sierra et al.,
2018). So, there is conflicting evidence.

Following loaded and unloaded ladder exercise the distal
sarcomere of rat soleus muscle is found to be shorter than in
control rats. In contrast, the distal sarcomere from the plantaris
muscle from the same animal is longer compared to control
rats (Rocha et al., 2020). Whether the inhomogeneous effects
of exercise on the length of the distal sarcomere at the MTJ
is due to differences in the exercise regimens used, or that
different muscles are loaded differently during the exercises, is
not known. Future research is needed, preferably with the use
of eccentric exercise as the chosen exercise modality since this is
what has been shown to have a positive effect on the risk of strain
injury (as discussed in detail later). Results from each animal or
person should be pooled before statistical analysis of group values
(instead of pooling all results in the groups). Finally, the person
analyzing data should be blinded to the intervention. In a number
of earlier studies (Kannus et al., 1992; Tidball and Quan, 1992;
Zamora et al., 1995; Kojima et al., 2008; Curzi et al., 2012, 2013,
2016; Rissatto Sierra et al., 2018; Jacob et al., 2019; Pimentel et al.,
2020) there is no certainty that data have been acquired after such
basic principles.

CELL TURNOVER

The MTJ is not a resting structure. There is a very high rate
of remodeling in the muscle fibers near the MTJ (Jakobsen
et al., 2018). Approximately half of the fibers adjacent to the
MTJ contain one or more centralized nuclei and stain positive
for the Neural Cell Adhesion Molecule (NCAM), indicating
remodeling or formation of new muscle fibers (Figure 4A;
Jamali et al., 2000; Chargé and Rudnicki, 2004). Contrary, in
the muscle belly only a small percentage of the muscle fibers
contain centralized nuclei (Dreyer et al., 2006). Even in muscles
that have not exercised, almost 50% of the fibers at the MTJ
contain centralized nuclei, indicating extensive remodeling in
this area. On cross-section images the increased proportion of
fibers with centralized nuclei normalizes just few fibers from the
MTJ. Similarly, longitudinal sections have shown that the same
muscle fiber has a higher expression of NCAM at its distal end
near the MTJ compared to further from the MTJ, suggesting
regional differences in protein expression across the same muscle
fiber (Figure 4B). This remodeling involves different cell types,
including satellite cells, fibroblasts and macrophages (Murphy
et al., 2011; Bentzinger et al., 2013).

Satellite cells surround the periphery of resting muscle fibers,
ready to be activated. Upon activation, they proliferate into
daughter cells that can be donated as new myonuclei or fuse to
form new myotubes. In skeletal muscles, satellite cells proliferate
when muscles are exposed to resistance exercise (Kadi and
Thornell, 2000), and even a single exercise session is enough
to induce this (Bellamy et al., 2014). However, the high rate
of remodeling at the MTJ is not associated with a concomitant
increase in concentrations of satellite cells. In fact, the number of
satellite cells near MTJ is the same as in muscle tissue far from
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FIGURE 3 | The figure shows multiple images of human gracilis MTJ stained with immunofluorescent antibodies against collagen XXII, dystrophin and either collagen
XIV (A) or XII (B). The muscle fibers show to the left and the tendon to the right. Dystrophin is located closest to the muscle fiber with collagen XXII immediately
outside the muscle membrane. Collagen XIV and XII are present next to collagen XXII on the outside of the muscle fiber. Scale bars are 50 µm. The figure is from
Jakobsen et al. (2017), used by permission.
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FIGURE 4 | The figure shows two sections (A,B) of a human semitendinosus
muscle stained for NCAM (green), collagen IV (red) and DAPI (Blue—indicating
the nuclei). (A) In the top of the image there is tendon (T) and below is the
muscle (M). The muscle fibers located closest to the tendon express signs of
remodeling by containing centralized myonuclei (arrow) as well as
NCAM(CD5S6) staining of the cytoplasm. (B) As the muscle fibers approach
the MTJ the immunoreactivity of NCAM increases whereas no staining is seen
in the fibers in the upper part of the image, farthest from the MTJ. Scale bar is
50 µm. Images are reprinted with permission from Jakobsen et al. (2018).

the MTJ, and the concentration of satellite cells is unaffected by
4 weeks resistance exercise (Jakobsen et al., 2018). This indicates
that satellite cells at the MTJ respond differently than those
in muscle. However, it could be a dynamic phenomenon: the
extremely high rate of remodeling at the MTJ could initiate a
high demand for satellite cells, and the resulting, newly formed
daughter cells could fuse immediately with a muscle fiber. If
this is the case, the increase in the satellite cell pool will not
show in a static cell count. However, additional studies are
needed to fully understand the dynamics of satellite cells at the
MTJ. While satellite cells have been shown to be detrimental
for optimal muscle regeneration and repair they are not the
only cell type involved (Joe et al., 2010; Sambasivan et al.,
2011; Wang and Rudnicki, 2012). Inflammatory cells, such
as macrophages and neutrophils, participate in this complex
process, as well as fibroblasts (Toumi et al., 2006; Tidball
and Villalta, 2010). Interestingly, fibro-adipogenic cells (FAPs)

FIGURE 5 | Adipocytes at human and mouse MTJ’s. (A) The figure shows a
section from human semitendinosus muscle with the tendon (T) in the middle
and the muscle fibers (M) approaching from both sides. The MTJ is identified
by collagen XXII immunofluorescent staining (red) and the adipocytes are
stained with PLIN1 (green), and nuclei are stained with DAPI (blue).
Adipocytes are located very close to the MTJ. Scale bar is 50 µm. (B) Mouse
soleus MTJ in confocal microscopy showing adipocytes (PLIN = green) and
collagen XXII indicating the MTJ (red). Scale bar is 50 µm. Images are
reprinted with permission from Jakobsen et al. (2020).

which are the precursor cells for fibroblasts and adipocytes,
have been shown to be important for myogenic proliferation
following muscle injury (Joe et al., 2010; Heredia et al., 2013;
Biferali et al., 2019).

It has recently been demonstrated that adipocytes exist in
high numbers in close relation to the MTJ in humans and mice
(Figure 5; Jakobsen et al., 2020). Adipocytes in skeletal muscle is
normally a sign of poor muscle function and insulin resistance
(Vettor et al., 2009), but at the MTJ adipocytes are present
in healthy humans and animals. The MTJ has previously been
reported to contain a high mitochondrial content indicating an
increased oxidative phosphorylation but since the adipocytes are
located extracellularly, they might not be involved in the energy
metabolism of the muscle fibers (Eisenberg and Milton, 1984).
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However, since adipocytes are known to be capable of producing
various cytokines involved in numerous processes throughout
the body (Ronti et al., 2006), they may play a role in the highly
active remodeling process at the MTJ or in the regeneration
following injury.

The regeneration and repair following muscle strain
injury is a complex process which is not fully understood
yet. However, following injury there is a rapid increase in
inflammatory cells, macrophages and neutrophils (Butterfield
et al., 2006). Macrophages initially enter the injured region as
pro-inflammatory M1 macrophages, capable of phagocytosis
and secretion of pro-inflammatory cytokines. As they decline
in concentration, the anti-inflammatory M2 macrophages
increase to aid in the repair of the injured tissue (St. Pierre
and Tidball, 1994). By secreting cytokines, e.g., platelet derived
growth factor (PDGF) macrophages activate fibroblasts, thereby
ensuring a restoration of the ECM and formation of fibrosis
(Kovacs and Dipietro, 1994). Without proper coordination
between the macrophages, fibroblasts and satellite cells, optimal
restoration of the tissue cannot be accomplished resulting in
excessive formation of fibrosis and impaired muscle function.
In skin lesions the interplay between adipocytes and fibroblasts
is important for optimal healing (Schmidt and Horsley, 2013).
This has not been confirmed in muscle yet, but the presence of
adipocytes at the MTJ and the finding of cytokines involved in
adipogenesis in the exudate of human MTJ following injury,
suggests a prominent role for this cell-type in the repair of the
MTJ (Bayer et al., 2019).

STRAIN INJURIES

Muscle injuries can be classified as either direct or indirect.
The most common indirect type is the strain injury, defined as
a muscular trauma affecting the tissue structure with various
degree of tear (Mueller-Wohlfahrt et al., 2013). Strain injuries
are among the most common injuries in a wide range of sports
affecting various muscles (Orchard and Seward, 2002; Ekstrand
et al., 2011; Opar et al., 2014; Ishøi et al., 2019). They are most
dominantly located at the MTJ and show as small disruptions and
edema between the muscle and tendon on ultrasound and MRI
imaging (De Smet et al., 1990; De Smet and Best, 2000).

Muscles which are often exposed to rapid stretch during
powerful movements, such as the hamstrings, rectus femoris, hip-
adductor and calf muscles, are most susceptible to strain injury
(Ekstrand et al., 2011; Eckard et al., 2017; Green and Pizzari, 2017;
Green et al., 2020; Hultman et al., 2020). Generally, these injuries
occur during activities where the muscle is either passively over-
stretched or during fast eccentric contractions where the MTJ is
exposed to high loads during lengthening (Askling et al., 2008;
Danielsson et al., 2020; Huygaerts et al., 2020).

In the hamstring muscles two types of injury mechanisms have
been identified: the stretch-type injury and sprinting-type injury.
The stretch-type commonly occurs during kicking activities or
when the hip is flexed while the leg is stretched, for example
during pick-up of a ball in American type football (Hagel, 2005).
The sprint-type injury is named after its occurrence during

sprinting, and it mostly affects the proximal part of the biceps
femoris long head (Ekstrand et al., 2011; Fiorentino et al., 2014;
Huygaerts et al., 2020). It is suggested that the late swing phase
and the early stance phase is when the hamstrings are subjected to
the highest loads during running (Chumanov et al., 2011; Schache
et al., 2012; Fiorentino et al., 2014). During these phases the
hamstring muscles are stretched while contracting rapidly.

Similar to the hamstring strain injuries both rectus femoris
and adductor longus injuries are frequently seen during kicking
and sprinting activities where the muscles are exposed to
rapid stretch while contracting affecting athletes in multiple
disciplines where kicking and sprinting activities are involved
(Mendiguchia et al., 2013; Serner et al., 2015, 2019). Strain injury
to the calf muscles, “Tennis-Leg,” is seen in the medial head
of gastrocnemius as well as the soleus, probably depending on
injury mechanism (Delgado et al., 2002; Green et al., 2020). The
mechanism of tennis leg has not been fully elucidated, but it
is thought to occur during the late stance phase in sprinting
activities where the knee is extended while a strong plantar flexion
is performed by the gastrocnemius (Orchard et al., 2002).

Eccentric contractions can potentially cause muscle damage
due to stretching of the sarcomeres, leading to fewer connections
between actin and myosin and a suboptimal length-tension
relationship (Gordon et al., 1966; Morgan, 1990; Dueweke et al.,
2017). However, a large force production itself is not sufficient
to induce strain injury in otherwise healthy MTJ (Lieber and
Friden, 1993; Garrett, 1996). This indicates that in addition to
a strong contraction of the sarcomeres, a forceful pull on the
muscle provided by the tendon is needed to create a strain injury
where the strength of the adhesion between these two tissues
is exceeded. This is also the case in the previously described
injury mechanisms for the most frequent strain injuries where a
rapid stretch is seen together with a strong muscle contraction.
Experimentally induced strain injuries in animal muscles, where
the muscles are pulled while stimulated to contract, have shown
that a disruption occurs either in the distal part of the muscle
fibers or at the basal lamina between the muscle fiber and tendon
(Tidball, 1984; Tidball and Chan, 1989), confirming that the
connection between the muscle fibers and the tendon is the
“weak-spot.” Unfortunately, a histologic description of a strain
injury has not yet been published for humans.

PREVENTION OF HAMSTRING STRAIN
INJURIES

A recent review has summarized the current knowledge
regarding diagnosis, prevention and treatment of the most
common strain injuries (Ishøi et al., 2019). Therefore, the current
review will focus on prevention of hamstring strain injuries, for
which there is the best evidence.

Hamstring strain injuries are among the most frequent non-
contact injuries in sports involving high speed running such
as football, Australian rules football and athletics (Orchard and
Seward, 2002; Ekstrand et al., 2011; Opar et al., 2014). It is
the most common reason for inability to participate in sports.
The pathogenesis of these injuries, the risk factors and possible

Frontiers in Physiology | www.frontiersin.org 8 March 2021 | Volume 12 | Article 63556123

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-635561 March 20, 2021 Time: 18:14 # 9

Jakobsen and Krogsgaard Myotendinous Junction and Strain Injuries

prevention strategies have been subject for several recent studies
(Mjolsnes et al., 2004; Petersen et al., 2011; Seagrave et al., 2014;
Van Der Horst et al., 2015; Bourne et al., 2017). Low eccentric
strength has been proposed as a risk factor for hamstring strain
injury as well as short fascicle length, low hamstring to quadriceps
strength ratio, hamstring tightness, muscle fatigue, poor warm-
up, previous hamstring strain and age among others (Mair et al.,
1996; Petersen, 2005; Opar et al., 2015; Timmins et al., 2016).

The role of muscle fatigue and fascicle length in relation to
strain injury has not been fully elucidated. In a mechanistic
study of strain injury, in which rabbit muscles were stretched
while either being stimulated to induce contraction or left
unstimulated, the stimulated muscles could produce 15% more
force at failure, while the absorbed energy was 100% greater
than in the unstimulated state. This suggests that muscle
contractions affect the ability of the passive components to
absorb force in the muscle fibers, i.e., the connective tissue
(Garrett, 1996). Therefore, any condition that affects the muscle
ability of the fibers to activate optimally, such as fatigue or
weakness, would tend to increase the risk of injury (Mair et al.,
1996). This might also explain why greater fascicle lengths are
protective against strain injury since longer fascicles are capable
of providing maximum force at a greater muscle length and
higher velocity, meaning they are more resistant to rapid stretch
(Bodine et al., 1982; Lieber and Fridén, 2000). This resistance
to stretch means that fewer sarcomeres are disrupted during
eccentric contractions leading to an unaffected force production
and thereby an increased energy absorption from the passive
structures surrounding the muscle fibers. Eccentric exercise
training has been shown to increase fascicle length by adding
sarcomeres in series (Lynn and Morgan, 1994), however, this
has been questioned in a very recent study where there was
no addition of sarcomeres in human biceps femoris muscle
following 3 weeks of Nordic Hamstring exercise (Pincheira
et al., 2021). Therefore, it is not clear what the mechanism
behind the lengthening of the fascicles is. In addition, to
induce lengthening of fascicles eccentric exercise also increases
eccentric hamstring strength. Many exercise interventions have
focused on eccentric exercise in the prevention of strain injuries
with the Nordic Hamstring protocol being the most widely
used (Askling et al., 2003; Mjolsnes et al., 2004; Arnason
et al., 2008; Petersen et al., 2011; Van Der Horst et al., 2015;
Bourne et al., 2018).

The original Nordic Hamstring protocol consisted of the
eccentric exercise, Nordic Hamstring, periodized with increasing
volume over 10 weeks (Mjolsnes et al., 2004). The Nordic
Hamstring protocol reduce the incidence of hamstring strain
injuries by up to 51% (Al Attar et al., 2017). The clinical
effect of this type of exercise is probably due to its effects
on many of the previously mentioned risk factors for strain
injury. Besides increasing hamstring strength (and thereby also
improving hamstring to quadriceps strength ratio) it increases
the length of fascicles and probably also eccentric hamstring
strength capacity (Mjolsnes et al., 2004; Bourne et al., 2017; Ishøi
et al., 2018; Presland et al., 2018; Ribeiro-Alvares et al., 2018;

Duhig et al., 2019; Pollard et al., 2019; Siddle et al., 2019; Whyte
et al., 2019; Medeiros et al., 2020).

Future studies looking at hamstring strain injury prevention
should focus on the implementation of the Nordic Hamstring
protocol. Among the 32 best football clubs in Europe and 18 clubs
from the Norwegian Tippeliga (where the Nordic Hamstring
protocol was developed) only 10% of the clubs were compliant
in 2015 with the Nordic Hamstring protocol (Bahr et al., 2015).
A recent study described that athletes didn’t want to do Nordic
Hamstring due to fear that they would be too sore thereby
affecting their other training (Chesterton et al., 2020). This
is important to address in future studies. In on our previous
research we have used the Nordic Hamstring exercise on patients
with anterior cruciate ligament rupture in the study of the MTJ
(Jakobsen et al., 2017). Our clinical experience is that the Nordic
Hamstring protocol is easily implemented, even in subjects with
a low activity level, and the Delayed Onset Muscle Soreness
(DOMS) rarely occur after the first couple of sessions. Therefore,
the strategy to implement the Nordic Hamstring protocol in an
athletic setting (Arnason et al., 2008; Petersen et al., 2011), where
it is used more intensively off-season to build up strength and
tolerance and less intensively in-season, seems logical.

In addition to the clinical focus on the implementation of
prophylactic training, future human studies can increase our
understanding of the tissue mechanisms, which besides changes
in fascicle length include for instance alterations in the surface
area of the MTJ and changes in the concentration of specific
proteins involved in adaption of the MTJ following eccentric
training. This has been explored to some extent in rats and mice,
showing increases in the surface area of MTJ and concentrations
of structural proteins (vinculin, talin and collagen XIV) at
the MTJ following exercise (Frenette and Côté, 2000; Roffino
et al., 2006; Kojima et al., 2008; Curzi et al., 2012), but it has
only been sparsely studied in humans (Jakobsen et al., 2017).
A deeper understanding of the effects of eccentric exercise on
the MTJ at the molecular and ultrastructural level is a necessary
evidence base for introducing new effective methods to prevent
strain injuries.

PERSPECTIVES

Knowledge about the human MTJ is limited. There is no
standard method to obtain percutaneous biopsies from MTJ.
Since the MTJ consists of two different tissues, muscle and
tendon, it is necessary technically to separate samples into
muscle, MTJ and tendon to investigate the metabolism in this
region, and currently there is no reliable method to do this. Once
these methodological challenges have been overcome, structured
research in the human MTJ can be performed as basis for an
understanding of strain injuries and their prevention. With the
current knowledge candidate explanations of how MTJ may
adapt to eccentric training are: by increasing fascicle length,
increasing the surface area between muscle and tendon through
enlargement of foldings, increasing concentration of structural
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proteins of importance for force transmission between tissues,
such as dystrophin, integrins, and collagens, and increasing
the lateral force transmission through the costameres. Also, in
the future the interplay between macrophages, satellite cells,
fibroblasts and adipocytes in the coordination of remodeling
following exercise, injury and inactivity should be studied.

WHAT IS ALREADY KNOWN

The myotendinous junction (MTJ) is the interface between
muscle and tendon and where force is transmitted between
the two tissues. It is also a common location for strain
injuries in sports. Most of these can be prevented by heavy
eccentric exercise.

WHAT ARE THE NEW FINDINGS

The surface area between muscle and tendon is increased by
foldings of tendon into muscle, and this reduces stress between
the tissues. In animals, the size and number of foldings are
increased as a response to heavy training and reduced during
inactivity. In humans, the muscle fibers near the MTJ show
very high rates of remodeling compared to other regions of the
muscle. Adipocytes are seen in high number at MTJ and might be
important for the adaption of MTJ to various loading conditions.
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The mdx mouse phenotype aggravated by chronic exercise on a treadmill makes this
murine model more reliable for the study of muscular dystrophy. Thus, to better assess
the Tempol effect on dystrophic pathways, the analyses in this study were performed in
the blood samples and diaphragm muscle from treadmill trained adult (7–11-weeks old)
mdx animals. The mdx mice were divided into three groups: mdxSed, sedentary controls
(n = 28); mdxEx, exercise-trained animals (n = 28); and mdxEx+T, exercise-trained
animals with the Tempol treatment (n = 28). The results demonstrated that the Tempol
treatment promoted muscle strength gain, prevented muscle damage, reduced the
inflammatory process, oxidative stress, and angiogenesis regulator, and up regulated
the activators of mitochondrial biogenesis. The main new findings of this study are
that Tempol reduced the NF-κB and increased the PGC1-α and PPARδ levels in the
exercise-trained-mdx mice, which are probably related to the ability of this antioxidant
to scavenge excessive ROS. These results reinforce the use of Tempol as a potential
therapeutic strategy in DMD.

Keywords: tempol, dystrophic muscles, exercise, oxidative stress, inflammatory process

INTRODUCTION

Duchenne muscular dystrophy (DMD) represents one of the most devastating types of muscular
dystrophies, which affects one in 3,000–6,000 male children (Choi et al., 2016). DMD is an X-linked
recessive genetic disease caused by a mutation in the dystrophin gene (Andrews and Wahl, 2018),
for which to date, there is no cure.

Previous work showed that DMD is a multifactorial disease, whereby inflammation,
mitochondrial dysfunction, altered angiogenesis, and oxidative stress are among the main
promoters of the dystrophic features (Guiraud and Davies, 2017). Regarding oxidative stress, our
research group has evaluated the effects of some antioxidant drugs on the dystrophic muscle of
mdx mice, which was the experimental DMD model (Tonon et al., 2012; De Senzi et al., 2013;
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Mâncio et al., 2017a). Recently, we demonstrated that Tempol
(4-hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl), a synthetic
antioxidant that mimics the role of superoxide dismutase (SOD),
improved the dystrophic phenotype (reducing myonecrosis
and the inflammatory process) (Hermes et al., 2019) and
contributed to the normalization of the redox homeostasis
(Hermes et al., 2020) in young mdx mice during the acute
dystrophic disease phase (about three weeks post-natal age).
In addition, Burns et al. (2017) also reported that Tempol
supplementation restores the diaphragm force and metabolic
enzyme activities in adult mdx mice.

The present study further addresses the potential benefit
of Tempol for dystrophy by evaluating the effects of this
antioxidant in the diaphragm muscle in treadmill trained
adult (7–11-weeks-old) mdx animals. Although the mdx mice
lack dystrophin, similar to dystrophic DMD patients, these
animals develop a milder form of dystrophy (Yucel et al.,
2018). Thus, to get a more reliable animal model of the
human dystrophy, the murine phenotype has been worsened
by chronic exercise on a treadmill (Granchelli et al., 2000;
De Luca et al., 2003). We carried out one of the most used
protocols to worsen the murine phenotype based on the Treat-
NMD Neuromuscular Network UK, 2018 for exercise in mdx
mice. This consists of the mdx mice undergoing a 12 m/min
exercise for 30 minutes twice a week. Under these conditions, the
mdx muscle has often shown functional impairment indicated
by the decline in grip strength, histopathological features of
a worsening of the injury, and even a decrease of genes
usually expressed in response to exercise (Camerino et al.,
2014; Hyzewicz et al., 2015) enabling potential therapeutic
interventions to be evaluated more rigorously throughout the
in vivo treatment.

Consistent with the above actions of Tempol on the
dystrophic muscle, we verified its potential pathways and effects
on muscle damage, oxidative stress, inflammatory process,
angiogenesis, and mitochondrial biogenesis in the blood samples
and diaphragm muscle from adult exercised mdx mice.

MATERIALS AND METHODS

Animals
Male mdx (C57BL/10-Dmdmdx/PasUnib) mice were used in all
the procedures, which were previously approved by the Ethics
Committee on the Use of Animals (CEUA) of the State University
of Campinas (UNICAMP; #4847-1). The animals were housed
and cared for following the guidelines of the Brazilian College for
Animal Experimentation (COBEA). Mice chow and water were
provided ad libitum and the animals were kept in a temperature-
controlled room (25◦C ± 0.5) with relative humidity (55% ± 1)
and 12-h light/dark cycles.

Experimental Design
Male mdx mice (seven weeks old; the age chosen was based
on the previous exercise protocols) (Radley-Crabb et al., 2012;
Hyzewicz et al., 2015) were randomly assigned into three groups:
mdxSed, sedentary controls (n = 28); mdxEx, exercise-trained

animals (n = 28); and mdxEx+T, exercise-trained animals with
the Tempol treatment (n = 28).

The exercise protocol was based on the previous research
(Radley-Crabb et al., 2012; Hyzewicz et al., 2015) using the
TREAT-NMD protocols for exercise in mdx mice. After the
five days of acclimatization, the mdx mice were trained for
four weeks with progressively increasing loads (Figure 1).
The protocol consisted of a treadmill exercise regimen of
30 min of treadmill running at a speed of 12 m/min twice a
week for four weeks (keeping a constant interval of 2–3 days
between each trial).

Tempol treatment began after the acclimatization period and
continued daily until the day of euthanasia (Figure 1). The
Tempol dose (100 mg/kg) dissolved in 100 µL of saline solution
was administered intraperitoneally, according to our previous
studies (Hermes et al., 2019; Hermes et al., 2020).

Twenty-four hours after the last training session, the animals
were euthanized using a mixture of ketamine hydrochloride
(130 mg/kg; Franco tar, Virbac, Fort Worth, TX, United States)
and xylazine hydrochloride (6.8 mg/kg, 2% Virbaxil; Virbac).
The blood samples were collected by cardiac puncture and the
diaphragm (DIA) muscle was removed.

Grip Strength Evaluation (n = 7 Per
Group)
Forelimb muscle strength was evaluated with a grip strength
meter (New Primer, São Paulo, Brazil), as previously described
(Hermes et al., 2019). The measurements were obtained for each
animal at the beginning and at the end of the experimental period
and the absolute strength was normalized to body weight.

Blood Samples for the Biochemical
Assessment of Muscle Fiber
Degeneration
For the creatine kinase (CK) assay, the blood samples (n = 7
per group) were micro-centrifuged in conical microtubes at
3,000 rpm for 10 min, and the supernatant (serum) was removed
and used for analysis after incubation at room temperature for
one to two hours to allow clotting. The CK assay was carried out
using a commercially available kit (CK Cinetico Crystal, BioClin,
Ireland) and a BioTek Spectrophotometer (BioTek Instruments
Inc., Winooski, VT, United States). Values are reported as
international units per liter.

Histopathological Analysis (n = 7 Per
Group)
Regenerated Muscle Fiber and Diameter Analyses
For the morphological analysis of the regenerated muscle fibers
(central nucleated fibers) and normal fibers (peripheral nucleated
fibers), cryosections of the DIA muscles were stained with
hematoxylin/eosin. Slides were examined under a Nikon Eclipse
TS100 microscope which is connected to a computer and a
video camera (Nikon DS-Ri1). Non overlapping images of
the entire cross-section were taken and tiled together using
the NIS-elements AR Advances Research software (Nikon
Instruments Inc., Melville, NY, United States) as described
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FIGURE 1 | Exercise protocol and Tempol treatment.

previously (Mâncio et al., 2017b). All the fibers of the cuts
(normal and regenerated fibers) were counted to estimate the
total population of the DIA muscle fibers. This allowed the
percentage of normal and regenerated fibers of the studied
animals to be obtained.

Minimum “Feret’s Diameter” Analyses
Feret’s diameter, the minimum distance of parallel tangents at
opposing borders of the muscle fiber (Briguet et al., 2004),
was analyzed by quantifying a total of a hundred muscle fiber
diameter from 10 random fields at 20X magnification using the
Image-Pro Express software (Media Cybernetic, Silver Spring,
MD, United States). The results are shown as the mean ± SD.

Inflammatory Area
Inflammatory areas were characterized in hematoxylin/eosin
stained serial cryosections (8 µm) of the DIA muscle based
on the nucleus morphology and cell size and quantified as
described previously (Hermes et al., 2019). Inflammatory cells
are characterized by a poor cytoplasm and basophilic nuclear

staining. Areas of inflammation and total muscle area were
delimited. To limit these areas, the images were captured by
light microscopy (Nikon Eclipse TS100) which is connected to
a Nikon camcorder at 20X magnification and to a computer
with a NIS-elements software AR Advances Researches. Areas of
inflammation were expressed as a percentage of the total area.
A blinded observer carried out the counts and measurements.

Macrophage Infiltration
F4/80 staining was used for macrophage infiltration
quantification. Serial cryosections (8 µm) of the DIA muscle
were fixed in acetone for 10 min, air-dried for 20 min, and
washed with PBS. Sections were blocked for one hour at room
temperature with 3% BSA in PBS. The histological slides
were incubated overnight at 4◦C with a primary antibody
against F4/80, (1:200, monoclonal antibody; AbD Serotec,
Raleigh, NC, United States). After washing with PBS, the slides
were incubated with an anti-rat secondary antibody (1:250,
Texas Red R© Anti-rat IgG; Vector Laboratories, Burlingame,
CA, United States) for one hour at room temperature. After
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another washing with PBS, the muscle sections were mounted
in 1,4-diazabicyclo[2.2.2]octane (DABCO; Sigma) mounting
medium for fluorescence microscopy. The images of F4/80
staining were captured by light microscopy (Nikon Eclipse
TS100) which is connected to a Nikon camcorder at 20X
magnification and to a computer with a NIS-elements software
AR Advances Researches. Macrophage infiltration areas
(macrophages grouped in areas or dispersed by tissue) and total
muscle area were delimited. Areas of macrophage infiltration
were expressed as a percentage of the total area. A blinded
observer carried out the counts and measurements.

Histopathological Oxidative Stress
For the quantification of the number of autofluorescent granules
of lipofuscin, muscle samples were analyzed using serial
cryosections unfixed (8 µm) of the DIA muscle. Quantification
was performed in a fluorescent inverted microscope (Nikon,
Eclipse TS100/TS100F) using the NIS-elements software AR
Advances Researches in each cross-section (five cross-sectional
areas per muscle).

Serial DIA cryosections (8 µm) were incubated with DHE
(5 µl) to the quantification of the ROS levels. DHE staining
presents a bright red emission in fluorescence microscopy. The
intensity of reactive DHE by muscle area was quantified in
a fluorescent inverted microscope (Nikon, Eclipse TS100) by
measuring the pixels in a specific range (70 ± 255 wavelength).
The equipment was adjusted to eliminate interference from
background fluorescence.

Western Blot Analysis (n = 7 Per Group)
Muscle samples were homogenized immediately after removal
in 2 ml of lysis buffer (Tris–HCl, 100 mM, pH 7.5; EDTA,
10 mM, pH 8.0; sodium pyrophosphate, 10 mM; sodium fluoride,
0.1 mM; sodium orthovanadate, 10 mM; PMSF, 2 mM; and
aprotinin, 10 µg/ml) using the Polytron PTA 20S homogenizer
(model PT 10/35; Kinematica Ag) operated at maximum speed
for 30 seconds. Muscle samples detritus were removed by
centrifugation at 11,000 rpm for 20 min at 4◦C and the
cleared lysate was subjected to SDS-Page gel electrophoresis. The
Bradford method was used to determine the total protein content.
Total protein from the muscle sample lysate (30 µg) was stacked
on 12% SDS-polyacrylamide gels.

The proteins were transferred from gels to nitrocellulose
membranes by electrophoresis (Mini Trans-Blot R© electrophoretic
transfer cell - Bio-Rad). A blocking buffer was used in all
membranes for two hours at room temperature. Membranes
were incubated with appropriate primary antibodies overnight
at 4◦C with gentle shaking. The following primary antibodies
were used for Western blotting: 4-HNE (1:3,000, AHP1251,
goat polyclonal, Bio-RAD, Hercules, CA, United States), anti-
catalase (1:1,000, C0979, mouse monoclonal, Sigma-Aldrich, St.
Louis, MO, United States), anti-SOD-2 (0,1:1,000, SAB 2501676,
goat polyclonal, Sigma-Aldrich, St. Louis, MO, United States),
anti-GSR (1:1,000, SAB2108147, rabbit, Sigma-Aldrich, St.
Louis, MO, United States), anti-GPx1 (1:1,000, SAB2502102,
goat polyclonal, Sigma-Aldrich, St. Louis, MO, United States),
TNF-α (0,2:1,000, AAM19GA, rabbit anti-mouse polyclonal
antibody; BIO-RAD, Hercules, CA, United States), NFkB p65
(1:1,000, AHP1342, rabbit polyclonal, BIO-RAD, Hercules, CA,
United States), VEGF (1:200, sc53462, mouse monoclonal
antibody; Santa Cruz Biotechnology), PGC-1α (1:1,000, ST1202,
mouse monoclonal, Cambridge, United Kingdom), PPARδ

(1:250, PA1-823A, rabbit polyclonal antibody, Invitrogen,
CA, United States), Oxphos (6:1,000, ab110413, antibody
cocktail, Abcam, Cambridge, United Kingdom), and β-actin
(1:1,000, A1978, mouse monoclonal, Sigma-Aldrich, St. Louis,
MO, United States).

Peroxidase-conjugated secondary antibodies from mice
(1:2,500, 04-18-06, KPL, United States), goats (1:1,000, 14-13-
06, KPL, United States), or rabbits (1:2,500, 04-15-06, KPL,
United States) were used to incubate the membranes for two
hours at room temperature. Membranes were washed 3× 10 min
with TBST after both incubations. Anti-β-Actin antibody was
used as a control protein loading. All membranes were revealed
using the Clarity Western ECL Substrate (Bio-Rad). Gene Tools
from Syngene was used for bands intensity quantification.

Glutathione (GSH) Content (n = 7 Per
Group)
Total GSH content was determined by Ellman’s reaction using
5′5′-dithio-bis-2-nitrobenzoic acid (DTNB) as described by
Anderson (1985). The intensity of the yellow color was read at
412 nm. The results were expressed as nmol per mg of protein.

TABLE 1 | Body weights, forelimb muscle strength, and CK levels.

Body weight (g) Body weight/períod Force/Body weight (g/g) Force gain/period Creatine Kinase levels

Start End (%) Start End (%) (U/L)

mdxSed 24.77 ± 1.43 28.16 ± 2.45 13.68 0.75 ± 0.05 0.77 ± 0.06 2.59 4,184 ± 3,442

mdxEx 24.69 ± 1.24 27.67 ± 1.48 12.06 0.78 ± 0.17 0.55 ± 0.09*** −41.81 11,460 ± 1,149**

mdxEx+T 24.24 ± 1.54 27.23 ± 2.18 12.33 0.72 ± 0.13 0.77 ± 0.11### 6.49 4,855 ± 1,756##

Body weight (g) was measured at the beginning (Start) and after four weeks (End) of the exercise and Tempol treatment. Forelimb muscle strength was assessed by
taking measurements of force at time points Start and End, norm alized by body weight (g/g). Gain force/period: percentage of muscular force gain during the treatment
period. Creatine kinase levels were measured at the end of the experiment. Experimental groups: sedentary mdx mice (mdxSed), exercise trained mdx mice (mdxEx), and
exercise trained mdx mice treated with Tempol (mdxEx+T). All values are shown as the mean ± standard deviation (SD) for 10 animals. **P ≤ 0.001 compared with the
mdxSed group, ***P ≤ 0.0001 compared with the mdxSed group, ##P ≤ 0.001 compared with the mdxEx group, ###P ≤ 0.0001 compared with the mdxEx group
(one-way .ANOVA with Tukey’s post hoc test).

Frontiers in Physiology | www.frontiersin.org 4 April 2021 | Volume 12 | Article 64979332

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-649793 April 20, 2021 Time: 15:57 # 5

Silva et al. Tempol Effects on Exercise-Trained-mdx Mice

FIGURE 2 | Tempol effects on the regenerative muscular process. (A) Diaphragm (DIA) cross-sections showing fibers with central nuclei (black arrowheads) in the
sedentary mdx mice (mdxSed), exercise trained mdx mice (mdxEx), and exercise trained mdx mice treated with Tempol (mdxEx+T). (B) Graphs show the nuclei
central fibers (%) in the DIA muscles of the mdxSed, mdxEx, and mdxEx+T groups. (C) Graphs show the cross-sectional size (Minimum “Feret’s diameter; µm) of the
fibers with central nuclei in the DIA muscles of the mdxSed, mdxEx, and mdxEx+T groups. All values expressed as mean ± standard deviation (SD).
***P ≤ 0.0001 compared with the mdxSed group, #P ≤ 0.05 compared with the mdxEx group (one-way ANOVA with Tukey’s post hoc test).

Gene Expression (mRNA) by Real-Time
qPCR (n = 7 Per Group)
Total RNA from the mdx muscular tissue was extracted using
the Trizol reagent according to the manufacturer’s instruction.
RNA quantification was performed by spectrophotometry
(260/280 nm). Synthesis of complementary DNA (cDNA) was
performed from total RNA (2 µg) using the High-Capacity
cDNA Kit (ThermoFisher). Gene expression was quantified by
quantitative real-time PCR (ABI 7500 One Step quantitative PCR
system–Applied Biosystems, CA, United States). The reactions

were carried out in a mixture (20 µL) containing a sample of
cDNA (2 µL), primers (300 nM), DEPC water, and SYBR Green
PCR Master Mix (10 µL, Invitrogen). Gene expression levels were
analyzed according to the 11CT method (Livak and Schmittgen,
2001). qPCR analysis was performed in duplicate per sample on
a plate. RPL39 was used as a reference gene. We used primers
(Exxtend, Oligo Solutions, SP, Brazil) for Manganese Superoxide
Dismutase (SOD 1; F: 5′-GCGGTGAACCAGTTGTGTTG-3′;
R: 5′-CTGCACTGGTACAGCCTTGT′3′), Catalase (CAT; F: 5′-
CTCGCAGAGACCTGATGTCC-3′; R: 5′-GACCCCGCGGTCA
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FIGURE 3 | Tempol effects on the inflammatory response morphology. (A) The outline indicates the representative area of inflammation in the diaphragm (DIA) of the
sedentary mdx mice (mdxSed), exercise trained mdx mice (mdxEx), and exercise trained mdx mice treated with Tempol (mdxEx+T). (B) Graphs show the
inflammatory area (%) in the DIA muscles of the mdxSed, mdxEx, and mdxEx+T groups. (C) The outline indicates the representative area of macrophage infiltration
determined by F4/80 immunohistochemistry. (D) Graphs show the macrophage infiltration area (%) in the DIA muscles of the mdxSed, mdxEx, and mdxEx+T
groups. All values expressed as mean ± standard deviation (SD). *P ≤ 0.05 compared with the mdxSed group, **P ≤ 0.001 compared with the mdxSed group,
#P ≤ 0.05 compared with the mdxEx group, ###P ≤ 0.0001 compared with the mdxEx group (one-way ANOVA with Tukey’s post hoc test).
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FIGURE 4 | Tempol effects on the inflammatory markers. (A) Western blotting analysis of tumor necrosis factor alpha (TNF-α) and nuclear factor kappa B (NF-κB).
The blots of the proteins (top row) and β-actin (loading control, bottom row) are shown. (B) The graphs show the protein levels in the crude extracts of diaphragm
(DIA) from the sedentary mdx mice (mdxSed), exercise trained mdx mice (mdxEx), and exercise trained mdx mice treated with Tempol (mdxEx+T). The intensities of
each band were quantified and normalized to those of the corresponding control. Relative values are expressed as mean ± standard deviation (SD). *P ≤ 0.05
compared with the mdxSed group,#P ≤ 0.05 compared with the mdxEx group, ##P ≤ 0.001 compared with the mdxEx group (one-way ANOVA with Tukey’s
post hoc test).

TGATATT-3′), Glutathione Peroxidase 1 (GPx1; F: 5′-TCCA
GTATGTGTGCTGCTCAT-3′; R: 5′-TTCATCTCGGTGTAGTC
CCG-3′), Glutathione-Disulfide Reductase (GSR, F: 5′-GG
GGCTCACTGAAGACGAAG-3′; R: 5′-TCACAGCGTGATA
CATCGGG-3′), and Ribosomal Protein L39 (RPL39, F: 5′-C
AAAATCGCCCTATTCCTCA-3′; R: 5′-AGACCCAGCTT
CGTTCTCCT-3′).

Statistical Analysis
All data are expressed as mean ± standard deviation (SD).
Statistical analysis for direct comparison between the means of
groups was performed by ANOVA, followed by the Tukey test
which was used for multiple statistical comparisons between
groups. The normal distribution of the data was assessed by
the Shapiro-Wilk normality test. A p ≤ 0.05 was considered
statistically significant. We used the GraphPad Prims5 software
package (GraphPad Software, CA, United States).

RESULTS

Tempol Effects on Body Weight, Forelimb
Muscle Strength, and
Degeneration/Regeneration Muscular
Process
There was no statistical difference in the weight of the animals
during the experiment (Table 1). The mdxEx group showed a
significant reduction in muscle strength over the study period
(Table 1). The mdxEx+T group presented strength gain in
the period, which was significantly different from the mdxEx
group (Table 1).

The biochemical evaluation of the blood samples for CK
levels showed a significant increase of this enzyme in the mdxEx
group (by 63.5%) compared to the mdxSed group (Table 1).
Concomitantly, there is a reduction of CK levels in the mdxEx+T
group (by 57.6%) compared to the mdxEx group (Table 1).

The morphological evaluation of muscle fiber regeneration in
the DIA muscles, based on the number of fibers with central
nuclei, did not present a significant statistical difference between
the analyzed groups (Figures 2A,B). Feret’s diameter analyses
showed a significant increase in the diameter of the fibers with
central nuclei in the mdxEx+T group compared to the mdxEx
group (Figure 2C).

Tempol Effects on the Inflammatory
Process
The inflammatory process in the DIA muscle was evaluated by
determining the inflammatory area, macrophage infiltration, NF-
κB, and TNF-α content.

The inflammatory area showed conspicuous regions
containing inflammatory cells, which were densely packed
among the muscle fibers (Figure 3A). The mdxEx group
showed an expressive inflammatory area (by 29.2%) compared
to the mdxSed group (Figure 2B). The diaphragm muscles
of the mdxEx+T group presented a significant reduction in
the inflammatory area (by 54.7%) compared to the mdxEx
group (Figure 3B).

In terms of macrophage infiltration, the training-mdx mice
showed a higher proportion (by 47.7%) compared to the mdxSed
group mice (Figures 3C,D). The mdxEx+T group showed a
significant reduction in macrophage infiltration (by 37.8%)
compared to the mdxEx group (Figures 3C,D).

Immunoblotting revealed a significant increase in the TNF-
α levels in the mdxEx group (by 33 and 32.8%, respectively)
compared to the mdxSed group (Figures 4A,B). The mdxEx+T
group presented a significant decrease in the TNF-α and NF-κB
levels (by 49, 24, and 41%, respectively) compared to the mdxEx
group (Figures 4A,B).

Tempol Effects on Oxidative Stress
The DIA muscles of the mdxEx group showed a significant
increase in the oxidative stress markers, such as the DHE
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FIGURE 5 | Tempol effects on the oxidative stress markers. (A) Diaphragm (DIA) cross-sections showing dihydroethidium (DHE) fluorescence in sedentary mdx mice
(mdxSed), exercise trained mdx mice (mdxEx), and exercise trained mdx mice treated with Tempol (mdxEx+T). (B) The graphs show the DHE staining area (%) in DIA
muscles of the mdxSed, mdxEx, and mdxEx+T groups. (C) DIA cross-sections showing autofluorescent lipofuscin granules (white arrowheads) in DIA muscles of the
mdxSed, mdxEx, and mdxEx+T groups. (D) The graphs show the number of lipofuscin granules x 10-4/mm3 in DIA muscles of the mdxSed, mdxEx, and mdxEx+T
groups. (E) Western blotting analysis of 4-hydroxynonenal (4-HNE)-protein adducts. Bands corresponding to protein (top row) and β-actin (used as loading control)
(bottom row) are shown. (F) The graphs show the protein levels in the crude extracts of DIA muscle from the mdxSed, mdxEx, and mdxEx+T groups. All values
expressed as mean ± standard deviation (SD). *P ≤ 0.05 compared with the mdxSed group, **P ≤ 0.001 compared with the mdxSed group, ***P ≤ 0.0001
compared with the mdxSed group, #P ≤ 0.05 compared with the mdxEx group, ##P ≤ 0.001 compared with the mdxEx group, ###P ≤ 0.0001 compared with
the mdxEx group (one-way ANOVA with Tukey’s post hoc test).

area, autofluorescent lipofuscin granules, and 4-HNE protein
adduct levels (by 67.6, 29, and 27%, respectively) compared
to the mdxSed group (Figures 5A–F). The Tempol treated
group presented a reduction of the oxidative stress markers by
significantly decreasing the DHE area (51.5%), autofluorescent

lipofuscin granules (69.4%), and 4-HNE protein adduct
levels (22.4%) in the diaphragm muscle of the mdxEx+T
group (Figures 5A–F).

The effect of the Tempol treatment on catalase, SOD2, GPx1,
GR, and GSH immunoblots levels is shown in Figures 6A–C.

Frontiers in Physiology | www.frontiersin.org 8 April 2021 | Volume 12 | Article 64979336

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-649793 April 20, 2021 Time: 15:57 # 9

Silva et al. Tempol Effects on Exercise-Trained-mdx Mice

FIGURE 6 | Tempol effects on the antioxidant system levels. (A) Western blotting analysis of catalase (CAT), manganese-superoxide dismutase (SOD2), glutathione
peroxidase (GPx1), and glutathione reductase (GR) content in the diaphragm (DIA) muscle from the sedentary mdx mice (mdxSed), exercise trained mdx mice
(mdxEx), and exercise trained mdx mice treated with Tempol (mdxEx+T). The blots of the proteins (top row) and β-actin (loading control, bottom row) are shown.
(B) The graphs show the protein levels in the crude extracts of DIA from the mdxSed, mdxEx, and mdxEx+T groups. The intensities of each band were quantified
and normalized to those of the corresponding control. (C) glutathione content of the DIA muscle from the mdxSed, mdxEx, and mdxEx+T groups. Relative values
are expressed as mean ± standard deviation (SD). *P ≤ 0.05 compared with the mdxSed group,#P ≤ 0.05 compared with the mdxEx group, ##P ≤ 0.001
compared with the mdxEx group (one-way ANOVA with Tukey’s post hoc test).

The reduction of catalase, SOD2, and GPx1 levels (by 31.6,
15.6, and 24.9%, respectively) in the mdxEx+T group was
found to be significant when compared with the mdxEx
group (Figures 6A,B). The GR and GSH levels significantly
increased (by 37.8 and 47.8%, respectively) in the mdxEx group
(Figures 6B,C) compared to the mdxSed group. The mdxEx+T
group showed a significant decrease in the GR levels (by 35.2%)
compared to the mdxEx group (Figures 6A,B).

The effect of the Tempol treatment on the enzymatic
antioxidant defense system gene expression is shown in
Figures 7A–D. A significant increase in the gene expression of
SOD1, CAT, and GPx was observed (by 72.5, 49.6%, and 70%,
respectively) in the mdxEx group when compared to the mdxSed
group (Figures 7A–C). In the mdxEx+T group, there was a
significant decrease in the SOD1, CAT, and GPx gene expression
(by 50.1, 54%, and 49.9%, respectively) compared to the mdxEx
group (Figures 7A–C). There was no change in the GR gene
expression between the experimental groups (Figure 7D).

Tempol Effects on the VEGF Levels
The DIA muscles of the mdxEx group showed a significant
increase in the VEGF levels (by 14.1%) compared to the mdxSed
group (Figure 8). A decrease of the VEGF levels (by 27.1%)
were observed in the mdxEx+T group compared to the mdxEx
group (Figure 8).

Tempol Effects on the Activators of
Mitochondrial Biogenesis and Oxidative
Phosphorylation
An increase in the PPARδ and PGC-1α levels was observed in the
mdxEx+T group compared to the mdxSed (by 29.1 and 42.3%,
respectively) and mdxEx groups (by 25.8 and 40.0%, respectively)
(Figures 9A,B).

The DIA muscles of the mdxEx group showed a significant
decrease in the OXPHOS levels (complex V, III, II, and I)
compared to the mdxSed group (Figures 9C,D). An increase in
the OXPHOS levels (complex V, III, II, and I) was observed in the
mdxEx+T group compared to the mdxEx group (by 12.6, 11.01,
16.1, and 13.9%, respectively) (Figures 9C,D).

DISCUSSION

Mdx mice are the most widely used model to study DMD
and test potential therapies, but their phenotype is milder
than that of the dystrophic patient, thus, limiting the range
of histopathological parameters and molecular changes
that can be measured in pre-clinical drug tests (Grounds
et al., 2008). In agreement with previous studies (Camerino
et al., 2014; for review Hyzewicz et al., 2015), the present
study found that exercise training substantially affects the
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FIGURE 7 | Tempol effects on the enzymatic antioxidant system expression. Gene expression of (A) manganese-superoxide dismutase (SOD), (B) catalase, (C)
glutathione peroxidase (GPx), and (D) glutathione reductase (GR) measured by qRT-PCR in the diaphragm (DIA) muscle from the sedentary mdx mice (mdxSed),
exercise trained mdx mice (mdxEx), and exercise trained mdx mice treated with Tempol (mdxEx+T). All values expressed as mean ± standard deviation (SD).
*P ≤ 0.05 compared with the mdxSed group, **P ≤ 0.001 compared with the mdxSed group, #P ≤ 0.05 compared with the mdxEx group (one-way ANOVA with
Tukey’s post hoc test).

FIGURE 8 | Tempol effects on the VEGF factor. (A) Western blotting analysis of the vascular endothelial growth factor (VEGF) content in the diaphragm (DIA) muscle
from the sedentary mdx mice (mdxSed), exercise trained mdx mice (mdxEx), and exercise trained mdx mice treated with Tempol (mdxEx+T). The blots of the proteins
(top row) and β-actin (loading control, bottom row) are shown. (B) The graphs show the protein levels in the crude extracts of DIA from the mdxSed, mdxEx, and
mdxEx+T groups. The intensities of each band were quantified and normalized to those of the corresponding control. All values expressed as mean ± standard
deviation (SD). ***P ≤ 0.0001 compared with the mdxSed group, #P ≤ 0.05 compared with the mdxEx group (one-way ANOVA with Tukey’s post hoc test).

dystrophic features of adult mdx mice by making them more
closely resemble DMD.

Although muscle damage was found due to the high CK levels,
the number of regenerated muscle fibers were not altered after

the exercise. It has been demonstrated in literature that there is
no absolute correlation between the extent of dystropathology in
an individual mdx mouse and CK activity (Grounds et al., 2008).
The increase in the CK serum levels indicates that the exercise
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FIGURE 9 | Tempol effects on the activators of mitochondrial biogenesis and oxidative phosphorylation. (A) Western blotting analysis of peroxisome
proliferator-activated receptor δ (PPARδ) and peroxisome proliferator-activated receptor-γ coactivator-1α (PGC-1α) in the diaphragm (DIA) muscle from the sedentary
mdx mice (mdxSed), exercise trained mdx mice (mdxEx), and exercise trained mdx mice treated with Tempol (mdxEx+T). (B) The graphs show the PPARδ and
PGC-1α levels in the crude extracts of DIA from the mdxSed, mdxEx, and mdxEx+T groups. (C) Western blotting analysis of the OXPHOS complexes (complex V, III,
IV, II, and I) in the DIA muscle from the mdxSed, mdxEx, and mdxEx+T groups. (D) The graphs show the OXPHOS protein in the crude extracts of DIA from the
mdxSed, mdxEx, and mdxEx+T groups. The blots of the proteins (top row) and β-actin (loading control, bottom row) are shown. The intensities of each band were
quantified and normalized to those of the corresponding control. All values expressed as mean ± standard deviation (SD). *P ≤ 0.05 compared with the mdxSed
group. **P ≤ 0.001 compared with the mdxSed group. #P ≤ 0.05 compared with the mdxEx group. ##P ≤ 0.001 compared with the mdxEx group (one-way
ANOVA with Tukey’s post hoc test).

was sufficient to render the muscular membrane as leaky and
allow the release of CK into the circulation (Kobayashi et al.,
2012). CK serological levels have long been used to aid DMD
diagnosis and remain an important laboratory test for diagnosis
(Van Ruiten et al., 2014). In addition, the exercise protocol used in
the present study was able to promote an expressive reduction of
muscle strength and the worsening of the inflammatory process
and oxidative stress on the diaphragm muscle of mdx mice.

The exercised mdx mice showed that multiple dystrophic
pathological events are targeted by Tempol, which is the focus
of our study. Among several antioxidants currently available,
Tempol is a redox-cycling, membrane-permeable antioxidant,
and is particularly interesting for promoting O2 metabolism at
rates that are similar to SOD (Batinic-Haberle et al., 2010; Wilcox,
2010). In addition, this antioxidant also facilitates the metabolism
of a wide range of ROS and reactive nitrogen species and exhibits
catalase activity (Francischetti et al., 2014). Particularly regarding
DMD, previous work presented advantageous Tempol effects in
the dystrophic skeletal muscle of mdx mice, which were partly
associated with its anti-inflammatory and antioxidant actions
(Hermes et al., 2019, 2020).

In this study, we observed that the Tempol treatment induced
an improvement in terms of muscular regeneration, with an

increased muscle strength gain and a good correlation with
the increase in muscle fiber diameter and CK reduction in
the exercise trained-mdx mice. Variations in the muscle fiber
diameter are normally observed in dystrophic muscles as a
result of the different levels of muscle fiber regeneration and
recovery of functional innervation (Bulfield et al., 1984). In
addition, in agreement with our functional results, previous
studies showed that Tempol supplementation increased the
dystrophic diaphragm force generation (Burns et al., 2017) and
promoted gain in muscle strength in non-exercised mdx mice
(Hermes et al., 2019).

Regarding the inflammatory process, our data showed that
the Tempol treated group presented a decrease in the nuclear
factor kappa B (NF-κB) levels. Although the reduction in
the NF-κB activation by Tempol has already been shown in
another pathology (Cuzzocrea et al., 2001), this is the first
study presenting the Tempol action on the NF-κB pathway in
the dystrophic muscle. This is a meaningful finding because
NF-κB is an important transcription factor that regulates
the expression of pro-inflammatory cytokines, such as TNF-
α and IL-1β, which were found to have increased in the mdx
muscle before the period of muscle fiber necrosis (Kumar
and Boriek, 2003; Whitehead et al., 2006). Our results showed
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FIGURE 10 | Oxidative stress, inflammation, and activators of mitochondrial biogenesis: targets of Tempol treatment in the diaphragm muscle of exercised

trained-mdx ↑ mice. ↓ Tempol down-regulated; vicious cycle.

that the reduction of the NF-κB levels was accompanied by a
decrease of the TNF-α content. In agreement with our results,
other studies have also demonstrated the effects of Tempol in
reducing the inflammatory markers (Gomez-Pinilla et al., 2010;
Afjal et al., 2019).

Additionally, the NF-κB levels have also been associated
with the vascular endothelial growth factor (VEGF), which
is a key regulator of physiological angiogenesis (Neufeld
et al., 1999). Kiriakidis et al. (2003) showed that the VEGF
production in human macrophages is NF-κB dependent. This
close relationship between NF-κB and VEGF may perhaps
justify our data regarding this angiogenesis regulator in our
experiments. Similar to the NF-κB results, we found that the
Tempol treatment also promoted the reduction of the VEGF
levels on exercised mdx mice, making them closer to the values
of the sedentary mdx mice. Despite dysfunctional angiogenesis
having a significant impact on the dystrophic phenotype and
vascular-targeted therapy being proposed as a treatment option

for DMD (Podkalicka et al., 2019; Verma et al., 2019), our
results suggest that the beneficial effects of tempol observed
on the dystrophic muscle are probably not correlated with the
angiogenesis pathway.

The NF-κB activation has also been implicated in the
amplification of ROS production and vice versa in the dystrophic
muscle (Kumar and Boriek, 2003). For instance, in the mdx
diaphragm muscle, high levels of the oxidative stress markers,
such as DHE, lipofuscin granules, and 4-HNE protein adduct,
and the NF-κB were shown (Hermes et al., 2016; Mâncio et al.,
2017a,b). Similar to a previous study (Mâncio et al., 2017a),
we also verified herein that antioxidant treatment promotes the
reduction of oxidative stress markers concomitantly with the
decrease of the NF-κ B levels.

In addition, recently, NF-κB has also been associated in a
vicious cycle with peroxisome proliferator-activated receptor-
γ coactivator-1α (PGC-1α), where oxidative stress plays an
essential role (Rius-Pérez et al., 2020). In our study, we also
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observed this correlation between the increase of PGC-1α

with the concomitant reduction of NF-κB and ROS in
exercise-trained-mdx mice treated with Tempol. PGC-1α is
highlighted as a master regulator of mitochondrial biogenesis
and function, including oxidative phosphorylation (OXPHOS)
and ROS detoxification (Mastropasqua et al., 2018). A previous
study showed that the overexpression of PGC1-α may protect
mdx muscles by stimulating mitochondrial biogenesis and
by providing a calcium sink to limit calcium-related cellular
abnormalities, as well as by preventing the activation of cell
death pathways associated with mitochondrial permeabilization
(Godin et al., 2012). It was also reported that the restoration of
the miR-499 expression (which conducts a PGC-1-α dependent
mitochondrial oxidative metabolism program) prevented the
hallmarks of muscular dystrophy, including the reduction of CK
serum release and the improvement of the exercise capacity in
mdx mice (Liu et al., 2016).

Concomitantly with the PGC-1α results, we also found
an increase in the Peroxisome proliferator-activated receptor
δ (PPARδ) levels in exercise-trained-mdx mice treated with
Tempol. PGC-1α is reported to be a direct target of PPARδ

in the skeletal muscle (Phua et al., 2018). Recently, Bell et al.
(2019) showed that PPARδ improves mitochondrial function in
the mdx mice. We also investigated the mitochondrial respiratory
complexes (I, II, III, IV, and V), and similar to the PGC-1α and
PPARδ results, the levels of these complexes were up regulated
in exercise-trained-mdx mice treated with Tempol. Therefore,
these results support that modulating PPARδ and PGC-1α can
represent an interesting strategy in dystrophy muscular disease,
since they are implicated in mitochondria function, oxidative
metabolism, ROS detoxification, and regulation of inflammatory
cytokines (Figure 10).

Tempol can also act directly in scavenging excessive ROS. It
was reported that the increased diaphragm functional capacity in
mdx mice by Tempol was related to the ability of this antioxidant
to scavenge excessive ROS (Burns et al., 2017). Recently, our
research group also showed that Tempol improves the redox
status in the diaphragm muscle of youngmdx mice (Hermes et al.,
2020). Some studies showed a beneficial Tempol action against
oxidative damage in cells by the catalase-like activity, generating
H2O and O2 from H2O2 and preventing OH production (Wilcox,
2010; Abouzied et al., 2016). This Tempol action may also be
applied to our oxidative stress results, justifying the reduction
found in oxidative stress markers and enzymatic antioxidant
defense system components in the DIA muscle in exercise-
trained-mdx mice treated with Tempol.

Despite the novelty of our study, some limitations must
be recognized. Future studies with wild mice exposed to the
same treatment with Tempol and exercise protocol will be
useful to understand how changes in the physical activity affect
the dystrophic pathology providing further validation for the
innovative findings in the current study. In addition, seeing
that muscular dystrophy in mice is notoriously variable, a
large number of animals should be used when performing
experiments with mdx mice. Also, although a difference in
the inflammatory process morphology was observed between
the experimental groups, additional histological methods, such

as acid phosphatase, could be useful to complement and
strengthen the findings.

To summarize, the striking finding of this work is that the
Tempol treated group presented a decrease in the NF-κB in
the exercise-trained-mdx mice, which is probably related to
the ability of this antioxidant to scavenge excessive ROS. Our
data also imply that there was an increase in the PGC1-α and
PPARδ levels, however, further investigations are required to
determine the mechanism by which Tempol modulates these
activators of mitochondrial biogenesis. In addition, the present
data also reinforce the Tempol as a potential therapeutic for the
treatment of DMD.
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The mechanisms involved in the development of skeletal muscle fibers have been
studied in the last 70 years and yet many aspects of this process are still not completely
understood. A myriad of in vivo and in vitro invertebrate and vertebrate animal models
has been used for dissecting the molecular and cellular events involved in muscle
formation. Among the most used animal models for the study of myogenesis are the
rodents rat and mouse, the fruit fly Drosophila, and the birds chicken and quail. Here,
we describe the robustness and advantages of the chick primary muscle culture model
for the study of skeletal myogenesis. In the myoblast culture obtained from embryonic
chick pectoralis muscle it is possible to analyze all the steps involved in skeletal
myogenesis, such as myoblast proliferation, withdrawal from cell cycle, cell elongation
and migration, myoblast alignment and fusion, the assembly of striated myofibrils,
and the formation of multinucleated myotubes. The fact that in vitro chick myotubes
can harbor hundreds of nuclei, whereas myotubes from cell lines have only a dozen
nuclei demonstrates the high level of differentiation of the autonomous chick myogenic
program. This striking differentiation is independent of serum withdrawal, which points
to the power of the model. We also review the major pro-myogenic and anti-myogenic
molecules and signaling pathways involved in chick myogenesis, in addition to providing
a detailed protocol for the preparation of embryonic chick myogenic cultures. Moreover,
we performed a bibliometric analysis of the articles that used this model to evaluate
which were the main explored topics of interest and their contributors. We expect that by
describing the major findings, and their advantages, of the studies using the embryonic
chick myogenic model we will foster new studies on the molecular and cellular process
involved in muscle proliferation and differentiation that are more similar to the actual
in vivo condition than the muscle cell lines.

Keywords: myogenesis, chick embryo, skeletal muscle, muscle differentiation, myoblast, myotube

A BRIEF VIEW OF SKELETAL MYOGENESIS

Among the various processes involved in the organogenesis of vertebrates, the formation of skeletal
muscle (i.e., skeletal myogenesis) initiates in the paraxial mesoderm of the developing embryo,
which gradually segments into somites (Christ and Ordahl, 1995; Chal and Pourquié, 2017).
Epithelial-derived mesenchymal cells give rise to round proliferative presumptive mononucleated
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myoblasts. Signaling molecules, mainly from the Wnt/beta-
catenin, Sonic hedgehog (Shh), Bone morphogenetic protein
(BMP), and Notch signaling pathways, participate in the initial
steps of embryonic myogenesis (Cossu et al., 1996; Ikeya and
Takada, 1998; Goichberg et al., 2001; Elia et al., 2007; Wang
et al., 2010; Bentzinger et al., 2012; Maltzahn et al., 2012).
Presumptive mononucleated myoblasts, which do not express
myofibrillar proteins, will proliferate a few rounds of replication,
and exit cell cycle. The activation of the muscle specific-master
switch genes MyoD and Myf5 leads to the differentiation of
presumptive myoblasts into elongated post-mitotic myoblasts
(Davis et al., 1987; Choi et al., 1990). MyoD and Myf5, in
conjunction with Myogenin and MRF4, are highly conserved
genes known as myogenic regulatory factors (MRFs). They
are organized into hierarchical gene expression networks that
control skeletal muscle differentiation (Bentzinger et al., 2012).
For instance, their activation drives the expression of muscle
specific and myofibrillar proteins (Holtzer et al., 1991; Costa et al.,
2004). Elongated post-mitotic myoblasts (or bipolar myoblasts)
adhere to each other through a cell membrane-dependent
recognition event, which is subsequently followed by cell fusion
(that is, “primary fusion”). Myoblast fusion relies on membrane
proteins, mainly cadherins, myomaker, and myomerger, to
form multinucleated myotubes (Zeschnigk et al., 1995; Costa,
2014; Sampath et al., 2018; Figures 1–3 and Supplementary
Figure 1). Initially, the nuclei of myotubes are centrally placed,
but they migrate to the periphery (Fear, 1977) while striated
actomyosin-based myofibrils organize within the sarcoplasm of
the multinucleated syncytium (Figures 1–3 and Table 1). The
growth of myotubes results from a secondary phase of cell
fusion, which involves the fusion of mononucleated myoblasts
into the multinucleated myotubes. During the formation of
mature multinucleated myotubes, myofibrillar proteins start to
organize into long contractile structures encompassing several
muscle-specific proteins, such as actin, myosin, troponins
C/T/I, tropomyosin, alpha-actinin, titin, nebulin, desmin, myosin
binding protein-C (MyBP-C), myomesin, and tropomodulin
(Figures 1–3 and Table 1).

Different animal models have been used for dissecting
the above-described steps of skeletal muscle differentiation,
including rodents (mouse and rat), fishes, fruit-flies, frogs, and
birds (chicken and quail), as well as human muscle cells. Among
these models, the chick embryo is one of the major contributors
of our current knowledge of muscle development (Buckingham
et al., 2003). The chick embryonic skeletal muscle primary culture
is a robust in vitro model for the study of skeletal muscle
differentiation because of its autonomous myogenic program
(Holtzer et al., 1991; Mermelstein et al., 1996; Oliveira et al.,
2015; Ojima et al., 2016; Rosa de Andrade et al., 2018). All the
before mentioned steps of skeletal myogenesis can be observed
in the chick muscle cultures. Skeletal myogenesis proceeds in
chick myoblast cultures through the following main sequential
and temporal stages (some of which can be seen in Figures 1–
3 and Table 1): myoblast proliferation, cell cycle withdrawal,
myoblast elongation and migration, myoblast alignment and
fusion, and the formation of multinucleated myotubes, as well as
the formation of contractile myofibrils.

Studies using chick myogenic cultures led to the discovery of
many soluble factors that either stimulate or inhibit myoblast
fusion and/or myotube formation, and which can be categorized
into pro- or anti-myogenic. Table 2 shows activators and
inhibitors of embryonic chick skeletal myogenesis. Interestingly,
there is a greater number of known molecules (˜3 fold) that
inhibit myogenesis as compared to the ones that produced
stimulatory outcomes. This difference can be explained by (i) the
incompleteness of available knowledge, since it is usually easier
to identify an inhibition or blockage of myofiber formation than
a positive, sometimes subtle effect, and/or (ii) researchers in the
field may be more interested in inhibitory molecules rather than
stimulatory ones. Together, the information collected in Table 2
could be useful to build a more complete picture of the molecular
machinery controlling skeletal myogenesis.

The use of chick cells as a model of in vitro myogenesis
has largely contributed for the description and molecular
characterization of the aforementioned steps during myotube
formation. In the section below, we will detail its main
advantages, disadvantages, and particularities as an experimental
model for skeletal myogenesis.

DISSECTING SKELETAL MYOGENESIS
USING CHICK MYOBLAST CULTURES

The characterization and quantification of different aspects of
skeletal myogenesis is relatively simple to achieve in culture of
chick myoblasts (Abrunhosa et al., 2014; Bastos et al., 2019; Bagri
et al., 2020). Among them, information regarding the number
of mononucleated myoblasts and multinucleated myotubes, as
well as fibroblasts, the number of nuclei within each myotube,
area of muscle cells, and size of myotubes can be acquired
from image processing tools, such as ImageJ (Schindelin et al.,
2012). From these data, it is also possible to compute both
the fusion index, which refers to the number of nuclei in
myotubes divided by the total number of nuclei in a microscopy
field of view, and the differentiation index, which is obtained
from the number of nuclei in myosin heavy chain (MyHC)-
positive cells divided by the total number of nuclei in a field.
In this regard, the staining of MyHC can be replaced by other
myofibrillar protein, such as desmin, alpha-actinin, troponin,
tropomyosin, or titin.

One important aspect of chick skeletal myoblasts grown
in vitro is their autonomous muscle differentiation program.
Whereas the exposition of the mouse BC3H1 cell line to
mitogens caused the downregulation of sarcomeric protein
synthesis and cell cycle reentry (Taubman et al., 1989), chick
muscle cells appear not to be subject to the exact same
molecular mechanisms. This is reflected in the non-reliance
of serum starvation to trigger chick myoblast differentiation
into myotubes, unlike immortalized mice, rats, and human cells
(Lawson and Purslow, 2000). For this reason, assays using chick
myoblasts are the most suitable for tracking morphological
and protein/gene expression changes over time during skeletal
myogenesis. An example of this kind of studies is the analysis
of the sequence of expression of muscle-specific proteins in
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FIGURE 1 | Schematic representation of in vitro chick embryonic skeletal myogenesis. (A) Specific cell phenotypes can be characterized during skeletal muscle
development (for more details, see Table 1). Presumptive myoblasts (or pre-myoblasts, shown in beige) are mononucleated (nuclei in blue), round shaped and
proliferative cells that do not express myofibrillar proteins. When these cells withdraw cell cycle, they begin to express desmin (green in the cytoplasm) and they
change to a bipolar shape. These bipolar myoblasts begin to express myofibrillar proteins (red) and they will align with other myoblasts. Cell adhesion and fusion
happens between steps 3 and 5. Muscle differentiation culminates with the formation of long and multinucleated myotubes filled (steps 4 and 5) with contractile
myofibrils (sarcomeres in red). Pre-myoblasts (beige cells), post-mitotic myoblasts (round green cells), bipolar myoblasts (elongated green cells), and fibroblasts
(triangular-shaped and carmine-colored cells) are present in all steps of chick myogenic cultures (steps 1–5). (B) The intracellular distribution of the structural and
signaling proteins flotillin-2 (light blue), beta-catenin (yellow), Lmo7 (brown), and myofibrillar proteins (red) are shown for each specific cell phenotype (myoblasts,
fibroblasts and myotubes) found in chick myogenic cell cultures.

FIGURE 2 | Cell shape changes during in vitro chick myogenesis. Primary cultures of 11-day old chick myoblasts were grown for 24, 48, and 72 h and images were
acquired under phase contrast microscopy. Bipolar myoblasts aligned in a pre-fusion chain-like structure (white arrow) are seen in a 24-h culture (A), while thin
myotubes are already present in a 48-h culture (B) and multinucleated myotubes are present in a 72-h culture (C). Note the presence of fibroblasts in all the images
(A–C, yellow arrows). Scale bar = 10 µm.
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FIGURE 3 | Myoblast adhesion and myotube formation are hallmarks of skeletal myogenesis. (A) Cadherin and beta-catenin accumulate at cell-cell adhesion
contacts in pre-fusion chick myoblasts. In chick myogenic cultures 24 h after cell plating, primary fusion (myoblast-myoblast fusion) can be observed as an intense
immunolabeling of beta-catenin (green, white arrow in A) in continuous lines at cell-cell contacts. Note that beta-catenin is also present in a dot-like pattern in the
whole sarcolemma (green, yellow arrow in A). Scale bar in (A) = 10 µm. (B) Myotubes from chick primary skeletal muscle cultures are multinucleated cells that
contain highly organized myofibrils. Chick skeletal muscle cells were grown in culture for 72 h and stained with antibodies anti-sarcomeric alpha-actinin (green),
anti-desmin (red, yellow arrow in B) and with the nuclear dye DAPI (blue). Note in the merged image the periodical labeling of alpha-actinin in the Z-bands of
myofibrils (white arrow in B), the presence of desmin filaments at the periphery of the myotube (yellow arrow in B) and well-aligned nuclei. Scale bar in B = 10 µm.
(C,D) Myoblasts adhere to myotubes in a secondary fusion process. Chick skeletal muscle cells were grown in culture for 72 h and stained with antibodies
anti-alpha-tubulin (green, C) and with the nuclear dye DAPI (blue, D). Small mononucleated myoblasts (white arrow in C) can be seen at the top of a multinucleated
myotube, which is evidenced by the microtubule staining. DAPI shows the presence of a high number of nuclei in each chick myotube cell (blue, D). Image (A)
shows a 24-h primary myogenic culture, where most of the myoblasts are undergoing primary myoblast fusion (myoblast-myoblast fusion), while image (C) shows a
72-h primary myogenic culture, where secondary myoblast fusion (myoblast-myotube fusion) is frequently observed. Scale bar in (D) = 20 µm.
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TABLE 1 | Characteristics of specific cell phenotypes during chick skeletal myogenesis.

Presumptive myoblast Round myoblast Bipolar myoblast Striated myoblast Myotube

Proliferation status Proliferative Non-proliferative Non-proliferative Non-proliferative Non-proliferative

Desmin expression Desmin-negative Desmin-positive Desmin-positive Desmin-positive Desmin-positive

Myofibrillar proteins
expression

Myofibrillar
proteins-negative

Myofibrillar proteins-
negative

Myofibrillar
proteins-positive

Myofibrillar proteins-
positive

Myofibrillar proteins-
positive

Number of nuclei mononucleated mononucleated mononucleated Mononucleated multinucleated

Presence of striations Non-striated Non-striated Non-striated Striated Striated

Cell shape Round shaped Round shaped Bipolar Bipolar Elongated

The specific cell phenotypes that appear during an in vitro primary culture of embryonic chick skeletal muscle cells are characterized by specific events shown in this
Table (for more details, see Figure 1). The differences between cell phenotypes depicted here are the replication capacity, expression of the muscle-specific intermediate
filament desmin, expression of myofibrillar proteins, the number of nuclei per cell, presence of striations, and cell shape.

TABLE 2 | Pro- or anti-myogenic effects of different molecules/substances during in vitro chick skeletal myogenesis.

Substance name Substance activity Substance concentration References

Enhance myoblast fusion and/or muscle differentiation

Alpha-cyclodextrin Membrane phospholipid depleting
agent

2 mM Possidonio et al., 2011

6-Bromoindirubin-30-oxime (BIO) GSK3b inhibitor 5 µM Portilho et al., 2012

Interleukine 4 (IL-4) Binds to IL-4 receptor 10 ng/mL Possidonio et al., 2011

Isoproterenol (ISO) Beta-adrenergic receptor agonist 100 nM Bastos et al., 2019

Methyl-beta-cyclodextrin (MbCD) Membrane cholesterol depleting agent 2 mM Mermelstein et al., 2005b, 2007;
Portilho et al., 2007, 2012

Wnt-3a Canonical Wnt/beta-catenin pathway
activator

L-Wnt3a-cells conditioned media Portilho et al., 2007

Inhibits myoblast fusion and/or muscle differentiation

Chloroquine Lys05 Lysosomal function inhibitor 1 µM Bagri et al., 2020

4-{[2-[(2-Cyanobenzyl)
thio]-4-oxothieno[3,2-d]pyrimidin-3(4H)-
yl]methyl}benzoic acid
(C3)

S-nitrosoglutathione reductase
(GSNOR) inhibitor

10 µM Yamashita et al., 2017

Cytochalasin B Actin polymerization inhibitor 5 µM Ojima et al., 2016

Dickkopf-related protein 1 (Dkk-1) canonical Wnt/beta-catenin inhibitor 0.1 mg/mL Portilho et al., 2012

Ethylene glycol tetraacetic acid (EGTA) Calcium chelator 1.8 mM Paterson and Strohman, 1972;
Mermelstein et al., 2005a

Forskolin Adenylate cyclase activator 100 µM Baek et al., 1994

Ouabain Na+/K+-ATPase inhibitor 10 µM Oliveira et al., 2015

PD150606 Calpain inhibitor 20 µM Buffolo et al., 2015

Rapamycin mTOR signaling pathway inhibitor 3 µM Bastos et al., 2019

Simvastatin Cholesterol biosynthetic pathway
inhibitor

0.5 µM Portilho et al., 2012

Soluble frizzled receptor (Frzb-1) Wnt pathway inhibitor L-Fzrb1-cells conditioned media Mermelstein et al., 2007

Sonic hedhehog (Shh) Shh pathway activator 10 ng Teixeira et al., 2018

12-O-Tetradecanoylphorbol-13-acetate
(TPA)

protein kinase C activator 10−7 M Cohen et al., 1977

Trifluoperazine (TFP) Calmodulin antagonist 10 µM Bar-Sagi and Prives, 1983

U0126 MEK-ERK pathway inhibitor 10 µM Oliveira et al., 2015

Wnt-5a Non-canonical Wnt pathway activator L-Wnt5a-cells conditioned media Portilho et al., 2007; Bastos et al., 2019

Only studies using embryonic chick muscle cultures obtained from pectoral (breast) skeletal muscle were included in this table. Studies using embryonic chick leg muscles
were not included. Nearly all the studies described in the table used the indicated concentrations of substances over a 24-h period of incubation in vitro.

muscle cells during differentiation in culture (Lin et al., 1994).
Upon terminal cell division, chick myoblasts start to express
genes of myofibrillar and structural proteins in a specific
order before cell fusion. Desmin is the first structural muscle-
specific protein to appear after cell cycle withdrawal and it
is followed by alpha-actin, troponin-I, alpha-actinin, MyHC,
titin, and nebulin in an apparently stochastic order (Lin et al.,

1994). In the period between 15 and 24 h after cell cycle
exit, these contractile proteins first organize into nonstriated
myofibrils and them into striated myofibrils, concurrently with
the expression of myomesin and MyBP-C in the developing
A-bands (Lin et al., 1994).

One of the most studied and yet not completely understood
step of skeletal muscle differentiation is myoblast fusion, which is
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a complex process regulated by several molecules and pathways
(Figures 1–3 and Supplementary Figure 1). Myoblast fusion
in chick cells occurs after 50–65 h of culture, but it takes
about 6 h after the first cell-to-cell contact begin. Cell fusion
usually follows an end-to-end rather than side-to-side alignment
of myoblasts (Fear, 1977). Lipids, proteins, ions, and cell
organelles have been implicated in the fusion of chick myoblasts.
Together, they are part of an extensive and growing list,
which includes cholesterol, sphingosine, inositol phospholipid,
cadherins, calpains, monensin, myomaker, protein kinase C,
acetylcholine receptors, ascorbic acid, okadaic acid, nitric oxide
synthase, Na+-K+-ATPase, prostaglandin, concanavalin A, small
GTPases, cyclic-AMP, cyclic-GMP, interleukin 4 (IL-4), fibroblast
growth factors (FGF), phorbol 12-myristate 13-acetate (TPA),
hyaluronic acid, transglutaminase, calcium, zinc, cesium, oxygen,
vesicles, and the Golgi apparatus (Shimada, 1971; Knudsen and
Horwitz, 1977; Neff et al., 1984; Mermelstein et al., 2005b;
Possidonio et al., 2011; Buffolo et al., 2015; Sieiro et al., 2017).
The above list is extensive, at least in part, because it contains
isolated members (membranar, cytoplasmic, effector and/or
nuclear molecules) of the same intracellular signaling pathways.

Among all these aforementioned players, the membrane lipid
cholesterol is perhaps the one we know best about its role
in myoblast fusion (van der Bosch et al., 1973; Cornell et al.,
1980; Sekiya et al., 1984; Hirayama et al., 2001; Nakanishi
et al., 2001). Cholesterol is a multifunctional molecule involved
in plasma membrane fluidity and permeability, in addition
to take part of the synthesis of steroid hormones and others
biological processes. It also plays a role in the formation
and maintenance of membrane microdomains, which act as
signaling centers (Simons and Sampaio, 2011). Our group have
studied the role of cholesterol and cholesterol-enriched lipid
domains in the sarcolemma of chick myoblast cells by using the
cholesterol depletion drug methyl-beta-cyclodextrin (MbCD).
This drug shows high affinity for membrane cholesterol,
being widely used to extract this molecule from the cell
plasma membrane (Ilangumaran and Hoessli, 1998). Upon
MbCD treatment, the disorganization of lipid rafts induced an
increase in myoblast proliferation and fusion, which led to the
formation of larger spontaneously contracting multinucleated
myotubes (Mermelstein et al., 2005b, 2007; Portilho et al.,
2012). Interestingly, the depletion of cholesterol induced the
translocation of beta-catenin into the nuclei of myoblasts
and the activation of the canonical Wnt/beta-catenin pathway
(Mermelstein et al., 2007; Portilho et al., 2007). A transcriptome
analysis of MbCD-treated chick muscle cells revealed multiple
changes, involving cell proliferation (cell cycle and p53 signaling),
cell adhesion and cytoskeleton (focal adhesion, tight junctions,
adherens junctions, gap junctions, and actin cytoskeleton),
membrane trafficking-related processes (phagosome, lysosome,
and endocytosis), and cell death (apoptosis and autophagy).
Among all transcripts that were affected by cholesterol depletion,
the levels of Lim domain only protein 7 (Lmo7) mRNA
were the most upregulated (Possidonio et al., 2014a, 2016).
Lmo7 is a multifunctional protein that can be found in the
nucleus, cytoplasm and/or at adhesion junctions in many tissues
(Figure 1), with high levels of expression in skeletal muscle,

FIGURE 4 | Protocol for primary culture of embryonic chick myogenic cells.
Schematic representation of the main steps involved in the culture of
embryonic chick pectoral breast muscle cells.

where it has a role as a transcription factor regulating the
expression of many skeletal muscle genes, including Pax3, Pax7,
MyoD, and Myf5 (Holaska et al., 2006; Possidonio et al., 2016).

Recently, two muscle-specific membrane proteins, myomaker
and myomixer, have been identified as fusogenic regulators
in vertebrates (Millay et al., 2013; Luo et al., 2015; Bi et al.,
2017; Chen et al., 2020). Both myomaker and myomixer have
the capacity to directly control the myogenic fusion process.
While the experimental deletion of myomaker blocks myoblast
fusion in cultured muscle cells and in zebrafish, it does not
seem to be involved with other myogenic processes. Mutant
myomaker gene causes the human myopathy Carey-Fineman-
Ziter syndrome (Di Gioia et al., 2017). Myomaker is regulated
by MyoD and myogenin, and its inhibition by miR-140-3p blocks
chick myoblast fusion (Luo et al., 2015). Myomixer (also called
myomerger or minion) is a small transmembrane peptide that
when disrupted prevents myoblast fusion in knockout mice
but its forced expression in non-muscle cells, together with
myomaker, promotes cell fusion (Bi et al., 2017). Myomixer
is also regulated by MyoD and myogenin and its expression
pattern is similar to myomaker. It is likely that myomaker and
myomixer work together, myomaker initiating myoblast fusion
and myomixer expanding the membrane pore (Chen et al., 2020).
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One aspect of the transition between myoblast fusion and
myotube formation that is of particular interest is the movement
and positioning of nuclei derived from mononucleated myoblasts
into newly formed multinucleated fibers (Elhanany-Tamir et al.,
2012; Folker and Baylies, 2013; Volk, 2013; Liu et al., 2020).
Interestingly, Elhanany-Tamir et al. (2012) demonstrated a direct
link between myonuclei positioning and proper muscle function
in Drosophila, which relies on a network of polarized astral
microtubules and KASH proteins that enables the dynamic
movement and uniform spacing between the nuclei in each
muscle fiber. Earlier studies revealed that nuclei of myotubes
can undergo two different movements: (i) translocation along
the long axis of the cell, and (ii) three-dimensional rotation
in either clockwise or counterclockwise directions (Capers,
1960; Cooper and Konigsberg, 1961; Englander and Rubin,
1987). The meaning of these nuclear movements is still elusive
during skeletal myogenesis, but the perinuclear region is
becoming a focus of studies because of its highly dynamic and
specialized concentration of molecules. The juxtanuclear area
of muscle cells preferentially harbor specific organelles, such as
centrosomes and lysosomes, as well as a number of structural and
signaling proteins, such as desmin, Gli-1, and Lmo7 (Figure 1;
Mermelstein et al., 2006; Possidonio et al., 2016; Teixeira et al.,
2018; Bagri et al., 2020).

Interestingly, at the end of skeletal muscle differentiation in
primary chick muscle cell cultures, a single myotube may exhibit
hundreds of nuclei within its cytoplasm (Figure 3), whereas
myotubes formed in cultures of widely used skeletal muscle cell
lines, such as mouse C2C12, rat L6 and L8 cells, and human CL25,
are usually composed by only a few (2–20) nuclei. As mentioned
above, this is probably related to the autonomous nature of the
chick muscle differentiation program. In addition, the formation
of branched myotubes is also a common observation in chick
muscle cell cultures (Konigsberg, 1963), but they have not
been reported in vivo. Their branching appears to occur when
myotubes are not aligned parallel to each other in vitro, which
produces a contact between the end of one myotube and the
lateral surface of another one (Fear, 1977). Furthermore, in vitro
myotubes differ from in vivo myotubes in that the former are
relatively hypernucleated (Okazaki and Holtzer, 1966).

After myoblast fusion, sarcomeres assemble to form
contractile myofibrils in multinucleated myotubes, in a process
called myofibrillogenesis. The formation of a myofibril occurs by
the stepwise addition of several different myofibrillar proteins.
This complex and dynamic process is based on the conversion of
actin microfilament scaffolds decorated with alpha-actinin and
other actin-associated proteins into stress fiber-like structures
(also called pre-myofibrils; Almenar-Queralt et al., 1999). While
these alpha-actinin deposits coalesce into periodically distributed
nascent Z lines, they bind to the Z-line epitope of titin.
Concomitant with the progressive alignment of Z-line molecules,
thick filaments, formed by the muscle isoform of myosin II, are
linked to the nascent myofibrils. Lastly, M-lines are assembled
with the addition of myomesin and other proteins, including
the M-line part of titin (Sanger et al., 2010; Wang et al., 2020).
In summary, the assembly of sarcomeres involves interaction
between two organizing centers, (i) one involves the assembly of

thick filaments and their associated proteins, including titin, and
(ii) the other involves the assembly of thin filaments and their
associated proteins, forming the I-Z-I complex (Hill et al., 1986).
Myofibril assembly is based on force transduction through the
attachment of myofibrils to the sarcolemma and, through cell
adhesion complexes, to the extracellular matrix.

A great advantage of the primary culture of chick muscle
cells, besides its reliability and independence of differentiation
stimuli, is the possibility of observation of molecules (proteins,
lipids and RNAs) in cells at single cell- and/or at subcellular-
levels. In opposition to biochemical analysis, where a whole cell
culture extract (a mixture of different cells) is analyzed, in chick
muscle cultures, unlabeled or fluorescently labeled-live cells can
be observed at high resolution microscopy and provide valuable
information of the behavior and structural characteristics of
different myogenic cell phenotypes (proliferative myoblasts, post-
mitotic myoblasts, fibroblasts, young myotubes, and mature
myotubes). Importantly, chick skeletal muscle cell cultures have
some disadvantages, such as the lack of widespread genetic
manipulations, which are cutting edge approaches in other
animal models of myogenesis, such as the fruit fly Drosophila
(Bryantsev et al., 2019). Nevertheless, the genetic approach
weakness of the chick muscle culture model has been, in part,
surpassed by some recent advances in the transfection of chick
cultured cells with siRNA targeted to specific proteins and
fluorescent/luminescent protein reporter systems (Mermelstein
et al., 2007; Possidonio et al., 2016; Yamashita et al., 2017; Bagri
et al., 2020; de Andrade Rosa et al., 2020).

It is important to mention that chick primary muscle cell
cultures have been used in the last 70 years as a two-dimensional
(2D) layer of cells, and a recent study reported a promising
work using three-dimensional (3D) chick skeletal muscle cell
cultures to promote muscle differentiation (Gupta et al., 2021).
These authors harvested thigh muscle cells from 10-day-old
chick embryos, seeded them onto gelatin hydrogels and observed
that myoblasts fused into aligned, multinucleated myotubes with
robust sarcomere formation in long-term cultures. These results
open new venues for engineered in vitro models of skeletal
muscle which could be useful as platforms for muscle tissue
development, function, disease, injury, and drug responses in a
controlled setting.

A DETAILED PROTOCOL FOR
CULTURING CHICK MUSCLE CELLS

One of the first protocols described for the culture of primary
chick embryonic muscle cells is quite simple and therefore widely
used (Figure 4; Haba et al., 1966). Briefly, pectoral muscle tissue
is removed from 11-day old chicken embryos (usually obtained
from a certified poultry farm) with the use of fine watchmaker
forceps (N◦ 5). It is crucial to use all sterile materials and
reagents, being extremely careful during the entire cell culture
procedure to avoid unwanted contaminants (mostly, bacteria,
fungi, or mycoplasma). After separation of the connective tissue
under a dissecting scope, muscle tissue is minced with surgery
knives and digested with 0.025% trypsin at 37◦C for 20–30 min
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FIGURE 5 | Number of papers on primary culture of embryonic chick myogenic cells per year. Distribution of publications retrieved from PubMed. The retrieved
dataset only included papers until the year of 2020.

FIGURE 6 | Journals that published most papers on primary culture of embryonic chick myogenic cells. Number of papers by journal, as indicated. The retrieved
PubMed dataset only included papers until the year of 2020.

in a 5% CO2 incubator. To stop the digestion, a small volume
of 8-1-0.5 medium (Minimum Essential Medium with 10%
horse serum, 0.5% chick embryo extract, 1% L-glutamine, and
1% penicillin-streptomycin) is added to the sample, which is
then centrifuged at 300 × g for 5 min. After removing the
supernatant, the pellet is suspended in 8-1-0.5 medium and
filtered through a 70 µm nylon cell strainer to produce a
mononucleated cell suspension. Isolated mononucleated cells
are counted using a hemocytometer chamber and then plated
onto collagen-coated dishes, flasks, multi-well, or coverslips for
optimal adhesion. In our experience, an initial density of 7.5
× 105 cells/35 mm culture dish in 2 mL of 8-1-0.5 medium
is ideal for muscle differentiation. After the first 24 h after
plating, cultures are fed daily with fresh 8-1-0.5 medium and kept
in a humidified 5% CO2 atmosphere at 37◦C. It is important
to observe muscle cultures every day under a phase contrast
microscope to evaluate cell proliferation, death and density,

as well as cell adhesion, elongation, myoblast fusion and the
formation of multinucleated myotubes.

Initially, primary cultures of chick myogenic cells
are composed by two major mononucleated cell types,
myoblasts, and fibroblasts. Under phase contrast microscopy,
mononucleated myoblasts are bipolar, with a central cytoplasmic
expansion containing a phase dark nucleus, and two cytoplasmic
processes. Differently, mononucleated fibroblasts are triangular
or pleomorphic, with a less dense nucleus and a granular
cytoplasm (Fear, 1977). In addition, chick myoblasts and
fibroblasts can be also distinguished by their nuclear morphology
and DNA content as revealed by a fluorescent nuclear probe,
such as DAPI. In DAPI-stained chick myogenic cultures, muscle
fibroblasts show large flattened pale nuclei, whereas myoblasts
exhibit small round bright nuclei (Yamashita et al., 2017). The
use of specific protein markers can also aid to identify each
cell type. Myoblasts are positive for the intermediate filament
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FIGURE 7 | Number of apers by last author. (A) Number of papers by journal, as indicated. (B) Pie chart depicting the relative proportion of journals grouped by the
number of published papers on the subject. The retrieved PubMed dataset only included papers until the year of 2020.

desmin (Costa et al., 2004), whereas fibroblasts are negative
for desmin and positive for the vesicle-associated protein
flotillin-2 (Possidonio et al., 2014b). Thus, the percentage of
myoblasts can be calculated by the double-staining of 24-h
cultures with a nuclear dye, such as DAPI, and a muscle-
specific protein marker, such as an anti-desmin antibody.
Subsequently, it is only necessary to count the number of
desmin-positive mononucleated cells out of the total number
of cells in the field. On average, myoblasts make up 80% of
each culture and non-myogenic cells comprise 20%. Additional
immunolabeling with an antibody against flotillin-2 can confirm
that all non-myogenic cells in these cultures are fibroblasts

(Possidonio et al., 2014b). If necessary, it is possible to treat
24-h chick muscle cultures with anti-mitogenic drugs such
as 1 µg/mL of arabinoside cytosine (ara-c) to reduce the
number of fibroblasts. As an alternative to further decrease
the number of fibroblasts in these cultures, is to use the
differential adhesion characteristics of myoblasts and fibroblasts
to the culture dish surface. More specifically, myoblasts are
more loosely attached to the plastic surface than fibroblasts
(Kaighn et al., 1966; Richler and Yaffe, 1970). Nevertheless,
fibroblasts are important to muscle cell differentiation in
culture, since they secrete many components of the extracellular
matrix, such as collagen, laminin, and fibronectin, as well
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FIGURE 8 | Countries and institutions that harbored most papers on primary culture of embryonic chick myogenic cells. (A) Number of papers by country of the
leading institution, as indicated. (B) Number of papers by leading institution. We defined the leading institution as the first affiliation depicted in the retrieved
Dimensions dataset, which included publications until the year of 2020.

as numerous growth factors (Chapman et al., 2016). Their
use in chick muscle cultures mimic the in vivo environment,
where bundles of muscle fibers are in close association with
fibroblast enriched-connective tissue (in the endomysium,
perimysium, and epimysium). Chick muscle cells can grow
up to 15 days in culture and after that, myotubes begin
to detach from the culture dish because of their size and
intense contraction.

Chick myogenic cells are platted on rat tail collagen-coated
dishes. Collagen I is the main component of collagen fibers found
in rat tails and it is also one of the main components found
in the connective tissue layers (endomysium, perimysium, and
epimysium) that envelops muscle fibers. It has been shown that
collagen provides an ideal extracellular matrix substratum for the
adhesion, survival, growth, and differentiation of chick muscle

cells grown in vitro (Haba et al., 1975). Collagen I enriched
solutions can be easily prepared from rat tails (either frozen or
freshly isolated from rats). Briefly, rat tails (between 3 and 10) are
soaked in a Balanced Salt Solution (BSS, Gibco, United States)
for 24 h at 4◦C. Then, they are placed in 95% ethanol solution
and collagen fibers are isolated by pulling them out of the
tails with the use of scissors and forceps. Finally, the isolated
collagen fibers are trimmed into small pieces and immersed in
1% acetic acid solution (60–100 mL per rat tail) for 48 h under
at 4◦C, for the degradation of collagen fibers. This solution is
then centrifuged at 5,000 rpm for 15 min and the supernatant is
collected and stored in 50 mL tubes at −20◦C for up to 2 years.
The viscosity of the final collagen solution needs to be verified
and further dilution with acetic acid are usually needed prior to
use in cell dishes.
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FIGURE 9 | Vocabulary analysis of the articles using chick muscle cultures. (A) A word cloud was generated using the titles of articles on primary culture of
embryonic chick myogenic cells. This method gives greater prominence to frequent words. (B) Word frequency list. The retrieved PubMed dataset only included
papers until the year of 2020.

A BIBLIOMETRIC GLIMPSE OF THE
CONTRIBUTIONS OF CHICK CELL
CULTURE TO THE STUDY OF SKELETAL
MYOGENESIS

To evaluate the contribution of chicken cell culture to the field of
skeletal myogenesis, we performed exploratory analyses of data
retrieved from the PubMed1 database. The query was performed
on January 31, 2021 by using the following descriptors:
(development OR differentiation OR myogenesis) AND (muscle
OR myogenic OR muscular) AND (chick OR chicken) AND

1https://pubmed.ncbi.nlm.nih.gov/

(vitro OR culture). We found a total of 3032 articles in a period
that spanned the years 1916–2020 (Figure 5). The early years
(1916–1963) exhibited only one or two articles published per year,
whereas years 1964–1995 showed a continuous and significant
increase in the number of publications, which reached a peak
in 1995 with more than 100 papers in a single year (Figure 5).
In turn, the years 1996–2011 revealed a decline in publications
per year, until reaching a fairly regular plateau of 30–40 papers
per year in between 2012 and 2020. The higher number of
publications observed from 1972 to 1989 may be associated with
the extensive use of chick cell culture in seminal studies of muscle
development. Despite a relative drop in numbers of papers in
recent years, it is relevant to note that the culture of chick muscle
cells continues to be used nowadays. This trend is probably
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related to the tweaking of new molecular and cellular biology
techniques to be used in chick cell cultures. Among them, we
can cite tools to study gene function through cell transfection,
such as plasmids for reporter-based assays (such as TOP-Flash
assay for the Wnt/beta-catenin pathway), gene overexpression,
siRNA-dependent knockdown, or CRISPR-based gene editing
(Mermelstein et al., 2007; Possidonio et al., 2016; Yamashita et al.,
2017; Bagri et al., 2020; de Andrade Rosa et al., 2020).

We then delve into the main players of the chick muscle
cell field. The scientific journals that published most of the
studies using culture of chick muscle cells in the evaluated
period were Developmental Biology, Journal of Cell Biology,
Experimental Cell Research, Journal of Biological Chemistry,
Proceedings of the National Academy of Sciences (PNAS),
Development, and Developmental Dynamics. The top 30 journals
that published papers on in vitro chick myogenesis are on the
fields of developmental biology, cell biology, and biochemistry, in
addition to a few multidisciplinary journals (Figure 6). However,
more than half of the journals that communicated papers which
used chick cell culture published only one paper, whereas about
9% of the identified journals were responsible for reporting
more than 10 papers in the period (Figure 6). In addition,
we examined the researchers involved in these publications.
The largest contributor in number of articles using culture of
chick muscle cells was Professor Howard Holtzer, from the
University of Pennsylvania (United States), with 43 publications
(of these, 32 as the last author; Figure 7). Then, Professor
Frank E. Stockdale, from Stanford University (United States)
also used this model in 30 studies (of these 25, as the last
author). A list of the top 30 researchers that used culture
of chick cells and their respective numbers can be found in
Figure 7. The list of the top 30 researchers is in accordance
with the lists of organizations/institutions and countries that have
harbored the largest number of studies using chick muscle cells
(Figure 8). Many of the researchers found in the list of major
contributors of the chick muscle research field were members of
the Pennsylvania Muscle Institute2 (PMI, United States), which is
an interdisciplinary group of research investigators whose goal is
to discover the mechanisms of muscle function, muscle disease,
muscle contraction and development.

To perform these analyzes, we used data retrieved from
the Dimensions database3 using the same descriptors as query,
since PubMed did not provide this information. Lastly, we
questioned ourselves what subjects/themes were most used
in articles using chick muscle cell cultures. To answer this
question, we gathered all the titles from the retrieved papers
and examined the word frequency upon lemmatization (Peng
et al., 2020; Yuhao et al., 2020). We separated our analysis in
two groups: articles published between 1916–1985 and 1986–
2020, to be able to compare possible word differences over
the years. As expected, the used descriptors (“cell,” “embryo,”
and “skeletal”) were found among the most common words
(Figure 9). Should we disregard them for subsequent analysis,
we observed some interesting differences over the years in the

2https://www.med.upenn.edu/pmi/
3https://app.dimensions.ai/discover/publication

use of specific words in papers in the chick muscle cell culture
field. A higher frequency of cellular process-related words (e.g.,
“expression,” “regulation,” “growth,” “gene,” and “proliferation”)
was observed in the later years (1916–2020), whereas a higher
frequency of words related to molecules, structures or organelles
(“acetylcholine,” “membrane,” “creatine,” “DNA,” and “RNA”) was
observed in the early years (1986–1985) (Figure 9). These data
points to the evolution of the muscle biology field from mostly
descriptive studies toward a mechanistic understanding of muscle
cell structure and function, including how different intracellular
signaling pathways and networks regulate gene expression and
cell physiology in muscle.

SUMMARY

The collection of data presented here point to the robustness of
chick myoblast culture as a tool for the understanding of the role
of different molecules and signaling pathways during the skeletal
muscle differentiation program. We expect that by describing
the major findings, and their advantages, of the studies using
the embryonic chick myogenic model we will foster new studies
on the molecular and cellular processes involved in muscle
proliferation and differentiation that are more similar to the
actual in vivo condition than the muscle cell lines.
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Aging generally coincides with a gradual decline in mass and strength of muscles
and bone mineral density (BMD). Sarcopenia is closely linked to osteoporosis in the
elderly, which can lead to abnormal gait, balance disorders, and dysfunctions, as well as
increase in the risks of falls, fractures, weakness, and death. MicroRNAs (miRNAs, miRs)
are a kind of short and non-coding RNA molecules but can regulate posttranscriptional
protein expression. However, we have known little about their participation in age-
associated osteoporosis and sarcopenia. The current study aims to confirm those
miRNAs as biomarkers for age-related reduction in muscular atrophy associated with
human blood fractures. In our study, 10 fracture-risk-related miRNAs (miR-637, miR-
148a-3p, miR-125b-5p, miR-124-3p, miR-122-5p, miR-100-5p, miR-93-5p, miR-21-
5p, miR-23a-3p, and miR-24-3p) were analyzed. For the initial screening, we determined
the abundance of fracture-risk-associated miRNAs by RT-PCR most frequently detected
in enrolled 93 elderly with sarcopenia and non-sarcopenia, respectively. Statistically,
the relative expression levels of plasma miR-23a-3p, miR-93-5p, and miR-637 in the
sarcopenia group were significantly lower than that in the non-sarcopenia group, while
the levels of other miRNAs did not change significantly. Moreover, we showed that the
levels of ASM/height2, handgrip strength, and 4-m velocity in the sarcopenia group
were significantly lower than in the non-sarcopenia group. Whereafter, we expanded
the sample for further detection and analysis and revealed that the levels of plasma
miR-23a-3p, miR-93-5p, and miR-637 in the sarcopenia group were significantly lower
than that in the non-sarcopenia group, which is consistent with the initial screening
experiment. From our analysis, changes in levels of plasma miR-93-5p and miR-
637 were dramatically related to ASM/height2. Furthermore, changes in miR-23a and
miR-93-5p were significantly affected by ASM/height2 in female individuals, with no
significant correlations between miRNAs changes and these diagnostic indexes in male
individuals after adjusting sex. The study showed that plasma miRNAs changed in an
aging-related sarcopenia manner and were associated with increased fracture risk.
In aging patients, plasma miR-23a-3p, miR-93-5p, and miR-637 have the potential
as biomarkers of sarcopenia, which can affect the development of physiological
dysfunction and may be also used in the fracture risk assessment of these patients.
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INTRODUCTION

Sarcopenia is a common geriatric syndrome (Marzetti et al., 2017;
Larsson et al., 2019; Tournadre et al., 2019). In normal aging,
a gradual decline occurs after a maximum of about 30 years
of age and a decline of 20–40% annually after 40 years of age,
leading to corresponding muscle dysfunction, which also can
be considered as one of the indicators of frailty in the elderly.
Currently, sarcopenia is defined as a clinical syndrome related
to aging-related loss such as skeletal muscle mass, strength, and
function, which will cause an increase in the risk of occurring
physical disability, poor quality of life, and mortality (Landi et al.,
2018). Sarcopenia has widespread seriousness of harm, which will
lead to abnormal gait, balance disorders, and incapacitation, with
an increased risk of falls, fractures, weakness, and death in the
elderly (Yang et al., 2019). It also can be regarded as a factor of
risk for poor prognosis of some chronic diseases such as cirrhosis,
type 2 diabetes, and tumor (Angulo et al., 2016). Therefore,
effective measures should be taken to slow down or even reverse
the progression of sarcopenia in the elderly to the occurrence
of adverse clinical outcomes, with the improvement in patients’
quality of life. Exercise is positive to the muscle strength and
body function in the elderly. Nutritional supplementation can
improve the exercise effect of healthy people and can improve
the effect of an exercise intervention on sarcopenia. Given the
positive role of resistance exercise on human muscle mass,
more and more studies have added resistance exercise to the
treatment of sarcopenia. A study showed that one cycle (12–
16 weeks) of resistance training increased the subjects’ thigh
circumference by 11.4% and muscle volume by 3.8% (Van Roie
et al., 2013). What is more exciting, plenty of studies have proved
that muscle growth caused by resistance exercise can occur at
any age, even elderly people in their 1990s (Hunter et al., 2000;
Westcott, 2009). According to Khadijeh et al., exercise in water
can improve muscular balance and muscle strength and provide
appropriate postural mobility without the fear of falling in older
adults with inappropriate body shapes (Irandoust et al., 2018).
Studies have shown that regular physical activity can reduce
abdominal fat intake, improve musculoskeletal control, reduce
lower back pain, and improve the quality of balance and walking
speed in the elderly (Irandoust et al., 2018, 2019). Similarly,
pilates exercise can decrease body fat mass and improve muscle
atrophy, balance, and walking speed in inactive middle-aged
women (Seghatoleslami et al., 2018). It was shown that skeletal
muscle atrophy and skeletal muscle strength were significantly
improved in elderly patients with sarcopenia after adequate
vitamin D and amino acid treatment (Bauer et al., 2015). It is now
thought that nutrition combined with exercise can better improve
muscle strength and function. Studies have found that combining
resistance exercise with protein and vitamin D supplements is the
most effective way to improve sarcopenia or myasthenia in the
elderly (Anton et al., 2018; Yamada et al., 2019; Eshaghi et al.,
2020). However, the complex pathogenesis of sarcopenia and
numerous influencing factors have not been fully understood.

As the society gets aging, the prevalence of musculoskeletal
diseases is growing rapidly, showing that bone is closely
related to muscle tissue: both of them are not only adjacent

to the anatomical location but also have common paracrine
and endocrine regulation, similar molecular signal regulation
pathways, and common therapeutic targets and drugs (Bonewald
et al., 2013; Girgis, 2015), which are biologically and functionally
in line with increasing the risks of fracture in the elderly
(Wong et al., 2019). Aging is involved in the loss of bone
and muscle functions (Laurent et al., 2019). In particular,
losing mass, strength, and function of muscles allied to aging
significantly increases the risks in causing osteoporosis and
fractures; furthermore, age-related decline in bone strength will
also significantly increase the incidence of sarcopenia (Edwards
et al., 2015; Oliveira and Vaz, 2015). The increased risk in causing
fracture in patients with sarcopenia and osteoporosis is due to
decreased muscle mass and strength, decreased bone density,
and limited movement (Tarantino et al., 2016; Steihaug et al.,
2017). Elderly people with sarcopenia are three times more likely
to fall, and there is growing evidence that sarcopenia is closely
linked to fractures (Marques and Queirós, 2018; Yeung et al.,
2019). On top of that, there have been recent reports of a high
prevalence of sarcopenia in patients with fractures, which is
alarming for clinicians. However, there are currently still few
clinical data to suggest that there is a causal relation between
osteoporosis and sarcopenia.

MicroRNAs (miRNAs) are endogenous, non-coding RNAs
that are 19–25 nucleotides long, which are able to achieve
negative regulation of gene expressing at the posttranscription
level through degradation or translational inhibition of
messenger RNA (mRNA) (Saliminejad et al., 2019). A single
miRNA, as a central regulator of gene networks, can directly or
indirectly regulate the expression of hundreds of gene targets,
which may be regulated by a suite of miRNAs as well. miRNAs
are critical in various physiological and pathological processes
including sarcopenia with its deregulation (Soriano-Arroquia
et al., 2016; Yin et al., 2020). Interestingly, miRNAs are very
stable and can be easily detected in blood circulation (e.g.,
plasma), where the profile of miRNAs can reflect health status,
suggesting that circulating miRNAs (c-miRNAs) are considered
as new, potential, and even more sensitive biomarkers for
disease diagnosis and related treatment (Kosaka et al., 2010;
Zendjabil et al., 2017; Gareev et al., 2020), whose signature for
patients with osteoporotic fractures has been reported. The
level of one of these osteoporosis-associated miR-21-5p and
other nine related ones has been predicted to be fracture risk
in patients with osteoporosis more recently (Seeliger et al.,
2014; Panach et al., 2015; Kocijan et al., 2016; Kelch et al.,
2017). It has recently been reported that muscles and bones
are regulated by many common genes, endocrine regulatory
networks, and signaling pathways. These common molecular
regulations can significantly increase the incidence of sarcopenia
and osteoporosis in the elderly, which often coexist (Chen et al.,
2019; Reiss et al., 2019). Considering that bone and muscle are
closely related to mechanotransduction and metabolic signaling,
we can reasonably assume that sarcopenia can be assessed by
measuring bone-specific c-miRNAs which can reflect resorption
and formation of bones. Nevertheless, the regulation of c-miRNA
in osteoporosis, fractures, tendonopenia, and a variety of other
human conditions has not been totally understood yet.
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Finally, considering the link between bone and muscle in
mechanotransduction and metabolic signaling, osteoporosis and
sarcopenia are both key factors in fractures, which may be
useful to contain sarcopenia status in fracture risk model. Thus,
this study is mainly to explore the relationship between well-
functioning specific circulating miRNAs and reduced muscular
atrophy and fracture risk in the elderly, and second, it is to
determine the associations between these specific c-miRNAs
and musculoskeletal variables. Specifically, we identified changes
in circulating miRNA levels in the elderly with and without
nodular reduction. More longitudinal studies are needed to assess
whether circulating miR-23a-3p, miR-93-5p, and miR-637 have
the potential as biomarkers of sarcopenia in the elderly.

MATERIALS AND METHODS

Study Population
In the present study, participants were chosen from Ximen
Community of Ningbo, China. There were 1,047 elderly
people aged 65 years old or more who were involved in
our examination and completed a comprehensive geriatric
assessment from November 2016 to March 2017. Inclusion
criteria were the following: people aged 65 years old or
more who were eligible to participate and people who can
independently finish a comprehensive geriatric assessment,
including tests of walking speed, grip strength and muscle
mass. Exclusion criteria were the following: people refusing to
take part in this study, people failing to complete the items
that they were required to be inspected independently, and
people who were aged <65 years old. Based on the above
criteria, participants with the record of hand strength, 4-m
speed or body composition (n = 28), or measurement of
baPWV (n = 13) or the filled questionnaire (n = 4) were
excluded. Thus, a total of 1,002 participants were analyzed.
According to the diagnostic criteria of the Asian Working
Group for Sarcopenia (AWGs) for sarcopenia, the participants
were further divided into sarcopenia group (n = 93) and
non-sarcopenia group (n = 93), as the matching factors
of gender and age.

The study was carried out in accordance with the principles
of the Declaration of Helsinki. All participants were informed in
advance of the procedures, benefits, and probable adverse events
associated with the protocol. Study subjects provided written
informed consent, including permission to use the collected data
for research purposes only. The study protocol has been approved
by the Ethics Committee of Ningbo No. 2 Hospital.

Definition of Sarcopenia
Sarcopenia was diagnosed as low muscle mass, low muscle
strength, and/or low physical performance by the Asian Working
Group for Sarcopenia (AWGS) criteria. For low muscle mass,
ASM/Ht2 was <7.0 kg/m2 for male and 5.7 kg/m2 for female
individuals, respectively. For low muscle strength, male handgrip
strength was <2 kg, and female handgrip strength was <18 kg,
respectively. Four-meter walking velocity <0.8 m/s could low
physical performance.

Assessment of Muscle Strength and
Physical Performance
The direct segmental multifrequency bioelectrical impedance
analysis was used to analyze body composition features.
Appendicular skeletal muscle mass (ASM) was summed as the
total skeletal muscle in arms and legs. Relative skeletal muscle
mass index (ASM/Ht2) was defined as ASM divided by height
squared in meters. Muscle strength was collected to the nearest
0.1 kg with an accurate handgrip dynamometer. Four-meter
walking speed was tested on a straight corridor with a 6-m
mark on the ground.

Other Measurements
Each participant was asked about age, sex, occupation,
medical history, drug intake, smoking, and drinking habits
via standardized questionnaires by experienced staff. Height
and waist circumference were measured to the nearest 0.5 cm.
Body mass index was weight in kilograms divided by the height
squared in meters. Office blood pressure was measured with the
Omron HEM-1300 monitor (Omron Healthcare, Inc., Kyoto,
Japan). After resting in the sitting position for at least 5 min,
the subjects took three blood pressure readings in a row, as
recommended by the European Society of Hypertension. In
the analysis, the mean office hypertension of three readings
was blood pressure (BP) of at least 140 mmHg systolic or
90 mmHg diastolic.

In order to evaluate bone mineral density (BMD), all
the participants underwent calcaneal ultrasound osteometry,
with the analysis of BMD according to the manufacturer’s
recommendations. Results were expressed as T-scores. T-value
was obtained by subtracting the measured value from the peak
value of normal young people’s bones. The smaller the difference,
the better the bone quality. This value is used to diagnose
osteoporosis and predict fracture risk.

Each participant was assessed for physical activity function
through the International Physical Activity Questionnaire
(IPAQ), which was designed specifically to assess physical activity
in epidemiological studies of people over 65 years old.

Venous blood samples were obtained after overnight fasting,
for the automatic enzymatic analysis on serum total cholesterol,
high density lipoprotein cholesterol, serum creatinine, uric acid,
and plasma glucose. Hypertension was caused by a previous
diagnosis or the use of antihypertensive drugs. Diabetes mellitus
was defined as having a glycosylated hemoglobin level of 7.0%
or higher, taking antidiabetic medications, or having a history of
diabetes. Dyslipidemia was defined as having a total cholesterol
concentration higher than 5.0 mmol/L, with high-density
lipoprotein (HDL) below 1.2 mmol/L in women or 1.0 mmol/L
in men, or having been on lipid-lowering medications.

International Physical Activity
Questionnaire-Short Forms
The short IPAQ administered by the interviewers determined
the frequency and duration of moderate and vigorous leisure,
transportation, and occupational physical activity, walking
physical activity, and inactivity during the past week. IPAQ
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has created three physical activity categories, namely, walking,
moderate intensity, and high intensity.

Participants are asked about the frequency of different
intensity activities in 1 week and the accumulated time of each
day. Each question was set up with examples of moderate,
vigorous, and walking activity for the participants to choose
from, along with physiological cues for breathing and heart
rate to help them recall activity at the appropriate intensity.
One metabolic equivalent task (MET)-minute is defined as the
intensity of a MET multiplied by the minutes of activity weekly.
A MET roughly equals to active metabolic rate divided by resting
metabolic rate, which represents the energy expended while
sitting quietly at rest (21). MET intensity levels used for the
iPAQ score are vigorous (8.0 METs), moderate (4.0 METs), and
walking (3.3 METs). The principle of data outlier elimination
is as follows: First, the daily cumulative time of each activity
needs to be converted into minutes. Any missing data on activity
frequency or time will not be included in the analysis. Assuming
that each person had at least 8 h of sleep per day, if the cumulative
time of three kinds of physical activity reported by the individual
exceeded 960 min (16 h) per day, the individual was not included
in the analysis.

Plasma Sampling and RNA Isolation
To obtain plasma, in silicone-coated serum tubes with increased
silica act clot activator, venous blood was collected and then
treated within 1 h after collection. The blood samples were
separated by centrifuge at 845 × g, at 4◦C for 15 min, with plasma
and erythrocytes separated. Plasma were collected in aliquots into
RNase/DNase-free tubes and stored at −80◦C for further analysis.

Total RNA was isolated from the plasma with a mirVana
PARIS isolation kit (Ambion, Austin, Texas) under the
manufacturer’s instructions. To avoid discrepancies in results,
all samples were extracted and analyzed in a single batch to
minimize repeated freeze–thaw cycles of plasma samples. Briefly,
total RNA was extracted from 400 µl of plasma. After adding the
same volume of denaturing solution, the plasma miRNA level was
normalized by adding 50 pmol/L of Caenorhabditis elegans miR-
39 (cel-miR-39) as the peak control. All the samples were eluted
with 100 µl of RNAse-free water.

Analysis of Circulating miRNAs
The iScript complementary DNA (cDNA) reverse transcription
kit (Bio-Rad) was used to reverse transcribe into cDNA from
RNA. miRNA expressions were detected by Bulge-Loop TM
miRNA qPCR Primer Sets (RiboBio) and quantitative reverse
transcription polymerase chain reactions (qRT-PCRs) with
iTaqTM Universal SYBR Green Supermix (BIO-RAD) to quantify
circulating miRNA levels. An Applied Biosystems 7900HT Fast
Real-Time PCR device was used to perform all qRT-PCR
reactions in triplicate. The patients with Ct values <35 were
accepted for the analysis. The amplification efficiency of reference
and studied miRNAs is near 100%, and the difference between
the reference and studied miRNAs are <5%. Each sample was
normalized to a reference sample across the plates. 1Ct values
equals 1Ct = mean CtmiR−X − mean CtmiR(reference). The formula

2(−1 1 Ct) was used to calculate the fold-change of RNA species
with Cel-miR-39 as spike-in control.

Statistical Analysis
GraphPad Prism 6 software (La Jolla, CA, United States)
was used to performed statistical analysis. Means ± standard
deviation (SD) represents subject characteristics, biochemical
measurements, and general echocardiographic indexes. Through
the analysis on qRT-PCR data, the 2−1 1 Ct method was used
to calculate the relative expression level for each miRNA, and
data were as mean ± SD. An appropriate t-test was performed
on the unpaired samples to analyze the miRNA changes. The
Pearson’s method was used to conducted the correlation analysis
between changes in circulating miRNAs and diagnostic indexes
of sarcopenia (ASM/height2, handgrip strength and 4-m velocity)
as appropriate for data distribution. P < 0.05 showed the
statistical significance.

RESULTS

Participant Characteristics
The cohort used in this study was in accordance with previously
reported (Zhang et al., 2019). The characteristics of the
participants in the different groups are shown in Table 1.
The height was higher in the no-sarcopenia group than in
the sarcopenia group (159.73 ± 0.78 vs. 156.03 ± 0.74,
p < 0.05). Body mass was greater in non-sarcopenia group
than that in sarcopenia group (64.72 ± 1.19 vs. 52.97 ± 0.80,
p < 0.05). The mean BMI was statistically significantly higher
in the non-sarcopenia group than that in the sarcopenia
group (25.32 ± 0.41 vs. 21.75 ± 0.29, p < 0.05). These data
confirmed that the underweight condition of sarcopenia is
frequent. Both groups had similar levels of diabetes mellitus. The
incidence of hypertension was significantly higher in the non-
sarcopenia group than that in the sarcopenia group. The detailed
anthropometric indexes of these participants are indicated
in Table 2. ASM/height2, handgrip strength, knee extension,
and 4-m velocity were significantly lower in the sarcopenia
group than those in the non-sarcopenia group (p < 0.05).
BMD, osteoarthritis, and physical activity scale were used for
participants’ fracture evaluation. As expected, patients with
sarcopenia had a higher incidence of reduced BMD, reduced daily

TABLE 1 | Clinical characteristic of participants.

Clinical parameters Non-sarcopenia (n = 93) Sarcopenia (n = 93) P

Age (years) 76.19 ± 0.58 76.15 ± 0.58 >0.05

Gender (male/female)

Male 34 (36.6%) 34 (36.6%)

Female 59 (63.4%) 59 (63.4%)

Height (cm) 159.73 ± 0.78 156.03 ± 0.74 <0.05

Body mass (kg) 64.72 ± 1.19 52.97 ± 0.80 <0.05

BMI (kg/m2) 25.32 ± 0.41 21.75 ± 0.29 <0.05

Hypertension 83 (89.2%) 72 (77.4%) <0.05

Diabetes mellitus 38 (40.8%) 26 (27.9%) >0.05
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TABLE 2 | Anthropometric indexes of participants by sarcopenia status.

Anthropometric indexes Non-sarcopenia
group

Sarcopenia group p

ASM/Height2 (kg/m2) 6.71 ± 0.10 5.63 ± 0.07 <0.05

Handgrip strength (kg) 24.18 ± 0.94 17.33 ± 0.55 <0.05

4-m velocit y (m/s) 1.12 ± 0.02 1.00 ± 0.03 <0.05

Knee extension (kg) 19.93 ± 0.81 14.76 ± 0.59 <0.05

physical activity index, and osteoarthritis, indicating a risk of
fracture, compared with those without osteopenia (Table 3).

Decrease in Fracture Risk-Associated
Circulating MiR-23a-3p, MiR-93-5p, and
MiR-637 in Response to Sarcopenia in
the Elderly
The expression of fracture risk-associated miRNAs [miR-21-
5p (Seeliger et al., 2014), miR-23a-3p (Seeliger et al., 2014;
Perksanusak et al., 2018), miR-24-3p (Kelch et al., 2017; Verdelli
et al., 2020), miR-93-5p (Seeliger et al., 2014; Kelch et al., 2017),
miR-100-5p (Ding et al., 2019), miR-122-5p, miR-124-3p (Qadir
et al., 2015; Tang et al., 2017; Zou et al., 2017), miR-125b-5p
(Lisse et al., 2013), miR-148a-3p (Hong et al., 2013; Verdelli et al.,
2020), and miR-637 (Zhang et al., 2011; Gámez et al., 2014)]
were determined. For the initial screening, we determined the
expression level of miR-21-5p, miR-23a-3p, miR-24-3p, miR-93-
5p, miR-100-5p, miR-122-5p, miR-124-3p, miR-125b-5p, miR-
148a-3p, and miR-637 by RT-PCR most frequently detected in
enrolled 93 sarcopenia elderly and 93 non-sarcopenia elderly
plasma. The findings indicated that the levels of plasma miR-
23a-3p, miR-93-5p, and miR-637 significantly decreased in the
sarcopenia group compared to those in the non-sarcopenia
group. On the contrary, miR-21-5p, miR-24-3p, miR-100-5p,
miR-122-5p, miR-124-3p, miR-125b-5p, and miR-148a-3p did
not change dramatically (Figure 1). According to continuous
analyses, the experimental sample size was further expanded
to verify the expression trend of these miRNAs that were
differentially expressed, showing that the levels of miR-23a-3p,
miR-93-5p, and miR-637 significantly decreased in the sarcopenia
group compared to that in the non-sarcopenia group (Figure 2).
The insulin signal decreases with age and is a special problem
in patients with diabetes mellitus, which may be related to the
c-miRNA response. We have excluded patients with diabetes
mellitus from the analyzed data, suggesting that the levels
of plasma miR-23a-3p, miR-93-5p, and miR-637 significantly
decreased in the sarcopenia group compared to that in the non-
sarcopenia group, with the same profile as the ones with diabetes
mellitus (Supplementary Figure 1).

Changes in Fracture Risk-Associated
MiR-23a-3p, MiR-93-5p, and MiR-637
Correlate With ASM/height2, Handgrip
Strength, or 4-M Velocity
The AWGS criteria used to diagnose muscular dystrophy
are described below: low muscle mass, low muscle strength,

TABLE 3 | Evaluated parameters in participants with fracture.

Physiological
functions

Non-sarcopenia
(n = 93)

Sarcopenia
(n = 93)

P

Bone mineral
density (T-score)

−1.37 ± 0.11 −1.60 ± 0.12 >0.05

Osteoarthritis 9 (9.7%) 10 (10.8%) >0.05

Physical activity
(IPAQ)

1,376.29 ± 172.45 1,188.61 ± 85.73 >0.05

and/or low physical strength. The detection was performed with
ASM/height2, handgrip strength, and 4-m velocity, respectively,
whose levels significantly decreased in the elderly with sarcopenia
(Table 2). The expression levels of circulating miR-23a-3p, miR-
93-5p, and miR-637 significantly decreased in elderly patients
with sarcopenia. Then, we investigated whether there was any
correlation between these miRNAs and the diagnostic indicators
of sarcopenia (ASM/height2, handgrip strength, and 4-m speed).
Our data indicated that the changes in miR-93-5p and miR-637
were remarkably related to ASM/height2 (r = 0.185, p < 0.05;
r = 0.157, p < 0.05), while the changes in other miRNAs were not
strongly correlated with these diagnostic indexes (Figure 3). To
explore more the data presenting as cluster separation regarding
the miRNA levels and the different sarcopenia predictors, we have
analyzed the correlation between the lowest and highest quartiles
of miRNA levels and the corresponding predictors of sarcopenia
in each group, showing that the miR-93-5p expression was
markedly allied to ASM/height2 (kg/m2), which is consistent with
the results of previous analysis (Supplementary Figure 2). In
further analyses with adjustments applied for sex, we found that
the changes in miR-23a and miR-93-5p were significantly allied to
ASM/height2 (r = 0.192, p < 0.05; r = 0.246, p < 0.05) in women
(Figure 4). No significant correlations were found between
miRNAs changes and these diagnostic indexes in men (Figure 5).

DISCUSSION

As a progressive and generalized skeletal muscle disorder
involving the accelerated loss of muscle mass and function,
sarcopenia is allied to aging, limiting the physical capabilities of
the elderly (Marzetti et al., 2017; Larsson et al., 2019; Tournadre
et al., 2019). Although the molecular mechanisms in sarcopenia
remains entirely unclear, it is well documented that changes in
miRNA during aging are major causes of sarcopenia (Siracusa
et al., 2018; Jung et al., 2019; Yin et al., 2020). This study aims
to investigate changes in specific circulating miRNAs associated
with fracture risk in elderly patients with sarcopenia. From our
data, it is noteworthy that the levels of plasma miR-23a-3p, miR-
93-5p, and miR-637 significantly decreased in the sarcopenia
group compared to those in the non-sarcopenia group, showing
the association between the decrease in miR-23a-3p, miR-93-
5p, and miR-637 with the predictor of sarcopenia, namely, the
changes in miR-93-5p and miR-637 were significantly allied to
ASM/height2. After adjusting sex, the changes in miR-23a and
miR-93-5p were significantly allied to ASM/height2 in women,
with no significant correlations between miRNAs changes and
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FIGURE 1 | Changes in circulating microRNAs in response to sarcopenia in the elderly. The expression level of microRNAs (miRNAs) were normalized using spike-in
cel-miR-39. Unpaired t-test was used for these data. *Compared to non-sarcopenia of the elderly; *P < 0.05; n = 20.

FIGURE 2 | Fracture risk-associated circulating miR-23a-3p, miR-93-5p, and miR-637 decrease in response to sarcopenia in the elderly. The expression level of
microRNAs (miRNAs) were normalized using spike-in cel-miR-39. Unpaired t-test was used for these data. *Compared to non-sarcopenia of the elderly; *P < 0.05,
**P < 0.01; n = 73.
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FIGURE 3 | Correlation analysis between the changes in (A) miR-23a-3p, (B) miR-93-5p, and (C) miR-637 and ASM/height2 (kg/m2), handgrip strength (kg), and
4-m velocity (m/s). The correlation between the changes in miR-23a-3p, miR-93-5p, and miR-637 and the diagnostic indicators of sarcopenia (ASM/height2,
handgrip strength, and 4-m velocity) in sarcopenic and non-sarcopenic subjects. Pearson’s method was used for correlation analyses;*P < 0.05; n = 186.

these diagnostic indexes in men. These results suggest the
practicality and feasibility of detecting changes in miRNAs in the
blood to detect early signs of sarcopenia and fractures during
aging. Nevertheless, an accurate diagnosis of sarcopenia remains
challenging. Thus, we urgently need to explore new biomarkers
to predict sarcopenia in the elderly.

The circulating miRNA profile reflects the expression of
miRNA in cells as a marker of biological processes occurring in
cells. Because of their position in the hierarchy of gene expression
before translating the genetic code into proteins, information
obtained from their circulating levels may ultimately predict early
biological responses to specific conditions, as fine tuners (Hamam
et al., 2017; Valihrach et al., 2020). The discovery of relatively
abundant levels of miRNAs in serum/plasma has opened the
door to their exploitation as biomarkers for numerous diseases,
including sarcopenia and aging-related diseases (Andersen and
Tost, 2020; Müller et al., 2020; Sabre et al., 2020). Several
diagnostic indicators of sarcopenia measured have been reported
to effectively provide preventive measures in the elderly,
including ASM/height2, handgrip strength, and 4-m velocity. It
has been found that miRNAs exist in circulation in a consistent
and reproducible manner, making them attractive for biomarker
in patients with sarcopenia.

Selected miRNAs are involved in osteoblast formation
and/or osteoclast formation and osteocyte function and/or
clinical relevance, as they are allied to BMD and fracture
risk. A growing evidence has suggested that several miRNAs
expressed differentially in patients with osteoporotic and non-
osteoporotic fractures (Mandourah et al., 2018; Zarecki et al.,
2020). Specifically, miR-21, miR-23a, miR-24, miR-93, miR-100,
miR-122a, miR-124a, miR-125b, and miR-148a were upregulated
in osteoporotic serum, while miR-21, miR-23a, miR-24, miR-25,
miR-100, and miR-125b were upregulated in osteoporotic bone
tissues (Seeliger et al., 2014). Furthermore, miR-122a-5p, mir-
125b-5p, and miR-21-5p were taken as osteoporotic markers for
their fractures (Panach et al., 2015). Several circulating miRNAs
have also been identified as closely related to sarcopenia in
the elderly (Fan et al., 2016; Rusanova et al., 2018; Siracusa
et al., 2018). Sarcopenia is closely related to osteoporosis, which
together increases the risk of fractures (Atik, 2019; Greco et al.,
2019). Thus, sarcopenia and osteoporosis are important risk
factors of the frailty that leads to fracture. However, there is
still no research to explore the common molecules leading
to sarcopenia and osteoporosis in the elderly. Recently, our
study has, for the first time, shown that miR-23a-3p, miR-93-
5p, and miR-637, which are associated with fracture risk, are
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FIGURE 4 | Correlation analysis between the changes in (A) miR-23a-3p, (B) miR-93-5p, and (C) miR-637 and ASM/height2 (kg/m2), handgrip strength (kg), and
4-m velocity (m/s) in women. The correlation analysis of miR-23a-3p and miR-93-5p and miR-637 with these indicators in female subjects. Pearson’s method was
used for correlation analyses; *P < 0.05; n = 119.

decreased in sarcopenia response in the elderly, while other
miRNAs identified in this study were not altered, suggesting
that sarcopenia and osteoporosis may be regulated by these
miRNAs. Moreover, considering that most osteoblastogenesis
and/or osteoclastogenesis-related miRNAs did not change in the
current study, future studies are still needed to investigate the
functions of miRNAs in patients with sarcopenia.

We did find that there were statistically significant differences
in c-miRNA levels of sarcopenia and non-sarcopenia groups.
Circulating miR-23a-3p, miR-93-5p, and miR-637 achieved
significantly decreased values in the sarcopenia group. Thus,
circulating miR-23a-3p, miR-93-5p, and miR-637 may act as
a common signature for sarcopenia. Most of the previous
studies indicated that sarcopenia is significantly associated with
fractures (Edwards et al., 2015; Oliveira and Vaz, 2015; Yeung
et al., 2019). Here, we report a significant decrease in plasma
levels of fracture-related miR-23a-3p, miR-93-5p, and miR-637
in the elderly with sarcopenia, supporting its relation with
sarcopenia and fractures. However, the mechanism of changes
in the circulating levels of miRNA associated with fracture
risk in sarcopenia remains unclear. Considering the critical
function of miRNAs in regulating bone metabolism, we can
reasonably assume that bone turnover could be evaluated by
measuring changes in the level of bone-specific c-miRNAs

that reflect bone resorption and bone formation. Besides,
miRNAs can regulate many common signaling pathways in the
metabolism of muscle and skeletal muscle cell (Horak et al.,
2016; Zheng et al., 2018). Wnt/β-catenin signaling pathway
regulates osteoblast activity, which is also associated with
regeneration of muscles. Osteocytes can secrete osteosclerosis,
Wnt3a, and prostaglandins, regulate Wnt/β-catenin pathway,
and affect the metabolism and functions of bones and muscles,
respectively. Muscle contraction is an important mechanical
stimulus for bones, which can activate the Wnt/β-catenin
pathway of bone cells by enhancing the sheer force of
fluid flow, thereby regulating osteoblast activity (Wannenes
et al., 2014; Huang et al., 2017). Another signaling pathway
closely related to muscle and bone is the PI3K/Akt pathway,
through which insulin-like growth factor-1 exerts a beneficial
effect on muscle and bone to promote anabolic metabolism
(Yang et al., 2010; Cui et al., 2020). Finally, given that
muscles and bones are regulated by many common genes,
endocrine regulatory networks, and signaling pathways, both
osteoporosis and sarcopenia are key factors to fractures.
Including sarcopenia status may be useful in the fracture risk
model. In the present study, our results on plasma circulating
miRNA expression provide new insights in diagnosing and
treating sarcopenia.
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FIGURE 5 | Correlation analysis between the changes in (A) miR-23a-3p, (B) miR-93-5p, and (C) miR-637 and ASM/height2 (kg/m2), handgrip strength (kg), and
4-m velocity (m/s) in men. The correlation analysis of miR-23a-3p and miR-93-5p and miR-637 with these indicators in male subjects. Pearson’s method was used
for correlation analyses; *P < 0.05; n = 67.

Sarcopenia can be diagnosed as low muscle mass, low
muscle strength, and/or low physical performance by AWGS
criteria (Chen et al., 2014). Currently, the diagnostic criteria
for sarcopenia are ASM/height2, handgrip strength, and 4-
m velocity, which can indicate the severity of sarcopenia.
Interestingly, we found that the relative expressions of miR-
93-5p and miR-637 were significantly positively associated with
ASM/height2, respectively, with a significant relation between the
changes in miR-23a and miR-93-5p and ASM/height2 in women
while no significant correlations in men after adjusting sex. For
one thing, researchers have consistently found that circulating
miR-23a, miR-93-5p, and miR-637 are associated with fractures
in patients with osteoporosis (Sansoni et al., 2018). Frequently,
sarcopenia and osteoporosis are major syndromes in elderly
patients, which are associated with weakness, including weight
loss, low muscle strength, slow walking speed and instability,
and more importantly, often leading to falls and fractures. Most
studies have suggested that the incidence of sarcopenia differs
among older men and women after a fragility fracture (Anderson
et al., 2017; Laurent et al., 2019; Wong et al., 2019). Sarcopenia
has some risk factors, and the decline in sex hormones may be
one reason for sex differences, which may explain the difference
in the correlation between changes in miRNAs levels and the

diagnostic indicators of sarcopenia in different genders in our
study. In addition, 63.4% of the subjects were female, and only
36.6% were male in our study. The possibility of the lack of this
correlation in the male may be due to fewer participants.

There are still some limitations in our research. First, it is
a single-center clinical trial with a small sample, the results
of which need to be verified in a large sample, coverage area,
and multicenter. If more patients of different races could be
included, the results would be more reliable. Second, only
eight targeted miRNAs that were associated with a fracture in
the literature were examined because of cost; thus, there may
be other unstudied miRNAs that may be better indicators of
osteoporosis and sarcopenia status. Moreover, while the people
in the study were relatively healthy, there may still be some
patients with certain diseases. miRNA expression may alter with
disease conditions, such as degenerative diseases, malignancies,
and autoimmune diseases.

In summary, it has been proven that c-miRNAs may be
considered as possible biomarkers for sarcopenia as a new
diagnostic tool to monitor response to treatment. Further
research into sarcopenia and osteoporosis-related fractures is
also urgently needed to understand their relationships and
mechanisms. All these mentioned above can provide more
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evidence to develop potential interventions and improve
clinical outcomes.
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Musculoskeletal disorders, such as tendinopathy, are placing an increasing burden on

society and health systems. Tendinopathy accounts for up to 30% of musculoskeletal

disorders, with a high incidence in athletes and the general population. Although

resistance training has shown short-term effectiveness in the treatment of lower limb

tendinopathy, more comprehensive exercise protocols and progression methods are

required due to poor long-term outcomes. The most common resistance training

protocols are predetermined and standardized, which presents significant limitations.

Current standardized protocols do not adhere to scientific resistance training principles,

consider individual factors, or take the importance of individualized training into account.

Resistance training programs in case of tendinopathy are currently not achieving the

required intensity and dosage, leading to high recurrence rates. Therefore, better

methods for individualizing and progressing resistance training are required to improve

outcomes. One potential method is autoregulation, which allows individuals to progress

training at their own rate, taking individual factors into account. Despite the finding of

their effectiveness in increasing the strength of healthy athletes, autoregulation methods

have not been investigated in case of tendinopathy. The purpose of this narrative review

was 3-fold: firstly, to give an overview and a critical analysis of the individual factors

involved in tendinopathy and current resistance training protocols and their limitations.

Secondly, to give an overview of the history, methods, and application of autoregulation

strategies both in sports performance and physiotherapy. Finally, a theoretical adaptation

of a current tendinopathy resistance training protocol using autoregulation methods is

presented, providing an example of how the method could be implemented in clinical

practice or future research.
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KEY POINTS

- Specific resistance training protocols for tendinopathy
rehabilitation have been widely adopted in clinical practice
and research for more than 20 years. However, the protocols
remain largely underdeveloped and have evolved little since
their initial development. Current protocols lacking adherence
to the scientific principles of progressive resistance training
perhaps contribute to their poor long-term outcomes. There
is an increasing attention being paid to the application
of the scientific principles that underlie an adaptation to
manipulating the exercise stimulus in a progressive manner,
which potentially improve training prescription and outcomes
in case of tendinopathy.

- A significant range of physical, genetic, and psychological
individual factors has been identified across patients with
tendinopathy, resulting in a large heterogenous population.
Tendinopathies are also present in various stages of a
continuum, with each stage potentially responding differently
to the training stimulus. These factors can impact on
individual performance, adaptation, adherence, and response
to resistance training interventions. Therefore, protocols
should be personalized and individually modified as opposed
to the current predetermined and standardized protocols.

- Autoregulation represents a potential method of personalizing
tendinopathy resistance training protocols, allowing for a
modification based on the individual training response across
the tendinopathy continuum. Future research should examine
the efficacy of such an approach, like the example presented
here, as a potential method of improving the outcomes of
common tendinopathy resistance training interventions.

INTRODUCTION

Recently published studies have highlighted howmusculoskeletal
disorders are collectively a leading global cause of disability and
pain, impacting on a broad demographic spectrum of society
(Vavken and Dorotka, 2011; Moraes et al., 2014; Smith et al.,
2014; Hoy et al., 2015; Onuora, 2019). Tendinopathy accounts
for up to 50% of all musculoskeletal disorders and is often
associated with chronic pain, decreased physical function, and
reduced participation in activities (Maffulli et al., 2003; Dos
Santos Franco et al., 2019). Although the etiology of tendinopathy
is still not fully understood, it is known to be caused by repetitive
tendonmicrotrauma and failed tendon healing (Magnussen et al.,
2009; Fu et al., 2010; Lui et al., 2011; Simpson et al., 2016;
Magnusson and Kjaer, 2019). This disrupted healing process
manifests as increased tendon thickness, neovascularization, and
the incidence of calcium deposits or calcification (Andres and
Murrell, 2008; Rui et al., 2011). The previously used term
“tendinitis” is referred to an inflammatory process, and, in case
of the presence of inflammatory cells, the term tendinopathy
has been adopted to reflect the often degenerative and non-
inflammatory nature of the disorder (Jarvinen et al., 2005;
Sharma and Maffulli, 2005; Rees et al., 2014). Athletes exposed
to frequent loading through training and competition are
particularly susceptible to developing tendinopathy due to

repeated tendon stress and overloading (Ganestam et al., 2016).
Patellar tendinopathy is reported to have a prevalence of 45% in
elite volleyball players and 32% in elite basketball players (Abat
et al., 2017). The lifetime risk of developing Achilles tendinopathy
in elite runners amounts to 52%, reporting an incidence of 24%
among competitive athletes, and 18% among young athletes
compared to that in sedentary populations amounting to 5.9%
(Ahmad et al., 2013).

A diverse range of common treatments, such as anti-
inflammatory medications, corticosteroid injections, low-level
laser therapy, ultrasound, platelet-rich plasma injections,
prolotherapy, glycerol trinitrate patches, manual therapy,
shockwave therapy, and exercise, are used in tendinopathy
rehabilitation (Cardoso et al., 2019; Girgis and Duarte, 2020).
Exercise is the most common and recommended treatment
option, including heavy slow resistance training (HSRT) and
eccentric strengthening interventions having positive outcomes
for various lower limb tendinopathies such as plantar heel
pain (PHP), Achilles, and patellar tendinopathy (Dimitrios,
2015; Riel et al., 2019b). Despite positive short-term outcomes,
long-term outcomes remain poor, with up to 40% of patients
having symptoms 2 years after resistance training interventions
(Rathleff and Thorborg, 2015). Recent evidence suggests that
current resistance training interventions have not achieved
the required loading dosages to stimulate mechano-biological
changes, such as increases in strength and changes in tendon
(Riel et al., 2019a). Current resistance training interventions may
not follow scientific training principles and may require more
accurate modification of training variables, such as frequency,
intensity, and volume (Abat et al., 2017). A shift to a more
scientifically supported training model, such as periodization
models used in training athletes, may improve outcomes (Fleck,
2011). Autoregulation is a concept of training derived from
periodization models, which are related to manipulating the
training variables based on the circumstances of an individual,
such as response to training and daily readiness to train (Mann
et al., 2010).

Recently, several individual factors have been identified in
case of tendinopathy, highlighting the heterogeneity of this
patient population (Steinmann et al., 2020). Therefore, it is
likely not appropriate that all patients receive the same rigid
training protocol in the standardized resistance training. The
implementation of autoregulation methods during tendinopathy
resistance training may achieve the individualization of
training loads and dosage, which may maximize clinical
outcomes compared to the following standardized protocols
not being tailored to the individual (Helms et al., 2018).
However, to the authors’ knowledge, autoregulation methods
during tendinopathy resistance training interventions have
not previously been investigated. Therefore, the purpose of
this review is to synthesize the current research on resistance
training interventions for lower limb tendinopathies, their
limitations, and potential autoregulation strategies. The review
begins with an overview of individual factors and resistance
training protocols in tendinopathy before providing an
overview of the theory and implementation of autoregulation
methods. Finally, an overview of the potential application of
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autoregulation methods will be applied to a current tendinopathy
protocol, allowing for a potential clinical application to improve
clinical outcomes.

INDIVIDUAL FACTORS

Tendinopathies are challenging to treat and are considered to
have a multifactorial pathogenesis resulting from extrinsic and
intrinsic factors (Seitz et al., 2011; Deans et al., 2012). Abnormal
or repeated tendon loading factors combined with genetic,
biological, and cellular variationsmay lead to tendon changes and
damage (Wu et al., 2017). Despite a condition that is considered
to be common in athletes and physically active, tendinopathies
are also commonly seen in sedentary patients and the elderly
(Moosmayer et al., 2009). Gender differences may also present in
case of Achilles tendon injuries, that is, being more common in
men than women (Andrew and Jonathan, 2014). Tendinopathies
in different locations, i.e., upper and lower limbs, present
different pathophysiological and etiological circumstances, which
will require individual treatment approaches despite the
treatment often being standardized across all tendinopathies
(Clayton and Court-Brown, 2008).

Individual variability in biomechanics, such as anatomical
differences, malalignment, neuromuscular capacity, weakness
or strength, foot structure, flexibility, repeated training errors,
and movement kinetics and kinematics may lead to repetitive,
excessive, or compressive loading on tendons (Benjamin et al.,
2008; Sharma and Maffulli, 2008; Dean et al., 2017; Ferreira
et al., 2020). In patellar tendinopathy, almost 37 different
individual biomechanical risk variables have been identified in
relation to jump-landing strategy alone (Harris et al., 2020). The
identified external risk factors may have a complex interplay with
individual intrinsic and biological factors, namely age, gender,
bodyweight, hormones, genetics, height, prior tendon injury,
and health conditions such as obesity, diabetes, hyperlipidemia,
rheumatological conditions, and osteoarthritis (Kjaer et al., 2006,
2009; Leblanc et al., 2017). Environmental factors, such as daily
activities, smoking, alcohol consumption, poor nutrition or sleep
habits, physically demanding workplace, stress, inappropriate
footwear, and medications such as corticosteroids, statins,
aromatase inhibitors, and fluoroquinolone antibiotics, may also
contribute to the individual tendinopathy risk (van der Linden
et al., 2002; Knobloch, 2016). Individual differences and factors,
such as loading capacity and tolerance, motor control, education,
beliefs, exercise types and preferences, and psychosocial and
contextual factors, have also been shown to be important factors
related to the individual response to rehabilitation and treatment
outcomes (Silbernagel et al., 2007a; Kongsgaard et al., 2010;
Littlewood et al., 2012; Cook and Docking, 2015; Hanratty et al.,
2016; O’Keeffe et al., 2016; Thiese et al., 2016; Dejaco et al.,
2017; Gillespie et al., 2017; Ingwersen et al., 2017; Mallows et al.,
2017a,b; Mc Auliffe et al., 2017; Raschhofer et al., 2017; Plinsinga
et al., 2020).

Andia and Maffulli (2019) highlighted that the response to
tendinopathy treatment interventions is strictly individualistic
and can be inherent to the genetic background, demography,

immune status, microbiota function, associated metabolic
diseases, systemic drugs or local anesthetics, the characteristics
and stages of recipient tissue, including inflammation, angiogenic
state, and cellularity. Positive responses to resistance training
are influenced by a multitude of individual factors, including
fitness level, training history, nutritional intake, psychological
and social states, sleep and recovery, age, weight, and overall
training workload (Pickering and Kiely, 2019). However, some of
these factors may prove difficult to evaluate in clinical practice
(Abate et al., 2020), with a thorough clinical assessment of
each individual and the requirement of their personal factors
prior to prescribing resistance training interventions (Maestroni
et al., 2020). A wide variety of potential factors involved in the
development, progression, and rehabilitation of tendinopathy
leads to a highly diverse and broad range of potential
cellular responses and ultimately a broad pathological spectrum
of disease, leading to a vastly heterogenous tendinopathic
patient population.

Due to a plethora of potential individual patient characteristics
and risk factors involved in any type of tendinopathy, their
presentation is highly heterogenous in nature, with a multitude
of potential factors contributing to triggering the onset of
tendinopathy (Steinmann et al., 2020). Individual patient
characteristics (age, gender, and genetics) can interplay with
lifestyle habits (smoking, alcohol consumption, and physical
activity levels) leading to a diverse spectrum of potential
tendinopathy risk and onset factors. All cases of tendinopathy
do not clinically present uniformly, with each individual case
of tendinopathy having a varying degree of symptomatic
presentation of pain, swelling, weakness, and functional ability.
Pain experienced from tendinopathy is not always associated
with tissue damage, suggesting that other neurophysiological
mechanisms may be involved (Rio et al., 2015a, 2016; Hainline
et al., 2017). Central nervous system hypersensitivity and the role
of pain central sensitization have recently emerged as a potential
contributing factor, which can vary in the presentation among
individuals (Littlewood et al., 2013a; Plinsinga et al., 2015, 2018;
Sanchis et al., 2015).

Although the importance of an individualized approach to
a heterogenous tendinopathy population has been repeatedly
stressed in the tendinopathy literature, it is clearly a limitation
while developing studies due to the effort and the need to
homogenize samples. However, there is a special need to make
progress in the knowledge of treating patients with tendinopathy
even in the case of no possibility of perfect homogeneity (Abat
et al., 2017). The heterogeneous presentation of tendinopathies
means that a “one-size-fits-all” treatment approach may be
inappropriate and related to poor long-term treatment outcomes
(Silbernagel, 2014). The Achilles tendon, for example, can
experience a positive adaptation when exposed to the strains of a
specific range or “sweet spot,” which depends on several factors
known to differ between the individuals, requiring treatment
interventions that account for these interindividual differences
(Pizzolato et al., 2019). Physiotherapists have reported to use
complex clinical reasoning to adapt eccentric training research
protocols for individual patients. For example, the need to
change eccentric loading protocols in patients experiencing pain
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prevented them from being adherent to the published protocols,
and therefore substituting with isotonic or isometric loading
initially. To make recommendations clearer, future research
should focus on variables of the eccentric training program
that could impact on efficacy, such as exercise speed, duration,
progression and loading rate, and chronicity and severity of the
tendinopathy (Rowe et al., 2012).

As the etiology of tendinopathy ismultifactorial, rehabilitation
should be focused on identifying the multiple risk factors
that affect a specific individual (Peters et al., 2016). It could
be considered as a disservice to the patient if the factors
contributing to the development of their tendinopathy are not
addressed (Kulig et al., 2015). It is important to consider that
each individual will respond differently to rehabilitation, and
each program must be tailored to the individual with “Recipe”
approaches to tendinopathy rehabilitation failing to capitalize on
the potential for recovery (Cook, 2011; Cook and Purdam, 2014).
The needs of an individualmust be addressed in the rehabilitation
program, which was highlighted in a recent e-Delphi survey
to establish a patellar tendinopathy rehabilitation framework.
The results quantified three central aspects, including functional
abilities, individualized rehabilitation, and load tolerance, which
formed the foundation of the rehabilitation framework (Morgan
et al., 2018a). Factors relevant, when accessing, adapting,
and applying training protocols, to the patient include the
mapping information gathered from a subjective assessment to
pathophysiological knowledge and likely treatment responses
to enable clinical decisions that utilize interventions in an
individualized way (Morrissey, 2015). Comorbidities, symptom
development, patient beliefs, psychosocial and cultural factors,
possible tissue demands, and previous intervention outcomes
may influence treatment outcomes. Different tendinopathies
and pathological tendon states combined with individual
circumstances require an individualized treatment approach,
which must be applied to progressive resistance training
interventions (Morrissey, 2015).

Despite the necessity of addressing individual factors in
tendinopathy, they are often not considered in rehabilitation,
with the treatment offered to a young elite male athlete often the
same as that for a postmenopausal woman (Cook and Purdam,
2009). Cook and Purdam (2009) proposed that tendinopathy
pathology is not absolute and presents on a continuum with
three distinct stages, with each having implications for the
treatment. The staging model acknowledges the heterogeneity of
tendinopathy presentation, with the three phases being (1) early
reactive tendinopathy due to acute overload, (2) tendon disrepair
after failed healing responses, and (3) degenerative tendinopathy
with permanent structural and cellular damage (Cook et al.,
2016). The individual tendinopathy risk factors discussed
earlier may play a role in altering the progression throughout
this continuum and will possibly contribute to individual
treatment response (September et al., 2008). The tendinopathy
continuum model recommends that rehabilitation is optimized
by individually tailored treatment to the tendinopathy stage and
targeting the primary driver and interrelated alterations. While
exercise is considered essential in tendinopathy rehabilitation,
a plethora of other treatment options for tendinopathy exists,

which can increase the complexity of the clinical decision-
making process. Tendinopathies have a heterogeneous clinical
presentation due to the variable changes that exist between the
individuals in a cellular matrix structure, pain, function, and
disability (Malliaras et al., 2010; Malliaras and Cook, 2011).
Phenotyping of patients based on multifactorial components
of pain, disability, and load capacity and tolerance, may allow
clinicians to direct appropriate interventions at such critical
limiting factors (Cook et al., 2016). A recent model proposed by
Steinmann et al. (2020) has demonstrated the complex interplay
of individual factors in tendinopathy pathogenesis and how they
relate to the tendon continuum model. A further step would be
the integration of individualized treatment strategies into this
model in each pathology stage.

RESISTANCE TRAINING IN

TENDINOPATHY

Resistance Training Protocols
Stanish et al. (1986) were the first to publish on the concept
of a predominately eccentric-based resistance training protocol
for the treatment of lower limb tendinopathy. However, the
publication of the Alfredson eccentric heel-drop protocol for
Achilles tendinopathy in 1998 had helped to popularize the
concept of using an eccentric-based training protocol for
treating Achilles tendinopathy (Alfredson et al., 1998). Following
the publication of the Alfredson protocol, eccentric-focused
resistance training has become a dominant exercise-based
strategy for lower limb tendinopathies for the last 20 years
(Malliaras et al., 2013). There are, however, some important
differences between these protocols, with Stanish recommending
that patients perform the eccentric exercises with no pain,
and, on the other hand, Alfredson recommended pushing
through pain (Sayana and Maffulli, 2007). The parameters of
the Alfredson protocol have also been adapted in several studies
in the form of an eccentric decline squat protocol to treat
patellar tendinopathy (Young et al., 2005; Visnes and Bahr,
2007). Although eccentric training has positive effects in treating
tendinopathies, there are several issues related to eccentric-based
training protocols. Despite widespread clinical adoption, there
is a dearth of high-quality research confirming that removal of
the concentric action from isotonic contractions is appropriate or
more useful than full isotonic contractions when treating chronic
tendinopathies (Couppe et al., 2015). However, for Achilles
(Mafi et al., 2001), patellar (Jonsson and Alfredson, 2005), and
tennis elbow tendinopathies (Peterson et al., 2014), eccentric-
only training has shown better results when directly compared
with concentric-only.

Despite the results from individual studies, comprehensive
systematic reviews have consistently concluded that high quality
pooling evidence of positive clinical outcomes for isolated
eccentric resistance training in lower limb tendinopathies is
lacking (Lim and Wong, 2018; Murphy et al., 2019; Mendonca
et al., 2020b). The original study on the Alfredson eccentric
protocol was conducted with a cohort of athletes, which may be
related to the high success rate of the protocol. However, these
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outcomes may not be generalizable to the general population or
sedentary demographics, and it is clear from previous studies
that different patient characteristics (activity level and age)
potentially have an impact on the response and outcomes from
the eccentric-based training (Sayana and Maffulli, 2007). For
example, Sayana and Maffulli (2007) found that 45% of the
patients in a general population had a failed treatment outcome
with eccentric training based on pain and function outcome
measures, which suggests that eccentric-only training may not
be suitable for all types of patients. However, other single and
combined contraction types of resistance training have been
investigated, namely concentric-eccentric, isolated concentric,
and combined plyometric training (Silbernagel et al., 2020).

Heavy slow resistance training with heavy-load isotonic
contractions is a more recent conception in tendinopathy
rehabilitation, which has been widely adopted in both clinical
research and practice (Malliaras et al., 2013). The HSRT
approach was first investigated in case of patellar tendinopathy
and was found to have significant positive outcomes for pain
and function improvement (Kongsgaard et al., 2009). Similar
HSRT interventions based on the same loading and progression
parameters were recently investigated with the positive outcomes
in Achilles tendinopathy (Beyer et al., 2015) and PHP (Rathleff
et al., 2015a). The Alfredson eccentric protocol involves a
strict fixed-loading protocol of 180 repetitions and 2 training
sessions daily. However, the HSRT protocols can be considered to
adhere more to scientific resistance training principles, including
progressive increases in volume and load, with increased rest
periods between the sessions (Table 1). Individual RCTs have
found that HSRT protocols have superior clinical outcomes for
pain and function and greater patient satisfactory outcomes
compared to eccentric-only training for the treatment of lower
limb tendinopathies (Kongsgaard et al., 2009; Beyer et al., 2015;
Rathleff et al., 2015a). Despite of possessing positive outcomes,
it has been suggested that even HSRT protocols do not achieve
the intended dosage levels for tendon adaptation and may
be enhanced by improved loading and progression methods,
including adopting an individualized intervention rather than
a standardized protocol (Riel et al., 2019a). Slow performing
isotonic contractions during HSRT interventions are thought
to stimulate tendon adaptations by providing high loads and
forces across tendons, which may improve tendon compliance
and activate remodeling processes when applied progressively,
including reducing neovascularization and increasing collagen
production (Murtaugh and Ihm, 2013). It is well-known that
exercise can influence human cell homeostasis and activate tissue
changes and healing in both muscles and tendons, through
the process known as mechano-transduction (Khan and Scott,
2009). Despite this capability of exercise and particularly HSRT,
it has been suggested that the symptom improvement seen in
HSRT protocols may not be due to the changes in tendon
architecture but rather improved mechanical properties of the
tendon (Farnqvist et al., 2020). Resistance training has also
been shown to be more effective than stretching for improving
flexibility, reducing the injury risk inducing length changes in
short muscles via sarcomerogenesis (Weppler and Magnusson,
2010; O’Sullivan et al., 2012; Askling et al., 2013; Konrad and

Tilp, 2014; Freitas and Mil-Homens, 2015; Timmins et al.,
2016).

Loading Issues
There are more questions still to be answered concerning
the appropriate dosage of exercise for tendinopathy, which
requires further investigation on the optimal dosage and
methods to better individualize resistance training interventions
(Silbernagel, 2014). It appears to be a tendency during the lower
limb tendinopathy rehabilitation to dismiss exercise as a sufficient
treatment option if patients do not respond to the one-size-
fits-all exercise program and instead pursue other more costly
and invasive treatment options (Silbernagel, 2014). To suitably
address individual needs, resistance training prescription and
dosage need to be individualized to ensure that it is adequate
and appropriate. The staging of tendinopathy and subsequent
implications on exercise selection are the other areas that require
the consideration of an individual (Barratt et al., 2017). At
present, there is insufficient evidence to define the exact speed,
intensity, and duration of resistance training needed or to predict,
certainly, the long-term effects of resistance training for lower
limb tendinopathy. It is relatively common for patients with
Achilles tendinopathy to fail to respond to the conservative
treatment. For example, in an 8-year study of 83 patients
with chronic Achilles tendinopathy, 29% failed conservative
management and required surgical intervention (Paavola et al.,
2000). The individualization of training progression is also
required with the selection of appropriate loads for the individual
patient required to attenuate for their sport and performance
level. Individual progression of resistance training to plyometric
exercises is needed to effectively progress athletes to return-to-
sport training volume and intensity (Malliaras et al., 2015).

The overload principle states that it is necessary to
stress biological tissues beyond their current thresholds to
increase their tolerance to subsequent stresses and avoid future
injuries. Training with heavier loads may produce greater load
tolerance of tendons, contributing to the positive effects of
tissue remodeling and improved structural properties of the
degenerated tendons (Kulig et al., 2009). However, it is unlikely
that the sufficiently high training loads required for these
adaptations are being achieved with the Alfredson protocol due
to the parameter of two times daily training with no rest days for
12 weeks. It is clear from the literature on tendon responses to
loading that nomore than three high-intensity resistance training
sessions should be undertaken within 1 week in tendinopathy, to
allow adequate collagen synthesis, remodeling, adaptation, and
tendon recovery (Malliaras et al., 2015; Magnusson and Kjaer,
2019). It is essential that healing tendons receive adequate rest
and recovery time during rehabilitation to allow the anabolic
and catabolic processes involved in tendon remodeling and
adaptation to occur successfully (Waugh et al., 2018). Sufficient
tendon adaptations and improved clinical outcomes from HSRT
protocols may also require longer than the current gold-standard
intervention time of 12 weeks in lower limb tendinopathy
rehabilitation (Sussmilch-Leitch et al., 2012). It is believed that
the exercise load has to be relatively high to stimulate tendon
remodeling, which can explain why forced eccentric toe-raises,
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TABLE 1 | Evidence-based resistance training protocols in lower limb tendinopathy.

Protocol Tendinopathy Exercise type Sets,

repetitions

Frequency Duration Progression Pain

Characteristics of resistance training protocols in lower limb tendinopathy

Stanish et al. (1986) Achilles Eccentric-concentric,

power

3, 10–20 Daily 12 weeks Speed then load Enough load to be

painful in 3rd set

Alfredson et al. (1998) Achilles Eccentric 3, 15 2 × daily 12 weeks Increase load as able

(backpack)

Enough load to

achieve moderate

pain

Silbernagel et al.

(2007b)

Achilles Eccentric-concentric,

balance, plyometric

Various Daily 12 weeks Volume, type of

exercise

Acceptable within

defined limits

Beyer et al. (2015) Achilles Eccentric-concentric

(HSRT)

3–4, 15–6 3 × week 12 weeks 15–6RM, increase

load as able (external

weight machine)

Acceptable if not

worse after exercise

Rathleff et al. (2015a) Plantar heel Eccentric-concentric

(HSRT)

3–5, 12–8 3 × week 12 weeks 12–8RM, Increase

load as able

(backpack)

Acceptable if not

worse after exercise

Kongsgaard et al.

(2009)

Patellar Eccentric-concentric

(HSRT)

4, 15–6 3 × week 12 weeks 15–6RM, Increase

load as able (external

weight machine)

Acceptable if not

worse after exercise

RM, repetition maximum; HSRT, Heavy slow resistance training.

giving high loads, also give better results than using regular
concentric/eccentric toe-raises. There is, however, no direct
research showing that high eccentric loading is the best option for
lower limb tendinopathies (Silbernagel et al., 2001). The dosage
parameters (e.g., training frequency, the number of repetitions
and sets, rest, and the duration of a contraction) and the types of
exercise are the important characteristics of an exercise program,
with loads as high as 80% of 1 repetition maximum (RM) being
used for isometric (80% 1RM) and 80% of 8RM for isotonic
exercises in some studies (van Ark et al., 2016). Tendons require
high load per repetition to derive more optimal tendon healing
effects with a high percentage of RM in leg extension exercises,
which are also shown to improve neural activation and increase
muscle strength (van Ark et al., 2016). However, the optimal
dosage and loading strategy for positive outcomes, along with a
precise mechanism of the effect of heavy loading, remain to be
elucidated and require further investigation (van Ark et al., 2016).

Several studies have advocated the need for higher tendon
loading in lower limb tendinopathy rehabilitation programs
with the type of load even being considered inconsequential
(Cuddeford et al., 2018). In most studies, the Alfredson protocol
is the most commonly used protocol and consists of up to
180 repetitions daily, with the addition of additional weight
via a backpack. However, performing an eccentric exercise with
a backpack in excess of 20 kg requires significant therapist
involvement and may be one of the reasons of only using
bodyweight with high repetitions in most studies (Cuddeford
et al., 2018). Adequate adherence to training programs may
also be falsely reported in studies as it has been found that
accurate recording of dosage in participant training diaries is
often not performed or misinterpreted. The assumption that
active individuals or athletes have a better compliance for the
prescribed exercises than non-active individuals, which may also
play a role as the studies involving athletes have previously

had better outcomes from resistance training interventions in
tendinopathy (Alfredson et al., 1998; Sayana and Maffulli, 2007;
de Jonge et al., 2010). Despite this, in one study conducted
with an athletic cohort, over one-quarter of patients reported
performing the exercises at an intensity that was less than half
of what was initially prescribed (Abate et al., 2020). Regardless
of the intervention population, individualized exercise programs
should be adequately supervised, reviewed, and progressed
to ensure the adherence and resolution of the tendinopathy
(Vicenzino, 2015). The effectiveness of resistance training
interventions may be enhanced by implementing intensive care
taking procedures, such as having patients to perform exercises
with supervision four times per week for 8 weeks as opposed to
at home and unsupervised (Stergioulas et al., 2008).

There is a lack of consensus in the literature regarding which
training variables may influence the training outcomes, such as
whether exercise should be painful, exercise speed and intensity,
training duration, progression methods, and unsupervised home
vs. supervised clinic-based training (Rompe et al., 2009).
Large randomized controlled trials with blinded assessors
and long-term follow-up periods investigating differences in
these training parameters are warranted. Resistance training at
high-intensity levels alongside gradual increases in loading is
considered essential to create positive effects and adaptation
in human muscles and tendons. Although the importance of
loading in tendinopathy rehabilitation through heavy resistance
training is well-established, the optimal intervention parameters
and dosages require further research investigation and may
include the consideration of motor control, biomechanics,
kinetic chain, and reactive strength (Silbernagel et al., 2007b).
The outcomes of different resistance training approaches in
tendinopathy need to be investigated before accurate clinical
practice recommendations can be made, with the outcomes
for one specific tendinopathy likely not being generalizable to
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other tendinopathies (Riel et al., 2018). As a previous study on
lower limb tendinopathies has not found the superiority of one
specific resistance training approach, the long-term effects of
different resistance training protocols in tendinopathy remain
to be investigated (Riel et al., 2018). Current interventions
may also not be prescribing true resistance training, with
low-load eccentric protocols perhaps being better described
as active stretching due to their high frequency and low
intensity (Purdam et al., 2004; Abat et al., 2017). It appears
from the literature that only HSRT can be identified as true
resistance training as it produces the minimum level of load
and tension based on scientific resistance training principles. To
cause tendon adaptations, including mechanical, material, and
morphological tendon changes, research has suggested that an
intensity threshold of >70% of the maximum is required to
derive adaptations (Bohm et al., 2015; Arampatzis et al., 2020).
High repetitions with inadequate loading in current protocols
may be related to their poor long-term outcomes. Alternative
strategies of performing more sets with fewer repetitions may
allow for sufficient loading, volume, and intensity throughout the
training to stimulate adaptations (Davies et al., 2020).

Kinetic Chain Strength Issues
Strengthening of the entire kinetic chain, particularly, the
gluteal muscles in tendinopathy rehabilitation has been
advocated considering its successful application to a plethora
of musculoskeletal disorders with similar etiologies (Nakagawa
et al., 2008; Cibulka et al., 2009; Meira and Brumitt, 2011; Delitto
et al., 2012; Khayambashi et al., 2012; Reiman et al., 2012; Barton
et al., 2013, 2019; Rathleff et al., 2014; Baldon Rde et al., 2015;
Lack et al., 2015; Rio et al., 2015b; Thomson et al., 2016; Mucha
et al., 2017). Gluteal strengthening for the loss of lumbopelvic
control impairing motor control and the kinetic chain has
been recommended in patellar and Achilles tendinopathies
(Kountouris and Cook, 2007). Recently, several studies have
shown the improvements in pain and function from the targeted
hip strengthening exercises in PHP (Kamonseki et al., 2016;
Santos et al., 2016; Lee et al., 2019). Hip muscle weakness can
cause an excessive adduction and medial rotation of the hip
causing dynamic knee valgus and over pronation (Powers, 2003;
Khamis and Yizhar, 2007; Barton et al., 2012). Reduction in the
strength of the hip abductors and rotators is identified as a risk
factor for lower limb tendinopathy due to altered biomechanics
(Harty et al., 2005; McPoil et al., 2008; Labovitz et al., 2011;
Bolivar et al., 2013; Beeson, 2014; Martin et al., 2014). Therefore,
strengthening these muscles could improve dynamic lower limb
alignment and could reduce the excessive strain on lower limb
tissues (Snyder et al., 2009; Fukuda et al., 2010; Dolak et al., 2011).
Hip muscle activation can also impact the force production at
an ankle joint impacting gait, which may contribute to the lower
limb pain (Komura et al., 2004; Wainner et al., 2007).

Some authors have recommended that isotonic resistance
training interventions are superior to eccentric-biased training in
lower limb tendinopathy, particularly for those with concentric
muscle weakness that would not be addressed with primarily
eccentric training. Individual differences and heterogeneity in
tendinopathy presentation necessitate assessing and targeting

the kinetic chain weaknesses of individuals, which would not
be targeted with eccentric-only training (Goom et al., 2016).
For example, athletes with patellar tendinopathy have been
shown to respond better to comprehensive resistance training
interventions, which include addressing the muscle-tendon
strength and function of the kinetic chain (Zwerver et al.,
2011). To optimally manage tendinopathies, overall functional
capacity should be assessed to facilitate progressive overload of
the tendon itself and the kinetic chain (Thompson, 2017). Failure
to adequately address isolated muscle deficits, kinetic chain
deficits or biomechanics may lead to a suboptimal rehabilitation
in tendinopathy (Malliaras et al., 2015). Therefore, it could be
considered as essential to address any intrinsic or extrinsic risk
factor individually during rehabilitation and consider making
environmental adaptations if warranted (Morgan et al., 2018b).

Lower limb tendinopathy rehabilitation may be enhanced by
the presence of progressive loading of an muscle-tendon unit
alongside targeting the whole lower extremity and kinetic chain.
However, an optimal loading protocol to improve outcomes
is unclear at present (Cook, 2018). For athletes, individual
needs can be addressed through a comprehensive evaluation
by physiotherapists to identify particular areas of weakness
in the biomechanical kinetic chain (Rudavsky and Cook,
2014). Developing an individualized rehabilitation protocol
must consider that elite athletes have increased training and
competition demands and will require more comprehensive
rehabilitation than amateur athletes for a successful return to
sport and avoiding a relapse of the tendinopathy (Rudavsky and
Cook, 2014). It may be considered as essential to address any
whole body strength deficits in athletes with tendinopathy due
to their increased physical loading demands (Kulig et al., 2015).
Patellar tendinopathy rehabilitation based on individualizing the
rehabilitation intervention according to the participant’s specific
biomechanical deficiencies and load tolerance has demonstrated
an improvement in pain and functionality in elite rugby union
players with patellar tendinopathy (Morgan et al., 2018a).

Hip extensor muscles such as the gluteus maximus has been
considered as an important target for increasing strength and
function during lower limb tendinopathy rehabilitation (Scattone
Silva et al., 2015). Previous research has found an association
with weak hip extensor muscles and poor lumbopelvic control
and the risk of developing lower limb tendinopathy, which
may be due to an altered load distribution on the lower limb
kinetic chain (Stasinopoulos and Malliaras, 2016). A recent
Delphi study of clinical practice found that there was a strong
predisposition (87%) toward hip strengthening as a component
of patellar tendinopathy rehabilitation programs (Morgan et al.,
2018a). Similarly, a recent survey of Brazilian physical therapist
practice for patellar tendinopathy reported that hip strengthening
exercises were secondary only to quadriceps eccentric training in
terms of the frequency of prescription (Mendonca et al., 2020a).
Rehabilitation interventions focusing on improving the hip
extensor muscle strength in patellar tendinopathy have shown
positive outcomes. An 8-week treatment protocol of jump-
landing modification and hip-specific muscle strengthening
improved pain, function, and biomechanics in an athlete with
patellar tendinopathy (Scattone Silva et al., 2015). Biomechanical
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studies have found a variety of risk factors, both local and distal
to the knee joint, which may be associated with the development
of lower limb tendinopathy (Powers, 2010). Physiotherapists
must consider these components when tailoring a comprehensive
intervention for treating athletes with patellar tendinopathy.
The clinical effectiveness of existing rehabilitation strategies
in lower limb tendinopathy management options, including
eccentric resistance training, do not have satisfactory long-
term clinical outcomes. Evidence suggests that not all patient
types respond adequately to eccentric-only loading, highlighting
the necessity of future research investigating alternative or
additional resistance training strategies. Future research on
resistance training interventions in tendinopathy should focus
on addressing proximal, local, and distal factors including
strengthening of the kinetic chain as opposed to isolated
strengthening of the pathological tendon (Scattone Silva et al.,
2015).

Reactive Strength Issues
Athletic activities such as running and jumping involve energy
storage and release from tendons, supported by strong muscular
contractions, known as the stretch-shortening cycle (SSC) (Taube
et al., 2012). Plyometric exercise, which utilizes the SSC, is a
common training practice among athletes. It has been shown
to improve the maximal rate of torque development, maximal
voluntary contraction, jump performance, running economy,
and leg stiffness in active people (Spurrs et al., 2003; Kubo et al.,
2007; Foure et al., 2010). In athletes, lower limb tendinopathy
occurs most commonly in those participating in activities
involving the SSC, such as running and jumping (Malliaras et al.,
2013). During athletic activities, the Achilles tendon experiences
loads 6–12 times of bodyweight. These high loads require a
considerable strength and power to repeatedly generate force and
enable the storage and release of energy during athletic activity
(Cook et al., 2016). Therefore, rehabilitation programs focusing
solely on strength via the use of various heel-raise programs may
lead to suboptimal functional capabilities, persistent strength
deficits, inadequate rehabilitation, and ultimately high recurrence
rates of tendinopathy (Child et al., 2010; Gajhede-Knudsen et al.,
2013).

Lack of consensus in physiotherapy of what constitutes
strength may be a factor in the predominance of unidimensional
rehabilitation programs. Little consensus exists on the
presence of strength deficits in tendinopathy, leading to the
implementation of ineffective rehabilitation programs focusing
on one type of exercise only in clinical practice (McAuliffe
et al., 2019). To clarify this uncertainty, several categories of
strength have been suggested. Maximal strength involves a
maximal force development through high-load and low-velocity
movements. In contrast, explosive strength is considered as
an ability to rapidly produce muscle force through medium to
high-load and high-velocity movements such as the rate of force
development. On the other hand, reactive strength is considered
as the ability of the gastric-soleus muscle complex to store and
release energy through a sufficient function of the SSC through
low-load, high-velocity plyometric exercises such as hopping
and jumping (Beattie et al., 2014). Deficits in SSC power and

efficiency have been shown in Achilles tendinopathy as measured
by leg stiffness during submaximal hopping and a reduction
in maximal hopping distance (Maquirriain, 2012; Wang et al.,
2012). After 6 months of recommended exercise rehabilitation
in Achilles tendinopathy without plyometric exercise, persistent
SSC impairments have been found after 1 year (Silbernagel et al.,
2007a).

Heavy slow resistance training in healthy individuals has
been found to increase tendon stiffness, whereas plyometric
training increases joint stiffness and jumping performance
(Kubo et al., 2007). This suggests that the plyometric exercise
likely has complimentary effects to HSRT in tendinopathy
rehabilitation and may reduce persistent SSC deficits, which
can decrease rehabilitation effectiveness. A consistent barrier
to implementing the plyometric exercise for lower limb
tendinopathy in rehabilitation is that it is not implemented
progressively and therefore aggravates symptoms (Chmielewski
et al., 2006; Kountouris and Cook, 2007). The common belief that
plyometric activities will have a negative impact on tendinopathy
rehabilitation is not supported by evidence and it may be
beneficial for improving outcomes (McAuliffe et al., 2019). In
those with Achilles tendinopathy who continued plyometric
exercise such as sprinting, jumping, and hopping, similar pain
and function were reported to those who stopped all plyometric
activities (Silbernagel et al., 2007b). This study identified that
SSC loads are tolerable during tendinopathy rehabilitation
in active people, provided they are guided by a pain- and
symptom-monitoring model (Silbernagel et al., 2007b). Another
study in Achilles tendinopathy used a loading intervention
integrating plyometric exercise for 12 weeks to address the entire
strength spectrum, which resulted in improvements in pain and
disability at 12 months (Silbernagel et al., 2007a). Further studies
integrating plyometric training in tendinopathy with traditional
HSRT are required, particularly in PHP as it has yet to be
investigated (Huffer et al., 2017).

A recent systematic review identified that individuals with
Achilles tendinopathy demonstrate strength deficits across the
strength spectrum of maximal, reactive, and explosive compared
to the uninjured side or asymptomatic controls (McAuliffe
et al., 2019). This study concluded that the current focus on
maximal strength in tendinopathy rehabilitation and the lack of
emphasis on reactive or explosive strength may not optimally
match the entire strength spectrum. The authors argued that
this could explain why Achilles tendinopathy rehabilitation
is only moderately effective with recurrence as high as 27%
and why SSC deficits persist post rehabilitation (van der Plas
et al., 2012). Similarly, the lack of emphasis on plyometric
training in PHP rehabilitation may also help to explain why
the rehabilitation focused only on strengthening HSRT is only
moderately effective (Riel et al., 2019a). Approximately 40% of
the patients with PHP have pain and symptoms 2 years after
the diagnosis and treatment, suggesting that new and effective
treatments are warranted (Rathleff et al., 2015a). Training only
one aspect of the strength profile of an individual, which is
common in the lower limb tendinopathy rehabilitation with
concentric-eccentric HSRT, will likely not optimally improve the
performance across the entire strength spectrum (Allison and
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Purdam, 2009). However, only Silbernagel et al. (2007a) have
addressed the entire strength spectrum in Achilles tendinopathy
rehabilitation, with no studies currently addressing it with
PHP (Huffer et al., 2017). Plyometric loading could potentially
be a more potent stimulus for muscles compared to tendon
adaptation, thus it may compliment HSRT programs, which
more potently stimulate tendon adaptation (Mersmann et al.,
2017). Increased tendon stress and strain due to a non-uniform
musculotendinous development have been observed recently in
adolescent volleyball athletes, a high-risk group for tendinopathy
(Mersmann et al., 2019). Previous findings highlight the
importance of improving the current understanding of the
interaction of physical maturation and loading, indicating that
SSC training via plyometric exercise may act as a tendinopathy
prevention strategy (McAuliffe et al., 2019).

Recently, a pain-guided progressive hopping intervention
was found to be safe and feasible while adding to the
currently recommended HSRT exercise and education for
Achilles tendinopathy in recreational runners (Sancho et al.,
2019b). This study also included kinetic chain isotonic strength
exercises for the gluteus medius and maximus as recent studies
have shown that weakness and delayed onset of the gluteal
muscles are common while running in those with lower
limb tendinopathy (Sancho et al., 2019a). Despite providing
evidence of plyometric exercise possessing complimentary effects
to HSRT and improving rehabilitation outcomes, there is
a dearth of studies investigating the effects of plyometric
exercise in tendinopathy rehabilitation (McAuliffe et al., 2019).
This is perhaps due to the perception by patients and
clinicians that plyometric exercise is potentially damaging
and counterproductive in tendinopathy rehabilitation (Sancho
et al., 2019b). However, providing education on the benefits
of exercise for pain can reduce self-reported pain following an
acute exercise compared to those not receiving pain education
(Jones et al., 2017). The following sections provide an overview
of the application of autoregulation limited to strength and
conditioning (S&C), before finally considering the potential
application of autoregulation in physiotherapy and its integration
into current HSRT protocols in tendinopathy.

PERIODIZATION IN RESISTANCE

TRAINING

In the profession of S&C, the use of periodized programming
for training is generally accepted as a more effective way of
ensuring strength gains for athletes compared to non-periodized
programming (Harries et al., 2015). Periodization can be defined
as the planned distribution of training to increase the potential
for achieving optimal sports performance at a predetermined
time point (Conlon et al., 2016; Kiely, 2018). Block periodization
has been shown to effectively improve strength and power in
athletes and is based on several distinct training mesocycles;
hypertrophic, basic strength, and maximal strength (Issurin,
2008, 2010). The mesocycles are performed in an order with
an increase in intensity and a decrease in the overall training
volume throughout the model (Bartolomei et al., 2014). Maximal

strength is considered one of the most important factors in
maximizing athletic performance and has been shown to improve
the performance in many running sports and reduce injury
risk (Stone et al., 2004; Wisloff et al., 2004; Storen et al.,
2008). In physiotherapy, strength exercise is one of the most
common treatment prescriptions for musculoskeletal disorders
such as tendinopathy (Babatunde et al., 2017; Booth et al., 2017).
Although there has been research showing the applicability of
using structured periodized training in the rehabilitation of
athletes, there is a lack of studies on its use on athletes with
tendinopathy or the general population in physiotherapy (Lorenz
et al., 2010; Lorenz and Reiman, 2011; Reiman and Lorenz, 2011;
Hoover et al., 2016; Ladlow et al., 2020).

Periodized strength training typically manipulates the
intensity as a percentage of 1RM, which is obtained prior to
beginning the training. This approach does not account for
daily fluctuations in the training performance due to fatigue and
strength levels, which may affect its accuracy and outcome. There
can be significant variations in daily strength as high as 20%,
resulting in a variable performance when using a fixed method
(Hoover et al., 2016). Individual variability in factors, such as
genetics, sleep, nutrition, psychological stress, lifestyle factors,
total training load, and heart rate variability, may also affect the
training performance (Mann et al., 2014; Costa et al., 2019). Fixed
periodization also does not account for the individual training
response and as such the potential for strength gains may be
greater than the potential this model facilitates (Timmons,
2011; Fisher et al., 2017). Personalized exercise prescription and
progression may be a more appropriate method, which better
accounts for a large interindividual and biological variability that
exists in response to training interventions (Mann et al., 2010).
Therefore, the use of a method known as autoregulation during
training programs would allow individuals to increase strength
at their own capability and can allow a constant adjustment of
repetitions, which may prevent plateaus in training (Mann et al.,
2010).

AUTOREGULATION

Autoregulation is a form of periodization, which involves
manipulating or adjusting the variables of strength training based
on an individual’s daily or weekly readiness to train (Mann et al.,
2010). Due to the heterogeneous nature and the multifactorial
complexities involved in individual responses to training, the
implementation of autoregulated training derives improved
training adaptations and outcomes compared to traditional fixed
training models (Zourdos et al., 2016a; Rauch et al., 2020).
Although autoregulation originated in physiotherapy research
and has become widespread in sports performance training, there
is a dearth of scientific enquiries evaluating its effectiveness.
The principle of individualization is an essential consideration
when designing a resistance training program to optimize the
adaptations to training (Borresen and Lambert, 2009; Kiely,
2012). A few studies have shown that training adaptations are
enhanced when training is tailored to an individual (Jones
et al., 2016). Despite a paucity of interventional studies on
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autoregulation, several studies have utilized autoregulation
training via the progressive resistance exercise (PRE) model. The
PRE model originated in rehabilitation research and is reported
to involve progressively heavier sets of 10 repetitions: one set at
50% of 10RM, one set at 75% 10RM, and one set at 100% 10RM
(Delorme et al., 1950).

A daily adjustable progressive resistance exercise (DAPRE)
program was implemented with an autoregulated set, which
accounted for daily responses in the rehabilitation of a patient
(Knight, 1979). This approach allowed for an interactive protocol,
which objectively determined the optimal time to increase
resistance and the optimal amount of weight during exercise.
This provided a more efficient rehabilitation accounting for
the individualized reacquisition of strength (Knight, 1990).
A specific autoregulatory program derived from the DAPRE
method expanded in this concept to meet different training
goals of hypertrophy and strength/power and allowed for
continual body adaptation through a specific adaptation to
imposed demand (SAID) principle (Siff, 2000; Cunanan et al.,
2018). This method, termed as autoregulatory progressive
resistance exercise (APRE), enhances the previous DAPRE
method by introducing training cycles aimed at improving
hypertrophy, strength, and power regimes of conditioning.
This allows for a continual neuromuscular adaptation by
systematically changing the program variables, thus promoting
efficient performance gains (Horschig et al., 2014). The
autoregulation approach helps to facilitate rapid strength gains
without the risk of excessively overloading the joints and
tissues, potentially causing injury (Wilson, 2008; Brumitt and
Cuddeford, 2015). Without monitoring and adaptation, even the
most well-considered protocol potentially becomes irrelevant.
Furthermore, physiotherapists face the challenge of dealing with
the complexities and heterogenous nature of an individual’s
recovery and healing process. Meanwhile, adherence and
training consistency can enhance adaptation, planned training
variation is also essential to ensure relevance on any given day.
Therefore, modifiable programming based on relevant feedback
is important, which can be achieved using autoregulation (Lorenz
and Morrison, 2015).

Mann et al. (2010) adopted an APRE model of periodization
and applied it with collegiate athletes. There was a set number
of repetitions performed at the percentage of 10RM, 6RM, and
3RM, with athletes self-adjusting the weight after the third set.
Athletes performed a maximum number of repetitions to failure
during the third set with 100% of their 6RM, determining the
load for the fourth set using the number of repetitions completed.
This autoregulation method was not only daily adjusted but
also decided the weekly changes in load; however, volume and
intensity were not controlled due to the inclusion of sets with
as many repetitions as possible. These individual differences in
volume and intensity could be a reason for the effectiveness of
autoregulation training (Siff, 2000). This autoregulation method
proved to be effective in increasing maximal bench press and
squat strength over 6 weeks in athletes compared to traditional
linear periodization (Mann et al., 2010). This autoregulation
approach was a modification of the DAPRE system that allows
for a more flexible application than more traditional approaches

TABLE 2 | Adjusted progressive resistance exercise training routines.

Set 3RM routine 6RM routine 10RM routine

0 Warm-up Warm-up Warm-up

1 6 repetitions (50% of

3RM)

10 repetitions (50%

of 6RM)

12 repetitions (50%

of 10RM)

2 3 repetitions (75% of

3RM)

6 repetitions (75% of

6RM)

10 repetitions (75%

of 10RM)

3 Repetitions to failure

(3RM)

Repetitions to failure

(6RM)

Repetitions to failure

(10RM)

4 Adjusted repetitions

to failure*

Adjusted repetitions

to failure*

Adjusted repetitions

to failure*

*Denotes training load must be adjusted according to this table.

RM, repetition maximum.

(Rhea et al., 2006). Tables 2, 3 highlight the APRE training
routines and the amount of load adjustment following the third
set of repetitions to failure.

Another study found that autoregulation training
significantly increased leg press strength compared to non-linear
periodization in novice weightlifters for 12 weeks (McNamara
and Stearne, 2010). The autoregulation group was able to
choose among the three training sessions of various intensities
depending on their energy and motivation levels (10RM,
15RM, or 20RM, repetitions of free weight exercises). Unlike
the previous study (Mann et al., 2010), volume and intensity
were matched between groups, therefore the autoregulation
group had a limited number of exercise selection. Although the
autoregulation group performed better in leg press strength,
both groups significantly improved, which have been attributed
to all participants being new to strength training. Therefore, a
rapid improvement in strength due to improved neuromuscular
efficiency and motor unit recruitment would be expected
(Folland and Williams, 2007). However, improvements in chest
press strength were not significantly different between the
two groups.

In a physiotherapy case report by Ardali (2014), a DAPRE
protocol was implemented alongside standard rehabilitation
to maximize the quadriceps muscle strength in a 61-year-old
female following the total knee replacement. In phase 1 of
the intervention, the emphasis was on edema management,
improving the left knee range of motion, and reducing pain
over the three sessions. The second phase consisted of two
components: (1) a DAPRE protocol aimed at increasing
quadriceps strength and (2) functional training aimed at
normalizing the altered gait patterns, transfers, and dynamic
balance. Patients significantly improved their functional
performance and quadriceps strength in the 7 weeks following
knee surgery and were able to return to daily living activities
without knee pain. The early postsurgical implementation of a
DAPRE protocol had no adverse effects and was successful in
enhancing the functional performance and muscle strength in
this case (Ardali, 2014).

In a physiotherapy case report by Horschig et al. (2014), an
APRE model of periodization was investigated using the back
squat during the rehabilitation of a 17-year-old male athlete
recovering from ACL reconstruction. A secondary aim was to
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TABLE 3 | Example adjustments for APRE protocols.

Adjustments for 3RM Adjustments for 6RM Adjustments for 10RM

Repetitions Set 4 Repetitions Set 4 Repetitions Set 4

1–2 Decrease 5–10 pounds 0–2 Decrease 5–10 pounds 4–6 Decrease 5–10 pounds

3–4 Same 3–4 Decrease 0–5 pounds 7–8 Decrease 0–5 pounds

5–6 Increase 5–10 pounds 5–7 Same 9–11 Same

7+ Increase 10–15 pounds 8–12 Increase 5–10 pounds 12–16 Increase 5–10 pounds

13+ Increase 10–15 pounds 17+ Increase 10–15 pounds

RM, repetition maximum.

examine the applicability of this method in the transitional period
from rehabilitation to S&C for which a current disconnect exists.
Starting at 20 weeks postoperatively, the athlete was able to show
a 10 pounds daily average increase with the 10RM protocol, a 6
pounds daily average increase during the 6RM protocol, and a
6.3 pounds average increase with the 3RM protocol. A 2RM of
390 lbs was performed in the back squat in the conclusion of
the program at 39 weeks postoperatively. The results strengthen
the current limited knowledge regarding periodization during
the later phases of rehabilitation and the transition back to
sport participation time period while at the same time providing
new insights for future protocol considerations in rehabilitating
athletes. The APRE method of periodization provides an
individualized progressive resistive protocol that can be used
to safely and effectively increase the strength in both healthy
populations and individuals recovering from injury during
short-term training cycles (Horschig et al., 2014). Although
autoregulation research originated in rehabilitation and these two
case reports provide encouraging results, there is a clear lack
of longitudinal and interventional research of its effectiveness
in physiotherapy.

Autoregulation training should not be considered as a stand-
alone periodization model, and it can be applied individually
during the periodization in three ways: to adjust load during
training, to progress weekly load, or to select daily load
prior to training (Klemp et al., 2016; Zourdos et al., 2016a).
The modification of training volume with autoregulation has
typically been the training variable successfully adopted in
studies; however, other training variables have also been
examined. The effectiveness of autoregulation of rest intervals
in trained men compared to fixed rest intervals has been
successfully demonstrated, resulting in greater performance
outcomes (Goessler and Polito, 2013). A recent systematic review
also concluded that autoregulated rest periods were as good
as/better than the structured ones for strength and muscle gain
(Henselmans and Schoenfeld, 2014).

AUTOREGULATION PROGRESSION

METHODS

Rating of Perceived Exertion
The rating of perceived exertion (RPE) scale has been found
to be a reliable measure of not only training session intensity

but also specific exercise intensity during a session (Lins-Filho
Ode et al., 2012; Kraft et al., 2014). Although most studies
have found that RPE is an accurate measure of fatigue during
strength training, some have found it is not (Day et al., 2004;
Duncan et al., 2006; Gearhart et al., 2009; Tiggemann et al.,
2010). However, themore experienced in training someone is, the
more accurate an RPE scale becomes, with it being less accurate
for younger or novice athletes (McGuigan et al., 2008; Testa
et al., 2012). In physiotherapy, an RPE scale offers advantages
as it allows intensity monitoring without establishing 1RM,
which is contraindicated due to injury (Lorenz and Morrison,
2015). However, the Oddvar Holten curve and other models
that exist estimate 1RM without lifting a true 1RM, which are
used to establish an estimated 1RM based on submaximal loads
taken to failure (Lorenz et al., 2010; Haff and Triplett, 2016).
Recommendations have been published for using the Borg RPE
scale with resistance band strength training in physiotherapy
(Day et al., 2004; American College of Sports Medicine, 2009).
A recent study on patients with patellofemoral pain adopted this
model with an RPE >6 considered to be desirable (Drew et al.,
2017). Although this model may be useful in general population
patients only using resistance bands, exercise rehabilitation
programs in athletes with tendinopathy typically require the use
of much heavier external loads to derive the required adaptations.
This suggests that more specific progression models for heavier
resistance training in rehabilitation are necessary to achieve
optimal progression.

Repetitions in Reserve
The Reactive Training Manual by Tuchscherer (2008) details an
autoregulation training method common in powerlifting based
on an RPE scale. The scale allows an individual to evaluate his/her
performance based on the number of repetitions they perceive
that they could have completed prior to muscular failure. The
scale goes from 1 to 10, with 10 being the maximum number
of repetitions. This model is like a repetitions in reserve (RIR)
model and is considered by some authors to be more appropriate
for resistance training than the common RPE methods used in
endurance training (Zourdos et al., 2016b). An RPE of 8 indicated
that two extra repetitions could be completed, for example,
guiding the adjustments in training load. This type of RIR-
based RPE scale may have more specificity than the traditional
Borg scale RPE, which has shown submaximal scores even when
individuals perform exercises to muscular failure (Shimano et al.,
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2006; Pritchett et al., 2009; Hackett et al., 2012). Therefore, in
S&C, it has been suggested this specific RPE is more accurate and
superior for assessing the intensity compared to traditional RPE
during resistance training (Helms et al., 2016; Hackett et al., 2017;
Mansfield et al., 2020).

Recently, a resistance training-specific RPE scale has been
demonstrated to be effective for measuring the effort during
a training session and subsequently adjusting load (Zourdos
et al., 2016b). Like the previous model (Tuchscherer, 2008), it
measures RIR, where the individual records an RPE during or
after completing a set, with 10 being the maximum, 10RPE =

0RIR. The model allows an individual to estimate the number of
additional repetitions remaining at a given load. Consequently,
if an achieved RPE is too low or high, training load can be
altered accordingly and objectively (Zourdos et al., 2016b). For
example, an RPE of 9 or 10 could require a load reduction of
2.5–5 kg. This method is preferable for the load assignment to
APREmodels as they involve training to failure at predetermined
loads, meaning a lack of flexibility in training loads and exertion,
whereas the RIR RPE model avoids training to failure (Zourdos
et al., 2016b). For example, in APRE studies, athletes perform
a maximum number of repetitions to failure during a third
set with 100% of their 6RM, with the number of repetitions
completed determining the load for the fourth set (Mann et al.,
2010). Although this resistance training-specific scale has been
validated in experienced and novice weightlifters, its application
in rehabilitation such as musculoskeletal physiotherapy has
not been evaluated (Zourdos et al., 2016b). Nevertheless, this
training-specific RIR-based RPE scale is a potential method to
regulate training load in clinical patients prescribed resistance
training, such as those undertaking traditional resistance loading
programs in tendinopathy (Fairman et al., 2017). Recently, the
specific RIR-based RPEmodel was compared against a traditional
1RM load assignment in resistance trained men. Although both
loading types were effective, the RPE strategy provided a small
1RM strength advantage in most participants (Helms et al.,
2018). Another study compared the RIR autoregulation approach
with a fixed-loading intervention based on 1RM for squat
strength in trained men over 12 weeks. Although both groups
improved squat performance, the RIR autoregulation group
showed significantly greater improvements and was trained at
an overall higher intensity (Graham and Cleather, 2019). The
results from these studies suggest that RIR as a method of
autoregulation training can lead to superior strength gains in
athletes compared to traditional fixed approaches. However, as
a subjective method, it is less effective compared to the objective
methods of autoregulation (Shattock and Tee, 2020).

Velocity-Based Training
An objective monitoring method during training sessions is
velocity-based training (VBT), which has become increasingly
popular due to new technology for monitoring repetition velocity
(Nevin, 2019). Despite the lack of research on VBT, several
models have been developed that determine the intensity based
on barbell velocity during lifting and the end of the set
based on a predetermined velocity decrease (Gonzalez-Badillo
et al., 2011; Dorrell et al., 2019). Technological devices are

available to allow quantitative visualization of the effort of
an individual, by recording repetition velocity (Jovanovic and
Jukic, 2020). Research and practical application of VBT are
becoming increasingly popular in S&C and, when VBT is applied
systematically, it allows for an immediate feedback, a fatigue
control, and the monitoring of biomechanical changes, and can
guide the training process (Banyard et al., 2020; Lahti et al., 2020;
Martinez-Cava et al., 2020; Perez-Castilla et al., 2020; Sindiani
et al., 2020; Suarez-Arrones et al., 2020; Tsoukos et al., 2020).
However, for obtaining accurate measurements, individuals must
perform fast concentric actions with a good technique, and
training adherence and motivation, which may be a barrier for
use in rehabilitation (Kawamori et al., 2006). Recently, a VBT
intervention was found to increase maximal strength and jump
height in the trained men compared with a traditional 1RM
percentage-based training approach for 6 weeks (Dorrell et al.,
2020). The VBT group achieved these better outcomes and also
having a reduction in total training volume compared with the
traditional group, indicating a potentially more efficient training
method. Despite a dearth of VBT research in physiotherapy, VBT
may have a role on musculoskeletal rehabilitation, particularly
on athletes who are involved in S&C or transitioning from
rehabilitation into S&C (Lorenz and Morrison, 2015).

AUTOREGULATION IN PHYSIOTHERAPY

Self-Management in Physiotherapy
Recent UK government policy has emphasized the improvement
of outcomes in the National Health Service (NHS) by placing the
patient at the center of all decisions taken about them. However,
the NHS is also facing financial challenges and the need to deliver
gains in efficiency (Littlewood et al., 2013b). Self-management in
physiotherapy has been suggested as a solution to these issues by
reducing the demand for a regular contact with physiotherapists.
Self-management also offers opportunities to individualize care,
and there is evidence to suggest that an approach by which
patients are encouraged to take responsibility for their own
care is no less effective than the treatment requiring regular
clinic attendance (Littlewood et al., 2013b). Self-management
involves individuals to actively manage their own symptoms,
treatments, consequences, and changes to lifestyle, which may be
associated with their condition (Barlow et al., 2002). This process
is facilitated through a partnership referred to as a therapeutic
alliance between the physiotherapist and the patient. The self-
management framework consists of components, which are
considered as essential for enhancing self-efficacy and facilitating
self-management such as skill acquisition, problem solving, self-
monitoring, and goal setting (Holman and Lorig, 2004).

Real-Time Feedback
Evidence suggests that an adherence to the prescribed self-
management exercise in physiotherapy patients can be improved
by using interventions such as activity monitoring and feedback
systems (Peek et al., 2016).Meanwhile, in S&C, feedbackmethods
such as VBT aimed at helping individuals to maintain high
exercise velocity in physiotherapy, exercise was often performed
too fast in musculoskeletal rehabilitation (Rathleff et al., 2015b).
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This results in contraction time being too short and too few
repetitions, which can impede the recovery due to a low exercise
dose (Osteras et al., 2013). As well as the overall load, factors
such as adequate contraction time or “time under tension”
can influence adaptations such as increasing muscle protein
synthesis (Burd et al., 2012). Studies have found that both patients
and healthy individuals often do not perform exercises in the
predefined contraction time, which affects exercise compliance
and outcomes (Faber et al., 2015). This could be particularly
important during tendinopathy rehabilitation, where HSRT
exercises are performed very slowly to maximize contraction
time (Riel et al., 2019a). For example, a common HSRT program
requires 8 s (3 s concentric, 2 s isometric, and 3 s eccentric) to
complete one repetition (Rathleff et al., 2015a).

A new technology that can provide a real-time feedback
on exercises performed with an elastic band is a sensor called
BandCizer (BandCizer Aps, Odense, Denmark). It has been
validated to quantify contraction time, the number of repetitions
performed, and the force used to stretch the band by measuring
its thickness (Rathleff et al., 2015b). Data from the sensor can
be transmitted to an iPad (Apple Inc., Cupertino, CA, USA),
with the BandCizer app providing a real-time exercise feedback
(McGirr et al., 2015). It has been found feasible for measuring
contraction time and exercise dose during musculoskeletal
physiotherapy (Rathleff et al., 2017). Recently, the first RCT
investigating BandCizer in musculoskeletal physiotherapy found
that the real-time feedback on contraction time resulted in
exercises being performed closer to the prescribed dose and
induced larger strength gains than the control group (Riel
et al., 2016). Although this study was performed in those with
patellofemoral pain, the prescribed contraction time was 8 s,
the same time as repetitions in the PHP HSRT program. This
suggests that providing a similar feedback may be applicable if
applied in tendinopathy rehabilitation to improve compliance
and adequate loading, which has been identified as a barrier in
achieving the desired outcomes (Riel et al., 2019a).

Pain-Monitoring Models
The common-sense model of self-regulation of health and
illness suggests that patients interpret their individual pain
response in a way to facilitate the use of exercise training as a
management strategy being pivotal (Hale et al., 2007). Persistent
beliefs that the pain is associated with tissue damage, and
that the rest is required to enable tissue recovery can prevent
the successful implementation of rehabilitation (McAndrew
et al., 2008). Such an appraisal could lead to activity avoidance
behavior, the prevention of necessary rehabilitation engagement,
and adherence (Phillips et al., 2012). In this case, reliance is
dependent on the adoption of a therapeutic alliance where
concerns and worries can be expressed by the patient, with
the reassurance offered by the physiotherapist, including an
appropriate explanation of the cause of the problem (Littlewood
et al., 2012). The appropriate interpretation of physiological
symptoms and responses alongside adequate self-monitoring
is considered an essential component of self-management
(Newman, 2008).

Several studies on tendinopathy have encouraged patients
to monitor their pain response during resistance training,
via the recording of their pain scores in a self-report diary,
with an instruction that the pain produced during training is
acceptable but should be no worse after training (Jonsson and
Alfredson, 2005; Bernhardsson et al., 2011; Littlewood et al.,
2016). When the pain response during training decreases, this
is regarded as an indication to progress the loaded exercise
by increasing the resistance. In contrast to others who have
used a numeric pain rating scale, which does not allow the
pain to increase >5/10, to guide training progression, the self-
monitoring intervention described allows patients to determine
what is manageable in terms of symptom response (Holmgren
et al., 2012). This decision reflects the individual perceptions of
what constitutes acceptability in terms of pain and which differs
between the individuals (Littlewood et al., 2012). Littlewood
et al. (2016) proposed the SELF study, an RCT, aimed to
evaluate the clinical effectiveness of a self-managed single exercise
program, which was self-progressed using pain-monitoring vs.
usual physiotherapy treatment for rotator cuff tendinopathy.
In the 6- and 12-month follow-up, there was no significant
difference between the groups. This study suggested that there
is no superiority of one intervention over the other in the short-,
mid-, or long-term and that a self-management program based
around a single self-progressed exercise via pain-monitoring
appears to be comparable to a usual physiotherapy treatment
(Littlewood et al., 2016).

Progression via pain-monitoring in Achilles tendinopathy has
also been found feasible. Patients with Achilles tendinopathy
who are continuing plyometric exercises, such as sprinting,
jumping, and hopping, reported pain and function similar
to those who stopped all plyometric activities (Silbernagel
et al., 2007b). This study identified that plyometric loads are
tolerable during tendinopathy rehabilitation in active people,
provided they are guided by a pain- and symptom-monitoring
model (Silbernagel et al., 2007b). Recently, this model was
expanded further in a feasibility cohort study. A pain-guided
progressive plyometric hopping intervention was found to be
safe and feasible when added to the currently recommended
HSRT exercise and education for Achilles tendinopathy in
recreational runners (Sancho et al., 2019b). Recreational and
elite athletes with tendinopathy will need to adapt their training
and rehabilitation parameters such as frequency, intensity, and
duration due to persistent pain. This could have significant
consequences for athletes as it can restrain them from training
for long periods, decreasing fitness levels, and performance
(Petraglia et al., 2017). However, there has been a lack of studies
on the investigation of solutions to this problem despite the high
prevalence of tendinopathy in athletes (Tahririan et al., 2012).
The use of pain-monitoring models during rehabilitation may
be a possible solution, to ensure that adequate training levels
are maintained.

Historically, the rest from pain-provoking activities,
namely running and jumping have been recommended as
an initial treatment in tendinopathy (Paavola et al., 2000).
However, recommendations in the literature are vague when
recommending some types of modified rest in which the
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pain provoking activity should be limited or avoided (Kader
et al., 2002; Paavola et al., 2002). As athletes are generally very
physically active, an over-long period of rest or a decrease in
physical activity due to tendinopathy may have a negative effect
on their quality of life and sporting performance (Petraglia et al.,
2017). In tendinopathy research, it is now generally accepted that
a complete rest period is not helpful, with the loaded exercise
required for the healing process and continuing a moderate pain-
provoking activity may be beneficial when adjusted appropriately
(Silbernagel et al., 2007b, 2011).

Autoregulation in Tendinopathy
Since the initial research of autoregulation conducted on
physiotherapy patients, there has been a lack of further
research, particularly longitudinal research, with only case
reports appearing in the physiotherapy literature (Ardali,
2014; Horschig et al., 2014). Despite the preponderance of
research showing the effectiveness of resistance training for
musculoskeletal disorders, it is usually prescribed or investigated
using the predetermined protocols (Ciolac and Rodrigues-da-
Silva, 2016). Although the importance of identifying methods
for enabling patient self-management with the exercise is
becoming increasingly emphasized in physiotherapy, the use of
autoregulation methods for progressing a self-managed exercise
has been given little attention (Peek et al., 2016). A common issue
in the use of predetermined exercise programs in physiotherapy
is that the prescription and progression of loaded sets and
repetitions are often poorly defined and underdosed (Riel et al.,
2019a). If the dosage of training loads is not enough, then the
mechano-biological stimulus may not be adequate to stimulate
healing, resulting in poor outcomes (Khan and Scott, 2009).
Previous studies have shown an association between increased
exercise dose and the recovery for musculoskeletal disorders
(Osteras et al., 2013). An option for increasing training dosage
would be to prescribe a larger exercise dose; however, an
compliance with exercise can be compromised by a low self-
efficacy (McLean et al., 2010). An alternative approach to
increase the exercise dosage is to increase the self-efficacy of
patients by empowering patients to be in control of their own
rehabilitation (Jack et al., 2010). To the authors’ knowledge,
only two RCTs have investigated autoregulatory resistance
training protocols vs. standardized protocols in tendinopathy.
A self-dosed protocol in one study on Achilles tendinopathy
(Stevens and Tan, 2014) and one study of PHP (Riel et al.,
2019a) is compared with the conventional standardized heel-
raise protocols according to the work of Alfredson and Rathleff,
respectively. Although these studies have not used any true
autoregulation methods or distinct load progression, they are
still innovative as they allowed the experimental group to self-
select the amount of exercise completed as opposed to following
a non-flexible protocol.

Riel et al. (2019a) recently investigated this approach in
patients with PHP by comparing a 12-week self-dosed HSRT
program with a predetermined program. The HSRT program
was based on the protocol, which was previously shown more
effective than stretching for PHP (Rathleff et al., 2015a).
Both groups performed standing heel raises; however, the

experimental group was instructed to perform the exercise
with the load as heavy as possible but no heavier than 8RM
and for as many sets as possible. Participants in the control
group were instructed to perform the exercise according to a
rigid protocol progressing from 12RM to 8RM. Both groups
performed exercises every 2nd day in a 12-week intervention.
If participants felt they could perform more repetitions than
their load corresponded to (e.g., 10 repetitions when the load
was supposed to be 8RM), a backpack with books to add
weight was used (Riel et al., 2019a). There was no significant
between-group difference in the improvement of Foot Health
Status Questionnaire pain after 12 weeks (adjusted MD 26.9
points, 95% CI 215.5–1.7). According to the Global Rating of
Change, 24 of 33 in the experimental group and 20 of 32 in
the control group were improved (RR = 1.16, 95% CI 0.83–
1.64). However, only the four participants achieved the patient’s
acceptable symptom state, suggesting that more comprehensive
interventions are warranted. Although tendinopathy loading
programs are typically predetermined, this study indicates
that standardized programs are unnecessary if the self-dosed
programs aiming to maximize the load are equally effective (Riel
et al., 2019a).

Similarly, Stevens and Tan (2014) found that performing a
6-week do-as-tolerated program of the Alfredson eccentric heel-
drop exercises led to similar outcomes in Achilles tendinopathy
pain and function compared to the standardized 180 repetitions
per day protocol. About 28 patients were randomized to
either the standard (n = 15) or the do-as-tolerated (n = 13)
intervention for only 6 weeks. The group performing standard
training completed 180 repetitions daily, by completing three
sets of 15 repetitions, with either the knee fully extended or
slightly flexed, two times per day. The experimental group
completed the Alfredson protocol, with a guidance that they
could choose to complete a repetition volume that was tolerable.
All aspects of management were standardized between the
groups other than the repetition volume completed. There
was a statistically significant within-group improvement in
the function for both the groups; however, only the do-as-
tolerated group significantly improved the pain at the end of
the intervention based on the VISA outcome scores. There
were no statistically significant differences between the groups
in the completion of the intervention. The mean numbers of
repetitions completed per day by the participants were 112 and
166 for the do-as-tolerated and standard groups, respectively
(Stevens and Tan, 2014).

Contrary to expectation, the self-dosed HSRT groups in both
the studies did not substantially increase the achieved exercise
dose compared with a predetermined regimen. Riel et al. (2019a)
concluded that these HSRT regimens are not enough to achieve
an acceptable symptom state in most people with PHP. Perhaps,
this is because heel-raise HSRT alone does not cater for the
deficits in a patient’s entire strength spectrum, with the addition
of other exercise types such as kinetic chain and plyometric
exercise being needed to address strength deficits. The use of
a “as many sets or repetitions as possible” method did not
increase the number of sets performed in the self-dosed groups
compared to the predetermined groups. Perhaps, the use of a
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RIR-based RPE method of autoregulation could be a potential
strategy to ensure that an adequate and optimal amount of
load is achieved and progressed for each individual patient
undertaking HSRT interventions. The use of RPE to dictate
the number of repetitions and sets performed as a volume
autoregulation method has been found effective to increase the
total volume and strength gains in powerlifting athletes but has
not been investigated for increasing the strength in tendinopathy
rehabilitation (Helms et al., 2018).

PRACTICAL APPLICATIONS

Although the previously described autoregulatedHSRT protocols
(Stevens and Tan, 2014; Riel et al., 2019a) were innovative
approaches attempting at improving the earlier protocols
of Alfredson and Rathleff by allowing an individualized
modification, patients did not perform neither an increased
number of sets or repetitions nor increased load. Perhaps, the set
progression by a RIR approach would be preferable to perform
as many sets or repetitions as possible. This could also allow for
within-session increases in load, accounting for an individual’s
daily readiness to train and their own individual factors. The
intra-session changes and load achieved due to RIR monitoring
could then be used to determine future daily load selection and
weekly adjustment. For example, in the self-dosed Riel protocol,
the target was to perform 8RM as heavy as possible for as many
sets as possible at a specific load. However, if the patient was to
record a 10RIR on the first set, then the load could be lowered
to ensure the completion of the intended training volume. Intra-
session external load adjustments could also be made using the
RIR scale based upon the predetermined RIR goals. For example,
if a target RIR is set at 5–6 and a RIR of 7 is recorded, a 2.5 kg
load decrease could occur, and for a RIR of 9, a 5 kg load decrease
occurs. Similarly, a RIR of 3–5 would require an adjustment
of 2.5 kg increase in load, and an RIR of 1–2, a 5 kg increase
(Table 4).

Following an initial set at a load determined by the previous
session, sets 2–5 can be adapted in load based on RIR, with
the load in the fifth set determining the starting load of
the next session, as in the previous APRE protocols. Many
tendinopathy resistance training protocols stipulate an increase
of load increments of 2.5–5 kg between the sessions if there is
no increase in pain. Adopting this intra-session autoregulated
approach based on RIR would allow for individualized loading
in response to an individual’s daily readiness to train and
their individual factors. This individualized approach to load
adjustment may allow for a more specific load progression than
the standardized protocols, which do not adjust the load during
the sessions, potentially improving the outcomes of individuals
to the intervention. The rest could also be autoregulated as this
has been shown no less effective than the predetermined rest
protocols for increasing strength and hypertrophy (Henselmans
and Schoenfeld, 2014). A comparison of how this theoretical
autoregulated protocol would be compared to the Rathleff and
Riel protocols for PHP is presented in Table 5. The example
provided is specific to HSRT for PHP, with autoregulation

TABLE 4 | Theoretical load adjustment during autoregulated tendinopathy

heel-raise resistance training based on the representation of rating of perceived

exertion and corresponding repetitions in reserve vales.

Warm-up if required

Set 1: Based on load lifted during last set of last session

Set 2–4: Load adjusted per set based on RPE/RIR values during previous

set

RPE RIR Description of perceived effort Example load

adjustment

10 0 Maximum effort, cannot increase load or

repetitions

−5 kg

9.5 0.5 Cannot complete more repetitions but could

increase load

−2.5 kg

9 1 1 repetition remaining Maintain load

8.5 1.5 1–2 repetitions remaining Maintain load

8 2 2 repetitions remaining Maintain load

7.5 2.5 2–3 repetitions remaining +2.5 kg

7 3 3 repetitions remaining +2.5 kg

5–6 4–6 4–6 repetitions remaining +5 kg

3–4 6+ Light effort +7.5 kg

1–2 10+ Little to no effort +10 kg

methods requiring feasibility and effectiveness investigations
across all lower limb tendinopathies.

Despite the potential efficacy of such an autoregulation
approach in tendinopathy, several potential limitations to
its practical application exist. Although this theoretically
autoregulated protocol only includes a progressive HSRT heel-
raise exercise, future interventional studies should also consider
adding plyometric exercises and exercises with high kinetic
chain activation such as squats and deadlifts, progressed in
the same autoregulated manner, to address potential strength
spectrum deficits (Boren et al., 2011; Reiman et al., 2012).
Accurate use of RPE scales has been shown to be higher in
those with more training experience, and practice is required
to become competent in using this method (McNamara and
Stearne, 2010). The application may, therefore, be more suitable
for athletes with tendinopathy who have significant training
experience. The use of the previous sessions loading parameters
to dictate the starting load for the following sessions does
not consider daily readiness, which needs to be monitored
at an individual level by each patient. Due to higher fatigue
levels on any given day, the starting load may need to be
subjectively reduced, which again will require an experience to
become proficient in making such judgments. Guidance and
intervention instruction by a physiotherapist with training in
the clinical application of resistance training principles and
methods could improve the efficacy and safety efficacy of
applying the intervention methods, especially with participants
who lack training experience. The use of an RPE RIR progression
method will naturally have an element of unreliability due to
its subjectivity, and objective autoregulation methods such as
VBT have been found slightly more effective when compared
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TABLE 5 | Descriptors of Rathleff, Riel and autoregulated interventions.

Descriptor Exercise program

Rathleff Riel Autoregulated

Load magnitude Weeks 1 + 2: 12RM

Weeks 3 + 4: 10RM

Weeks 5–12: 8RM

As heavy as possible, no heavier than

8RM

8RM

Monitoring per set Not reported Not reported RPE RIR scale—adjust load based on

response

Load progression and volume Increase weight in backpack—not

recorded

Increase weight in backpack—not

recorded

Adjust weight per set based on RPE

RIR scale—record weight

Number of repetitions per set Weeks 1 + 2: 12

Weeks 3 + 4: 10

Weeks 5–12: 8

8, depending on load 8

Number of sets Weeks 1 + 2: 3

Weeks 3 + 4: 4

Weeks 5–12: 5

As many as possible 5

Rest between sets 2min 2min As much as needed

Session frequency 3/week

Program duration 12 weeks

Contraction modes per repetition 3 s concentric, 2 s isometric, 3 s eccentric

Rest between repetitions Nil

Time under tension
Weeks 1–2: 8 s/repetition, 96 s/set,

288 s/training session

Weeks 3–4: 8 s/repetition, 80 s/set,

320 s/training session

Weeks 5–12: 8 s/repetition, 64 s/set,

320 s/training session

Total over 12 weeks: 13 216 s

8 s/repetition, 64 s/set, Total over 12

weeks: varies between participants

depending on number of sets

performed

8 s/repetition, 64 s/set, 320 s/training

session total over 12 weeks: 13,440 s

Muscle failure Yes Yes Not mandatory

Range of motion Full range of motion

Between session recovery 48 h

Exercise description Standing heel raise, with forefoot on a step and a towel placed underneath the toes to dorsiflex them throughout

the exercise. With a fully extended knee, the participant performed a heel raise

against each other (Shattock and Tee, 2020). However, its
advantages include an easier implementation while also being
a potential method for increasing patient self-efficacy and
allowing the self-management in the home setting without the
need for expensive equipment, making it a more practical and
cost-effective choice.

CONCLUSION

This review has provided an overview of individual factors
in tendinopathy, the current resistance training protocols
in lower limb tendinopathy and their limitations, and
autoregulation methods culminating in a proposed example
of the implementation of autoregulation under the current
tendinopathy HSRT protocols. While current resistance training
protocols are considered as the gold standard treatment
intervention for a range of tendinopathies, they are not
without limitations as they fail to address an individual’s
entire strength spectrum and the principle of individualization,
resulting in inadequate long-term outcomes. This review
provides an example of how these factors may be addressed

through autoregulation methods, which may improve the
outcomes for tendinopathy, which is a leading global cause
of musculoskeletal pain and disability. Previous literature
studies have demonstrated how the adoption of autoregulation
methods in resistance training can improve strength gains
and sports performance in healthy athletes. However, there
has been a dearth of research applying these autoregulation
principles to musculoskeletal rehabilitation despite the
methodology originating in physiotherapy research. This
review demonstrates how applying these autoregulation
methods to widely adopted resistance training protocols
in tendinopathy allows for tailoring the exercise dosage
and considering the myriad of potential patient individual
factors, which are not accounted for in the standardized and
predetermined protocols. However, as a narrative review based
on the authors’ opinion with no interventions investigated,
this review has limitations in terms of clinical applicability.
Therefore, further interventional research is required to
investigate the safety, feasibility, and efficacy of these methods in
improving the outcomes of resistance training interventions in
tendinopathy rehabilitation.
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A key point from this review is noted that autoregulation
should be used as a replacement for current interventions,
but that it is a context-specific approach and may be used
as a modification strategy to the current resistance training
protocols in tendinopathy. Eccentric-only and HSRT protocols
have been successfully implemented in lower limb tendinopathy
rehabilitation around the world for two decades. However,
despite their moderate success, a modification through improved
prescription, monitoring, and progression based on the principle
of individualization may lead to more optimal, individually
tailored, and efficacious interventions. For several years, leading
tendinopathy clinicians and researchers have been advocating
that tendinopathy rehabilitation must be individualized to
improve long-term outcomes. However, this has not been
addressed, with predetermined and standardized protocols
remaining the mainstay of tendinopathy rehabilitation, both

clinically and in interventional research methods. It is clear
from the recent literature studies that a paradigm shift in
the resistance training application in lower limb tendinopathy
is required, attempting to improve clinical outcomes for
patients, which remain inadequate in the long term. Perhaps,
a slight adaptation of these long-standing resistance training
interventions through autoregulation methods may pave the
way forward for ascertaining the most optimal and efficacious
approach for tendinopathy rehabilitation, which has yet to
be elucidated.
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Rotator cuff (RC) tears are prevalent in the population above the age of 60. The
disease progression leads to muscle atrophy, fibrosis, and fatty infiltration in the chronic
state, which is not improved with intervention or surgical repair. This highlights the
need to better understand the underlying dysfunction in muscle after RC tendon tear.
Contemporary studies aimed at understanding muscle pathobiology after RC tear have
considered transcriptional data in mice, rats and sheep models at 2–3 time points
(1 to 16 weeks post injury). However, none of these studies observed a transition
or resurgence of gene expression after the initial acute time points. In this study, we
collected rabbit supraspinatus muscle tissue with high temporal resolution (1, 2, 4, 8,
and 16 weeks) post-tenotomy (n = 6/group), to determine if unique, time-dependent
transcriptional changes occur. RNA sequencing and analyses were performed to identify
a transcriptional timeline of RC muscle changes and related morphological sequelae.
At 1-week post-tenotomy, the greatest number of differentially expressed genes was
observed (1,069 up/873 down) which decreases through 2 (170/133), 4 (86/41), and
8 weeks (16/18), followed by a resurgence and transition of expression at 16 weeks
(1,421/293), a behavior which previously has not been captured or reported. Broadly, 1-
week post-tenotomy is an acute time point with expected immune system responses,
catabolism, and changes in energy metabolism, which continues into 2 weeks with
less intensity and greater contribution from mitochondrial effects. Expression shifts at
4 weeks post-tenotomy to fatty acid oxidation, lipolysis, and general upregulation of
adipogenesis related genes. The effects of previous weeks’ transcriptional dysfunction
present themselves at 8 weeks post-tenotomy with enriched DNA damage binding,
aggresome activity, extracellular matrix-receptor changes, and significant expression
of genes known to induce apoptosis. At 16 weeks post-tenotomy, there is a range
of enriched pathways including extracellular matrix constituent binding, mitophagy,
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neuronal activity, immune response, and more, highlighting the chaotic nature of this
time point and possibility of a chronic classification. Transcriptional activity correlated
significantly with histological changes and were enriched for biologically relevant
pathways such as lipid metabolism. These data provide platform for understanding the
biological mechanisms of chronic muscle degeneration after RC tears.

Keywords: rotator cuff, rotator cuff muscle dysfunction, transcriptome (RNA-seq), time series data analysis,
muscle biology, tenotomy, muscle atrophy

INTRODUCTION

Rotator cuff (RC) tears are prevalent in the general population
with an incident rate of 20% after the age of 60 (Sayampanathan
and Andrew, 2017; Collin et al., 2019). Although RC repairs are
used to treat this condition, time between tear and repair can
influence the success of surgery (Gladstone et al., 2018). However,
clinical studies have proven that repair does not improve
or reverse the muscle atrophy and fatty infiltration observed
at chronic states of disease (Gerber et al., 2000; Gladstone
et al., 2018). This highlights the need to better understand
what dysfunction in RC tears is leading to persistent muscle
atrophy and fatty infiltration to determine potential targets
for reversibility.

The rabbit model is an advantageous system to use to study
this question due to similar morphological changes such as
increased fat, fibrosis, and degeneration (Rubino et al., 2007;
Farshad et al., 2012; Valencia et al., 2018; Hyman et al., 2020,
2021, in revision; Vargas-Vila et al., 2021) to what is observed in
the supraspinatus (SSP) in humans (Gibbons et al., 2017, 2018b)
without the need of a neurectomy as in smaller animal models
(Rowshan et al., 2010). The major physiological changes noted
in this model include significant decrease in muscle fiber cross-
sectional area (CSA) at 4 and 16 weeks, degeneration of muscle
fibers with a∼25% muscle mass reduction after 16 weeks, and an
increase in collagen and fat between 4 to 16 weeks (Rubino et al.,
2007; Farshad et al., 2012; Valencia et al., 2018; Hyman et al., 2020,
2021, in revision; Vargas-Vila et al., 2021). Understanding the
progression of RC disease before repair may help determine the
potential effectiveness of a surgical intervention with or without
adjuvant therapeutics.

Currently, few human studies have characterized gene
expression in RC muscle after tendon tear and how it relates to
the severity of muscle changes (Reardon et al., 2001; Steinbacher
et al., 2010; Choo et al., 2014; Chaudhury et al., 2016; Shah
et al., 2017; Gibbons et al., 2018a; Ren et al., 2018; Ge
et al., 2020; Tashjian et al., 2020), but these data could not
be related to a time course neither compared to a healthy
control. Gene expression data with two or more time points
have been collected in a mouse RC tear model and a rat
tenotomy and neurectomy model (Lee et al., 2018; Gumucio
et al., 2019; Hu et al., 2019), typically focusing on specific
programs and gene overlap over the time series. However,
even fewer studies have considered the mechanistic effects of
muscle unloading in an animal RC tear model which properly
recapitulates the human pathophysiology of fatty infiltration.
One example includes the sheep RC tear model, which

recapitulates human pathophysiology (Gerber et al., 2004) and
has been used to consider the role of mitochondrial dysfunction
with transcriptomics at two different time points (2 and 16 weeks
post-tenotomy; Flück et al., 2017, 2020), Given the lack of a broad
understanding of the progression of RC disease there is an unmet
need to investigate the development in a time dependent manner
with greater time and transcriptional resolution.

This study aims to establish transcriptional responses to RC
tendon tear as a function of time in the rabbit tenotomy injury
model. Sequencing for all genes, rather than select ones, allows
for an unbiased analysis of transcriptional changes over time.
These data may provide a greater understanding of how RC
tears progress to a chronic state of decreased muscle quality
and function. We hypothesize, based on morphological changes
previously observed in this model, that transcription of certain
genes is time dependent, where early changes would favor
atrophy and inflammation and late changes would favor fatty
infiltration, degeneration, and fibrosis.

MATERIALS AND METHODS

Animals
In this study 30 female New Zealand White rabbits
(∼6 months, Western Oregon Rabbit Company, Philomath,
OR, United States) were used to evaluate post-tenotomy
transcriptional changes over time (Vargas-Vila et al., 2021).
Females were used due to housing safety concerns regarding
mixing gender and the ease of sourcing older female animals.
All protocols were approved by the University of California,
San Diego Institutional Animal Care and Use Committee
(protocol #S11246). All animals were assigned a number ID
and cage location upon arrival and then at time of harvest were
randomized to one of the study groups. Animals were single
housed with food and water ad lib, environmental and food
enrichment, and visual access to other animals. There were no
adverse events in this study and no animals met the criteria for
humane early endpoints.

Surgical Procedures
Rabbits were anesthetized with a subcutaneous injection of
ketamine and xylazine (35 mg/kg ketamine/5 mg/kg xylazine,
MWI Veterinary Supply, Boise, ID, United States). Following
intubation, 2–4% isoflurane (VetOne, Boise, ID, United States)
was utilized to keep the animals under anesthesia for the duration
of the surgery. The surgical site was disinfected, and an incision
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was made through the skin and deltoid muscle overlying the
RC. After exposing the SSP tendon, a unilateral tenotomy was
performed by transecting the tendon at its footprint on the
greater tubercle of the humerus. Surrounding soft tissues were
bluntly dissected to permit unobstructed retraction of the tendon.
To avoid the formation of tissue adhesions, a Penrose drain
(Medline, Northfield, IL, United States) was sutured to the tendon
stump. The muscle and skin layers were subsequently sutured
and stapled closed, and the animals were allowed to recover.
A sham surgery was performed on the contralateral limb of the
tenotomy to serve as a control for the procedure where only the
skin was cut, tendon isolated, and then stitched up as normal. An
E-collar was placed on the animals to prevent suture ripping, and
after 10 days, the collar and any remaining staples were removed
(Vargas-Vila et al., 2021).

Muscle Harvesting
After the study, animals were euthanized at 5 time points; 1,
2, 4, 8, and 16 weeks post-tenotomy. At the specified time
points, animals were euthanized with an intravenous overdose of
pentobarbital (Beuthanasia, 120 mg/kg, MWI Veterinary Supply,
Boise, ID, United States). The SSP muscles from both shoulders
were harvested and divided into four regions with the central
tendon serving as the muscle midline between the anterior
and posterior sides of the muscle. These four regions included
anterior lateral (A1), posterior lateral (P1), anterior medial
(A2), and posterior medial (P2), and one full-muscle thickness
fragment was harvested from each location. The harvested
muscle regions were pinned to in vivo length and flash frozen in
liquid nitrogen-chilled isopentane for storage at −80◦C (Vargas-
Vila et al., 2021).

RNA Extraction
The muscle samples from the P1 region were removed from
−80◦C and brought to a cryostat where they were allowed to
come up to−20◦C. The P1 region was chosen due to consistently
presenting the most affected region of muscle in this RC injury
model compared to the anterior and medial regions (Vargas-Vila
et al., 2021). One notable difference is his region experiences the
greatest fiber type changes with increased type II and decreased
type I influencing the metabolic activity (Vargas-Vila et al.,
2021). A 50–75 mg piece was removed from the center of each
pinned region and placed in a pyrogen-free tube. RNA extraction
was performed using the QIAGEN Fibrous Tissue mini kit
on a QIAGEN Qiacube robot (QIAGEN, Germantown, MD,
United States). In brief, the tissue was immersed in buffer RLT
and disrupted by bead in the QIAGEN TissueLyser II (QIAGEN,
Germantown, MD, United States), before being transferred to
the Qiacube for RNA extraction. Samples were digested with
Proteinase K, (QIAGEN, Germantown, MD, United States) prior
to extraction. A DNase digestion step was included in the
protocol. RNA was stored at−80◦C.

RNA Sequencing
Total RNA was assessed for quality using an Agilent Tapestation
4200, and samples with an RNA Integrity Number (RIN) greater
than 8.0 were used to generate RNA sequencing libraries using

the TruSeq Stranded mRNA Sample Prep Kit (Illumina, San
Diego, CA, United States). Samples were processed following
manufacturer’s instructions, modifying RNA shear time to 5 min.
Resulting libraries were multiplexed and sequenced with 75
basepair (bp) single reads (SR75) to a depth of approximately 25
million reads per sample on an Illumina HiSeq400. Samples were
demultiplexed using bcl2fastq Conversion Software (Illumina,
San Diego, CA, United States).

RNAseq Analysis
Quality control of the raw fastq files was performed using the
software tool FastQC (Andrews, 2010). Sequencing reads were
aligned to the rabbit genome (Ensembl OryCun2.0) using the
STAR v2.5.1a aligner (Dobin et al., 2013). Read quantification
was performed with RSEM (Li and Dewey, 2011; v1.3.0) and
Ensembl annotation (Oryctolagus_cuniculus.OryCun2.0.91.gtf).
The R BioConductor packages edgeR (Robinson et al., 2010)
and limma (Ritchie et al., 2015) were used to implement limma-
voom (Law et al., 2014) followed by empirical Bayes technique
for differential expression analysis. Lowly expressed genes were
filtered out (cpm > 1 in at least one sample). Trimmed mean
of M-values (TMM) normalization was applied (Robinson and
Oshlack, 2010). The experimental design was modeled upon
time point and treatment (∼0 +time_treatment) with contrasts
(Tenotomy – Sham) for each time point and all samples. All
results will be presented as the tenotomy time point compared
to sham unless specified otherwise. From the empirical Bayes
result, differentially expressed (DE) genes were defined by an
adjusted P-value < 0.05 [based on the moderated t-statistic
using the Benjamini-Hochberg (BH) method to control the false
discovery rate (Benjamini et al., 2001)] and a |log2FC| > 1
(Supplementary Data 1). G:Profiler was used to map rabbit
Ensemble IDs to human Ensemble IDs, Entrez IDs, and symbols
(Raudvere et al., 2019), Supplementary Data 2. Of the 11,535
total genes, 1,210 were not mapped to human and 296 were
duplicates and were removed for the analysis. The resulting
genes with Entrez IDs correspond to the set of “background
or detected genes” consisting of 10,029 genes. We removed one
8 week sample that we identified as an outlier using PCA plots
and unsupervised hierarchical clustering. With n = 6 animals per
group, we were sufficiently powered to identify significantly DE
genes with a power of 72%. Volcano plots were created using
Enhanced Volcano package (v.1.60). Heatmaps were created
using clustermap in the seasborn package (Waskom, 2021). The
Venn Diagram was produced using Van de Peer lab tools (Van de
Peer Lab, 2021). RT-qPCR validation was not used in this study
due to the robust nature of RNAseq methods and data analysis
and supporting literature (Feng et al., 2010; Coenye, 2021).

Enrichment Analysis
Assignment of functional categories was based on the Gene
Ontology (GO) categories “Biological process,” “Molecular
function,” and “Cellular component.” Enrichment analysis of
GO categories was performed in R (version 4.0.2; http://www.r-
project.org) using the “weight01” method from the Bioconductor
topGO (v. 2.40.0) package with the org.Hs.eg.db_3.11.4 human
database (Carlson, 2019; Alexa and Rahnenfuhrer, 2020). Node
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size was set to 10, and Fisher’s exact test was used for assessing GO
term significance. Overrepresentation of functional categories
was calculated for DE genes as compared with the 10,030
“background” genes, and significant GO terms were identified
as those having P-value < 0.05 (Supplementary Data 3). KEGG
analysis was also done in R using KEGGREST package (v.
1.28.0) with list of pathways and genes. A Wilcox rank-sum
test was performed for each pathway, the Entrez ID along
with the adjusted p-values of the gene expression as input.
Testing whether p-values of genes included in that pathway
are smaller than outside p-values. Overrepresentation of KEGG
pathways was calculated for DE genes as compared with the
10,030 “background” genes, and significant KEGG pathways were
identified as those having a p-value < 0.05 (Supplementary
Data 4).

Gene Pathways of Interest
To highlight the changes in common genetic programs of
interest, the RC muscle literature was searched to build a list
of essential genes (Supplementary Data 5) found in programs
such as myogenesis, inflammation, adipogenesis, and fibrosis
(Gibbons et al., 2018a). Additional genes relating to adipogenesis
identified as correlated with RC radiographic assessments
(Shah et al., 2017) were also included. The final lists were
compared to other RC transcriptome analyses in other animal
models (Lee et al., 2018; Gumucio et al., 2019; Flück et al.,
2020) for confirmation of overlap although in more broadly
described categories.

Correlation Analysis
Weighted correlation network analysis (WGCNA) was
performed using WGCNA R package (v. 1.70-3; Langfelder
and Horvath, 2008) with transcriptional and phenotypic data
(Supplementary Data 6) with the tenotomy only samples as
there was no significance found in the combined analysis. This
analysis works by building an unbiased network of modules
which represents a cluster of genes, and then correlations
(Supplementary Data 7) can be investigated with phenotype
traits through gene membership. The phenotypic data included
in this study is fiber area, central nucleation, fat quantification,
collagen content, and degeneration, all of which are reported
in detail elsewhere (Vargas-Vila et al., 2021) but are from the
same animals used in this study. However, Hematoxylin and
Eosin-stained (H&E) stained sections of representative muscles
in each group, at each time point, can be seen in Figure 1.

RESULTS

Transcriptome Profiles Changed From
Acute to Chronic State
Visually there were obvious structural muscle changes over time
between post-tenotomy and sham samples (Figure 1). Changes
included decreased muscle CSA, increased muscle degeneration,
and increased fat and collagen deposition (Vargas-Vila et al.,
2021).

At 1 week post-tenotomy, the initial acute time point,
there was substantial number of significantly up- and down-
regulated DE genes (Figure 2A), followed by a sharp decrease
in differentially regulated transcripts at 2 (Figure 2B), 4
(Figure 2C), and 8 weeks post-tenotomy (Figure 2D). However,
at 16 weeks post-tenotomy (Figure 2E) there was a resurgence
in the number of DE genes, which considers this time point
at a chronic state because although the expression is similar in
intensity to 1 week post-tenotomy (Figure 2A), it had more
up-regulated genes than down-regulated genes. The difference
between the labeled genes in Figures 2A–E include that the genes
at 1 week post-tenotomy do not appear in the described top
10 genes at any other time point, meanwhile there was overlap
with the other time points, although with no clear commonality.
Each time point’s corresponding principal component analysis
(Figures 2F–J) illustrated that standard analytical methods easily
separate tenotomy from sham.

The Venn diagram (Figure 3A) shows the distribution of DE
genes between each time point post-tenotomy, where 1 week had
1,111 unique genes, 2 weeks with 27, 4 weeks with 9, 8 weeks
with 2, and 16 weeks post-tenotomy with 876. There are 6 DE
genes [KLHL34, LSMEM2 (Leucine Rich Single-Pass Membrane
Protein 2), UCP2 (Uncoupling Protein 2), TP63 (Tumor Protein
P63), MYT1L (Myelin Transcription Factor 1 Like), ADPRHL1
(ADP-Ribosylhydrolase Like 1)] in common at all the time points
which generally have to do with energy or transcription factors.
The 1 week and 16 weeks post-tenotomy time points uniquely
shared 581 DE genes (only 25% of their respective total DE
genes). The total amount of DE genes by week was 1,942 with
1,069 up and 873 down for 1 week, 303 with 170 up and 133
down for 2 weeks, 127 with 86 up and 41 down for 4 weeks, 34
with 16 up and 18 down for 8 weeks and 1,714 with 1,421 up
and 293 down for 16 weeks post-tenotomy (Figure 3B). Despite 1
and 16 weeks post-tenotomy shared an approximately equivalent
number of DE genes, instead of the DE genes being split by
up- and down-regulated as seen at the 1 week post-tenotomy,
the 16 weeks post-tenotomy demonstrated 83% of up-regulated
DE genes (Figure 3B). This contrast between 1 and 16 weeks
post-tenotomy can also be demonstrated by the clustering in
the heatmap. The clustering grouped 5 out of 6 of 1 week
post-tenotomy samples separately from 16 weeks post-tenotomy
(Figure 3C). The sham samples generally clustered together with
some tenotomy sample exceptions (Figure 3C).

Enrichment Analysis
To determine the larger scale function the DE genes,
overrepresentation analyses were performed using GO and
KEGG at each time point (Figure 4). For 1 week post-tenotomy,
the GO cellular component (yellow bars – Figure 4A) was
enriched for transcripts relating to mitochondria. The molecular
function (green bars – Figure 4A) was enriched for transcripts
related to energy, and transporter and transferase activity.
Biological processes (blue bars – Figure 4A) were enriched
regarding catabolic, metabolic, and signaling specific pathways.

Gene ontology analysis at 2 weeks post-tenotomy continued to
be enriched for components relating to mitochondria, molecular
function relating to enzymes of the electron transport chain for
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FIGURE 1 | Representative histological H&E sections of muscle at each time point for post-tenotomy and sham. Demonstrating over time a decrease in muscle
CSA, muscle mass, increase in collagen content and fat reported in Vargas-Vila et al. (2021). Scale bar 100 µm.

FIGURE 2 | Volcano plots (A–E) highlight differentially expressed (DE) genes (red dots) at each time point post-tenotomy defined as a logFC > 1 and an adjusted
p-value < 0.05. The genes labeled in each volcano plot (A–E) consist of the top 10 genes with the smallest p-value. Corresponding PCA plots (F–J) at each time
point demonstrate that the analytical methods separate tenotomy and sham.

ATP, NADH, cytochrome-c, and iron-sulfur binding (Figure 4B).
The electron transport chain activity continued to be in enriched
in the biological process along with positive regulation of the
calcineurin-NFAT signaling cascade (Figure 4B).

At 4 weeks post-tenotomy, the cellular components
were enriched for complexes related to signaling and
neurotransmission (Figure 4C). Molecular function at 4 weeks
was enriched for binding (activin, IGF1, and I-SMAD), catalytic
activity on DNA, and proton transport (Figure 4C). There was
continued enrichment of positive regulation of the calcineurin-
NFAT signaling cascade at 4 weeks in biological process along
with response of vitamin A and leucine (Figure 4C). This was the
first time point where positive regulation of fatty acid oxidation
appeared along with negative regulation of protein import
into the nucleus.

The percent of genes in a given GO term decreases over
time and was at its lowest at 8 weeks post-tenotomy, with
most having 25% or less genes in the term (Figure 4D). The

cellular components had broad enrichment at 8 weeks, ranging
from aggresome, Z-disk, synapse, mitochondrial envelope to
nucleus (Figure 4D). Interestingly, damaged DNA binding and
transcription repressor activity appeared enriched in molecular
function at 8 weeks, along with ubiquitin protease activity, virus
receptor activity, and antioxidant activity (Figure 4D). Positive
regulation of calcineurin-related signaling again was enriched in
biological process at 8 weeks with more regulation related to
IL-8, translation in response to stress, and skeletal muscle cell
differentiation.

An increase of ∼50% in significant genes within a GO
term from 8 weeks post-tenotomy to 16 weeks post-tenotomy
was seen with a range of cellular components enriched
for the synapse, collagen trimer, mitochondrial respiratory
chain complex I, and pseudopodium (Figure 4E). Molecular
function at 16 weeks was enriched for binding (PDGF,
collagen, proteoglycan, and phosphatidylinositol-4-phosphate)
and extracellular matrix constituents (Figure 4E). Positive
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FIGURE 3 | Distribution of samples by tenotomy vs sham and DE genes over each time point post-tenotomy. Venn diagram (A) highlights the DE genes at each time
point and the overlap with other time points. The bar chart (B) displays the number of DE genes which are up or down regulated at each timepoint. Data in the
heatmap (C) is presented as normalized expression for each tenotomy and sham sample at each time point post-tenotomy with a z-score scale by rows and an
average hierarchical clustering by columns.

regulation of reactive oxygen species (ROS) generation was
enriched in biological process at 16 weeks, along with synapse
maturation, axonal transport of mitochondrion, leukocytes
rolling, and membrane fission (Figure 4E).

KEGG analyses highlighted changes of broader pathways
over time (Figure 5). At 1 week post-tenotomy, all metabolism
terms were significantly enriched and generally continued into
2 weeks post-tenotomy (Figure 5 – metabolism). Metabolism
at 4 weeks post-tenotomy identified new enriched metabolism
terms such as tryptophan metabolism (Figure 5 – amino
acid metabolism), retinol metabolism (Figure 5 – vitamins
and cofactors metabolism), sugar metabolism (Figure 5 –
carbohydrate metabolism), cholesterol metabolism, and steroid
biosynthesis (Figure 5 – lipid metabolism). Only glycine, serine,
threonine metabolism (Figure 5 – amino acid metabolism),
and biosynthesis of unsaturated fatty acid (Figure 5 – lipid
metabolism) were enriched at 8 weeks post-tenotomy. By
16 weeks post-tenotomy there were only a few pathways in
each metabolism category that were enriched significantly. In
the signaling transduction cluster, MAPK, FoxO, Rap1 signaling
pathways were the only terms enriched at all time points. Most
terms in this cluster were enriched at 16 weeks post-tenotomy

with 5 pathways (cGMP-PKG, Apelin, Wnt, Hedgehog, and
Sphingolipid signaling pathway) that became enriched only at
this time point. Focusing on the immune system cluster, there
was a clear activation of all terms at 1 week which decreased
slightly by 2 weeks, was not present at 4 weeks and only antigen
processing and presentation was enriched at 8 weeks, but by
16 weeks post-tenotomy there was a reactivation of many of
the 1 week terms in addition to B and T cell receptor signaling
pathway (Figure 5 – immune system). There were a few enriched
terms in the endocrine system cluster at 1, 2, and 4 weeks
with double the number at 8 weeks and over 9 at 16 weeks
post-tenotomy (Figure 5 – endocrine system). At 4 weeks post-
tenotomy, regulation of lipolysis in adipocytes, insulin resistance
and signaling pathway were enriched and continued to be at
16 weeks post-tenotomy along with many more endocrine system
terms. 16 weeks post-tenotomy also had many significantly
enriched terms in the nervous system cluster which contrasted
with the behavior at 1 week post-tenotomy. The cell processes
cluster highlighted terms with the cell environment where 1 week
post-tenotomy was enriched for apoptosis, ABC transporters,
cytokine-cytokine receptor interaction, 2 weeks with ribosome,
4 weeks with p53 signaling pathway, 8 weeks with neuroactive
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FIGURE 4 | GO enrichment analysis for (A) 1 week post-tenotomy, (B)
2 weeks post-tenotomy, (C) 4 weeks post-tenotomy, (D) 8 weeks
post-tenotomy, and (E) 16 weeks post-tenotomy. Data presented as top 5
greatest gene coverage (# of significant genes/total genes in GO term) in each
category: cellular component (yellow), molecular function (green), and
biological process (blue).

ligand-receptor interaction, adherens junction, and 16 weeks
with mitophagy and ubiquitin mediated proteolysis.

Gene Programs of Interest Changed
Over Time After Tear
Using a literature-driven approach, specific genes from the
literature relating to myogenic, anti-myogenic (suppressing
muscle formation, cell death, and degradation), adipogenic,
inflammation, and fibrotic programs were highlighted across the
five time points (Figure 6). The myogenic program (Figure 6 –
green bars) was activated the strongest after 1 week post-
tenotomy (Figure 6A) and was faint or not significant at all
other time points (Figures 6B–E). The anti-myogenic program
(Figure 6 – red bars) was also expressed strongly at 1 week
post-tenotomy with continued expression at all the time points,
although with fewer genes at the 2–8 week time points, and
then presented a second robust response at 16 weeks. Although
some genes within the adipogenic program (Figure 6 – yellow
bars) were significantly expressed in 1 and 2 weeks, the entire
program was fully expressed initially at 4 weeks and again at
16 weeks post-tenotomy. Inflammation (Figure 6 – orange bars)
was observed with a large expression at 1 week post-tenotomy
and decreasing through 8 weeks, with a resurgence at 16 weeks.
The fibrotic program (Figure 6 – pink bars) was also initially
expressed at 1 week with fewer expressed genes at 2 weeks
followed by no significant genes at 4 and 8 weeks (Figures 6C,D –
dashed bars) and another robust response at 16 weeks post-
tenotomy (Figure 6E).

Transcriptional Data Correlations With
Phenotypic Traits
Weighted correlation network analysis revealed gene modules
significantly related to phenotype characteristics quantified
by histology (Supplementary Figure 1). Modules 10 and 4
encompass the greatest number of significant correlations with
phenotype traits, and genes in these modules were significantly
enriched for interesting pathways related to lipid metabolism,
and general RNA activity (Supplementary Data 8). The
phenotype traits degeneration (p = 0.07) and collagen content
(p = 0.03) were only correlated with module 10, which is enriched
for lipid metabolism. The strongest correlation coefficient (-0.71,
p = 2e-05) is associated with the centralized nuclei trait (a marker
of muscle degeneration-regeneration) and module 13 which is
enriched for pathways related to DNA binding and regulation.
Centralized nuclei trait is also correlated significantly to modules
9, 11, and 14 and these genes are enriched for skeletal muscle
adaptation/fast-slow fiber transition, endoplasmic reticulum
related protein binding, and ubiquitin-like protease activity,
respectively, (Supplementary Figure 1 and Supplementary Data
8). Module 7 is significantly associated with interfascicular fat
and fat and degeneration phenotype traits whose genes are
enriched for interesting pathways as Ragulator complex which
is anchored to lipid rafts in late endosomes and protein import
related to peroxisomes membrane (Supplementary Figure 1 and
Supplementary Data 8).

Frontiers in Physiology | www.frontiersin.org 7 August 2021 | Volume 12 | Article 707116102

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-707116 October 25, 2021 Time: 14:57 # 8

Vasquez-Bolanos et al. Rotator Cuff Muscle Transcriptional Changes

FIGURE 5 | Considering all pathways that have at least 1 significant p-value and filtering out disease/tissue specific pathways, the remaining pathways were
grouped by KEGG hierarchy into amino acid metabolism, carbohydrate metabolism, vitamins and cofactors metabolism, energy metabolism, lipid metabolism,
endocrine system, nervous system, immune system, signal transduction, and cell processes.

DISCUSSION

The purpose of this study was to establish transcriptional changes
as a function of time in a rabbit RC tear model. We hypothesize,
based on morphological changes previously observed in this
model, that transcription of certain genes is time dependent,
where early changes would favor atrophy and inflammation and
late changes would favor fatty infiltration, degeneration, and
fibrosis. There were clear transcriptional differences between
each time point, which support the concept of differential timing
of inflammation, adipogenesis, fibrosis, and cell death programs
that lead to muscle atrophy, degeneration, and fatty infiltration.

Likewise, phenotypic traits correlated significantly with gene
groupings in unbiasedly defined modules which were enriched
for biological relevant pathways such as lipid metabolism.

At 1 week post-tenotomy, as expected, there was a large
transcriptional response in both up- and down regulation
(Figures 2A, 3B). Functional enrichment elucidates that these
genes are related to the immune system, energy metabolism,
catabolism and a wide range of signaling pathways we would
expect to see at an acute response to injury (Figures 4A,
5A). 2 weeks post-tenotomy the response trends in areas of
metabolism, particularly with the mitochondria (Figure 4B),
signaling pathways, and immune system with fewer enriched
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FIGURE 6 | Changes in transcriptome of genetic programs of interest at (A)
1 week post-tenotomy, (B) 2 weeks post-tenotomy, (C) 4 weeks
post-tenotomy, (D) 8 weeks post-tenotomy, and (E) 16 weeks post-tenotomy.
Log fold change (logFC) is the difference of tenotomy and sham. Solid bars
represent a significant adjusted p-value (p < 0.05) and partially filled in bars
are not significant. Green bars represent myogenic related genes, red
represents anti-myogenic, yellow represents adiopogenic, orange represents
inflammation, and pink represents fibrotic genes. Data are presented as
average logFC.

terms (Figure 5). Overall, 2 weeks post-tenotomy had a more
muted response than the previous week with greater emphasis
on ubiquinone, a metabolite involved in the electron transport
chain in the mitochondria and free-radical scavenger antioxidant,
related build up (Figure 4B).

A turning point appeared to occur at 4 weeks post-
tenotomy where the expression, despite decreasing from 2 weeks
(Figure 2C), shares a greater overlap of DE genes with
the 16 weeks time point as opposed to 1 and 2 weeks
(Figure 3A). The enrichment analyses supported the gene
shift toward lipids and adipogenesis, with enriched pathways
of positive regulation of fatty acid oxidation (Figure 4C)
and regulation of lipolysis in adipocytes (Figure 6). Likewise,
when literature-specific adipogenesis genes were considered,
this time point demonstrated significant upregulation of these
genes (Figure 6C).

The 8 weeks post-tenotomy time point, with only 34 DE
genes, was the time point with the lowest levels of DE
expression demonstrating a possible trend toward steady state of
transcription expression (Figures 2D, 3). These genes are related
to GO terms associated with DNA damage binding, transcription
repression, regulation of translation in response to stress, and
interestingly aggresome, which serves as a location for misfolded
proteins and is used when there is too much protein degradation
for the cell to handle (Figure 4D). These changes are all associated
with low transcriptional activity and degradation. ECM-receptor
interaction, including neuroactive ligand-receptor interaction,
GAP junctions first appeared enriched at this time point
highlighting a change in the cell environment (Figure 6). Given
how few significant genes there were at 8 weeks post-tenotomy,
only CIDEA, TP63, and TEAD4 from the literature specific genes
(Figure 6D) were significantly expressed in the anti-myogenic
category, which interestingly, are related to apoptosis.

At 16 weeks post-tenotomy, a resurgence in expression, well
after the acute stage response, suggests the possibility of a unique,
chronic transcriptional signature. Based on morphology from
previous studies (Vargas-Vila et al., 2021), this was when fatty
infiltration was most present. Transcriptionally, there are 876
unique DE genes at 16 weeks post-tenotomy not present at
any other time point highlighting the difference in response
from 1 week post-tenotomy (Figure 2A). Positive regulation of
superoxide (a type of ROS) anion generation, ubiquitin mediated
proteolysis, general immune system response was enriched at
this time point (Figure 4E). Similarly, extracellular matrix
(ECM) binding such as collagen, proteoglycans, neuronal activity
relating to synapse components, maturation and axonal transport
of mitochondrion are enriched (Figure 4E). Mitophagy, in
particular, was enriched at this time point suggesting there
was sufficient mitochondrial damage/stress that needed to be
degraded by autophagy. Not including the myogenic specific
genes, all literature-based programs are significantly expressed
and more so than at any other time point (Figure 6E).

The distribution of DE genes with the first acute time point
having the most and the decrease of expression (Figure 2) was
similar to other transcriptional time-series studies (Lee et al.,
2018; Gumucio et al., 2019) in a mouse RC tear model (1 and
4 weeks) and a rat (10, 30, and 60 days) RC tear and denervation
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model. However, neither of these studies captured what was
observed at the 16 weeks post-tenotomy time point (Figure 2E),
which was a resurgence of expression to a similar level of the most
acute time point at 1 week post-tenotomy, but with 876 new genes
(Figure 3A) and a greater ratio of up-regulated genes instead of
down-regulated (Figure 3B) where autophagy and ECM binding
dominate. These studies also demonstrated a large overlap of DE
genes at all recorded time points (Lee et al., 2018; Gumucio et al.,
2019; Hu et al., 2019), which does not encompass the RC tear
progression over time since this study only recorded 6 genes in
common at all time points (Figure 3). This is an advantage of
this study due to the time and sequence resolution used in order
to capture unique time points during RC tear progression. In
regard to enrichment there were similar trends in expression of
ECM related genes increasing over-time in a rat tenotomy and
neurectomy model (Gumucio et al., 2019) which was similar to
the genes in the literature-defined fibrotic program that increased
at 16 weeks post-tenotomy in this study (Figure 6).

In a more clinically relevant sheep RC tear model (Flück
et al., 2017, 2020), with two time points (2 and 16 weeks)
highlighted that there were 350 transcripts reported different at
either time point. Enrichment analyses highlighted similarities
with pathways related to focal adhesions, calcium binding, and
extracellular space, which were also enriched at 16 weeks post-
tenotomy in our study (Figure 5). Comparing to a human
qPCR study of torn RC muscle (Gibbons et al., 2018a), the gene
expression across the cell programs in our study at 16 weeks
post-tenotomy (Figure 6E) closely resembled biopsies taken from
high-fat characterized muscle compared to no-muscle or intact
biopsies (Gibbons et al., 2018a). Highlighting essential genes from
the literature, we observed the adipogenic pathway expressed
starting at 4 and 16 weeks post-tenotomy (Figure 6). Likewise, the
difference between 1- and 16 weeks post-tenotomy emphasizes
how expression shifts toward more adipogenic and fibrotic genes.

Given a unique, chronic transcriptional profile which
emphasized ROS build up, protein degradation, change in
ECM/cell environment, the cause(s) leading to these changes
merit further investigation to better understand the mechanisms
of chronic fatty, fibrotic muscle atrophy observed in RC
disease. Some intriguing possibilities based on these data are;
changes in metabolism with the mitochondria and oxidative
stress, late stage dysregulation of the inflammatory system, or
a combination of metabolic and inflammatory dysregulation
encouraging autophagy. These potential hypotheses, and other
based on these unique data, should be tested mechanistically by
deliberately manipulating this now better-defined system.

We are unaware of any other correlation between RNAseq
data and muscle structural changes over time in RC muscle.
Specifically, unbiased gene sets were correlated with histological
measurements in our tenotomy samples, where certain gene
sets correlated positively with most histological measurements
(Supplementary Figure 1). The fact that there was an
obvious statistical correlation between transcriptional activity
and structure reinforces our confidence in the physiological
significance of the RNAseq data presented in this study.
Importantly, although sets of genes, as opposed to individual
genes or even pathways, are likely most relevant to the broad

degenerative changes seen in tenotomized muscle, we are not
implying that direct cause-effect relationships between specific
gene set dysregulation and structural changes as observed
in this analysis. That being said, the connection between
altered lipid metabolism, DNA regulation, and ubiquitination
are all logically appealing pathways to probe contributing to
future studies in the muscle physiology field along with better
understanding RC tear injury dysfunction. Future studies will
need to manipulate gene sets, or pathways, positively and
negatively to determine if they are mechanistically related to
degeneration. Additionally, given the heterogeneity of muscle
degeneration across individual muscles, relating transcriptional
activity to specific regions of muscle will be a valuable
technological advance.

CONCLUSION

Defining transcriptional changes in a RC tear model such
as rabbit, which is more similar to human RC disease
progression, allows for the possibility of further mechanistic
studies to understand the muscle dysfunction leading to
muscle atrophy and fatty infiltration observed. The field
needs to better understand the progression of tear in order
to make more informed decisions regarding RC repair and
therapeutics. This study outlines the timeline of transcriptional
changes in muscle after RC tear such as the immune
response at 1 week post-tenotomy, mitochondrial activity at
2 weeks post tenotomy, adipogenesis active at 4 weeks post-
tenotomy, transcriptional steady state at 8 weeks post-tenotomy,
and not previously reported resurgence of transcription at
16 weeks post-tenotomy, which may represent a chronic
transcriptional signature, and correlates gene sets to structural
muscle changes over time.
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FIGURE 3 | Distribution of samples by tenotomy vs sham and DE genes over each time point post-tenotomy. Venn diagram (A) highlights the DE genes at each time

point and the overlap with other time points. The bar chart (B) displays the number of DE genes which are up or down regulated at each timepoint. Data in the

heatmap (C) is presented as normalized expression for each tenotomy and sham sample at each time point post-tenotomy with a z-score scale by rows and an

average hierarchical clustering by columns.
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In the musculoskeletal system, bone, tendon, and skeletal muscle integrate and act 
coordinately as a single multi-tissue unit to facilitate body movement. The development, 
integration, and maturation of these essential components and their response to injury 
are vital for conferring efficient locomotion. The highly integrated nature of these 
components is evident under disease conditions, where rotator cuff tears at the bone-
tendon interface have been reported to be associated with distal pathological alterations 
such as skeletal muscle degeneration and bone loss. To successfully treat musculoskeletal 
injuries and diseases, it is important to gain deep understanding of the development, 
integration and maturation of these musculoskeletal tissues along with their interfaces as 
well as the impact of inflammation on musculoskeletal healing and graft integration. This 
review highlights the current knowledge of developmental biology and wound healing in 
the bone-tendon-muscle multi-tissue unit and perspectives of what can be learnt from 
these biological and pathological processes within the context of musculoskeletal tissue 
engineering and regenerative medicine. Integrating these knowledge and perspectives 
can serve as guiding principles to inform the development and engineering of 
musculoskeletal grafts and other tissue engineering strategies to address challenging 
musculoskeletal injuries and diseases.

Keywords: bone, tendon, muscle, multi-tissue units, musculoskeletal developmental biology, wound healing, 
musculoskeletal tissue engineering, inflammation

INTRODUCTION

Bone, tendon, and skeletal muscle are essential components of the musculoskeletal system 
whose development, integration, and response to injury are vital for conferring efficient body 
movement. Specifically, joint motion occurs as a result of bone, tendon, and skeletal muscle 
coordinately acting as a single multi-tissue unit, muscle-generated contractile force is transmitted 
to compliant tendons, which efficiently stores and subsequently releases elastic strain energy 
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to result in bone movement. During development, these tissues 
are specified in a concerted manner, resulting in a highly 
integrated unit that further matures due to post-natal mechanical 
loading. This highly integrated nature is evident when injury 
is sustained. For example, in rotator cuff tears, although the 
bone-tendon interface or enthesis is often the site of injury, 
distal pathological alterations such as skeletal muscle degeneration 
in the form of fibrosis and fatty degeneration (Gilbert et  al., 
2018) as well as bone loss (Galatz et  al., 2005) have been 
reported. Inflammation is a crucial factor that determines the 
outcome of tissue healing as well as the response to medical 
devices such as grafts. As such, knowledge gleaned from 
developmental biology and wound healing can serve as guiding 
principles to inform the development and engineering of 
musculoskeletal grafts.

Musculoskeletal tissue engineering aims to apply combinations 
of cells, signaling molecules including growth factors and 
inflammation-modulating factors, and biomaterials to generate 
mechanically-robust and/or bioactive grafts/scaffolds for treatment 
of injured or diseased tissues. Within the context of this review, 
we  define a biomaterial as the base material or substance from 
which a scaffold or graft is fabricated. This means that a scaffold 
or graft is the engineered form of a biomaterial with the term 
“scaffold” being used in pre-clinical studies and “graft” being 
used in clinical settings. To appropriately utilize musculoskeletal 
development and wound healing knowledge and concepts, it 
is vital to recognize that the bone-tendon-muscle unit is a 
single functioning entity for locomotion (Ker et  al., 2011a,b; 
Wang et  al., 2021b). Therefore, understanding how these 
musculoskeletal tissues along with their interfaces develop, 
integrate, and mature (section “Brief Overview of Bone, Tendon, 
Muscle Development, Integration, and Maturation”) as well as 
the impact of inflammation on musculoskeletal healing and 
graft integration (section “Musculoskeletal Tissue Healing and 
Graft Integration”) is crucial. In addition, we  present our 
perspective of what can be learnt from these biological processes 
within the context of musculoskeletal tissue engineering and 
regenerative medicine (section “Perspective: What Can We Learn 
From Developmental Biology and Wound Healing for 
Musculoskeletal Tissue Engineering”) as well as potential treatment 
strategies (section “Outlook”). Integrating such knowledge will 
facilitate the development of rational and informed tissue 
engineering strategies for addressing challenging musculoskeletal 
injuries and diseases.

BRIEF OVERVIEW OF BONE, TENDON, 
MUSCLE DEVELOPMENT, INTEGRATION, 
AND MATURATION

Musculoskeletal Tissue Development and 
Integration
During embryonic development, the mesoderm is the prime 
contributor to musculoskeletal formation. The paraxial and 
lateral plate mesoderm, contribute toward somite and limb 
bud formation, respectively, which in turn are responsible for 

musculoskeletal formation in the trunk (primarily somitic in 
origin) and appendicular skeleton (primarily limb bud in origin; 
Figure  1; Cserjesi et  al., 1995; Schweitzer et  al., 2001; Wolpert 
et  al., 2002; Mitchell and Sharma, 2005; Thomopoulos et  al., 
2010; Berendsen and Olsen, 2015; Endo, 2015; Jensen et  al., 
2018). The details for embryonic development of musculoskeletal 
tissue are comprehensively described in other excellent book 
chapters and reviews (Walker, 1991; Wolpert et al., 2002; Mitchell 
and Sharma, 2005; Schweitzer et  al., 2010; Huang, 2017).

During trunk musculoskeletal development, somites are 
initially comprised of sclerotome and dermomyotome regions 
only but subsequently subdivide into the sclerotome, syndetome, 
myotome, and dermatome, which contribute toward bone, 
tendon, muscle, and skin elements, respectively (Cserjesi et  al., 
1995; Schweitzer et  al., 2001; Wolpert et  al., 2002; Mitchell 
and Sharma, 2005; Thomopoulos et  al., 2010; Berendsen and 
Olsen, 2015; Endo, 2015; Jensen et al., 2018). Patterning signals 
including Sonic hedgehog (SHH; Fan and Tessier-Lavigne, 1994; 
Bumcrot and McMahon, 1995; Musumeci et al., 2015), Noggin 
(Berendsen and Olsen, 2015; Musumeci et al., 2015), Wingless/
Integrated (Wnt), Neutrophin, and Fibroblast growth factor 
(FGF) as well as transcription factors including paraxis, paired 
box protein (PAX)-1, and PAX-9 are crucial to somite 
development (Love and Tuan, 1993; Smith and Tuan, 1995; 
Barnes et  al., 1996a,b, 1997; LeClair et  al., 1999; Alexander 
and Tuan, 2010). Within the sclerotome, cells form mesenchymal 
condensations that contribute to skeletal formation indirectly 
(via cartilaginous endochondral bone formation) or directly 
(via intramembranous bone formation; Berendsen and Olsen, 
2015). Disrupting Pax1 expression using antisense 
oligonucleotides or valproic acid disrupts sclerotomal 
differentiation to cause skeletal defects (Love and Tuan, 1993; 
Smith and Tuan, 1995; Barnes et  al., 1996a,b, 1997; LeClair 
et al., 1999; Alexander and Tuan, 2010). As somite development 
progresses, a group of cells migrate away from the dorso-lateral 
edges of the dermomyotome toward the original boundary of 
the sclerotome and dermomyotome (Musumeci et  al., 2015). 
This action segregates the dermomyotome into myotome and 
dermatome regions, and cells within this region undergo rapid 
muscle differentiation (Musumeci et  al., 2015). Concurrently, 
muscle progenitor cells also undergo long-range migration to 
the limb buds, where they contribute toward appendicular 
muscle formation (Cossu et  al., 1996; Musumeci et  al., 2015). 
As the somite matures, a new domain termed the syndetome 
forms at the interface of sclerotome and myotome. Within 
the syndetome, tendon specification is initiated with the 
expression of scleraxis (Scx), a basic helix–loop–helix transcription 
factor that marks a tendon/ligament progenitor population and 
is subsequently present in terminally-differentiated tendon/
ligament cells (Cserjesi et  al., 1995; Brent et  al., 2003). SCX 
is also known to upregulate tenomodulin (TNMD), a 
transmembrane protein found in tenocytes (Shukunami et  al., 
2006) as well as collagen type I, a main component of the 
tendon extracellular matrix (ECM; Lejard et  al., 2007). 
Interactions among the abutting musculoskeletal compartments 
are crucial for further tissue development with transforming 
growth factor (TGF) and FGF signals from these regions 
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regulating Scx expression and musculoskeletal integration (Brent 
and Tabin, 2004; Brent et  al., 2005; Pryce et  al., 2009). For 
example, mouse embryos with null mutations in Myogenic 
factor-5 (Myf5) and Myogenic differentiation 1 (MyoD) are 
devoid of skeletal muscle and their absence results in disruption 
of tendon development (Brent et  al., 2005).

During development of the appendicular musculature and 
skeleton, the lateral plate mesoderm forms the limb bud, which 
contributes to bone and tendon elements, while migrating muscle 
cells originating from the myotome contribute to muscle elements 
(Cserjesi et  al., 1995; Schweitzer et  al., 2001; Wolpert et  al., 
2002; Mitchell and Sharma, 2005; Thomopoulos et  al., 2010; 
Berendsen and Olsen, 2015; Endo, 2015; Jensen et  al., 2018). 
Homeobox (Hox) transcription factor genes are important to 
this process and contribute toward patterning in the developing 
limb to define the stylopod (Hox10), zeugopod (Hox11), and 
autopod (Hox13) structures, which eventually give rise to the 
humerus/femur, radius and ulna/tibia and fibula, and hand/
foot bones, respectively (Pineault and Wellik, 2014). Similar to 
its role in trunk skeletogenesis, Pax1 is also involved in formation 
of limb skeletal elements where it is initially expressed in the 
anterior proximal margin of limb buds (LeClair et  al., 1999). 
Skeletal formation of the limb is subsequently orchestrated Sex 
determining region Y (SRY)-box 9/Sox9-positive mesenchymal 
cartilage progenitors that form condensations within the limb 
bud and undergo sequential endochondral ossification to form 
bone (Pineault and Wellik, 2014). As previously mentioned, 

limb skeletal muscle originates from cells within the somites, 
which then migrate to the developing limb bud (Cossu et  al., 
1996; Musumeci et  al., 2015). These progenitor cells delaminate 
from the dorso-lateral region of the developing dermomyotome, 
become transiently inhibited from differentiating by expression 
of Pax3 (Relaix et  al., 2005), and subsequently express Tyrosine 
protein kinase met (C-Met; Cossu et  al., 1996), a Hepatocyte 
growth factor (HGF) receptor. When HGF is expressed by 
mesenchymal cells of the limb bud, these muscle progenitors 
migrate toward these regions (Musumeci et  al., 2015) and 
subsequently differentiate into muscle (Chevallier et  al., 1977). 
Tendon progenitors arise from the lateral plate mesoderm and 
its specification is independent of muscle (Kieny and Chevallier, 
1979). These tendon progenitors express Scx, and its protein 
levels are negatively- and positively-regulated by bone 
morphogenetic protein (BMP) and Noggin signaling, respectively 
(Schweitzer et  al., 2001). Further musculoskeletal development 
of these tissues is interdependent. For example, removal of 
tendon primordia disrupts limb muscle formation (Kardon, 
1998), whereas loss of limb muscle only results in transient 
tendon formation (Kieny and Chevallier, 1979). Other studies 
have also shown that the tendon/ligament marker Scx is crucial 
for musculoskeletal integration (Yoshimoto et al., 2017). Indeed, 
a population of cells positive for both Scx and Sox9 are found 
at the interface between tendon and as-yet unmineralized bone, 
which contributes to eventual formation of the bone-tendon 
interface (Blitz et al., 2013; Sugimoto et al., 2013). For example, 
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E

FIGURE 1 | Graphic overview of musculoskeletal development in the trunk and limbs. (A) The fertilized zygote transitions through several embryonic structures 
before forming the blastula, which contains the two-layered embryonic or germ disk consisting of epiblast and hypoblast. (B) As development proceeds, a 
tri-laminar gastrula structure consisting of ectoderm, mesoderm, and endoderm layers is formed. (C) Further during gastrulation, the mesoderm subdivides into the 
paraxial, intermediate, and lateral plate mesoderm. (D) Subsequently, somites are formed from paraxial mesoderm. The somite further subdivides into the 
sclerotome, syndetome, myotome, and dermatome regions, which contribute toward cartilage and bone, tendon, muscle, and skin elements, respectively. (E) The 
lateral plate mesoderm gives rise to the limb bud, which forms the cartilage/bone and tendon elements of the appendicular skeleton, while migrating myoblasts from 
the myotome contribute toward muscle elements.
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Scx has been shown to regulate Bmp4 expression in tendon 
cells and this in turn subsequently directs formation of bone 
ridges at the deltoid tuberosity of humeral bone, which provides 
a stable anchoring point and stress dissipation for musculoskeletal 
tissue attachment (Blitz et  al., 2009).

Thus, bone and tendon formation in the limb is derived 
from lateral plate mesoderm, whereas muscle formation originates 
from migrating precursors of paraxial mesoderm-derived somite.

Role of Mechanical Forces in 
Musculoskeletal Tissue Maturation
In addition to the specification, development, and integration 
of bone, tendon, and muscle, maturation of these musculoskeletal 
tissues occurs both in utero and postnatally. For obvious reasons, 
mechanical forces play a substantial role in muscle, tendon, 
and bone maturation. While this topic is broad, excellent 
reviews of this subject include those by Felsenthal and Zelzer 
(Felsenthal and Zelzer, 2017; mechanical forces during 
musculoskeletal development), Mammoto et  al. (Mammoto 
et al., 2012), Jansen et al. (Jansen et al., 2015; mechanosensitive 
mechanisms), Geoghegan et  al. (Geoghegan et  al., 2019; bone 
mechanobiology), and Lavagnino et al. (Lavagnino et al., 2015; 
tendon mechanobiology), as well as Fischer et  al. (Fischer 
et al., 2016) and Schiaffino et al. (Schiaffino et al., 2013; muscle 
mechanobiology; Figure  2).

One area of rapid advancement is the Hippo network, a 
highly conserved pathway associated with organ size regulation, 
mediated in part, by two transcriptional co-activators – 
Yes-associated protein (YAP) and Transcriptional co-activator 
with PDZ-binding motif (TAZ). YAP/TAZ activity is defined 
by its intracellular locations – nuclear YAP/TAZ is active as 
exemplified by culturing cells on a stiff substrate, which often 
results in a spread cell morphology; cytoplasmic YAP/TAZ is 
inactive as exemplified by culturing cells on a soft substrate, 
which often results in a rounded cell morphology. At the 
cellular level, musculoskeletal actors including osteoblasts, 
osteocytes, tenocytes, myocytes, and various progenitors are 
highly sensitive to mechanical forces, contributing toward the 
overall and final properties of the tissue. However, details of 
the relevant intracellular signaling mechanisms that transduce 
mechanical cues remain largely unclear. Recent studies have 
shown that YAP and TAZ are regulated by ECM elasticity 
and cell geometry (Dupont et  al., 2011; Wada et  al., 2011). 
Crucially, the control of YAP/TAZ subcellular localization by 
mechanical cues is highly conserved among different cell types 
such as adult tissue-derived mesenchymal stem cells (MSCs), 
which contribute toward musculoskeletal differentiation and 
tissue homeostasis. Indeed, the shifting of MSC differentiation 
from osteogenic (rigid substrate) to adipogenic (soft substrate) 
lineage is governed by YAP/TAZ activity (Dupont et  al., 2011; 
Seo et  al., 2013). Also, there is increasing evidence that YAP/
TAZ signaling is implicated in multiple events of the 
musculoskeletal system, including the regulation of endochondral 
bone ossification and fracture healing (Deng et  al., 2016; Li 
et al., 2018), articular cartilage maintenance (Deng et al., 2018b), 
collagen secretion from tendon fibroblasts (Yeung et  al., 2015), 
and promotion of muscle growth (Fischer et  al., 2016; 

Huraskin et  al., 2016; Stearns-Reider et  al., 2017). Future 
investigations are expected to elucidate how YAP/TAZ regulates 
and transduces various mechanical stimuli into intracellular 
signaling in these musculoskeletal cell types.

Like their tissue counterparts, the interfaces of musculoskeletal 
tissues are mechanosensitive and remain highly dynamic throughout 
life. For example, bone-tendon/bone-ligament interfaces, such as 
the medial collateral ligament and periodontal ligament, migrate 
with skeletal growth (Wang et al., 2013, 2014) and biomechanical 
loading (Lin et  al., 2017), respectively, while the architecture and 
composition of muscle-tendon interfaces are highly responsive 
to exercise-induced loading (Jakobsen et  al., 2017).

At the bone-tendon/bone-ligament interface or enthesis, four 
classically-distinct regions are defined – bone, mineralized 
fibrocartilage, unmineralized fibrocartilage, and tendon regions 
(Yang and Temenoff, 2009). Recent work has shown a greater 
degree of nuance, with a gradual transition in both mineral 
accumulation (Moffat et  al., 2008; Genin et  al., 2009; Schwartz 
et  al., 2012) and organization of collagen fibers (Genin et  al., 
2009; Rossetti et  al., 2017) observed across this interface. 
Together, these interfacial features not only mediate attachment 
of flexible tendon to rigid bone but also act to minimize the 
risk of tissue rupture and detachment by reducing stress 
concentrations. Growth factors and ECM components associated 
with the development and maturation of the humeral bone-
supraspinatus tendon interface include TGF-β s, such as TGF-β1 
and TGF-β3, as well as various fibrous collagen types, such 
as collagen types I, II, and X (Galatz et  al., 2007).

Postnatal development of this interface is initiated at the 
tendon-epiphyseal cartilage/unmineralized bone interface by 
Hedgehog-responsive cells expressing the transcription factor 
Gli1 (Schwartz et  al., 2015). For some entheses, these cells 
are synonymous with a Scx- and Sox9-positive embryonic cell 
population identified in prior studies (Blitz et al., 2013; Sugimoto 
et  al., 2013; Felsenthal et  al., 2018), and eventually divide into 
two subpopulations – one of which contributes toward formation 
of mineralized fibrocartilage and eventually becomes 
non-responsive to Hedgehog signaling, while the other contributes 
toward formation of unmineralized fibrocartilage and retains 
its responsiveness to Hedgehog signaling (Schwartz et al., 2015).

Muscle loading plays a crucial role in enthesis development, 
as botulinum toxin-induced muscle paralysis can alter Hedgehog 
signaling and disrupt enthesis maturation as well as biomechanical 
properties (Derwin et  al., 2006; Deymier et  al., 2019). Muscle 
unloading for 21 days affected both structure and biomechanical 
properties of musculoskeletal tissue units at multiple hierarchical 
levels (Deymier et al., 2019). At the macro scale, supraspinatus 
tendon tensile strength and bone-tendon interfacial toughness 
were decreased by 36.6–66.7% and 70.0–74.3%, respectively, 
whereas ultimate load and stiffness remained unaffected in 
muscle-unloaded samples (Deymier et  al., 2019). At the 
nanometer scale, the level of bioapatite carbonate across the 
unloaded bone-tendon interface was decreased by 6.25%, which 
when coupled with changes in bioapatite crystal orientation 
led to decreased total energy dissipation (Deymier et al., 2019). 
As such, the resulting loss of organization in unloaded 
musculoskeletal tissue units across multiple length scales 
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increased injury risk via a decreased ability to absorb energy 
prior to material failure (Deymier et  al., 2019).

When fully-formed, bone-tendon/bone-ligament interfaces 
may be  “stationary,” whereas others such as those found in 
the medial collateral ligament migrate with skeletal growth 
(Wang et  al., 2013, 2014). During this process, load-induced 
Parathyroid hormone-related protein (PTHRP) causes bone 
resorption above the interface to form an unmineralized tract 
(Wang et  al., 2013, 2014). This unmineralized region specifies 
the future destination of the migrating interface, and migration 
to this site occurs as a result of coupled osteoclast- and 
osteoblast-driven bone resorption and formation, respectively 
(Wang et  al., 2013, 2014). Together, these studies highlight 
the dynamic nature of bone-tendon/bone-ligament interface.

At the muscle-tendon interface, three distinct regions, tendon, 
myotendinous junction (MTJ), and muscle, are formed (Yang 
and Temenoff, 2009). Together, these interfacial features not 
only mediate attachment of flexible tendon to the contractile 
force generation apparatus in skeletal muscle but also act to 
minimize the risk of tissue rupture and detachment by reducing 
stress concentrations.

Unlike the bone-tendon interface, these distinct regions are 
already formed during embryonic development and have already 
undergone in utero maturation to some extent. For example, 
the myotendinous interface of zebrafish embryos remodels from 
an ECM milieu that is originally rich in fibronectin to one 
that is laminin-rich (Jenkins et  al., 2016). Laminins are crucial 
in this respect as they play important roles in both skeletal 
muscle integrity and force transmission (Holmberg and Durbeej, 
2013). This is important as in utero muscle loading, such as 
kicking movements, are vital to regulation of musculoskeletal 
tissue mechanical properties, including tendon (Pan et al., 2018).

During postnatal maturation of the muscle-tendon interface, 
an increase in tissue complexity is observed (Nagano et  al., 
1998). For example, the ends of skeletal muscle fibers in Chinese 
hamsters undergo morphogenesis from relatively simple cone-
shaped structures into complex structures with an increased 
number of finger-like projections and clefts. Such dynamic 
changes are likely a response to increased muscle loading and 
are echoed in studies, where different exercise regimens result 
in the remodeling of muscle-tendon organization and structure 
(Curzi et  al., 2016; Rissatto Sierra et  al., 2018).

A

C

B

FIGURE 2 | Structural components, and mechanobiological response and gene regulation in the multi-tissue musculoskeletal unit. (A) A schematic illustration of 
multi-tissue musculoskeletal unit containing bone, tendon, muscle, bone-tendon enthesis, and myotendinous junction (MTJ). The proper formation of tendon, 
muscle, and the attachment between them requires mechanical load. (B) Different mechanical inputs regulate Yes-associated protein (YAP) activity. YAP is localized 
to the nucleus and active under mechanical conditions that lead to high intracellular tension. (C) Mechanically regulated key signaling pathways, factors and genes 
involved in musculoskeletal system development. MTJ, myotendinous junction. Adapted with permission from Felsenthal and Zelzer (2017).
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In summary, both embryonic and post-natal development 
contribute toward the specification, maturation, and integration 
of bone-tendon-muscle units. Embryonic processes are primarily 
responsible for initiating cell differentiation and early multi-
tissue patterning, whereas post-natal processes, under the 
influence of biomechanical loading, guide and regulate the 
maturation and remodeling of musculoskeletal interfaces.

MUSCULOSKELETAL TISSUE HEALING 
AND GRAFT INTEGRATION

General Overview of Wound Healing
To effectively integrate engineered musculoskeletal grafts, it is 
important to understand the role of wound healing. In general, 
wound healing is comprised of four sequential but overlapping 
stages – hemostasis, inflammation, proliferation, and maturation 
(Marieb, 1999).

Briefly, wound healing first commences with hemostasis, 
which initiates inflammation, recruits cells, and mediates wound 
closure. During this phase, platelet activation and degranulation 
results in: (1) the initiation of coagulation via increased expression 
of cell surface protein αIIb/β3 (which exhibits high affinity 
for fibrinogen to form the provisional ECM) as well as the 
secretion of adenosine diphosphate (ADP) and von Willebrand 
factor, which aid in platelet adhesion and aggregation; (2) the 
release of a multitude of growth factors that orchestrate 
inflammation and recruit cells including but not limited to 
fibroblasts, immune cells such as macrophages, and stem cells, 
which participate in wound healing and regeneration (Marieb, 
1999; Aurora and Olson, 2014; Eming et  al., 2014; Manning 
et al., 2014). Second, inflammation establishes the initial wound 
microenvironment by removing both pathogens and damaged 
cells (Marieb, 1999; Aurora and Olson, 2014; Eming et  al., 
2014; Manning et  al., 2014), as well as via the secretion of 
inflammatory mediators that attract stem and progenitor cells 
for subsequent tissue repair (Rustad and Gurtner, 2012). Third, 
proliferation regenerates tissue-resident cells via granulation 
tissue formation and myofibroblast-mediated wound contraction 
(Marieb, 1999; Aurora and Olson, 2014; Eming et  al., 2014; 
Manning et  al., 2014). Fourth, tissue remodeling removes 
transient cells and ECM, reorganizing and closing the wound 
to re-establish native tissue (Marieb, 1999; Aurora and Olson, 
2014; Eming et  al., 2014; Manning et  al., 2014). However, if 
the injury is severe or chronic, such as in the case of tendinopathy, 
healing may be incomplete with the formation of mechanically-
weaker scar tissues as well as the persistence of aberrant 
inflammatory conditions (Marieb, 1999; Aurora and Olson, 
2014; Eming et  al., 2014; Manning et  al., 2014). Thus, wound 
healing is a crucial consideration for simultaneous engineering 
and integration of multiple musculoskeletal tissue grafts.

Importance of Inflammation in Tendon, 
Skeletal Muscle, and Bone Healing
Given its aforementioned role in establishing the initial wound 
microenvironment, inflammation has emerged as a crucial 

consideration for musculoskeletal regeneration. For example, 
inflammatory cells such as macrophages were increased at the 
muscle-tendon interface following exercise (Jakobsen et  al., 
2017). Presumably, these macrophages are responsible for 
orchestrating tissue repair and adaptation as part of the body’s 
homeostatic program. Indeed, macrophages have been reported 
to organize the wound microenvironment for regenerating 
entire limbs in model organisms such as the adult salamander 
(Godwin et  al., 2013).

With respect to tendon injury, many inflammation-associated 
mediators and cell types have been identified. These include 
Interleukins (ILs; IL-1β, IL-6, IL-10, IL-17A, IL-21, and IL-33), 
Tumor necrosis factor-alpha (TNF-α), Substance P, and alarmin 
molecules, as well as neutrophils, macrophages, mast cells, 
lymphocytes, fibroblasts, tenocytes, and stem/progenitor cells 
(Jensen et  al., 2018; Tang et  al., 2018; Vinhas et  al., 2018). 
While the precise roles and contributions of these signaling 
molecules and immunocytes remain unclear and are actively 
being studied (Tang et al., 2018), it is evident that an unbalanced 
inflammatory response is detrimental, and is associated with 
rotator cuff overuse injuries (Perry et al., 2005) and tears (Yadav 
et al., 2009). It is also worth noting that the majority of rotator 
cuff tears involve tendinopathic changes. For example, 
pro-inflammatory-associated IL-1β treatment has been shown 
to increase expression of ECM-destructive enzymes including 
matrix metalloproteinases (MMPs) such as MMP-1, MMP-3, 
MMP-13 as well as aggrecanase-1 in human tenocytes (Tsuzaki 
et  al., 2003), which positively correlate with increased rotator 
cuff tear size and severity (Shindle et  al., 2011). However, this 
does not imply that direct inhibition of pro-inflammatory 
responses will thus lead to improved tendon healing. For 
example, non-steroidal anti-inflammatory drugs, including 
indomethacin and celecoxib, are often prescribed after 
orthopaedic procedures to alleviate pain. In an acute rat rotator 
cuff injury study, depressing the inflammatory response using 
indomethacin or celecoxib also retarded tendon healing with 
decreased collagen organization and inferior biomechanical 
properties (Cohen et  al., 2006).

Both classically pro- and anti-inflammatory responses are 
necessary for tendon healing. Following tendon tissue damage, 
alarmin molecules such as High-mobility group box 1 (HMGB1) 
along with other pro-inflammatory molecules, including 
caspase-1, IL-1β, receptor for advanced glycation end products, 
Toll-like receptors (TLRs) such as TLR-2 and TLR-4, and 
triggering receptor expressed on myeloid cells were upregulated 
at early time points (1–2  weeks) and subsequently declined 
(3–4  weeks), which correlated well with the healing response 
(Thankam et  al., 2018). Although, the secretion of 
pro-inflammatory molecules such as IL-1β is associated with 
ECM-degradation, such effects are presumed to be  beneficial 
for tendon remodeling and repair when induced at moderate 
levels (Yang et  al., 2005). Stromal cell-derived factor-1, an 
associated downstream mediator of pro-inflammatory IL-1β 
(Akbar et  al., 2017), then mediates the next phase of wound 
healing by facilitating infiltration of pro-regenerative M2 
macrophages and bone marrow-derived stem cells into 
supraspinatus muscle (Tellier et  al., 2018). At later stages of 
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tendon healing, anti-inflammatory-associated IL-10 is expressed 
(Ricchetti et al., 2008; Sugg et al., 2014) and promotes proliferation 
and migration of tendon-derived stem cells concurrently with 
inhibition of tenocyte differentiation (Deng et al., 2018a). Taken 
together, these studies demonstrate that a delicate balance 
between tissue-destructive pro-inflammatory and tissue-
reconstructive anti-inflammatory responses is crucial for 
chemotaxis and expansion of musculoskeletal stem/progenitor 
cells into physiologically relevant numbers sufficient for effecting 
tendon modeling and repair (Figure  3). When this delicate 
balance is disrupted, such as in the case of persistent 
inflammation, chronic ECM degradation leads to disorganized 
tendon ECM organization and results in mechanically weak 
scar tissue formation.

Similar to tendon, inflammation also has catabolic and anabolic 
effects on skeletal muscle and bone. An over-exuberant 
pro-inflammatory response induces bone resorption (Goldring, 
2015) and muscle wasting (Londhe and Guttridge, 2015), which 
are linked to the pathophysiology of joint diseases, including 
rheumatoid arthritis and seronegative spondyloarthropathies 
(Goldring, 2015; Londhe and Guttridge, 2015). Similar 
inflammatory mediators, including TNF-α, IL-1β, IL-4, and IL-10, 

as well as cell types, including macrophages, T cells, B cells, 
fibroblasts, osteoblasts, osteoclasts, myocytes, and musculoskeletal 
stem/progenitor cells, are involved (Goldring, 2015; Londhe and 
Guttridge, 2015; Turner et  al., 2018; Figure  3).

As such, inflammation-associated catabolic and anabolic 
events can affect patients afflicted by musculoskeletal disease 
or injury. In rheumatoid arthritis, joint-resident synovial 
fibroblasts, by virtue of their immune-associated cell receptors 
and chemokine secretion, can both respond to and promote 
inflammation (Turner et  al., 2018). This response allows them 
to modulate leukocyte infiltration as well as the activity of 
bone-building osteoblasts and bone-resorbing osteoclasts, 
respectively, to perturb bone remodeling (Turner et  al., 2018). 
This is important in the context of rotator cuff repair, since 
the number of shoulder arthroplasty patients with rheumatoid 
arthritis is increasing (Leroux et al., 2018), and increased rotator 
cuff tear severity is positively correlated with increased synovium 
inflammation (Shindle et  al., 2011). Similarly, in rotator cuff 
muscles, increased macrophage density (10–100-fold relative 
to healthy tissue) has been observed (Gibbons et  al., 2017). 
Presumably, these increased macrophage numbers contribute 
toward fatty atrophy and fibrosis of skeletal muscle tissue via 

A

B

FIGURE 3 | Inflammation-related responses resulting from tendon injury. (A) Unbalanced pro-inflammatory and anti-inflammatory response in injured tendon affects 
tendon healing by secreting inflammatory factors and cells. (B) Tendon injury also leads to bone and muscle damage through inflammation-associated catabolic and 
anabolic events.
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Ras homolog gene family member A (RhoA) signaling (Davies 
et al., 2017). Rebalancing pro- and anti-inflammatory responses 
via application of anti-inflammatory drugs such as Licofelone 
(Oak et al., 2014) and Simvastatin (Davis et al., 2015) decreased 
muscle fibrosis. Thus, a crucial balance between pro- and anti-
inflammatory is also necessary to prevent atrophy/degeneration/
retraction of skeletal muscle and bone components of a 
musculoskeletal unit.

Importance of Inflammation in Integration 
of Clinical Grafts and Devices
In addition to their anabolic and catabolic effects on 
musculoskeletal tissues, inflammation also plays a pivotal role 
in considering the efficacy of medical devices such as sutures, 
suture anchors, and grafts. Such inflammation-associated 
responses share similarities with but are ultimately distinct 
from those involved in disease progression or normal wound 
healing. For example, in an acute rabbit supraspinatus tendon 
resection model, non-absorbable sutures induced higher levels 
of inflammation relative to absorbable and partially-absorbable 
sutures (Su et  al., 2018). This increased pro-inflammatory 
response was associated with poorer biomechanical properties 
and incomplete bone-tendon healing (Su et al., 2018). Similarly, 
severe pro-inflammatory responses associated with either tendon 
grafts (Walton et  al., 2007) or suture anchors (Barber, 2007; 
Cobaleda Aristizabal et  al., 2014; Joo Han et  al., 2015) have 
also led to failed rotator cuff repairs, requiring patients to 
undergo revision surgeries.

For these circumstances, it is challenging to ascertain a 
single underlying cause of failure. However, an important 
consideration is the non-autogenic nature of these clinical 
devices (Barber, 2007; Walton et al., 2007; Cobaleda Aristizabal 
et  al., 2014; Joo Han et  al., 2015; Su et  al., 2018), which can 
induce different levels of inflammation. Indeed, xenogenic grafts 
induced an adverse pro-inflammatory response (Walton et  al., 
2007), whereas allogenic grafts had minimal levels of 
inflammation (Snyder et  al., 2009). In addition, scaffolds and 
clinical grafts can also be  broadly divided into biological, 
synthetic, or biosynthetic (hybrid of biological and synthetic) 
in origin. Typically, synthetic scaffolds are favored for their 
ease of production and reproducible attributes such as mechanical 
properties, which is important for facilitating joint locomotion, 
but have traditionally been considered as strong inducers of 
chronic inflammation and the foreign body response relative 
to their biological counterparts (Crupi et  al., 2015; Saleh and 
Bryant, 2018; Zhou and Groth, 2018; Sadtler et  al., 2019). 
Indeed, in a muscle wound environment, synthetic materials 
(polyethylene and polyethylene glycol) elicited a type-1-like 
immune response with recruitment of a high proportion of 
neutrophils and CD86-positive pro-inflammatory macrophages, 
which was attributed to biomaterial stiffness, whereas a biological 
material (porcine urinary bladder ECM), elicited a type-2-like 
immune response with upregulation of Il4, Cd163, Mrc1, and 
Chil3 genes, which was attributed to damage-associated molecular 
patterns signaling (Sadtler et  al., 2019). Similarly, in a bone 
wound environment, inflammatory mediators such as TLR-4 
have been shown to play vital roles in mediating calvarial 

bone healing as well as bone graft-mediated calvarial repair 
(Wang et  al., 2015, 2017).

The magnitude of inflammation and the ensuing foreign 
body reaction are highly dependent upon immune cell-
biomaterial interactions which occur at the tissue/material 
interface (Anderson et  al., 2008). Following implantation of 
a clinical device, plasma proteins are adsorbed, or opsonized 
onto the biomaterial surface followed by complement activation, 
macrophage adhesion, and macrophage fusion into foreign 
body giant cells that mediate degradation (Anderson et  al., 
2008). If this opsonization process creates a detrimental or 
chronic wound microenvironment, device failure and impaired 
shoulder function will result (Walton et  al., 2007), whereas 
if a microenvironment conducive to regeneration is presented, 
graft remodeling and successful integration with host tissue 
will ensue (Snyder et  al., 2009). Contributing factors related 
to this include biomaterial stiffness, biomaterial surface 
chemistry, scaffold/graft topography, scaffold/graft degradation 
rate, and physico-chemical effect of degradation products, 
scaffold/graft porosity, and presence of inflammatory antigens 
such as α-galactosidase (Crupi et  al., 2015; Zhou and Groth, 
2018; Sadtler et  al., 2019). This has led to the development 
of diverse anti-inflammatory strategies, which include use of 
scaffold topography such as grooves to reduce immune cell 
pro-inflammatory response, modification of biomaterial 
surfaces to present weakly inflammatory functional chemical 
groups such as hydroxyls and carboxylic acids, use of anti-
fouling coatings, attachment of anti-inflammatory or 
immunomodulatory reagents, and removal of inflammatory 
antigens such as α-galactosidase via enzymatic treatment 
(Crupi et al., 2015; Zhou and Groth, 2018). Thus, these studies 
highlight the importance of biomaterial or scaffold/graft 
characteristics and their impact on inflammation, which 
ultimately determines successful engraftment of devices used 
in clinical repair.

Importance of Vascularization for Clinical 
Grafts and Devices
In tissue engineering, one major challenge for the long-term 
survival and function of clinical implants and devices is ensuring 
sufficient vascularization after implantation. There are two 
principal strategies are used – angiogenesis and inosculation. 
Angiogenesis focuses on stimulating the ingrowth of newly 
formed blood vessels into implanted constructs from the 
surrounding host tissue(s), whereas the inosculation requires 
a preformed microvascular networks generated within tissue 
constructs that subsequently develop interconnections with the 
host microvasculature (Laschke and Menger, 2012). Strategies 
to address this include modification of scaffolds/grafts to induce 
a mild proinflammatory response that may be  beneficial to 
vascularization, incorporation of signaling molecules that promote 
angiogenesis or blood vessel maturation such as FGF-2, PDGF, 
VEGF, TGF-β, Angiopoietin-1, and Angiopoietin-2, and 
incorporation of vascular or proangiogenic cells. The details 
of the vascularization process as well as the principles and 
strategies are extensively described by Laschke and Menger (2012) 
and Herrmann et  al. (2014).
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In particular, angiogenesis can also be  impacted by the 
magnitude of inflammation. In a recent study, mice were 
intraperitoneally administered with arthritic serum repeatedly, 
resulting in clinical manifestations of rheumatoid arthritis 
including prolonged systemic inflammation (Wang et al., 2021a). 
Following bone fracture injury, such mice exhibited fracture 
nonunion with reduced cartilaginous and bony callus formation, 
fibrotic scarring, and diminished angiogenesis (Wang et  al., 
2021a). Subsequent mechanistic studies showed that this reduced 
angiogenesis was attributed to downregulation of SPP1 and 
CXCL12  in chondrocytes (Wang et  al., 2021a). By employing 
a biodegradable polycaprolactone scaffold loaded with 
pro-angiogenic SPP1 and CXCL12, improved angiogenesis and 
osteogenesis, as evidenced by increased blood vessel count, 
increased bone area and higher biomechanical properties (torque) 
were achieved (Wang et  al., 2021a). In a similar vein, different 
scaffolds and grafts can present varying levels of angiogenesis 
and vascular ingrowth, which can be affected by the magnitude 
of inflammation. In a mouse subcutaneous implantation study, 
3D-printed poly(L-lactide-co-glycolide) and 3D-printed collagen-
chitosan-hydroxyapatite hydrogel scaffolds were directly compared 
(Rücker et al., 2006). Intravital fluorescence microscopy analyses, 
histological as well as immunohistochemical staining, and 
cytotoxicity assays showed that 3D-printed poly(L-lactide-co-
glycolide) scaffolds induced a mild pro-inflammatory response 
(slight increase in leukocyte recruitment), which was associated 
with increased angiogenesis and good microvascular ingrowth 
14 days post-implantation, whereas 3D-printed collagen-chitosan-
hydroxyapatite hydrogel scaffolds induced a severe 
pro-inflammatory response (around 15-fold increase of leukocyte-
endothelial cell interactions), which was associated with poor 
microvascular ingrowth to the scaffolds (Rücker et  al., 2006). 
Thus, scaffold or graft neovascularization, which is crucial to 
the long-term survival and function of an implant is dependent 
on a moderate pro-inflammatory response.

In summary, both pro- and anti-inflammatory responses 
are essential for healing of musculoskeletal tissue units and 
contribute toward integration of medical devices including 
vascularization. Pro- and anti-inflammatory responses are 
primarily, although not exclusively, responsible for catabolic 
and anabolic tissue responses, respectively, and a coordinated 
as well as balanced inflammatory response is essential to 
successful biomaterial integration and tissue repair.

PERSPECTIVE: WHAT CAN WE  LEARN 
FROM DEVELOPMENTAL BIOLOGY AND 
WOUND HEALING FOR 
MUSCULOSKELETAL TISSUE 
ENGINEERING

Applicability
Concepts and knowledge generated from developmental biology 
and wound healing studies can aid the development and 
assessment of musculoskeletal tissue engineering strategies. In 
other words, information gained from developmental biology 

can offer a “cheat sheet” for assessing post-natal musculoskeletal 
differentiation as well as inspire novel therapeutic strategies 
to regenerate and repair injured musculoskeletal tissues (Tuan, 
2004; Huang et  al., 2015). For bone, growth factors such as 
BMPs, Wnts, and Indian Hedgehog have been identified as 
bone-promoting cues, while collagen type I, Runt-related 
transcription factor 2 (RUNX2), BMP-2, and BMP-6 serve as 
useful ECM and transcription factor markers to assess osteoblast 
differentiation (Wang et  al., 2020). For tendon, growth factors 
such as TGF-βs, FGF, BMPs, Wnts, and Connective tissue 
growth factor (CTGF) have been identified as tendon-promoting 
cues, while collagen types I and III, tenascin-C, TNMD, decorin, 
biglycan, SCX, mohawk (MKX), and Early growth response 1 
(EGR1) serve as useful ECM and transcription factor markers 
to assess tenocyte differentiation (Huang, 2017; Liu et al., 2017). 
For skeletal muscle, growth factors such as insulin-like growth 
factor-1, HGF, FGF-2, and PDGF have been identified as skeletal 
muscle-promoting cues (Syverud et  al., 2016), while collagen 
type I, laminins, myogenin, MYOD, MYF5 serve as useful 
ECM and transcription factor markers to assess myocyte 
differentiation (Holmberg and Durbeej, 2013; Syverud et  al., 
2016; Huang, 2017). In addition to identification of appropriate 
cues and markers, signaling pathways governing musculoskeletal 
tissue formation can be manipulated to develop novel therapies. 
For example, stable cartilage formation has been achieved using 
targeted chemical inhibition of the BMP pathway without 
affecting TGF-β signaling (Occhetta et  al., 2018). Similarly, 
stable cartilage formation has also been observed in vivo via 
application of the Wnt/β-catenin inhibitor XAV939 to manipulate 
Wnt signaling, which is crucial in the development, growth, 
and maintenance of both cartilage and bone (Deng et  al., 
2019). These studies demonstrate a remarkable achievement 
as prior attempts at stable chondrocyte differentiation typically 
result in a transient chondrocyte phenotype that rapidly proceeds 
toward a hypertrophic and mineralizing fate, eventually forming 
unwanted bone (Correa et al., 2015). Thus, integrating knowledge 
gleaned from developmental biology studies into tissue 
engineering approaches can prove valuable.

Wound healing studies can model injury-relevant settings 
for understanding the pathophysiological process as well as 
evaluating novel therapeutic strategies. For understanding 
pathophysiological processes, various models have been utilized. 
In rats, the supraspinatus tendon passes under an enclosed 
arch similar to humans (Soslowsky et  al., 1996). This similarity 
in shoulder anatomy makes the rat ideal for modeling rotator 
cuff diseases such as subacromial impingement, whereby friction 
between the rotator cuff tendons and the coracoacromial arch 
during muscular movement leads to pain and reduced range 
of joint motion. In rabbits, detachment of the rotator cuff 
tendon(s) resulted in prominent fatty degeneration of skeletal 
muscle (Abdou et  al., 2019), and has been used to simulate 
chronic rotator cuff tears to study the effect of hypercholesterolemia 
on skeletal muscle fatty degeneration and bone-to-tendon healing. 
Indeed, use of such models identified αSMA-positive cells as 
primary contributors to scar formation (Moser et  al., 2020), 
which may pave the way for identification of new therapeutic 
targets. For evaluating novel therapeutic strategies, similar animal 
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models have been used. For example, both rats and rabbits 
have been used to evaluate the effect of growth factors, such 
as FGF-2, Platelet-derived growth factor-BB (PDGF), and TGF-β1, 
on musculoskeletal tissue healing for rotator cuff repair (Tokunaga 
et  al., 2015a,b, 2017; Arimura et  al., 2017). Also, when coupled 
with appropriate outcome measurements, animal models can 
be used to understand why therapeutics may result in unfavorable 
outcomes. For example, biomechanical, biochemical, and 
proteomics studies showed that application of adipose-derived 
stromal cells with tenogenic BMP-12  in a fibrin-based scaffold 
for intrasynovial tendon repair amplified unfavorable responses 
including inflammation, stress response, and matrix degradation, 
leading to poor healing (Gelberman et  al., 2016). Such studies 
highlight the need for avoidance of negative local reactions in 
cell- and growth factor-based therapies.

Thus, knowledge derived from developmental biology and 
wound healing studies can guide both the development and 
assessment of therapies for musculoskeletal tissue engineering 
and regenerative medicine by identifying musculoskeletal 
regenerative cues, differentiation markers, and potential 
therapeutic targets as well as facilitate evaluation of such 
therapies in injury-relevant models.

Limitations
Despite the tremendous advances and insights gleaned from 
developmental biology and wound healing studies, there are 
noteworthy limitations. Thus, great care must be  taken in 
interpreting their results and integrating this information in 
translational medicine efforts for two reasons.

First, within the context of developmental studies, there are 
intrinsic differences between non-adult and adult musculoskeletal 
cells as well as their tissue environments. For example, it is 
widely known that adult tendons have incomplete healing, which 
entails scar tissue formation (Longo et al., 2008, 2011), whereas 
fetal or neonatal tendons exhibit scarless wound healing 
(Andarawis-Puri et  al., 2015; Galatz et  al., 2015; Howell et  al., 
2017). In a mouse Achilles tendon resection study, improved 
neonatal healing was attributed to recruitment of Scx-positive 
cells, which are absent in adults (Howell et  al., 2017). In lieu 
of Scx-positive cells, smooth muscle α-actin-positive cells mediated 
wound healing via fibrovascular scar tissue formation, leading 
to impaired musculoskeletal function (Howell et  al., 2017). 
Transplantation of wounded adult and fetal sheep tendons into 
immunocompromised adult mice demonstrated that fetal cells 
exhibited superior intrinsic healing capacities (Favata et  al., 
2006). Wounded fetal tendons demonstrated both wound closure 
and recovery of tendon biomechanical properties including peak 
stress, peak load, modulus, and stiffness relative to unwounded 
controls, while wounded adult tendons did not (Favata et  al., 
2006). Also, fetal or postnatal tissue-specific microenvironments 
differ from that in adult tissue and can alter the wound healing 
response. These differences include high cellularity and low 
ECM content in developing tendons, which stand in stark 
contrast to the hypocellular and predominantly ECM-based 
nature of adult tendons (Dahners, 2005). For example, subtle 
compositional differences in the ECM of developing tendons 
such as lysyl oxidase-mediated collagen crosslinking increased 

mechanical properties such as stiffness (Marturano et al., 2013), 
which can affect tenogenic differentiation (Schiele et  al., 2013). 
Another major difference in tissue environment includes 
differences in the inflammatory microenvironment between 
non-adult and adult tendon (Galatz et al., 2015). To-date, direct 
comparisons between adult and fetal tendon inflammation have 
not been reported, but in related musculoskeletal systems such 
as articular cartilage, improved wound healing is typically 
associated with lower inflammatory response (Ribitsch et  al., 
2018). However, more studies are needed to identify potential 
inflammatory factors associated with improved wound healing 
(Galatz et  al., 2015). This is because the relationship between 
cells and their tissue environments is highly dynamic and 
interdependent. For example, dermally-derived fetal fibroblasts 
exhibited greater regenerative potential relative to their adult 
counterparts (Tang et  al., 2014). Using a 2  mm mouse Achilles 
tendon defect model, tendon cell sheets engineered from fetal 
cells demonstrated improved biomechanical properties, such as 
higher stiffness and tensile modulus, as well as tissue organization, 
such as increased tissue birefringence and collagen fibril size 
(Tang et  al., 2014). Improved tendon healing in this scenario 
was attributed to increased fetal fibroblast proliferation and 
decreased immunocyte presence at the injury site concomitant 
with decreased expression of pro-inflammatory cytokines 
including IL-1β, IL-6, and CD44 (Tang et al., 2014). Such studies 
highlight the need for careful interpretation of findings from 
developmental studies for therapeutic development.

Second, knowledge gleaned from the study of animal models 
has limitations. Developmental and wound healing studies have 
used a vast array of model organisms to advance our 
understanding of tendon biology. These include invertebrates 
such as drosophila (Schweitzer et  al., 2010), vertebrates such 
as fish (Chen and Galloway, 2014, 2017), chick (Schweitzer 
et  al., 2001; Edom-Vovard et  al., 2002; Edom-Vovard and 
Duprez, 2004; Havis et  al., 2016), and mice (Thomopoulos 
et  al., 2007; Schweitzer et  al., 2010; Schwartz et  al., 2012, 
2013, 2015, 2017; Huang et al., 2015; Havis et al., 2016; Huang, 
2017). However, species-specific differences may limit the 
applicability of growth factors identified for musculoskeletal 
tissue engineering. For example, it has been suggested that 
FGF signaling is important for tendon development in chick 
but less so for mouse (Havis et  al., 2016). Also, TGF-β3 is 
implicated in tendon development (Liu et  al., 2017) but its 
application resulted in more disorganized scar tissue relative 
to repair only and carrier only controls (Manning et al., 2011). 
In addition, there is growing recognition that the hierarchical 
nature of tendon organization in smaller animal models such 
as rats, while useful for studying musculoskeletal biology, do 
not mimic those seen in larger organisms, such as horse or 
humans, owing to their lack of high load-bearing fascicles 
(Lee and Elliott, 2018). Also, it is imperative to both devise 
an appropriately relevant injury model for evaluation. For 
example, severe rotator cuff tears are typically chronic in nature 
(Gartsman, 2009). As such, chronic injury models, such as 
those which entail skeletal muscle fatty degeneration (Gupta 
and Lee, 2007), are more ideal for evaluating a therapy meant 
to address large-to-massive injuries. At the same time, it is 
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important to carefully interpret animal model studies that 
employ acute injuries for an intervention meant to address a 
chronic wound. Such studies highlight the need for careful 
design of studies and interpretation of their results.

Thus, developmental biology and wound healing studies can 
offer tremendous insights that aid musculoskeletal tissue 
engineering and regenerative medicine, but factors such as 
intrinsic differences between non-adult and adult cells and 
microenvironment, species-specific differences, and relevance 
of wound model must be  carefully considered.

OUTLOOK

In summary, developmental and wound healing studies can 
serve as useful inspirations to engineer multi-tissue, 
musculoskeletal units. Most importantly, it is evident that 
musculoskeletal development and integration of bone, tendon, 
and muscle tissues are highly interdependent, while common 
inflammatory and anti-inflammatory signals mediate healing 
of these tissues as well as integration of clinical grafts. Collectively, 
such inquiries have advanced our understanding of 
musculoskeletal biology by identifying useful markers of 
musculoskeletal differentiation and promising cues for therapeutic 
development. However, integrating this knowledge for 
translational applications requires careful consideration of 
differences in embryonic or postnatal development with adult 
wound healing as well as the limitations of animal models 
used for studying developmental biology and simulating injury. 
Overcoming such differences will greatly advance efforts to 
engineer or regenerate multi-tissue musculoskeletal units.
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GLOSSARY

Terms Definitions

ADP Adenosine diphosphate
BMP Bone morphogenetic protein
CTGF Connective tissue growth factor
EGR1 Early growth response 1
ECM Extracellular matrix
FGF Fibroblast growth factor
HGF Hepatocyte growth factor
HMGB1 High-mobility group box 1
HOX Homeobox
IL Interleukin
MMP Matrix metalloproteinase
MKX Mohawk
MYOD Myogenic differentiation 1
MYF5 Myogenic factor-5
PTHRP Parathyroid hormone-related protein
PAX Paired box protein
PDGF Platelet-derived growth factor
RHOA Ras homolog gene family member A
RUNX2 Runt-related transcription factor 2
SCX Scleraxis
SHH Sonic hedgehog
SOX9 SRY (Sex determining region Y)-box 9
TNMD Tenomodulin
TGF Transforming growth factor
TAZ Transcriptional co-activator with PDZ-binding motif
TLR Toll-like receptor
TNF-α Tumor necrosis factor-alpha
C-Met Tyrosine protein kinase met
VEGF Vascular endothelial growth factor
WNT Wingless/integrated
YAP Yes-associated protein
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Background: The diaphragm is the primary muscle of inspiration, and its dysfunction
is frequent during sepsis. However, the mechanisms associated with sepsis and
diaphragm dysfunction are not well understood. In this study, we evaluated the
morphophysiological changes of the mitochondrial diaphragm 5 days after sepsis
induction.

Methods: Male C57Bl/6 mice were divided into two groups, namely, cecal ligation and
puncture (CLP, n = 26) and sham-operated (n = 19). Mice received antibiotic treatment
8 h after surgery and then every 24 h until 5 days after surgery when mice were
euthanized and the diaphragms were collected. Also, diaphragm function was evaluated
in vivo by ultrasound 120 h after CLP. The tissue fiber profile was evaluated by the
expression of myosin heavy chain and SERCA gene by qPCR and myosin protein by
using Western blot. The Myod1 and Myog expressions were evaluated by using qPCR.
Diaphragm ultrastructure was assessed by electron microscopy, and mitochondrial
physiology was investigated by high-resolution respirometry, Western blot, and qPCR.

Results: Cecal ligation and puncture mice developed moderated sepsis, with a 74%
survivor rate at 120 h. The diaphragm mass did not change in CLP mice compared with
control, but we observed sarcomeric disorganization and increased muscle thickness
(38%) during inspiration and expiration (21%). Septic diaphragm showed a reduction
in fiber myosin type I and IIb mRNA expression by 50% but an increase in MyHC I
and IIb protein levels compared with the sham mice. Total and healthy mitochondria
were reduced by 30% in septic mice, which may be associated with a 50% decrease
in Ppargc1a (encoding PGC1a) and Opa1 (mitochondria fusion marker) expressions
in the septic diaphragm. The small and non-functional OPA1 isoform also increased
70% in the septic diaphragm. These data suggest an imbalance in mitochondrial
function. In fact, we observed downregulation of all respiratory chain complexes
mRNA expression, decreased complex III and IV protein levels, and reduced oxygen
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consumption associated with ADP phosphorylation (36%) in CLP mice. Additionally, the
septic diaphragm increased proton leak and downregulated Sod2 by 70%.

Conclusion: The current model of sepsis induced diaphragm morphological changes,
increased mitochondrial damage, and induced functional impairment. Thus, diaphragm
damage during sepsis seems to be associated with mitochondrial dysfunction.

Keywords: diaphragm, sepsis, mitochondria, CLP, oxidative phosphorylation, muscle

INTRODUCTION

Sepsis is a life-threatening organ dysfunction associated with
an imbalance host response to infection (Singer et al., 2016).
Sepsis accounts for approximately half of hospital deaths in
the United States, and patients usually need intensive care
treatment (Thompson et al., 2017). The global sepsis incidence
was estimated to be 48 million persons, and 11 million had septic-
related deaths in 2017 (Rudd et al., 2020). These data suggest that
20% of worldwide death was related to sepsis (Rudd et al., 2020).
Thus, sepsis is a significant public health concern in both high-
and low-income countries.

Respiratory failure is a common cause for the admission of
septic patients in intensive care units. Additionally, sepsis is a risk
factor for developing acute respiratory distress syndrome (ARDS)
(Thompson et al., 2017). ARDS accounts for approximately
10% of patients under intensive care treatment and more than
20% of patients under mechanical ventilation, and presents
a high mortality rate (Bellani et al., 2016; Thompson et al.,
2017). ARDS survivors have higher risks of developing skeletal-
muscle weakness and exercise limitations up to 5 years after
hospital discharge (Herridge et al., 2011; Thompson et al., 2017;
Rudd et al., 2020).

Recent study suggests that respiratory muscles have an
essential role in developing ventilatory failure, especially the

GRAPHICAL ABSTRACT | Septic diaphragm has impaired morphology and
increased thickness that seems to be associated, at least in part, with
decreased mitochondrial function related to reducing in Pgc1α expression,
ATP production, mitochondrial number, and quality in the CLP mice compared
with the control group.

diaphragm (Bloise et al., 2016; Penuelas et al., 2019). Mechanical
ventilation itself can cause diaphragm weakness (Penuelas
et al., 2019). However, recent findings demonstrated that
diaphragm failure occurs before the mechanical ventilation
intervention (Demoule et al., 2013; Supinski and Callahan,
2013; Supinski et al., 2018). Surprisingly, very few groups
evaluated the diaphragm physiology during sepsis (Supinski
and Callahan, 2013). Patients with the most severe diaphragm
weakness presented the worst prognostic (Supinski and Callahan,
2013). Post-sepsis muscle weakness affects patients with no
previous comorbidities and can impact life quality after hospital
discharge for more than 6 months (Yende et al., 2016;
Inayat et al., 2020).

Endotoxemia animal models demonstrated that bacterial
lipopolysaccharide (LPS) signaling cascade could increase
muscle proteolysis (Ono et al., 2020). Sepsis myopathy is also
associated with increased proteasomal degradation, sarcomeric
disorganization, and decreased insulin signaling in the peripheral
muscle (Callahan and Supinski, 2009). Additionally, skeletal
muscle response to sepsis differs according to the muscle fiber
type (Owen et al., 2019). The slow-oxidative type I fibers are less
affected by sepsis than the fast-glycolytic type II fibers (Owen
et al., 2019). The murine septic model by cecal ligation and
puncture (CLP) demonstrated decreased skeletal muscle cross-
sectional area in the diaphragm and tibial anterior 24 h after
surgery (Moarbes et al., 2019). However, the diaphragm returns
to the control condition 96 h after CLP, while the tibial anterior
cross-sectional area is still reduced compared with the control
(Moarbes et al., 2019).

It is crucial to notice that the diaphragm is a continuous
active skeletal muscle formed by almost equal amounts of
type I and II fibers (Polla et al., 2004). Thus, the diaphragm
physiology during sepsis can differ from peripheral muscle
(Stana et al., 2017; Talarmin et al., 2017). Understanding these
changes could help to treat the septic patients with respiratory
failure better. Diaphragm weakness can be correlated with the
mortality rate in intensive care units (Supinski et al., 2018).
Our group recently demonstrated that severe untreated acute
sepsis could reduce the mitochondrial number in the diaphragm
and show unbalance in thyroid hormone signaling related to
mitochondrial impairment in the diaphragm (Bloise et al., 2020).
The mechanisms associated with diaphragm dysfunction during
treated and more prolonged sepsis are still not well understood.
In this study, we explored molecular pathways and morphological
changes in the diaphragm and mitochondria during moderate
sepsis to suggest the physiological routes that could disrupt
diaphragm physiology.
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MATERIALS AND METHODS

Ethics Statement and Animal Experiment
All animals aged 4–5 weeks used were purchased from the
Multidisciplinary Center for Biological Research Chronic –
UNICAMP. Animals were acclimated and maintained at the
Multiuser Biological Model Laboratory from the Carlos Chagas
Filho Institute of Biophysics – UFRJ. The experiments were
performed using 12–14 weeks old C57BL/6 male mice weighing
20–26 g. The conventional animals were housed in ventilated
cages, 3–4 animals per cage in a 12-h light/dark cycle at a constant
temperature (22◦C). Water and chow (standard diet AIN93) were
available ad libitum. CLP is the gold standard murine sepsis
model (Laudanski, 2021). Sepsis was induced in the experimental
group by CLP; control animals were sham-operated as described
previously (Rittirsch et al., 2009; Bloise et al., 2020). In brief, after
anesthetized with ketamine (100 mg/kg; Cristália, Itapira, Brazil)
and xylazine (10 mg/kg; Syntec, Barueri, Brazil) intraperitoneally,
the cecum was located, and below the ileocecal valve the cecal
ligation was performed. Then, using an 18G needle, the cecum
was perforated once between the ligation and its end. Sepsis
severity was scored before any animal manipulation at 8 h after
surgery and then every 24 h until 5 days after surgery (the score
for measure sepsis severity description is given in Supplementary
Material). Animals were treated with Meropenem (20 mg/kg,
Aspen Pharmacare, Durban, South Africa) intraperitoneally 8,
24, 48, 72, and 120 h after surgery. Animals were euthanized
under anesthesia with 1.5–2.0% of isoflurane (Isoforine, Cristália,
SP, Brazil) 120 h after surgery. Diaphragms were collected,
immediately frozen at liquid nitrogen, and stored at −70◦C for
the molecular biology analysis. The freshly dissected diaphragms
were also collected for mitochondrial physiology measurement
or immerse in 4% of paraformaldehyde for further microscopy
analysis. The animal handling and euthanasia procedures were
approved by the Federal University of Rio de Janeiro Animal Care
Committee (CEUA-088/15).

mRNA Isolation and qPCR
The total RNA from diaphragm samples (15 mg) was
extracted using the TRIzol Reagent (Invitrogen, Carlsbad,
CA, United States) and Macherey Nagel Kit (Macherey Nagel,
Düren, DE) as described previously (Herridge et al., 2011).
The cDNA synthesis was performed using the High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, CA,
United States) with 800 ng of total RNA according to the
protocols of the manufacturer. After the cDNA synthesis,
mRNA expressions were evaluated by qPCR using the HOT
FIREPol R© Evagreen R© qPCR Supermix (Solis Biodyne, Denmark)
and the Mastercycler Realplex system (Eppendorf, Germany).
Table 1 contains the sequences of the primer pair. In summary,
the following fiber profiles were evaluated: Myhc7, Myhc4,
Atp2a1, and Atp2a2; the following myogenesis are investigated:
Myod1 and Myog; the following mitochondrial physiology are
analyzed: Ppargc1a, Opa1, and Dnm1l; the following respiratory
chains were investigated: Ndufb8, Sdhb, Uqcrc2, and Cox4i1;
and the following reactive oxygen defenses are investigated:

mitochondrial superoxide dismutase 2 (SOD 2; Sod2). Relative
mRNA expression quantification was calculated using the
standard curve method, and the expression level is related
to the mean of the reference gene values (Phctr and Pib for
diaphragm and Vdac for genes located in the mitochondrion).
The best reference genes were chosen according to their Cq
values and variances between the groups. PCR programs were
as follows: denaturation 12 min 95◦C, 40 cycles of 15 s 95◦C,
30 s 60◦C, and 30 s 72◦C, following melting program. qPCR
quality and genomic DNA contaminations were checked using
Intron-spanning primers, reverse transcriptase-negative samples
from cDNA synthesis, and melting curve analysis obtained
from each reaction.

Skeletal Muscle High-Resolution
Respirometry
For the high-resolution respirometry (HRR), 3 mg of the
diaphragm was dissected from the right area of the costal muscle
domain. The tissue was washed in chilled BIOPS buffer (2.77 mM
CaK2EGTA, 7.23 mM K2EGTA, 20 mM imidazole, 20 mM
taurine, 6.56 mM MgCl2, 5.77 mM ATP, 15 mM phosphocreatine,
0.5 mM dithiothreitol, and 50 mM K-MES, pH 7.1). Then, it was
permeabilized in cold BIOPS buffer supplemented with saponin
(50 µg/ml) on ice for 40 min with gentle agitation. Permeabilized
tissues were weighed, and samples were then transferred to
chilled Mir05 buffer (110 mM sucrose, 60 mM K-MES, 0.5 mM
EGTA, 3 mM MgCl2, 20 mM taurine, 10 mM KH2PO4, 20 mM
K-HEPES, 1 g/L de bovine serum albumin (BSA) fatty acid free,
pH 7.1). Tissues were maintained in Mir05 buffer for at least
10 min under mild agitation to remove saponin and metabolites
and then transferred to measure oxygen consumption with an
O2K (Oroboros Instruments GmbH, Innsbruck, Austria). Each
O2K chamber was calibrated with Mir05 for at least 20 min before
data acquisition.

Two sequential runs were performed for each tissue using
one chamber for the sham tissue and the other for the CLP.
In the next run, freshly permeabilized tissue was positioned
in the opposite chambers to avoid errors associated with the
equipment. The data of each run were treated as duplicate
data for each animal. Thus, during further data analysis,
the experimenter did not know which sample was from the
diaphragms of sham and CLP. The background oxygen level
from the tissue in Mir05 alone was recorded for at least
5 min, followed by substrate or drug administration. All
substrate and drug administrations were titrated previously
during test standardization. The oxygen consumption was
recorded until stabilization after the addition of drugs or
substrates as mentioned in the following sequence: 5 mM
pyruvate and 5 mM malate (for recording basal respiration after
substrate administration and stimulating complex I), 3 mM ADP
(saturated ADP concentration to record coupled respiration),
10 µM cytochrome c (for assessing mitochondrial damage
during permeabilization, O2 consumption increase above 5% was
considered damage induced by the tissue process, and the data
were excluded from the analysis), 10 mM succinate (coupled
respiration associated with complex II), 2 µg/ml oligomycin

Frontiers in Physiology | www.frontiersin.org 3 September 2021 | Volume 12 | Article 704044128

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-704044 August 31, 2021 Time: 11:57 # 4

Oliveira et al. Diaphragm Physiology Disrupted by Sepsis

TABLE 1 | Primer list.

Gene Primer sequences
(forward top, reverse
bottom)

GenBank
accession no.

Amplicon size Protein encoded (related function)

Phactr4 ACTTTACACGCTACCATCGCCCAT
AAGGGGAGCACAAGGACACG

NM_175306 190 bp Phosphatase and Actin Regulator 4 (reference gene)

Ppib GAGACTTCACCAGGGG
CTGTCTGTCTTGGTGCTCTCC

NM_011149 253 bp Peptidylprolyl Isomerase B (reference gene)

Vdac GGGCTGACGTTTACAGAGAAG
CTCATAGCCAAGCACCAGAGC

NM_001362693 240 bp Voltage-Dependent Anion Channel 1 (mitochondrial reference gene)

Ppargc1a CAATGAATGCAGCGGTCTA
GTGTGAGGAGGGTCATCGTT

NM_008904.2 112 bp Peroxisome Proliferator-Activated Receptor Gamma Coactivator
1-Alpha (PGC1α – a key regulatory factor of mitochondria
biogenesis and function)

Opa1 TGGAAAATGGTTCGAGAGTCAG
CATTCCGTCTCTAGGTTAAAGCG

NM_001199177.1
NM_133752.3

77 bp OPA1 Mitochondrial Dynamin Like GTPase (promotes mitochondria
fusion)

Dnm1l TAAGCCCTGAGCCAATCCATC
CATTCCCGGTAAATCCACAAGT

NM_001360010.1 77 bp Dynamin 1 Like (promotes mitochondria fission)

Ndufb8 TGTTGCCGGGGTCATATCCTA
AGCATCGGGTAGTCGCCATA

NM_026061 127 bp NADH:Ubiquinone Oxidoreductase Subunit B8 (a subunit of the
respiratory complex I)

Sdhb AATTTGCCATTTACCGATGGGA
AGCATCCAACACCATAGGTCC

NM_001355515 104 bp Succinate Dehydrogenase Complex Iron-Sulfur Subunit B (a
subunit of the respiratory complex II)

Uqcrc2 TCTCTGGAAAACTATGCTCCTCT
AAATGTGAGGTTCCCAAGTTGT

NM_025899.2 95 bp Ubiquinol-Cytochrome C Reductase Core Protein 2 (a subunit of
the respiratory complex III - gene in the mitochondrion)

Cox4i1 TCCCCACTTACGCTGATCG
GATGCGGTACAACTGAACTTTCT

NM_009941 149 bp Cytochrome C Oxidase Subunit 4I1 (a subunit of the respiratory
complex IV)

Sod2 CCAAGGGAGATGTTACAACTCAG
GGGCTCAGGTTTGTCCAGAA

NM_013671 100 bp Superoxide Dismutase 2 (mitochondrial defense against oxygen
reactive species, converts superoxide into hydrogen peroxide and
diatomic oxygen)

(ATP synthase inhibitor – oxygen consumption related to proton
leak or the uncoupled respiration, the dose was divided into two
additions, but only the O2 consumption value after the second
pulse was used for the analysis), 600 nM carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone (mitochondrial uncoupling
agent, related to maximal respiration), and 10 mM potassium
cyanide (KCN) (inhibitor of cytochrome c oxidase and non-
mitochondrial oxygen consumptions). All O2 consumption
raw data were subtracted from KCN values to discard
non-mitochondrial oxygen consumption. After succinate, the
subtraction of oxygen consumption values from the values
after oligomycin gives us the oxygen consumption related
to ADP phosphorylation (coupled respiration). The pmol O2
consumption was normalized by corresponding sample weight.
The pyruvate, saponin, and KCN solutions were freshly made
before each experiment.

Transmission Electron Microscopy
Transmission electron microscopy (TEM) and mitochondrial
quantification were performed as described previously (Bloise
et al., 2020). In brief, diaphragms were immersed in 4% of
paraformaldehyde for at least 48 h. The samples were then
processed and analyzed (qualitatively and quantitatively) using
a JEM1011 microscope (JEOL, Akishima, Tokyo, Japan). The
fragments were washed in phosphate-buffered saline, fixed in
2.5% of glutaraldehyde sodium cacodylate (100 mM) buffer
(pH 7.2) for 24 h, and washed three times in the same
buffer. The tissue was post-fixed in 1% osmium tetroxide and

sodium cacodylate buffer, dehydrated in acetone (30, 50, 70,
90, and 100%), and embedded in Poly/Bed812 resin (Ted
Pella Inc., Redding, CA, United States). Ultrathin sections
were contrasted with uranyl acetate-lead citrate and were
collected in three grids with a distance of 7 µm between
them. A total of 10 images were acquired from random fields
in each grid (AMT XR80 CCD digital camera – Advanced
Microscopy Techniques, Woburn, MA, United States; at 12,000×

magnification, 70 nm). The total amount of mitochondria
and the number of healthy and injured mitochondria were
quantified in each electron micrograph. At least three images
per tissue were analyzed. The qualitative evaluation consisted of
analyzing the integrity of mitochondrial internal and external
membranes, the mitochondrial morphology, and the matrix
electron density. Healthy mitochondria have intact external and
internal (mitochondrial cristae) membranes, with no signs of
membrane disruption, continuous folds called crista, and a very
electron-dense matrix (Supplementary Figure 1).

In vivo Diaphragm Ultrasonography
Ultrasonography was performed and analyzed as described
previously (Whitehead et al., 2016; Buras et al., 2019).
The methodology was previously validated as a non-invasive
methodology to access murine diaphragm function in vivo in
a high-resolution ultrasonography system designed for mouse
echocardiography, i.e., the Vevo 2100 (Fujifilm VisualSonics,
Toronto, Canada) from the National Center for Structural
Biology and Bioimaging (CENABIO-UFRJ, RJ, Brazil). The mice
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were anesthetized in an isoflurane chamber (1.5% isoflurane and
1.5% O2 L/min). Mice were fixated on the table by the four
limbs taped onto the platform copper leads. Anesthesia was
maintained using a nose-cone perfused with 1% isoflurane and
1.5% oxygen L/min. The chest and the abdomen of the mouse
were shaved using depilatory cream to avoid any interference
during the acquisition of the images. A small amount of
ultrasound gel was applied between the animal skin and the probe
(MS400) to guarantee proper image recording, as well as on the
platform copper leads (Supplementary Figure 2). For diaphragm
ultrasonography, each mouse was placed in a dorsal decubitus
position, and the platform was tilted horizontally by 30◦ with
the head of the mouse lower with respect to the feet. The probe
was fixed transversally to the mid-sternal of the mouse at 180◦

with respect to the platform. Image acquisition was performed
in mono-dimensional (M-Mode) and bi-dimensional (B-Mode).
We obtained the following data: diaphragm thickness during
inspiration and expiration, the thickness fraction, diaphragm
excursion amplitude (excursion), inspiratory duration, peak-
to-peak time, the excursion–time (E–T) index (product of
diaphragm excursion and inspiratory period), and inspiratory
duty cycle (quotient of inspiratory duration/peak-to-peak time).
The thickness fraction is the measure of the thickness on
inspiration (Ti) minus the thickness on expiration (Te) divided
by the thickness on expiration; thus, the formula is (Ti - Te)/Te.

Western Blot Analysis
The total protein was extracted from diaphragm fragments
(±30 mg) in pH 7.4 RIPA lysis buffer (50 mM Tris–HCl,
150 mM NaCl, 1.0% Triton X-100, 0.1% SDS, 5 mM EDTA,
50 mM NaF, 30 mM sodium pyrophosphate tetrabasic, and
1 mM sodium orthovanadate) with complete protease inhibitor
cocktail (Roche Diagnostics, Indianapolis, IN, United States)
using the TissueLyser LT (QIAGEN). The total protein was
quantified using a Pierce BCA Protein Assay Kit (Thermo
Scientific) and was separated (10 µg) by SDS–PAGE in
8, 10, or 12% polyacrylamide gels and transferred onto
a polyvinylidene difluoride membrane (Hybond-P 0.45 mm
PVDF; Amersham Biosciences, United Kingdom) for 90 min
at 0.25 A in a Bio-Rad wet system (Bio-Rad Laboratories,
United States). The membranes were incubated with 5% of
BSA (Sigma Life Science, United States) for 90 min at room
temperature to block non-specific binding sites and then
incubated overnight at 4◦C with primary antibodies. The
antibodies used were as follows: anti-Total OXPHOS Rodent
WB Antibody Cocktail (Gel 12%; 1:1,000 dilution; cat. no.
ab110413, Abcam, United Kingdom), OPA1 (Gel 10%; cat. no.
80471; 1:1,000 dilution, Cell Signaling Technology, Inc.), MyHC
I (Gel 8%; 300 ng/ml; BA-F8; Developmental Studies Hybridoma
Bank, United States), MyHC II A (Gel 8%; 300 ng/ml; SC-
71; Developmental Studies Hybridoma Bank, United States),
MyHC II B (Gel 10%; 300 ng/ml; BF-F3; Developmental
Studies Hybridoma Bank, United States), and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH; 1:10,000 dilution; cat.
no. 14C10, Cell Signaling Technology, United States) as
the loading control. Alternatively, the membranes were then

washed and incubated with peroxidase-labeled secondary anti-
mouse antibody (1:10,000 dilution, cat. no. 62-6520, Invitrogen,
United States) or anti-rabbit antibody (1:10,000 dilution,
cat. no. 65-6120, Invitrogen, United States) for 150 min at
room temperature. Immunoreacted proteins were detected by
SuperSignal West Pico PLUS substrate or SuperSignal West
Femto substrate (Thermo Fisher) in an ImageQuantLAS 4000
system, followed by densitometric analyses (GE Healthcare Life
Sciences, United States). The Ponceau staining (Sigma Life
Science, United States; cat. no. P7170) was used as the loading
control in 8% gel. Data were corrected by the loading control and
expressed relative to the Sham group.

Statistical Analysis
The Kolmogorov–Smirnov test was used to test data normality
and Grubbs’ test was used to remove outliers (alpha = 0.05).
We used the Mann–Whitney U test (non-normally distributed
data) or Student’s t-test (normally distributed data) to analyze
the differences between groups. The Kaplan–Meier analysis
was performed to investigate the survivor rate using Log-rank
(Mantel-Cox) test to compare the mortality rates between CLP
and sham groups. The results are shown as mean values ±SD of at
least three animals per group. Statistical analysis was performed
using the GraphPad Prism 5 software (GraphPad Software, Inc.,
San Diego, CA, United States). Differences were considered to
be significant at p < 0.05. Symbols were used to describe p
values < 0.05.

RESULTS

Sepsis Clinical Score and Mortality
Sepsis was induced by CLP plus antibiotic treatment for 5 days.
CLP mice presented a higher mortality rate compared with sham.
Almost half of the septic mice did not survive (Figure 1A).
Additionally, the survivor rate markedly decreases 72 h after the
CLP. The majority of CLP animals developed moderate sepsis
throughout the experiment (Figure 1B).

Prolonged Sepsis Disturbs Diaphragm
Ultrastructure but Does Not Function
Cecal ligation and puncture-induced sepsis modified diaphragm
ultrastructure presenting unallied and thinner sarcomeres, as can
be observed by discontinuous Z lines and the low-electrodense
spaces between sarcomeres (Figures 2A,B). These morphological
changes could indicate a decrease in muscle mass. However, we
did not observe a reduction in diaphragm weight (Figures 2C,D).
Since the morphological change in the septic diaphragms could
be related to an imbalance in tissue regeneration, the expressions
of two myogenesis master regulators, namely, Myod1 and Myog,
were investigated, but no significant differences were observed
between CLP and sham diaphragms (Figures 2E,F).

Then, we evaluated the expression fiber profile markers
to better understand the physiological changes related to
the diaphragm ultrastructural modification in CLP mice. The
diaphragm is a mixed fiber and thus expresses both type I
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FIGURE 1 | Sepsis clinical score and mortality. Animal survival rate (A). The percentage compares the total live animal numbers at the beginning (0 h) and end of the
experiment (120 h). Sepsis score time evolution (B). The following variables evaluated the severity of sepsis: piloerection, alterations in gait, lethargy, alterations in
respiratory rate, lacrimation, loss of grip strength, decreased body tone, respiratory difficulty after manipulation, lack of exploratory behavior, and body temperature
alterations if present animal received 1 point. The sum of the total score reflected the severity of sepsis. Score 2–3 denotes mild sepsis, 4–7 moderated sepsis, 8–10
severe sepsis. Values under the x-axis time point represent the live animal number in each group, gray numbers represent CLP total animals, and black numbers
represent the sham group. Black dots represent sham animals caused by surgical stress (n = 12), and gray squares represent CLP – cecal ligation puncture
technique (n = 19 at 0 h and n = 10 at 120 h). Values expressed as mean ± SD, *p = 0.0007 chi-square, and **p = 0.0001 unpaired t-test compared with sham mice.

FIGURE 2 | Prolonged sepsis disturbs diaphragm morphology. Transmission electron micrograph of Sham (A) and CLP (B) diaphragm fragments, white arrows
indicate Z lines, * exemplify low electrodense areas between sarcomeres, N indicates the nucleus and Mt mitochondria, scales bars represent 2 µm. Diaphragm total
weight (C) and related to animal body weight (D). Expression of Myod1 (expressed by activated satellite cells and myoblast; E), Myog (expressed by myocytes and
early myotubes F). Black dots represent sham animals caused by surgical stress, and gray squares represent CLP – cecal ligation puncture technique. Values are
expressed as mean ± SD, *p < 0.05, and **p < 0.005 compared with the sham group.

fibers, characterized by myosin I and SERCA 2a expression,
and type II fibers, represented by myosin II (a, x, and b) and
SERCA 1 expression (Greising et al., 2015). We investigated
myosin and expression of SERCA isoforms from type I and
type II fibers, Myhc7 (myosin I, expressed in slow oxidative
fibers), Atp2a2 (SERCA 2a), and Myh4 (myosin IIb, the faster

myosin expressed in the more glycolytic fiber), Atp2a1 (SERCA
1), respectively. Related to the fiber I profile, we observed a
decrease in myosin I and SERCA 2a mRNA expressions by 40 and
30% in septic animals, respectively, compared with sham. The
myosin IIb expression and SERCA 1 decreased by 60 and 40%
in the CLP diaphragm compared with the control expression,
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FIGURE 3 | Moderate sepsis modulates fiber profile. mRNA expression of Myh4 (encodes MHC IIb expressed in fast-glycolytic type II fiber; A), Myh7 (encodes MHC
I expressed in slow-oxidative type I fiber; B), Atp2a1 (encodes SERCA1 expressed in fast-glycolytic type II fiber; C), and Atp2a2 (encodes SERCA2 expressed in
slow-oxidative type I fiber; D) in the diaphragm. Western blot representative figure for measuring MyHC I (fiber type I marker), MyHC IIa (fiber type IIa marker), and
MyHC IIb (fiber type IIb marker; E). Relative protein expression of MyHC I (F), MyHC IIa (G), and MyHC IIb (H). Black dots represent sham animals caused by
surgical stress, and gray squares represent CLP – cecal ligation puncture technique. Values are expressed as mean ± SD, *p < 0.05, and **p < 0.005 compared
with the sham group.

respectively (Figures 3A–D). The mRNA data suggested a
reduction in type I and II fibers. However, the myosin protein
expression demonstrated an increase in type I and IIb fibers
and no modulation in type IIa fiber in the CLP diaphragm
(Figures 3E–H). We observed an increase in MyHC I (49%)
and IIb (140%) in the CLP diaphragm compared with sham
(Figures 3E,F,H).

Then, we investigated diaphragm function in vivo using
ultrasonography (Figure 4). Although diaphragm mass did not
change during sepsis (Figures 2C,D), we observed an increase in
diaphragm thickness in inspiration (38%) and expiration (21%)
in CLP compared with sham (Figures 4A,B). Thickness fraction,
amplitude excursion, and excursion velocity did not change
in CLP mice (Figures 4C–E). The other functional ultrasound
data, i.e., duty cycle (the fraction of each breath spent during
inspiration) and E–T index, did not change in CLP compared
with control (Figures 4F,G).

Sepsis Disrupted Diaphragm
Mitochondrial Function
The electron micrograph from Figure 2 suggested a decrease
in the mitochondrial amount in the CLP diaphragm. The total
and healthy mitochondria decreased by 35% in septic mice
than sham-operated (Figures 5A,B). Then, we investigated
the PGC1α gene expression (encodes by Ppargc1a), a key
mitochondriogenesis stimulator. We observed that Ppargc1a
expression decreased by half in the septic diaphragm (Figure 5C),
suggesting that mitochondriogenesis was not triggered

by the decrease in healthy mitochondria available in the
septic diaphragm.

Subsequently, we investigated the fusion and fission dynamics
by Opa1 (a mitochondrial fusion marker) and Dmn1l (a
mitochondrial fission marker) mRNA expression. In fact, we
observed a 50% reduction in the fusion marker Opa1 in septic
diaphragms (Figure 5D). The functional long OPA1 isoform
(l-OPA1) did not change between the groups (Figures 5E–
G), but the non-functional small OPA1 (s-OPA1) protein level
increased by 70% in the septic diaphragm (Figures 5E–G).
The fission marker Dmn1l mRNA expression did not change
between groups (Figure 5H). Additionally, we then investigated
the antioxidant mitochondrial defense expression, namely, the
superoxide dismutase 2 (Sod2). The diaphragm Sod2 expression
decreased by 70% in the CLP group compared with the control
group (Figure 5I).

The decrease in healthy mitochondrial amount (Figure 5)
could suggest a reduction in oxidative phosphorylation function
during sepsis. Therefore, we analyzed the respiratory chain
complexes I–IV (Ndufb8, Sdhb, Uqcrc2, Cox4i1, respectively)
mRNA expressions and protein levels. All gene expressions
were reduced in the septic diaphragm group (Figures 6A–
D). The protein levels of respiratory chain complexes III
(UQCR2) and IV (MTCO-1) decreased by 36 and 42%,
respectively, in the CLP group compared with the control
(Figures 6E–J). These reductions could impair mitochondrial
transmembrane electrochemical gradient and, thus, disrupt
oxidative phosphorylation. Then, we investigated diaphragm
oxygen consumption by HRR. After addition of pyruvate and
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FIGURE 4 | Diaphragm function is maintained during sepsis. Diaphragm thickness during expiration (A) and inspiration (B); thickness fraction, an indication of
contractability work, is the measure of the thickness on inspiration minus the thickness on expiration divided by the thickness on expiration (C); excursion (movement
amplitude, D); excursion velocity (E), duty cycle (inspiratory duration/peak to peak, F), E–T index (G). Black dots represent sham animals caused by surgical stress,
and gray squares represent CLP – cecal ligation puncture technique. Values are expressed as mean ± SD and *p < 0.05 compared with the sham group.

malate, the basal respiration did not change between CLP
and sham diaphragm (sham: 25.60 ± 2.34 pmol O2/mg∗s,
N = 10; CLP: 21.35 ± 2.59 pmol O2/mg∗s, N = 13). Also, the
maximal respiration measured after the addition of FCCP did
not change (sham: 39.48 ± 3.85 pmol O2/mg∗s, N = 10; CLP:
34.38 ± 1.69 pmol O2/mg∗s, N = 13). However, we observed
a 40% decrease in the oxygen consumption associated with
ADP phosphorylation in septic mice (Figure 6K). Additionally,
the oxygen consumption related to proton leak increased
by 35% in septic diaphragms related to basal respiration
(Figure 6L), but this absolute value did not change (sham:
26.40 ± 2.69 pmol O2/mg∗s, N = 10; CLP: 25.89 ± 2.22 pmol
O2/mg∗s, N = 13).

DISCUSSION

In lung physiology, respiratory disruption caused by sepsis is
well established (Bloise et al., 2016; Penuelas et al., 2019).
However, recent findings suggest that sepsis also decreases
peripheral skeletal muscle function (Owen et al., 2019). In fact,
sarcomeric disorganization, increased protein degradation, and
unbalancing energy production are present in peripheral muscle
from critically ill patients (Callahan and Supinski, 2009). In
contrast, the impact of sepsis on the diaphragm, the primary
respiratory skeletal muscle, is not well understood. Herein, we
demonstrated that antibiotic-treated moderate sepsis leads to
decreased mitochondrial function and changes in diaphragm
ultrastructure (Graphical Abstract).

Sepsis affects peripheral skeletal muscle mass differently
depending on the fiber type (Bloise et al., 2016; Owen et al., 2019).

The fast-glycolytic muscle mass decreases more than the slow-
oxidative muscle mass during sepsis (Owen et al., 2019).
Moreover, the gastrocnemius type II fiber showed sepsis-
mediated atrophy, while the type I fiber demonstrated minor
atrophy (Owen et al., 2019). Thus, the data from peripheral
skeletal muscle may not be directly translated to the diaphragm,
a mixed fiber muscle.

The Extensor digitorum longus (EDL), fast-twitch muscle,
ex vivo-specific force decreases 1 week and 1 month in septic
induced by cecal slurry compared with control mice (Owen
et al., 2019). Moreover, the ex vivo diaphragm function was
reduced 6 and 24 h after sepsis induction (Zolfaghari et al.,
2015; Eyenga et al., 2021). This model resamples severe acute
sepsis. Our sepsis animal model induces 5-day moderate sepsis
(Figure 1). Additionally, our group demonstrated that acute and
chronic systemic inflammation causes differential modulation
in diaphragm physiology (Bloise et al., 2016). In this study, we
showed that moderate sepsis reduces mitochondrial function and
leads to diaphragm adaptation to maintain functional activity.

An increase in diaphragm thickness is associated with local
inflammation or diaphragm work (Picard et al., 2012; Vivier et al.,
2012). We did not observe inflammatory signs on the septic
diaphragm on the electron micrographs. Thus, the augment in
the diaphragm thickness in CLP mice might be related to an
increase in diaphragmatic work. Therefore, our data suggest a
compensatory adaptation during the septic progression.

Additionally, ex vivo data demonstrated that maximal
isometric force generated was reduced in 24 h septic diaphragm
strips compared with control fibers (Zolfaghari et al., 2015).
The ex vivo force measure of the extensor digitorum longus (a
muscle rich in type II fibers) demonstrated a decrease in specific
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FIGURE 5 | Sepsis disrupted diaphragm mitochondrial dynamics. Quantification of mitochondrial total (A) and healthy (B) quantity. The mitochondrial quality was
assessed by the following factors: disrupting the mitochondrial membranes (injured mitochondria), the mitochondrial morphology: the preservation of the
mitochondrial cristae, and the matrix electron density (healthy mitochondria), intact external membranes (healthy mitochondria), intact cristae and continuous folds
(healthy mitochondria), and matrix electron density (injure mitochondria present low electron-dense matrix). mRNA expression of Ppargc1a (encodes PGC1α; C);
Opa1 (fusion marker; D); relative protein expression of the functional l-OPA1, 100 kDa isoform (E), cleaved isoform s-OPA1, 80 kDa (F), OPA1 and GAPDH (loading
control) representative Western blot gels (G). mRNA expression of Dnm1l (fission marker; H) and Sod2 (encodes mitochondrial superoxide dismutase – SOD2; I).
Black dots represent sham animals caused by surgical stress, and gray squares represent CLP – cecal ligation puncture technique. Values are expressed as
mean ± SD, *p < 0.05, **p < 0.005, and ***p = 0.0002 compared with sham group.

force generation in 2 weeks and 1-month sepsis survivor mice
(Owen et al., 2019). This group did not observe a change in
soleus, gastrocnemius, tibial anterior, and extensor digitorum
longus weight corrected to body weight (Owen et al., 2019).
In our sepsis model, the diaphragm weight did not change as
well. Although, the ultrasound data demonstrated an increase
in the tissue thickness and no alteration in thickness fraction,
indicating contractability work. Thus, we cannot discard that the

augment in the diaphragm thickness is a physiological adaptation
of the survivor septic mice that helped maintain the muscle work
120 h after CLP.

It is essential to notice that moderated sepsis manifestation
represents most human septic cases (Paoli et al., 2018). Thus,
understanding the diaphragm adaptations during prolongated
sepsis models could help improve the knowledge associated with
the impaired respiratory capacity observed in septic patients.
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FIGURE 6 | Sepsis impairs diaphragm mitochondrial function. Expression of complex I (Ndufb8 – A); II (Sdhb – B); III (Uqcrc2 – C), and IV (Cox4i1 – D) in the
diaphragm. Representative protein expression blot from complexes I–V (E); protein quantification of complex I (NDUFB8 – F); complex II (SDHB – G); complex III
(UQCR2 – H); complex IV (MTCO1 – I); ATP synthase (complex V; ATP5A – J). Diaphragm HHR: oxygen consumption coupled to ADP phosphorylation (O2

consumption after succinate administration values minus O2 consumption after oligomycin administration values), the data values are an absolute measure of O2

consumption (K); oxygen consumption related to proton leak (L), values represent the percentage of O2 consumption after oligomycin administration related to
pyruvate and malate O2 consumption values. Black dots represent sham animals caused by surgical stress, and gray squares represent CLP – cecal ligation
puncture technique. Values are expressed as mean ± SD, *p < 0.05, **p < 0.005, and ***p < 0.001 compared with sham group.

Herein, we observed sarcomeric disorganization associated
with modulating the fiber profile in the septic diaphragm
(Figures 2, 3).

Endotoxemia induces muscle wasting via autophagy and
proteolysis 48 h after LPS injection (Ono et al., 2020).
Additionally, soleus (muscle rich in slow oxidative type I fibers)
demonstrated a decrease in cross-sectional area of all type II
fibers 4 days after sepsis (Owen et al., 2019). Autophagy and
proteasome pathways were increased in the septic diaphragm
(Stana et al., 2017). We observed an increase in the spaces
between sarcomeres in the CLP diaphragm, suggesting tissue
wasting or injury (Figures 2A,B). The expression of myogenic
transcription regulators did not change in the septic diaphragm
(Figures 2E,F). Suggesting there is not a regenerative process
occurring at this time point in the septic diaphragm. However,
the fiber profile was modulated in the CLP muscle. We observed
a reduction in myosin I and IIb and SERCA1 and 2a mRNA
expression (Figures 3A–D), while the myosin I and IIb protein

expression increased (Figures 3E–H). During muscle plasticity,
the mRNA and protein levels can be different (Andersen and
Schiaffino, 1997). Septic diaphragm fiber size and cross-sectional
area decrease, also protein degradation increase during the first
24 h after sepsis (Stana et al., 2017; Talarmin et al., 2017; Moarbes
et al., 2019). However, these parameters are restored 96 h to 7 days
after sepsis (Stana et al., 2017; Talarmin et al., 2017; Moarbes
et al., 2019). Thus, our myosin mRNA and protein data suggest
that the septic diaphragm is a transitional tissue. Probably, more
prolonged sepsis could lead to a decrease in type I and IIb fibers.

During stress, the mitochondrial fusion process attenuates
the damage caused by injured organelles (Gustafsson and Dorn,
2019). Thus, healthy and partially damaged mitochondria fuse
to maintain overall function (Youle and van der Bliek, 2012;
Gustafsson and Dorn, 2019). Herein, we demonstrated that
septic diaphragms reduce the healthy mitochondrial amount.
Additionally, the septic diaphragm decreased the Opa1 mRNA
and increased s-OPA1 protein isoform, which does not induce
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mitochondrial fusion (Wai et al., 2015; Figures 5D–G). Thus, our
HRR data suggest that damaged mitochondria were not restored.
Therefore, it can lead to a decrease in energy production.
In fact, we observed a reduction in ADP phosphorylation in
the diaphragm from the CLP group (Figure 6K). Moreover,
the data from intercostal respiratory muscle from septic
patients also decreased citrate synthase and complex I activity
(Fredriksson and Rooyackers, 2007).

Pgc1α stimulates mitochondrial genesis and functions in
skeletal muscle (Eisele and Handschin, 2014; Bloise et al., 2018).
The Pgc1α expression upregulates during an increase in energy
demand and intensification in ROS production (Eisele and
Handschin, 2014). However, systemic inflammatory reactions
can deregulate Pgc1α action in the peripheral skeletal muscle
via NFκb signaling (Eisele and Handschin, 2014). Therefore,
we investigated Ppargc1a expression (encodes Pgc1α) in the
diaphragm during sepsis. We observed a decrease in Ppargc1a
expression in the CLP diaphragm (Figure 5C). Pgc1α is a rapidly
degraded coactivator associated with genomic and mitochondrial
DNA, which is a crucial regulator of mitochondrial function, as
oxidative phosphorylation, number, and mass (Villena, 2015).
Skeletal muscle highly expresses Pgc1α, especially the slow type
I fibers, associated with the adaptation to high energy demand
(Villena, 2015). Thus, the reduction in Ppargc1a expression
could be related to decreased mitochondrial energy production
observed in the septic diaphragm (Figure 6K). Additionally,
Pgc1α induces the expression of detoxifying ROS enzymes such as
Sod2 (Eisele and Handschin, 2014). Septic animals also decreased
the expression of Sod2 (Figure 5I).

Additionally, the diaphragm seems more resistant to oxidative
damage than limb muscle with no increase in lipid peroxidation
(Talarmin et al., 2017). However, it did not present a significant
change in the SOD protein level (Talarmin et al., 2017). Another
group demonstrated that acute sepsis increased H2O2 production
in the diaphragm (Eyenga et al., 2021). Reduction in Sod
expression observed herein can be a consequence of the decrease
in Pgc1α observed (Figures 5, 6). However, we cannot discard
that other factors might be involved in the antioxidative enzyme
control, since we did not evaluate the antioxidative defense
enzymatic activity and oxidative damage (Shan et al., 2015;
Ahmed et al., 2017).

The increased unhealthy mitochondrial amount (Figure 5B)
could be one of the causes of tissue damage. CLP diaphragm
presented an increase in proton leak (Figure 6L). The proton leak
is a cellular defense from the increased ROS production (Zhao
et al., 2019). Thus, it could be an adaptation process to handle
septic mitochondrial damage. We previously demonstrated that
acute sepsis (24 h CLP) decreases the critical cellular antioxidative
protein expression in septic diaphragms (Bloise et al., 2020).
Therefore, the disruption in mitochondrial physiology induced
by CLP demonstrated here could be one factor that leads to
diaphragm dysfunction during sepsis.

Whitehead et al. (2016) demonstrated a positive correlation
between diaphragm excursion amplitude measurement by
ultrasound and diaphragm-specific force measure by traditional
ex vivo force measurements (Whitehead et al., 2016). The E–T
index is associated with forcing generation (Palkar et al., 2018). In

the sepsis diaphragm, the E–T index did not change (Figure 4G).
Also, in the duty cycle, another functional data (Buras et al.,
2019), the diaphragm contraction parameters seem not to be
affected by sepsis (Figure 4E). Thus, besides the decrease in the
mitochondrial function, the diaphragm appears to be adapted to
maintain the contractile work in the prolonged septic group. It is
crucial to notice that our data are related to the survivor group.
Therefore, we cannot assume that the same modulation occurred
in the non-survivor septic animals. We have demonstrated
previously that 24 h after CLP, the mitochondrial function
is already decreased. However, the diaphragm sarcomeric
organization is preserved (Bloise et al., 2020). Herein, the
diaphragm function did not change; however, the sarcomeric
organization seems impaired (Figure 2B). Thus, in the survivor
septic group, diaphragm ultrastructural disorganization and
decreased mitochondrial function were not enough to impair
the primary respiratory muscle contraction. Furthermore, the
diaphragm E–T index is used in clinical particles to guide the
extubation time of patients. Hence, it is important to notice that a
normal diaphragm contraction function may not reflect restored
diaphragm morphology.

Herein, we demonstrated that 5 days after moderate
sepsis induction led to mitochondrial damage and diaphragm
morphological changes. Additionally, we observed disruption
in diaphragm fiber ultrastructure. These changes might be
associated with diaphragm failure during sepsis conditions.
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Although some studies have shown that a high-fat diet (HFD) adversely affects
muscle extracellular matrix remodeling, the mechanisms involved in muscle trophism,
inflammation, and adipogenesis have not been fully investigated. Thus, we investigated
the effects of 8 weeks of paternal resistance training (RT) on gene and protein
expression/activity of critical factors involved in muscle inflammation and remodeling
of fathers and offspring (offspring exposed to standard chow or HFD). Animals were
randomly distributed to constitute sedentary fathers (SF; n = 7; did not perform RT)
or trained fathers (TF n = 7; performed RT), with offspring from mating with sedentary
females. After birth, 28 male pups were divided into four groups (n = 7 per group):
offspring from sedentary father submitted either to control diet (SFO-C) or high-fat diet
(SFO-HF) and offspring from trained father submitted to control diet (TFO-C) or high-fat
diet (TFO-HF). Our results show that an HFD downregulated collagen mRNA levels and
upregulated inflammatory and atrophy pathways and adipogenic transcription factor
mRNA levels in offspring gastrocnemius muscle. In contrast, paternal RT increased
MMP-2 activity and decreased IL-6 levels in offspring exposed to a control diet. Paternal
RT upregulated P70s6k and Ppara mRNA levels and downregulated Atrogin1 mRNA
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levels, while decreasing NFκ-B, IL-1β, and IL-8 protein levels in offspring exposed to
an HFD. Paternal physical training influences key skeletal muscle remodeling pathways
and inflammatory profiles relevant for muscle homeostasis maintenance in offspring
submitted to different diets.

Keywords: exercise, intergenerational, gastrocnemius, atrophy/hypertrophy signaling, proinflammatory
cytokines, protein turnover, adipogenic

INTRODUCTION

Obesity and its comorbidities represent a global health problem
that has become a major social and economic burden worldwide.
Overweight and obesity are often causally linked to marked
alterations in lifestyle, such as increases in high-energy dietary
intake, as well as a high prevalence of physical inactivity. In
rodent models, a high-fat diet (HFD) promotes accumulation
of intramyocellular lipids that induce muscular lipotoxicity,
chronic inflammation, oxidative stress, and glucose metabolism
abnormalities (Bollheimer et al., 2012; Trajcevski et al., 2013).
Among the relevant signaling pathways, NF-κB has emerged
as a critical transcription factor that induces the expression of
many proinflammatory cytokines (TNF-α, IL-1β, IL-6, IL-8, and
IL-12) involved in the skeletal muscle atrophy process (Carlsen
et al., 2009). In addition, NF-κB upregulation becomes evident in
many catabolic scenarios associated with an increased ubiquitin-
proteasome system and autophagy (Demasi and Laurindo, 2012;
Sandri, 2013; Abrigo et al., 2016), which in turn might lead to cell
damage and muscle disorders.

The inflammatory condition is also closely related to
dysfunctional extracellular matrix (ECM) remodeling in skeletal
muscle, corroborating musculoskeletal disorders (Tam et al.,
2015). Tam et al. (2015) found downregulation of mRNA levels
in collagen I, III, and VI in the gastrocnemius muscle of
C57BL/6 mice fed an HFD for 5 weeks, indicating imbalance
in ECM homeostasis, whose remodeling is regulated by matrix
metalloproteinases (MMPs) essential to maintain a favorable
environment for structural support, mechanical stability, and
transmission of signals from muscle cells. It has been shown
that MMP-2 deficiency promotes abnormal changes in collagen
(Martinez-Huenchullan et al., 2017), which is crucial to force
transmission among fibers and fascicles in the muscle contraction
process (de Sousa Neto et al., 2017). The decrease in MMP-
2 activity may also impair the release of local growth factors
(TGF-β, CTGF, and IGF-1) and proliferation, differentiation, and
migration of satellite cells responsible for muscle hypertrophy
(Martinez-Huenchullan et al., 2017). Although some studies
have already shown that HFD adversely affects muscle ECM
remodeling, the mechanisms involved in the muscle trophism,
inflammation, and adipogenesis have not yet been fully
investigated. Hence, further studies are required to determine the
harmful effects caused by an HFD in skeletal muscle.

Resistance exercise training (RT) is a potent lipolysis mediator,
preventing intramyocellular lipid expansion in skeletal muscle,
linked to the PPARy-mediated mechanism (Ribeiro et al., 2017).
The role of RT on skeletal muscle confers beneficial effects
on adipogenic transcriptional factors (CCAAT/enhancer-binding

proteins), suppressing proinflammatory factors (Guedes et al.,
2020) and abnormal ECM remodeling (Guzzoni et al., 2018).
Furthermore, RT protects against obesity-induced muscle
atrophy, via activation of the anabolic signaling axis (IGF1, AKT,
P70sk6, and MyoD) (Glover and Phillips, 2010). Currently, it
is widely accepted that a future generation inherits protective
exercise-mediated effects through epigenetics inheritance (Vieira
de Sousa Neto et al., 2021). The RT performed by fathers
represents a potential regulator of intergenerational inheritance
and is a cost-effective strategy to improve the health of the first
offspring exposed to an HFD (Vieira de Sousa Neto et al., 2021).
Thus, the father’s behavior may modulate key players responsible
for skeletal muscle remodeling in the offspring.

Previous evidence demonstrated that paternal RT (8 weeks,
three times per week) induced protective effects on the left
ventricle and tendon proteome of offspring exposed to an HFD
through the increase in abundance proteins involved in cellular
survival pathways, tissue integrity maintenance, and overall
homeostasis (ECM organization, heart contraction, metabolic
processes, antioxidant activity, transport, and transcription
regulation) (de Sousa Neto et al., 2020a,b). Likewise, Stanford
et al. (2018) showed that voluntary paternal running on a wheel
(3 weeks with running distances averaging 5.8 ± 0.4 km/day)
suppresses the detrimental effects of paternal HFD on offspring,
reducing fat mass and glucose uptake in the gastrocnemius,
tibialis anterior, extensor digitorum longus, and soleus, which
suggests that paternal programming may regulate developmental
heritages of offspring diseases. However, the extent to which
paternal RT leads to orchestrated molecular changes in offspring
skeletal muscle exposed to different diets has not been
investigated. The climbing a ladder provides an alternative
means of inducing force overload with advantages when
improving rat musculoskeletal properties and neuromuscular
function (Hornberger and Farrar, 2004), while voluntary wheel
running may have limited effects on muscle hypertrophy process
(Legerlotz et al., 2008; Kurosaka et al., 2009).

Skeletal muscle adaptation is a complex process involving
crosstalk of multiple regulatory mechanisms and intracellular
pathways (Potthoff et al., 2007). Identifying essential
genes and proteins involved in signaling inflammation,
atrophy/hypertrophy molecules, and ECM remodeling
could provide meaningful insights into the offspring muscle
dysfunctions. A mechanistic framework of controlled paternal
RT effects may yield clinically useful information and design
interventions to effectively counterbalance harmful responses
inherent to HFD. Thus, whether the father’s lifestyle modulates
the musculoskeletal system remains a valid question for muscle
health and treatment guidance. The purpose of this study was
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to investigate the effects of 8 weeks of paternal RT on gene
and protein expression/activity of crucial factors involved in
muscle inflammation and remodeling of fathers and offspring
(offspring exposed to standard chow or HFD). We hypothesized
that paternal RT could minimize maladaptive responses at the
transcriptional level (inflammatory factors, atrophy-associated
genes, and ECM markers), proinflammatory cytokines levels,
and ECM protein turnover pathways impaired by HFD.

MATERIALS AND METHODS

Animals and Experimental Groups
All procedures were conducted following the Guide for the
Care and Use of Laboratory Animals (National Research
Council, 1996) in compliance with the ARRIVE guidelines. The
research protocol received approval from the Ethics Committee
on Animal Experimentation from the Universidade Católica
de Brasília, Brasília (protocol No. 010/13). Initially, fourteen
(n = 14) 4-month-old Wistar rats (Rattus norvegicus albinus,
weighing 359 g± 32.4) were obtained from the Central Vivarium
of the Faculty of Physical Education of the Universidade
Católica de Brasilia. The animals were housed in collective cages
(maximum of four rats per cage) and received water and standard
feed for rodents ad libitum during the experimental period.
The animals were randomly distributed into two subgroups:
sedentary fathers (SF; n = 7; did not perform RT) and trained
fathers (TF; n= 7; performed RT).

Paternal Resistance Training
The RT protocol was adapted from Hornberger and Farrar
(2004), according to the requirements of this study. In addition,
the procedures have been described in previous intergenerational
studies (de Sousa Neto et al., 2020a,b). The RT protocol was
carried out for 8 weeks, with the climbs performed three times
a week (Monday, Wednesday, and Friday) in the afternoon
(between 2 and 4 p.m.). Initially, the rats were adapted to the
resistance exercise protocol, which required the animals to climb
a vertical ladder (1.1 × 0.18 m, 2 cm step, 80% climb angle) with
the load apparatus fixed to their tail, via a self-adhesive foam
strip wrapped around the proximal portion. The size of the steps
meant the animals performed 8–12 movements per climb. In the
familiarization phase, the rats were placed at the bottom of the
stairs and were stimulated to climb with a weight attached to the
tail. If necessary, a stimulus through finger tweezers was applied
to the animal’s tail to start the movement. At the top of the stairs,
the rats reached a house chamber (20 × 20 × 20 cm) where they
rested for 2 min. This procedure was repeated until the animals
could voluntarily climb the subsequent set without stimulation
(de Sousa Neto et al., 2018). The familiarization sessions were
performed three times with an interval of 48 h.

Three days after familiarization, each animal was evaluated
to determine its maximum load capacity, which consisted of 4–
8 ladder climbs with gradually heavier loads. The initial climb
consisted of carrying a load corresponding to 75% of the animal’s
body weight. After that, weights of 30 g were added progressively
until the rat was unable to complete the climb. Failure to climb

was determined when the animal was unable to complete the
climb after three successive tail stimuli. The highest load carried
to the top of the stairs was considered the maximum load capacity
of the rat for that specific training session. After defining the
maximum load capacity, the training sessions comprised eight
climbs (TF), two sets with each load of 50, 75, 90, and 100% of
the animal’s maximum load capacity. Average feed intake was
measured for each experimental group 24 and 48 h after the first
RT session and 72 h after the second RT session.

In each week, respecting the progressive overload principle
of the training, 30 g (approximately 13% of the animal’s body
weight) were added, referring to the weight of the previous
week with 100% of the maximum loading capacity, in order to
guarantee the desired stress resulting from the exercise.

Offspring Groups
The offspring came from mating with sedentary females. The
estrous cycle of the females was checked daily after completing
the RT. The male rats were mated with primigravidae females
during the proestrus phase, housing together for two consecutive
days with free access to a control diet (Purina R©, Descalvado-
SP, Brazil) water.

After birth, the experimental groups in this study consisted of
28 male pups. The litters were standardized to 7 pups each to
avoid litters of different sizes and were left with their mothers
for 21 days of breastfeeding. The litters belonging to the same
experimental group were descended from different parents.

After weaning, male pups were divided into 4 groups (n = 7
per group): offspring from sedentary father submitted either to
control diet (SFO-C) or high-fat diet (SFO-HF) and offspring
from trained father submitted to control diet (TFO-C) or high-fat
diet (TFO-HF). The animals were housed in polypropylene cages
with a temperature of 23 ± 2◦C and light:dark cycle of 12:12 h.
The pups were weighed, in grams, on a digital scale, weekly for 6
months (Filizola R©, São Paulo, Brazil).

Offspring Diet
The offspring submitted to the control diet (SFO-C and
TFO-C) were fed with standard feed (66.00% carbohydrates,
24.00% protein, and 10.00% lipids, totaling 3.48 Kcal/g, Labina
Presence R©, Paulínia, São Paulo, Brazil) and water ad libitum.
Females were also kept on the control diet during gestation
and lactation periods. The SFO-HF and TFO-HF groups were
submitted to the commercially acquired HF diet (20.27%
carbohydrates, 19.89% protein, and 59.38% lipids, totaling
5.20 Kcal/g) (Prag R© solutions, Biosciences, Jaú, Brazil) and an
overload of 200 mL of soft drink (high-fructose corn syrup,
caramel coloring, caffeine, and phosphoric acid) per week (100%
carbohydrates—21 g, sodium: 10 mg totaling 0.85 Kcal/g), in
addition to having free access to water from the 21st day after
birth for 6 months. Detailed compositions of the experimental
diets were reported previously (de Sousa Neto et al., 2020b).

Some studies have demonstrated the efficacy of this HFD
model in body weight gain and adiposity in Wistar rats
(Goncalves et al., 2018; de Sousa Neto et al., 2020b). Soft drinks
for rats are used as a complement and characterization of the
HF diet and are an effective strategy to promote the increase

Frontiers in Physiology | www.frontiersin.org 3 September 2021 | Volume 12 | Article 706128141

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-706128 September 22, 2021 Time: 17:53 # 4

Salomão et al. Paternal Resistance Exercise and Muscle

in total energy intake and body weight gain in the long term
(Messier et al., 2007; Lozano et al., 2016). The offspring were
weighed weekly on a digital scale (Filizola, São Paulo, Brazil) until
euthanasia. The experimental design of the study is shown in
Figure 1.

Euthanasia
Fathers were euthanized with an intraperitoneal injection
of xylazine solution (12 mg/kg body weight) and ketamine
(95 mg/kg body weight), 48 h after the training period to avoid
the acute effects of exercise. The offspring were euthanized with
the same combination of solutions after 6 months of exposure
to the HFD. Afterward, the medial gastrocnemius muscles were
immediately dissected from each posterior hindlimb and one part
was frozen in RNase-free tubes using liquid nitrogen (for qPCR,
cytokines, zymography, and western blotting) and then stored at
−80◦C for further molecular analysis related to skeletal muscle
remodeling. An experienced researcher dissected all muscles to
prevent contamination of other tissues.

RNA Extraction
Tissue samples from 28 animals (7 per group) were homogenized
in a tube containing five stainless steel balls (diameter, 2.3 mm)

(BioSpec Products, Bartlesville, OK, United States), three sharp
silicon carbide particles (1 mm) (BioSpec Products), and TRIzol,
by shaking using a FastPrep-24 instrument (M.P. Biomedicals,
Solon, OH, United States) (Marqueti et al., 2012). In order
to thoroughly homogenize the tissue, the shaking process was
repeated five times at speed 4. The tubes were kept in ice-cooling
for 2 min to avoid RNA degradation between each shaking step.
The total RNA was extracted according to the TRIzol method
described by Chomczynski and Sacchi (1987). A NanoDrop R©

spectrophotometer (ND-1000; NanoDrop Technologies Inc.,
Wilmington, DE, United States) was used to quantify the RNA
concentrations in each sample, determining the absorbance rate
of 260–280 nm. Subsequently, samples were frozen at −80◦C up
to purification.

One Step RT-qPCR
To assess the gastrocnemius muscle gene expression, a total of
100–350 ng of RNA extracted from each sample was converted
to cDNA (final volume 20 µL) using GoTaq R© Probe 1-Step
RT-qPCR (Promega-Cat. A6120X) based on the manufacturer’s
protocol. The standard cycling conditions to perform reverse
transcription and amplification of samples were: (a) Reverse
transcription (1 cycle): 45◦C for 15 min; (b) reverse transcriptase

FIGURE 1 | Schematic representation of the experimental design. Illustration of the methodological sequence followed in the intergenerational study.
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inactivation and GoTaq R© DNA Polymerase activation (1 cycle):
95◦C for 2 min; (c) Denaturation (40 cycles): 95◦C for 15 s; and
(d) Annealing and extension (40 cycles): 60◦C for 1 min.

Quantitative Real-Time Polymerase
Chain Reaction
The quantitative real-time polymerase chain reaction (qRT-PCR)
was performed with the aid of the GoTaq R© Probe 1-Step RT-
qPCR System (Promega—Cat. A6120X). Ten microliters of the
GoTaq Probe qPCR Master Mix with dUTP were homogenized
with 1 µL of the 20 × primer, an amount of RNA (100–350 ng),
0.4 µL GoScript RT Mix for 1-Step RT-qPCR 1X, and water for
a final volume of 20 µL. The qRT-PCR was performed using a
QuantStudio 3 Real-Time PCR system (Applied Biosystems) for
the following genes (Table 1):

The normalization of the expression from each target gene
occurred through the expression of the constitutive gene RPLP0,
which was used as the endogenous control of RNA, due to the
lower intra and intergroup variability compared with the other
housekeeping genes tested (Beta-actin and Gapdh, also tested
in this study). The 1Ct values of the samples were determined
by subtracting the average Ct value of the target gene from the
average Ct value of the maintenance gene. Next, the 11Ct values
were calculated by subtracting the 1Ct value from the condition
of interest from the 1Ct value from the control condition.
Finally, 2−11Ct values were calculated to present data of relative
expression. The sample quantity and the reaction efficiency of
each gene analyzed in the present study were determined from
a standardization curve, with slope reference parameters equal
to −3.3, R2

= 0.9–1.0, and efficiency above 90%. These genes

TABLE 1 | List of tested genes associated with extracellular matrix, inflammation,
metabolism, and myogenesis.

mRNA Code (life technologies) mRNA Code (life technologies)

Actb rn00667869 Murf1 rn00590197

Akt1 rn00583646 Myod rn01511496

Atrogin1 rn00591730 Nfkb rn00595794

Cebpa rn00560963 Ppara rn00566193

Col1a1 rn01463848 P70s6k rn00583148

Col3a1 rn01437681 Rplp0 rn03302271

Ctgf rn01537279 Tgfb1 rn00572010

Foxo1 rn01494868 Tnfa dr03126850

Gapdh rn01775763 Tweak rn01461586

Igf1a rn00710306 Mmp2 rn01538170

Il6 rn01410330

Actb, Actin beta; Akt1, AKT serine/threonine kinase 1; F-box protein 32 (also
known as Atrogin1); Cebpa, CCAAT/enhancer binding protein alpha; Col1a1 and
Col3a1, respectively, collagen 1 alpha 1 and collagen 3 alpha 1; Ctgf, connective
tissue growth factor;Foxo1, forkhead box O1; Igf1, insulin-like growth factor 1; Il6,
interleukin 6; Mmp2, matrix metallopeptidase 2; Murf1, tripartite motif containing
63; Myod, myogenic differentiation; Nfkb, nuclear factor kappa beta; Ppara,
peroxisome proliferator-activated receptor alpha; ribosomal protein S6 kinase beta-
1 (also known as P70s6k), Rplp0, ribosomal protein lateral stalk subunit P0; Tgfb1,
transforming growth factor, beta 1; Tnfa, tumor necrosis factor alpha; Tweak, TNF
superfamily member 12.

were chosen because a HFD induces substantial muscle atrophy,
inflammation, and dysfunctional ECM remodeling in the skeletal
muscle (Tam et al., 2015; Abrigo et al., 2016).

Cytokine Levels
The quantification of total proteins was performed in a
NanoDrop R© 2000 spectrophotometer (Thermo Fisher Scientific)
using a 260/280 nm relation. Cytokine concentrations were
determined by a multiplexed flow cytometry method using
bead-based immunoassays developed by the BD Biosciences R©

(CBA, San Diego, CA, United States), specific for the following
mediators: Interleukin (IL)-1beta (IL-1β), IL-6, IL-8, IL-10,
IL-12p70, and tumor necrosis factor (TNF-α). Assessments
were performed according to the manufacturer’s protocols.
Reconstituted cytokine standards and the thawed serum samples
were processed using the BD FACS Verse cytometer. Two
hundred events or more were acquired for each cytokine bead.
Data were analyzed using FCAP software, version 3.0 (BD
Biosciences R©, San Diego, CA, United States). Standard curves
for each cytokine were generated using serial dilutions of
the mediators supplied, with each sample titrated by linear
interpolation. All samples were determined in duplicate to
guarantee reliability.

Gelatin Zymography
The zymography technique was used to measure MMP-2 activity.
The gastrocnemius muscle extracts were homogenized and
incubated in extraction buffer (10 mM cacodylic acid, pH 5.0;
0,15 M NaCl; 1 µM ZnCl2; 20 mM CaCl2; 1.5 mM NaN3, and
0.01% Triton X-100) with five stainless steel balls (diameter,
2.3 mm) (BioSpec Products, Bartlesville, OK, United States)
and three silicon-carbide sharp particles (1 mm) (BioSpec
Products) by being shaken in a FastPrep-24 instrument (MP
Biomedicals, Solon, OH, United States). Next, the solution was
centrifuged for 30 min (13,000 g at 4◦C), and the supernatant was
reserved. A NanoDrop spectrophotometer (ND-1000; NanoDrop
Technologies Inc., Wilmington, DE, United States) was used
to quantify protein concentrations. Thirty mg of total protein
were loaded into each lane. The samples were concentrated
in 30 µg of protein and 10 µL of sample buffer without
β-mercaptoethanol (reducing agent) and were resolved by
electrophoresis on polyacrylamide gel with SDS and gelatin, in
the final concentration of 1 mg/mL. After the run, the gel was
washed twice for 20 min in 2.5% Triton X-100 solution to remove
the SDS. Next, the gel was incubated in the substrate buffer
(Tris- HCl 50 mM pH 8.0, CaCl 2.5 mM; NaN3 0.02%, and
ZnCl2 10 mM), at 37◦C, for 18 h. Subsequently, the gel was
stained with Coomassie Brilliant Blue for 60 min. Afterward,
the gel was washed in a solution of methanol 30% and acetic
acid 10%. The averages of the band intensities were measured
using Image Master 2D Platinum 7.0 software and conducted
by a blinded researcher, attenuating possible bias related to
this process. Pro and active isoform bands were identified
via standard techniques using molecular weight criteria. The
bands found in all groups were 72–64 kDa, as proposed by
previous studies that evaluated MMP-2 in the skeletal muscle
(de Sousa Neto et al., 2017, 2018). The assurance of the analysis
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accuracy, the gels for zymography were prepared simultaneously
using the same solutions. Gels electrophoresis was carried out
simultaneously using fresh buffers at the same condition and
temperature (inside the fridge) to minimize the variation between
the gels. Furthermore, protein normalization, voltage and time
during electrophoresis, as well gel staining background, have
been carefully standardized.

Western Blot Assay
Total proteins were extracted from tissues using phosphate buffer
saline (PBS 1%, pH 7.4) supplemented with protease inhibitor
cocktail (Roche, Germany) with five stainless steel balls (diameter,
2.3 mm) (BioSpec Products, Bartlesville, OK, United States)
and three silicon-carbide sharp particles (1 mm) (BioSpec
Products) by being shaken in a FastPrep-24 instrument (MP
Biomedicals, Solon, OH, United States). After this, the samples
were centrifuged (14,000 g for 30 min at 4◦C). The supernatant
was transferred to a new tube and the protein concentration was
determined using a NanoDrop R© spectrophotometer (ND-1000;
NanoDrop Technologies Inc., Wilmington, DE, United States).
The protein (20 µg) was separated using 10% SDS-PAGE and
transferred to polyvinylidene difluoride (PVDF) membranes
(Merck Millipore). The membranes were blocked using 5%
non-fat milk in TBST buffer [200 mM Tris-HCl (pH 7.5), 1.5
M NaCl, 0.1% Tween 20] for 2 h and then incubated with
the primary monoclonal antibodies: COL1A1 (Sigma Aldrich,
C2456), NF-Kβ p65 (Cell Signaling Technology, #4764), and
PPAR-α (Santa Cruz Biotechnology, sc-9000) overnight at 4◦C.
Next, the membrane was incubated with secondary anti-mouse
IgG antibody -HRP (Santa Cruz Biotechnology, Sc -2005) or anti-
rabbit IgG antibody -HRP (Cell Signaling Technology, #7074)
for 1 h at room temperature. Chemiluminescence was detected
using an ECL western blotting detection kit (GE Healthcare,
Chicago, IL, United States). Densitometry was performed using
ImageJ (National Institutes of Health, Bethesda, MD). The
intensity related to the analyzed protein was normalized to
the GAPDH band (A1978, Sigma Aldrich). The gels for
western blot assay were prepared simultaneously using the same
solutions to assure the analysis accuracy. Gels electrophoresis
was carried out simultaneously using fresh buffers at the same
condition and temperature to minimize the variation between
the gels. Furthermore, protein normalization, voltage and time
during electrophoresis have been carefully standardized. We
also choose the best normalization standard; it was confirmed
the primary antibody’s quality (monoclonal), prevented signal
saturation and accurately quantifying the signal intensity of
the target protein.

Statistical Analysis
The results are expressed as mean ± standard deviation (SD).
The Shapiro-Wilk test was used to determine the normality of
data, and the Levene test was used to analyze the homogeneity
of the variance. Two-way ANOVA (diet x paternal training)
was used to compare the dependent variables between the
four groups of offspring. When a significant difference was
detected, the Tukey post hoc test was applied to identify
where the difference occurred. An alpha level of p ≤ 0.05

was considered significant. The software GraphPad Prism
8.3 (San Diego, CA, United States) was used for statistical
analysis and graphics design. The results from gene expression
were presented according (Heinemeier et al., 2007, Marqueti
et al., 2018; Barin et al., 2019). The mRNA gene expression
was log-transformed for the statistical analyses to obtain
normal distribution. Data are presented in graphs as geometric
mean ± back-transformed standard error (SE) calculated as
follows: Geometric mean = 2ˆ or 10ˆ logarithmic mean. The
geometric mean at 2ˆ was used only when the logarithmic value
was higher than 1,000. Back-transformed positive SE= 2ˆ or 10ˆ
(logarithmic mean + logarithmic SE) – geometric mean. Back-
transformed negative SE = geometric mean – 10ˆ(logarithmic
mean + logarithmic SE). The mRNA data are presented on a
logarithmic scale as fold changes relative to the mean of the
young sedentary group. For this reason, the values for SF and
SFO-C groups are always “1.” Biorender web-based software was
used to create the study design and the final figure (License
Number QH22U934HD).

RESULTS

Effects of High-Fat Diet and Paternal
Resistance Training on Offspring Body
Weight Gain and Adiposity Index
Offspring exposed to the HFD showed a higher body weight
and adiposity index when compared with the offspring exposed
to the control diet (p = 0.001) following 6 months of diet
exposure, based on previously published works (de Sousa
Neto et al., 2020a,b). Paternal RT attenuated the body weight
gain (TFO-HF = 398.8 ± 8.1 vs. SFO-HF 433.9 ± 34.7;
p = 0.001) and adiposity index (TFO-HF = 2.63 ± 0.68 vs. SFO-
HF = 4.75 ± 0.95) in the offspring submitted to an HFD. No
statistical changes in body weight were observed between the
TFO-C and SFO-C groups.

Effects of High-Fat Diet and Paternal
Resistance Training on Structural Matrix
Proteins, Matrix Remodeling Enzymes,
and Growth Factor mRNA Levels in the
Gastrocnemius Muscle
There were no differences between sedentary and trained fathers
in mRNA levels of Col1a1, Col3a1, Tgfβ1, Ctgf (p > 0.05;
Figures 2A,C,G,I, respectively), while Mmp2 and Igf1a mRNA
levels were significantly upregulated in the trained fathers
(p = 0.03 and p = 0.001, Figures 2E,K, respectively).
Regarding offspring, Col1a1 mRNA levels were significantly
downregulated with HFD (SFO-HF vs. SFO-C; p = 0.03;
Figure 2B). Furthermore, HFD downregulated Col3a1 mRNA
levels in the offspring from trained fathers (TFO-HF vs. TFO-
C group; p = 0.04, Figure 2D). However, paternal RT did not
modulate structural matrix proteins, matrix remodeling enzymes,
and growth factor mRNA levels in the offspring (p > 0.05;
Figures 2F,H,J,L, respectively).
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FIGURE 2 | Structural matrix proteins, matrix remodeling enzymes, and growth factor. mRNA levels in the gastrocnemius muscle of fathers and offspring exposed to
control diet and HFD. The data are geometric mean ± standard error. The 2−11CT represents the expression level. (A,B) Collagen, type I, alpha 1 (Col1a1). (C,D)
Collagen, type III, alpha 3 (Col3a1). (E,F) Matrix metalloproteinase-2 (Mmp2). (G,H) Transforming growth factor-beta 1 (TGF-β1). (I,J) Connective tissue growth factor
(Ctgf ). (K,L) Pro-insulin like growth factor IA (Igf1a). SF, sedentary fathers; TF, trained fathers; SFO-C, offspring from sedentary fathers, exposed to control diet;
TFO-C, offspring from trained fathers exposed to control diet; SFO-HF, offspring from sedentary fathers exposed to high-fat diet; TFO-HF, offspring from trained
fathers exposed to a high-fat diet. Statistically significant differences compared to: aSFO-C; bTFO-C; p ≤ 0.05 (n = 7 per group).

Effects of High-Fat Diet and Paternal
Resistance Training on Synthesis and
Atrophy Pathway mRNA Levels in the
Gastrocnemius Muscle
Akt1, MyoD, P70S6K, and Murf1 mRNA levels were increased
after RT in trained fathers (p = 0.01; Figures 3A,C,E,K,
respectively). Despite the difference presented in the Akt graph
(SFO-HF vs. TFO-C; p = 0.01; Figure 3B) it did not cause
any significant comparison. No changes were observed in
fathers for mRNA levels of Foxo1 (p > 0.05; Figure 3G)
and Atrogin1 (p > 0.05; Figure 3I). Regarding offspring,
Atrogin1 and Murf1 mRNA levels were significantly upregulated
with HFD (SFO-HF vs. SFO-C; p = 0.008 and p = 0.01;
Figures 3J–L). Paternal RT upregulated P70s6k and Foxo1
mRNA levels in the TFO-HF group when compared to the
SFO-HF group (p = 0.03 and p = 0.001; Figures 3F,H,

respectively). Additionally, paternal RT mitigated the HFD-
associated increase in Atrogin1 mRNA levels of offspring (TFO-
HF vs. SFO-HF; p= 0.007; Figure 3J). No changes were observed
in mRNA levels of MyoD between offspring groups (p > 0.05;
Figure 3D).

Effects of the High-Fat Diet and Paternal
Resistance Training on Inflammatory
Pathways, Adipogenic Transcription
Factor, and Transcription Factor
Regulator of Lipid Metabolism mRNA
Levels in the Gastrocnemius Muscle
No changes were observed in inflammatory pathway mRNA
levels in the fathers (p > 0.05; Figures 4A,C,E,G). Cebpa and
Ppara mRNA levels were increased in the trained fathers when
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FIGURE 3 | Synthesis and atrophy pathway mRNA levels in the gastrocnemius muscle of fathers and offspring exposed to control diet and HFD. The data are
geometric mean ± standard error. The expression level is represented by the 2−11CT . (A,B) Protein kinase B (Akt1). (C,D) Myoblast determination protein 1 (Myod).
(E,F) Ribosomal protein S6 kinase beta-1 (P70s6k). (G,H) Forkhead Box O1 (Foxo11). (I,J) Atrogin 1 (Atrogin 1). (K,L) Muscle RING-finger protein-1 (Murf1). SF,
sedentary fathers; TF, trained fathers; SFO-C, offspring from sedentary fathers, exposed to control diet; TFO-C, offspring from trained fathers exposed to control
diet; SFO-HF, offspring from sedentary fathers exposed to high-fat diet; TFO-HF, offspring from trained fathers exposed to a high-fat diet. Statistically significant
differences compared to: aSFO-C; bTFO-C; cSFO-HF, p ≤ 0.05 (n = 7 per group).

compared with sedentary fathers (p = 0.04 and p = 0.01,
respectively; Figures 4I,K). Regarding offspring, no changes were
observed in Tnfa mRNA levels (p > 0.05; Figure 4B). Tweak,
Cebpa, and Nfkb mRNA levels were significantly upregulated
with HFD (SFO-HF vs. SFO-C; p = 0.01; Figures 4D,J,H,
respectively). Paternal RT upregulated Ppara mRNA levels in
the TFO-HF group when compared to the SFO-HF group
(p = 0.0001, Figure 4L). No changes were observed in mRNA
levels of Il6 between offspring groups (p > 0.05; Figure 4F).

Effects of High-Fat Diet and Paternal
Resistance Training on Proinflammatory
and Anti-Inflammatory Cytokines Levels
in the Gastrocnemius Muscle
HFD did not modulate proinflammatory and anti-inflammatory
cytokine levels in the offspring’s gastrocnemius muscle (p > 0.05;
Figure 5). However, paternal RT decreased IL-6 levels in the
TFO-C group when compared to the SFO-C group (p = 0.03;
Figure 5C). Moreover, paternal RT decreased the IL-1β levels in

the offspring exposed to HFD. (TFO-HF vs. SFO-HF; p = 0.03;
Figure 5A). Of note, IL-8 levels changed similarly in fathers and
offspring, showing downregulation in the groups under the RT
regimen (TF vs. SF; p= 0.04 and TFO-HF vs. SFO-HF; p= 0.004;
Figures 5E,F, respectively). No changes were observed in IL-10,
IL-12, and TNF-α levels between offspring groups (p > 0.05;
Figures 5H,J,L, respectively).

Effects of High-Fat Diet and Paternal
Resistance Training on MMP-2 Activity in
the Gastrocnemius Muscle
The pro and active MMP-2 activity increased in the
gastrocnemius muscle of fathers in response to RT (TF vs.
SF; p = 0.001 and p = 0.002, respectively, Figures 6A,C).
No changes were observed in the pro-MMP-2 activity of
offspring (p > 0.05; Figure 6B). The active MMP-2 activity was
significantly decreased with HFD in the offspring from trained
fathers (TFO-C vs. TFO-HF; p = 0.003; Figure 6D). On the
other hand, paternal RT increased active MMP-2 activity in the
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FIGURE 4 | Inflammatory pathways, adipogenic transcription factor and transcription factor regulator of lipid metabolism mRNA levels in the gastrocnemius muscle
of fathers and offspring exposed to control diet and HFD. (A,B) Tumor necrosis factor alpha (Tnfa). (C,D) Tumor necrosis factor ligand superfamily member 12
(Tweak). (E,F) Interleukin-6 (Il6). (G,H) Factor nuclear kappa B (Nfkb). (I,J) CCAAT/enhancer binding protein (Cebpa). (K,L) Peroxisome proliferator-activated receptor
(Ppara). The data are geometric mean ± standard error. The expression level is represented by the 2−11CT . SF, sedentary fathers; TF, trained fathers; SFO-C,
offspring from sedentary fathers, exposed to control diet; TFO-C, offspring from trained fathers exposed to control diet; SFO-HF, offspring from sedentary fathers
exposed to high-fat diet; TFO-HF, offspring from trained fathers exposed to a high-fat diet. Statistically significant differences compared to: aSFO-C; bTFO-C;
cSFO-HF, p ≤ 0.05 (n = 7 per group).

TFO-C group when compared to the SFO-C group (p = 0.01;
Figure 6D). MMP-9 activity was not detected by zymography.

High-Fat Diet and Paternal Resistance
Training on Col1, NFκ-B, and PPAR-α
Protein Levels in the Gastrocnemius
Muscle
There were no differences between sedentary and trained fathers
in Col1, NFκ-B, and PPAR-α protein levels in the gastrocnemius
muscle (p > 0.05.; Figures 7A,C,E, respectively). HFD did
not modulate Col1, NFκ-B, and PPAR-α protein levels in the
offspring from sedentary fathers (SFO-HF vs. SFO-C p > 0.05;
Figures 7B,D,F, respectively). Intriguingly, the TFO-C group
displayed higher levels of NFκ-B when compared to the TFO-HF
group (p = 0.0001; Figure 7D). However, paternal RT decreased
the NFκ-B protein level in offspring exposed to HFD (TFO-HF

vs. SFO-HF; p= 0.01; Figure 7D). Supplementary Data 1 shows
p-values of factors (diet and paternal training) and interaction.

DISCUSSION

The present study was designed to explore the role of pre-
conceptional paternal RT on essential molecules involved in the
skeletal muscle remodeling of offspring exposed to standard
chow or HFD. Our results support the initial hypothesis,
showing that HFD downregulated collagen mRNA levels,
while upregulating inflammatory and atrophy pathways and
adipogenic transcription factor mRNA levels in the offspring
gastrocnemius muscle. It was hypothesized that these two
findings combined might contribute to the impaired functional
integrity of muscle. On the other hand, we demonstrated that
paternal RT increased MMP-2 activity in offspring exposed
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FIGURE 5 | Pro-inflammatory and anti-inflammatory cytokine levels in the gastrocnemius muscle of fathers and offspring exposed to control diet and HFD. The data
are mean ± standard deviation. (A,B) Interleukin 1β (IL-1β). (C,D) Interleukin-6 (IL-6). (E,F) Interleukin 8 (IL-8). (G,H) Interleukin 10 (IL-10). (I,J) Interleukin 12 (IL-12).
(K,L) Tumor necrosis factor alpha (Tnf-α). SF, sedentary fathers; TF, trained fathers; SFO-C, offspring from sedentary fathers, exposed to control diet; TFO-C,
offspring from trained fathers exposed to control diet; SFO-HF, offspring from sedentary fathers exposed to high-fat diet; TFO-HF, offspring from trained fathers
exposed to a high-fat diet (n = 7 per group).

to a control diet, accompanied by a decrease in IL-6 levels.
More significantly, paternal RT upregulated P70s6k and Ppara
mRNA levels, as well as downregulating Atrogin1 mRNA
levels and decreasing NFκ-B, IL-1β, and IL-8 protein levels in
offspring exposed to HFD. These data support that paternal RT
might modulate key skeletal muscle remodeling pathways and
inflammatory profiles in offspring submitted to different diets,
which may be relevant for cellular function, longevity, and muscle
homeostasis maintenance. Our findings raise valuable insights
into the molecular mechanisms involved in the intergenerational
impacts of paternal exercise on the musculoskeletal system
of offspring. This molecular approach progresses the current
knowledge on muscle biology.

Effects of resistance training on gene and protein expression/
activity involved in muscle inflammation and remodeling of
fathers.

Skeletal muscle is a highly plastic organ that plays a pivotal
role in physical maintenance and metabolic health (Blaauw et al.,
2013). Strategies focused on increasing the quality of this tissue
are relevant, and RT is an effective non-pharmacological tool to
promote positive impacts on the remodeling process. However,
the regulatory mechanisms that mediate muscle adaptations are
complex (Blaauw et al., 2013). The present molecular analysis
comparing the TF group vs. SF group (fathers) reinforces that RT
might modulate multiple routes involved in muscle remodeling.
We observed that RT upregulated anabolic markers (Igf1, Akt,
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FIGURE 6 | MMP-2 activity in the gastrocnemius muscle of fathers and offspring exposed to control diet and HFD. Optical densitometry of zymographic bands of
MMP-2 in arbitrary units (AU). The data are mean ± standard deviation. (A) Pro MMP-2 activity in fathers. (B) Pro MMP-2 activity in offspring. (C) Active MMP-2
activity in fathers. (D) Active MMP-2 activity in offspring. (E) Optical densitometry of zymographic bands. SF, sedentary fathers; TF, trained fathers; SFO-C, offspring
from sedentary fathers, exposed to control diet; TFO-C, offspring from trained fathers exposed to control diet; SFO-HF, offspring from sedentary fathers exposed to
high-fat diet; TFO-HF, offspring from trained fathers exposed to a high-fat diet (n = 7 per group).

P70sk6, and Myod), Murf1, Cebpa, Ppara mRNA levels, and
MMP-2 activity in the gastrocnemius muscle in trained fathers,
accompanied by a decrease in IL-8 levels, which may suggest
that RT induces molecular adaptation through an integrated
signs network. Muscle adaptability is mediated by a complex
interplay between a myriad of signaling pathways, joined to
several transcription and translation factors (Karalaki et al., 2009;
Hoppeler, 2016). The pleiotropic effects of RT and the complexity
of responses at a molecular level in our study suggest that there
is no singular pathway mediating exercise adaptation. Thus, it is
important to emphasize that cellular homeostasis is achieved by a
delicate balance between multiple pathways required to carry out
complex physiological processes.

Effects of high-fat diet on gene and protein expression/activity
involved in muscle inflammation and remodeling of offspring.

The increase in high-energy dietary and unbalanced calorie
intake are well-known risk factors that negatively affect
skeletal muscle functionality (Lee et al., 2015; Herrenbruck
and Bollinger, 2020). The harmful changes are linked to the
increase in intramyocellular lipids, associated with lipotoxicity,
ECM dysfunctional remodeling, and changes in muscle
atrophy−related genes (Abrigo et al., 2016). Indeed, HFD
downregulated collagen mRNA levels while upregulating
inflammatory (Tweak and Nfkb) and atrophy pathways
(Atrogin1 and Murf1), and Cebpa mRNA levels in the offspring
gastrocnemius muscle (SFO-HF vs. SFO-C). This result is in
agreement with Kumar et al. (2012), who showed that the
Tweak-Nfkb axis could be involved in protein breakdown

and play an important role in regulating Murf1 and Atrogin1
genes. These changes might result in a more inflammatory
and catabolic phenotype linked to the adipogenesis integrated
process, leading to a panel of adverse remodeling. Nevertheless,
we found that gene expression changes were not reflected at
the level of proteins at the time-point analyzed, probably due
to delayed synthesis between mRNA or the protein during state
transition, as well as proteins disconnected from the transcripts
(Liu et al., 2016). It is known that protein levels are regulated
by transcriptional regulatory elements such as enhancers and
post-transcriptional control mechanisms (Sadhale et al., 2007).
Furthermore, protein turnover is often under the control of the
ubiquitin-proteasome system. One possibility that should not
be ruled out is that NF-kB might be associated with ubiquitin-
proteasome system overexpression by HFD diet (Abrigo et al.,
2016), which may have affected protein patterns and function in
the present study.

Other results confirm that HFD has considerable adverse
effects on skeletal muscle remodeling due to down-regulation
of Col3a1 mRNA levels and MMP-2 activity, accompanied by
up-regulation of Nfkb and Foxo1 mRNA levels in the offspring
from trained fathers (TFO-HF vs. TFO-C). The present findings
seem to point to progression toward a degenerative phenotype,
typical features of muscle wasting and weakness. Abnormal
muscle remodeling may impact cell activity, tissue polarity, and
muscle repair, inducing chronic disease initiation or progression.
Regarding plausible mechanisms, Abrigo et al. (2016) explained
that HFD decreases multipotent mesenchymal stromal cells
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FIGURE 7 | Collagen type I, NF-κB, and PPAR-α protein expression in the gastrocnemius muscle of fathers and offspring exposed to control diet and HFD. The data
are mean ± standard deviation. (A) Col 1 protein expression level/Gapdh in the fathers. (B) Col 1 protein expression level/Gapdh in the offspring. (C) NF-κB protein
expression level/Gapdh in the fathers. (D) NF-κB protein expression level/Gapdh in the offspring. (E) PPAR-α protein expression level/Gapdh in the fathers.
(F) PPAR-α protein expression level/Gapdh in the offspring. SF, sedentary fathers; TF, trained fathers; SFO-C, offspring from sedentary fathers, exposed to control
diet; TFO-C, offspring from trained fathers exposed to control diet; SFO-HF, offspring from sedentary fathers exposed to high-fat diet; TFO-HF, offspring from trained
fathers exposed to a high-fat diet (n = 7 per group).

through complex crosstalk of inflammation, oxidative stress,
satellite cell dysfunction, and myonuclear apoptosis which, in
turn, induces an atrophic effect on skeletal muscle. Furthermore,
the adipogenesis process also leads to inflammation and atrophy
in muscle cells during obesity (Pellegrinelli et al., 2015), which
explains an increase in the Cebpa, Tweak, and Nfkb, Atrogin1, and
Murf1 mRNA levels simultaneously in the SFO-HF group.

Effects of paternal resistance training on gene and protein
expression/activity involved in muscle inflammation and
remodeling of offspring exposed to control diet.

An exciting result was that paternal RT upregulated MMP-
2 activity while downregulating Il6 levels in offspring exposed
to the control diet. This suggests that the father’s lifestyle

can imply changes in ECM remodeling and the inflammatory
profile when offspring are not exposed to a harmful diet. The
increase in MMP-2 activity contributes to the remodeling of
fibers and connective tissue during normal homeostasis (Chen
and Li, 2009). MMP-2 is involved in the morphogenesis and
angiogenesis process (de Sousa Neto et al., 2018), playing a
critical role in differentiation, muscle repair, and regeneration
(de Sousa Neto et al., 2017; Martinez-Huenchullan et al.,
2017). Hojman et al. (2019) reported that any ECM alteration
initiates the membrane conformational changes needed to
release the IL-6-containing intrafibrillar vesicles. Therefore, it
seems reasonable to speculate that optimal muscle remodeling
modulates inflammation adjustment, considered substantial for
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FIGURE 8 | Overview of skeletal muscle remodeling pathways in the gastrocnemius muscle of fathers and male offspring exposed to control diet and HFD.

muscle adaptation mechanisms. Additional studies should be
carried out to test this hypothesis and clarify the causal link
between these two biological phenomena. de Sousa Neto et al.
(2020b) reported that paternal RT induces modifications at the
protein level in the left ventricle of eutrophic offspring. However,
this modulation was more prominent in the tendon when the
offspring were subjected to HFD (de Sousa Neto et al., 2020a).
Therefore, these results support the idea that molecular responses
in the offspring might differ between tissue types.

The results of the present study are in agreement with Lira
et al., 2009, who demonstrated the potential exercise effect on
downregulation of IL-6 levels in healthy rat skeletal muscle.
Regarding possible physiological significance, decreased muscle-
derived IL-6 production may work to inhibit the effects of
pro-inflammatory cytokines, as well as contributing to glucose
homeostasis maintenance and lipid metabolism (Lira et al.,
2009; Munoz-Canoves et al., 2013). It is therefore possible to
speculate that, as well as the attenuation of HPD-associated
chronic inflammation, paternal RT may also lead to a decreased
risk of the incidence of various diseases associated with an
offspring sedentary lifestyle, considering that even in a eutrophic
condition (i.e., TFO-C vs. SFO-C) it shows a significant anti-
inflammatory effect.

Effects of paternal resistance training on gene and protein
expression/activity involved in muscle inflammation and
remodeling of offspring exposed to a high-fat diet.

Another novelty of our study was that paternal RT upregulated
P70s6k, effective in mitigating the HFD-associated increase in
Atrogin1 mRNA levels in offspring exposed to HFD, which can

inhibit protein degradation and promote synthesis. Possibly,
these adaptations are important to alleviate musculoskeletal
damage, the inflammatory microenvironment, and nuclear
apoptosis (Abrigo et al., 2016). Thus, paternal RT should be
considered an important component to combat skeletal muscle
atrophy with HFD.

Remarkably, short (3 weeks) and long-term voluntary wheel
protocol (12 weeks) proved to be capable of suppressing
the effects of a paternal high-fat diet on offspring, reversing
impairment in glucose intolerance, fat mass, and glucose
uptake in skeletal muscles (Krout et al., 2018; Stanford et al.,
2018). This protection occurred through increased expression
of insulin signaling pathways (GLUT4, IRS1, and PI3K) in the
skeletal muscle of the offspring (Krout et al., 2018). However,
voluntary wheel running possibly has a more considerable
aerobic component when compared to weighted stair climbing,
which can limit the effects on muscle hypertrophy as previously
reported (Legerlotz et al., 2008; Kurosaka et al., 2009). Climbing
a ladder provides an alternative means of inducing force overload
with advantages when improving musculoskeletal properties and
neuromuscular function (Hornberger and Farrar, 2004), and
consequent signaling pathway activation that controls skeletal
muscle hypertrophy. We consider that the current RT protocol
(8 weeks, three times per week) should receive special attention
since might open new avenues for preventing and treating muscle
wasting in metabolic and neuromuscular diseases in offspring
exposed to the risk factors.

Curiously, we found that paternal RT upregulated Foxo1
mRNA levels in the offspring exposed to HFD. Although Foxo1
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exacerbated activation associated with muscle atrophy, this
protein can exhibit ambivalent and pleiotropic functions (Seiler
et al., 2013; Sanchez et al., 2014). This suggestion corroborates
other studies which showed that Foxo1 modulates the subcellular
localization of the membrane fatty acid translocase that permits
fatty acid uptake into muscle cells (Kamei et al., 2003; Bastie et al.,
2005). Evidence suggests that Foxo1 can act as a switch for a
shift toward lipids instead of glucose as a fuel substrate under
HFD conditions (Constantin-Teodosiu et al., 2012; Sanchez et al.,
2014). Additionally, Ppara may contribute to adaptive changes
in fatty acid metabolism in response to overexpressed Foxo1
(Constantin-Teodosiu et al., 2012), supporting our TFO-HF
group findings. Together, our results suggest that paternal RT can
orchestrate factors that might contribute to muscle fat oxidation
in the offspring.

In this sense, paternal RT also upregulated Ppara mRNA
levels, besides decreasing NFκ-B and IL-8 protein levels in
offspring exposed to HFD, implying a protective factor against
the undesired effects of HFD. Upregulated Ppara reduces
triglyceride levels by increasing lipolysis, contributing to anti-
inflammatory activity and metabolic improvements (Gross et al.,
2017; Wang et al., 2020). PPAR-α activation interacts with
a diverse group of molecules (Viswakarma et al., 2010); for
example, PPAR-α inhibits the NF-κB pathway and reduces
inflammatory markers, such as IL-1β and IL-8, which in turn
suppress atrophy process at multiple levels (Rigamonti et al.,
2008). Recently, several plausible studies have revealed that
these potent proinflammatory cytokines are involved in calcium
homeostasis, mitogenesis, inhibition of angiogenesis, chemotaxis,
neutrophil degranulation, and leukocyte activation, which might
be an essential contributor to the inflammatory mechanism
(Pernhorst et al., 2013; Chuang and Khorram, 2014; Kofanova
et al., 2019). Considering our findings, paternal RT may attenuate
lipid storage in the skeletal muscle and modulate inflammatory
status through IL-1β and IL-8 levels. This result is in agreement
with the decrease in Atrogin1 mRNA levels observed in the TFO-
HF group, since it has been demonstrated that IL-1β and IL-8
also play a vital role in atrophy signaling (Callaway et al., 2019).
A schematic representation of the intracellular and extracellular
environment demonstrates the up and downregulation, and the
role of the main genes and proteins identified in this study
(Figure 8).

The canonical signaling pathways that induce NF-kB
activation converge on the IkB kinase (IKK) complex, which
is responsible for IkB phosphorylation and is essential for
subsequent translocation of active NF-κB from the cytoplasm
to nucleus (Lawrence, 2009). In addition, Toll like receptor
(TLR) stimulation and reactive oxygen species (ROS) inherent
to HFD provoke activation of multiple signaling pathways,
including Ikb/NF-kB axis, JNK/AP-1 signaling, and MAP kinases
(ERK1/2, JNK, and p38), promoting subsequent expression of
proinflammatory cytokines (Zhang et al., 2016). Alternatively,
exercise training decreases TLR expression, while stimulating
the expression of antioxidant enzymes and sirtuin 1 (SIRT1),
which inhibits NF-κB activity through deacetylation and induces
PPARα signaling pathway activation (Gleeson et al., 2006;
Liu and Chang, 2018). Collectedly, these adjacent molecular

pathways and mutual crosstalk could clarify the possible
protective paternal RT effects on skeletal muscle inflammation of
offspring in the current study.

Paternal RT did not modulate structural matrix proteins
or matrix remodeling enzyme mRNA levels, like Col1 protein
level and MMP-2 activity in the gastrocnemius muscle of
offspring exposed to HFD, which could be related to similar
Ctgf and Tgfb mRNA levels between the TFO-HF and SFO-HF
groups. Skeletal muscle ECM is perturbed under insulin-resistant
conditions (Kang et al., 2011, 2013; Graae et al., 2019); however
we demonstrated that paternal RT did not decrease the area
under the curve (AUC) during the oral glucose tolerance test
(de Sousa Neto et al., 2020b), which may have contributed to
the limited effects of paternal RT on ECM adaptations in the
HFD condition.

It has been shown that paternal exercise in advanced aged
sires (>P100) suppresses the effects of paternal high-fat diet
on offspring, reversing the observed impairment in glucose
tolerance, percentage of fat mass, and glucose uptake in different
skeletal muscles of the offspring (Stanford et al., 2018). In the
current study, adult rats (4-month-old) affect gene and protein
expression in the skeletal muscle of offspring, which suggests
that different fathers’ age might modulate the muscle physiology
of offspring. Future studies should include the different species
of animals and offspring sex and paternal exercise detraining.
Furthermore, the effect of lifelong exercise training, not just
for a predetermined time intervention or father’s age remains
a provocative hypothesis for further investigation. One of the
essential aspects of the practical application of this study is to
encourage fathers to perform regular exercise throughout life
because this might delay the vicious cycle of increased unhealthy
risks propagating across generations.

The implementation of paternal RT may become a
primary means for combating the ever-growing burden of
musculoskeletal system disorders that presently threaten the
functional health and wellness of future generations. An
epigenetic inheritance mechanistic view could provide crucial
clues for public health and clinical practice. Therefore, the
tendency or prevalence of muscle abnormalities in the offspring
could be partially explained by the father’s environment
and lifestyle.

Limitations
Some limitations of the present study should be highlighted,
such as the impossibility of analyzing morphology properties
(cross-sectional area, intramyocellular lipids, and ECM markers)
and muscle functional assessments (strength and isolated whole-
muscle contractility). Our results are also limited to our time diet
exposure (i.e., 24 weeks) and male offspring. Further research
must include female and male offspring in order to identify
specific molecular changes or overlaps between the sexes. The
reason for this sex-specificity is uncertain and requires further
research. The assessment of only a single point in time is also a
considerable limitation. Different time-points from the beginning
of dietary intake would be highly valuable in order to clarify the
time-course effects of other diets on molecular responses. Non-
coding RNA and DNA methylation in the sperm are major routes,
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which are probably responsible for transmitting the epigenetic
landscape from fathers to future generations (Kusuyama et al.,
2020; Vieira de Sousa Neto et al., 2021). Additional studies are
required to evaluate the link between the sperm epigenetic profile
and offspring skeletal muscle remodeling pathways.

CONCLUSION

In summary, the father’s lifestyle and the offspring’s diet distinctly
modified the key genes and protein expression involved in the
muscle inflammation and remodeling pathways. HFD activates
inflammatory factors, which in turn might induce dysregulation
of signaling pathways associated with the ECM structure and
balance between muscle synthesis/breakdown. Interestingly,
paternal RT is a critical factor capable of reprogramming
different remodeling pathways regardless of the offspring’s diet.
In particular, MMP-2 and IL-6 for offspring exposed to the
control diet, and the synthesis/atrophy pathways, PPAR-α, and
NFκ-B/cytokine axis for offspring submitted to HFD are relevant
candidates modulated by paternal RT that may become potential
therapeutic targets for treating skeletal muscle disorders. Of
relevance, these critical molecules could be contributing toward
a muscle-healthy phenotype in the offspring. We believe our
findings provide a significant advance to map key paternal
exercise-regulated pathways in offspring skeletal muscle.
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