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Skeletal muscle hypertrophy:
molecular and applied aspects
of exercise physiology

Introduction

Skeletalmusclehypertrophyoccurswhen
the net protein balance is positive, in
other words, when protein synthesis is
higher than degradation. The theory
of musculoskeletal growth based on an
endogenous acute rise in hormonal cir-
culation caused by resistance exercise
(Kraemer & Ratamess, 2005) was sup-
ported for years. However, advances in
molecular biology have revolutionized
the understanding of the hypertrophic
process and an approach based on three
primary factors (mechanical tension,
muscle damage and, to a lesser ex-
tent, metabolic stress) was hypothesized
(Schoenfeld, 2010). The protein syn-
thesis necessary for the maintenance of
a positive protein balance is regulated by
many mechanisms and is divided into
two phases: transcription and transla-
tion. The first occurs inside the cell
nucleus and stimulates the creation of
messenger Ribonucleic Acid (mRNA)
from a Deoxyribonucleic Acid (DNA)
strand, while the second occurs in the
cytoplasm and represents the reading of
genetic information for the formation of
new proteins.

Several enzymatic cascades serve as
pathways for protein synthesis. Stud-
ies observed that mechanistic target of
rapamycin (mTOR) plays a central role
(Goodmanetal., 2011) inpromotingpro-
tein synthesis, since its inhibition is able
to slow down or block other anabolic

kinases (Drummond et al., 2009) and
prevent skeletalmuscle hypertrophy (Bo-
dine et al., 2001). In addition, exercise-
induced activation of a downstream, p70
ribosomal protein S6 kinase (p70S6K) is
highly correlated to skeletal muscle gain
due to resistance training (Baar & Esser,
1999; Terzis et al., 2008). In contrast
to the model proposed by the hormonal
theory, acute elevation of anabolic hor-
moneserumconcentrations(growthhor-
mone, insulin-like growth factor 1, and
testosterone) caused by resistance exer-
cise/training is not significantly corre-
lated to skeletal muscle growth (West &
Phillips, 2012; Mitchell et al., 2013), and,
also, it is not considered a decisive factor
for skeletal muscle growth (West et al.,
2010). Moreover, the intracellular avail-
ability (Beugnet, Tee, Taylor, & Proud,
2003) of amino acids stimulates protein
synthesis through mTOR (Dickinson et
al., 2011) and, at the same time, natu-
ral compounds (ursolic acid and toma-
tidine) activate anabolic kinases and in-
hibit otherpathways, blocking anabolism
(Kunkel et al., 2011; Figueiredo &Nader,
2012; Dyle et al., 2014) and opening a gap
to amino acid supplementation to pro-
vide the anabolic effect of the resistance
exercise (Karlsson et al., 2004; Blom-
strand, Eliasson, Karlsson, & Köhnke,
2006; Dreyer et al., 2008).

Resistance training-induced hyper-
trophy is more easily attributable to
intrinsic muscle factors than to systemic
factors (Mitchell et al., 2013). How-

ever, since p70S6K phosphorylation is
greater in fast-twitch fibers (Koopman,
Zorenc, Gransier, Cameron-Smith, &
Loon, 2006; Tannerstedt, Apro, & Blom-
strand, 2009), genetic factors such as
the dominant muscle fiber type must
also be considered. Thus, individuals or
muscle groups with a greater amount of
type II fibers likely have greater potential
for hypertrophy (Haun et al., 2019). In
view of the fact that the latest published
guidelines for resistance training (Amer-
ican College of Sports, 2009) have not
been updated according to literature,
there is a need for a consideration of the
newer research findings when making
practical recommendations. Hence, the
aims of this review are to highlight the
role of anabolic intracellular signaling
pathways in exercise-derived anabolism/
hypertrophy and demonstrate its ap-
plicability in resistance training, taking
into account: (a) intensity; (b) volume;
(c) rest interval; (d) types of contraction;
(e) velocity of contraction; (f) exercise
order; and (g) frequency.

Methods

Literature search

A literature search was conducted in the
PubMed database from 1995 to Novem-
ber 2019 focusing on the effects of resis-
tance training on skeletal muscle hyper-
trophy. The following terms were use in
the search: “skeletal muscle protein syn-

German Journal of Exercise and Sport Research 2 · 2020 195

https://doi.org/10.1007/s12662-020-00652-z
http://crossmark.crossref.org/dialog/?doi=10.1007/s12662-020-00652-z&domain=pdf


Review

thesis,” “resistance trainingand intensity,”
“resistance training and volume,” “resis-
tance training and rest interval,” “resis-
tance training and type of contraction,”
“resistance training and velocity of con-
traction,” “resistance training and exer-
cise order,” and “resistance training and
frequency,” which returned relevant ar-
ticles in the field of applying the snow-
ball strategy. All titles and abstracts from
the searchwere cross-referenced to iden-
tify duplicates and any potential miss-
ing studies. Titles and abstracts were
screened for a subsequent full-text re-
view. Reference lists of selected articles
were also considered.

Inclusion and exclusion criteria

Research studies investigating the role
of anabolic intracellular signaling path-
ways for exercise-derived anabolism/
hypertrophy and demonstrating its ap-
plicability in resistance training were the
primary focus of the literature search.
Considering this, the review includes
only original studies that examined an-
abolic intracellular signaling pathways,
the performance of resistance exercise
or resistance training, or skeletal muscle
hypertrophy. No distinctions were made
between the tools used to document
hypertrophy (dual energy X-ray absorp-
tiometry [DEXA], ultrasound, magnetic
resonance imaging [MRI]) in the articles
that were included in the search. The ex-
clusion criteria for this review included:
articles not written in English, studies
conducted with non-mammals or eu-
karyotic cells, research conducted only
with pathogenic, immature, or elderly
subjects/animals, and studies published
before 1995. In total, 66 studies met the
criteria described in this review.

Anabolic intracellular signaling

Insulin-like growth factor 1

Insulin-like growth factor 1 (IGF-1) is
considered to be an anabolic hormone;
nevertheless, its necessity in order to pro-
mote hypertrophy has been questioned
by several investigations (Spangenburg,
Le Roith, Ward, & Bodine, 2008; West
et al., 2009; Hamilton, Philp, MacKen-

zie, & Baar, 2010; Shavlakadze et al.,
2010; Witkowski, Lovering, & Spangen-
burg, 2010). At the beginning of the
21st century, studies unveiled that IGF-
1’s anabolic function, similarly to insulin,
occurs through the phosphoinositide 3-
kinase (PI3K)/protein kinase B (Akt)/
mTORand PI3K/Akt/Glycogen synthase
kinase-3 (GSK3) pathways (Rommel
et al., 2001; . Fig. 1); however, research
of this kindwas restricted to in vitro anal-
ysis. On the other hand, Shavlakadze
et al. (2010) increased expression of the
gene responsible for its release in imma-
ture, mature, and dystrophic mice. The
authors observed that, although all the
mice presented a higher concentration
of IGF-1 in skeletal muscle, its effect on
the activation of anabolic kinases was
limited to the growth phase or to cases
of degenerative disease. Witkowski et al.
(2010) reported that both normal and
mutant (IGF-1 receptor disabled) mice
exhibited similar p70S6K activation fol-
lowing electrical stimulation. This data
is in agreement with Spangenburg et al.
(2008), who also observed similar mus-
cle mass gains between these two types
of mice. Hamilton et al. (2010) ex-
plored the anabolic effect of resistance
exercise and found that it does not alter
the activity of the IGF-1 receptor and
does not increase the phosphorylation
of phosphoinositide 3-kinase (PI3K). In
humans, West et al. (2009) showed that
modifying resistance training in order
to provide high versus low circulation of
IGF-1 and growth hormone does not re-
sult in a significant difference in p70S6K
phosphorylation either. Based on the
previous discussion, it seems that the
endogenous IGF-1 concentration is able
to influence the muscle growth pathway
up to a certain level.

Testosterone

Testosterone is another anabolic hor-
mone that is typically higher inmales and
consensually considered to be the main
cause of sexual dimorphism. Recently,
in vitro experiments discovered that,
besides its action through the androgen
receptor, its effect on protein synthesis
is equally dependent on the PI3K/Akt
pathway (Basualto-Alarcon, Jorquera,

Altamirano, Jaimovich, & Estrada, 2013;
. Fig. 1); nevertheless, the importance
of its acute secretion due to physical
exertion to increase exercise-derived
anabolism has been widely contested
(West et al., 2009; Dreyer et al., 2010;
West& Phillips, 2012). West et al. (2009)
demonstrated that p70S6Kphosphoryla-
tion after resistance exercise in men does
not differ with respect to higher or lower
circulation of testosterone. Dreyer et al.
(2010) compared female and male indi-
viduals and found that, although men
exhibit higher testosterone production,
resistance exercise promotes a similar
increase in the activation of mTOR and
p70S6K in both sexes. This result was
supported by West & Phillips (2012),
who also found no significant differ-
ence in the phosphorylation of these
kinases between men and women after
resistance exercise. Acute physiologi-
cal fluctuations in serum testosterone
caused by resistance exercise were not
found to affect anabolic intracellular
signaling (Dreyer et al., 2010; West &
Phillips, 2012) and to not be a decisive
factor for skeletal muscle hypertrophy
(West et al., 2010; West & Phillips, 2012;
Mitchell et al., 2013). While supraphysi-
ological doses of exogenous testosterone
(or synthetic derivatives—or IGF-1 or
human growth hormone for that matter)
are well known to induce substantial
increases in skeletal muscle hypertro-
phy, exercise-induced fluctuations in the
hormone are of too transient (~30min)
a nature to substantially increase muscle
protein synthesis (Schroeder, Villanueva,
West, & Phillips, 2013). Therefore, en-
dogenous testosterone resulting from
resistance training does not appear to be
the main factor influencing the muscle
growth pathway.

Mechanotransduction

In addition to nutritional and hormonal
stimuli, the mechanical force produced
by muscle contractions and captured by
mechanoreceptors also induces protein
synthesis; however, its signaling occurs
through pathways that are independent
of PI3K/Akt (Hornberger et al., 2004)
and amino acids (Hornberger andChien,
2006). Partofthisprocessappearstoorig-
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Abstract
Studies from the 20th century had proposed
that exercise-derived anabolism is the result
of acute release of anabolic hormones.
Recent advances in molecular biology have
validated the hormonal theory, but have
raised the question of whether exercise-
induced anabolic hormones are related
to chronic hypertrophy. Intrinsic factors
of muscle contraction, on the other hand,
seem to play an important role in exercise-
induced protein synthesis and hypertrophy.
This review seeks to highlight the role of
anabolic pathways related to resistance
exercise and express its applicability in
resistance training considering the following
variables: (a) intensity; (b) volume; (c) rest

interval; (d) types of contraction; (e) velocity
of contraction; (f ) exercise order; and (g)
frequency. We conclude that resistance
training-induced hypertrophy is likely
explained by intrinsic factors rather than by
the hormonal theory. Regarding the following
training recommendations, multiple sets,
long rest intervals, dynamic and high-velocity
contractions and prioritizing the exercise
order are most likely to produce the greatest
enhancement in skeletalmuscle hypertrophy.
Training intensitymay vary, as low (30% one-
repetition maximum [1RM]) or high (80%
1RM) intensities induce similar improvements
in hypertrophy when performed to a maximal
level of effort. Likewise, training frequency

may vary according to individual needs, as
the total volume performed within a training
week appears to be more strongly related
to hypertrophy than the number of weekly
training sessions. This review contributes to
the development of sports performance,
aesthetics, and quality of life, and to the
prevention or treatment of muscle loss caused
by aging or illness.

Keywords
Anabolic intracellular signalling · Protein
synthesis · Resistance exercise · Resistance
training · Strength training

Hypertrophie der Skelettmuskulatur –molekulare und anwendungsbezogene Aspekte der
Trainingsphysiologie

Zusammenfassung
Studien aus dem 20. Jahrhundert hatten
gezeigt, dass ein durch körperliche Betätigung
verursachter Anabolismus das Ergebnis
einer akuten Freisetzung von anabolen
Hormonen ist. Die jüngsten Fortschritte in
der Molekularbiologie haben die Gültigkeit
der Hormontheorie bestätigt und die Frage
aufgeworfen, ob die durch körperliche Betä-
tigung induzierten anabolen Hormone mit
chronischer Hypertrophie zusammenhängen.
Andererseits scheinen intrinsische Faktoren
der Muskelkontraktion eine wichtige Rolle bei
der durch körperliche Betätigung ausgelösten
Proteinsynthese und Hypertrophie zu
spielen. In dieser Übersicht soll die Rolle von
anabolen Pfaden im Zusammenhang mit
Widerstandstraining hervorgehoben und
ihre Anwendbarkeit im Krafttraining unter
Berücksichtigung der folgenden Variablen

zum Ausdruck gebracht werden: (a) Intensität;
(b) Volumen; (c) Ruhepause; (d) Arten der
Kontraktion; (e) Kontraktionsgeschwindigkeit;
(f ) Ausübungsauftrag; und (g) Frequenz.
Wir schließen daraus, dass die durch das
Widerstandstraining induzierte Hypertrophie
wahrscheinlich eher durch intrinsische
Faktoren als durch die Hormontheorie erklärt
wird. In Bezug auf Trainingsempfehlungen:
Mehrere Sätze, lange Ruheintervalle,
dynamische Kontraktionen und Kontraktionen
mit hoher Geschwindigkeit führen vorrangig
in der Trainingsreihenfolge mit größter
Wahrscheinlichkeit zu einer Verbesserung der
Skelettmuskelhypertrophie. Die Trainings-
intensität kann variieren, da niedrige (30%
1RM) oder hohe (80% 1RM) Intensitäten
bei maximaler Anstrengung zu ähnlichen
Verbesserungen der Hypertrophie führen.

Ebenso kann die Trainingsfrequenz von
den individuellen Bedürfnissen abhängen,
da das Gesamtvolumen innerhalb einer
Trainingswoche offenbar stärker mit der
Hypertrophie zusammenhängt als die Anzahl
der wöchentlichen Trainingseinheiten. Diese
Überprüfung trägt zur Entwicklung der
sportlichen Leistung, der Ästhetik und der
Lebensqualität sowie zur Vorbeugung oder
Behandlung von Muskelschwund bei, der
durch Alterung oder Krankheit verursacht
wird.

Schlüsselwörter
Anabole intrazelluläre Signalübertragung ·
Proteinsynthese · Widerstandtraining ·
Gewichttraining · Krafttraining

inate from the activation of phospholi-
pase D, an enzyme present in Z-Bands
(critical site of mechanical force trans-
mission) (Hornbergeret al., 2006; O’Neil,
Duffy, Frey, & Hornberger, 2009) and/or
activity of the zeta (ζ) isoform of di-
acylglycerol kinase (You et al., 2014).
These mechanisms are responsible for
the release of phosphatidic acid, a lipid
second messenger capable of stimulat-
ing anabolism through mTOR (Horn-
berger et al., 2006; O’Neil et al., 2009;

Jaafar et al., 2013; You et al., 2014) and
p70S6K (Lehman et al., 2007; . Fig. 1).
With ex vivo investigations, Hornberger
et al. (2006) was the first to reveal that
the increase of phosphatidic acid induces
mTOR phosphorylation. O’Neil et al.
(2009) subsequently confirmed suchdata
during eccentric contractions. Further-
more, Lehman et al. (2007) observed in
vitro that phosphatidic acid also stimu-
lates protein synthesis directly through
p70S6K.Finally, Jaafaretal. (2013),Mob-

ley et al. (2015), and You et al. (2014)
described, in vitro or/and in vivo, the ef-
ficacy of phospholipase D, ζ isoform of
diacylglycerol kinase, and phosphatidic
acid in increasing anabolic intracellular
signaling and provoking skeletal muscle
hypertrophy. The other part of this pro-
cess is attributed tomechanical deforma-
tions of integrins (transmembrane recep-
tors) in the costamere andmyotendinous
junction, which are responsible for focal
adhesion kinase (FAK) stimulation and
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Fig. 19 Illustrated are
the anabolic intracellular
signaling pathwaysmen-
tioned above, starting from
three different sources
(IGF-1, testosterone,
andmechanotransduc-
tion). eIF2BGuanine nu-
cleotide exchange factor,
4E-BP1 4E-binding protein,
eIF2 Eukaryotic Initiation
Factor 2, eIF-4E Eukary-
otic Initiation Factor 4E,
rpS6 Ribosomal Protein S6

consequent phosphorylation of protein
kinase B (Akt), mTOR, and p70S6K (Zou
et al., 2011; . Fig. 1). Based on the body
of evidencepresentedherein,mechanical
signal transductionmay have a role in in-
ducing muscle growth through different
pathways to those previously discussed.

Stress and muscle damage

Themechanical forces that induce intra-
cellular signaling leading to muscle hy-
pertrophy also coincidewith overloading
forces that disruptmuscle fiber structures
and promote cell damage. The degra-
dation of large cytoskeletal components
damaged during muscle contraction is
mediated by a pathway termed chaper-
one-assisted selective autophagy (CASA)
(Arndt et al., 2010; Ulbricht et al., 2013).
Resistance training has been shown to
increase the expression of several com-
ponents of CASA (BAG3, HSP88, and
SQSTM1) within 4 weeks of training,
leading to a reduction in muscle damage
and soreness following repeated expo-
sure to the training stimulus (Ulbricht
et al., 2015).

Exercise-derived anabolism: an
overview

Hypertrophy is a complex process in-
volving satellite cells, myogenic path-
ways, hormones and cytokines, cell
swelling, and hypoxia (Schoenfeld,
2010). Changes in translational ac-
tivity and capacity, controlled by both
rapamycin-sensitive and -insensitive
mechanisms, regulate skeletal muscle
mass (West et al., 2016). The molecular
analysis of protein synthesis appears
to invalidate the hormonal theory and
presents new insights for hypertrophy;
the focus of this review is the direct effect
of resistance training on anabolism and
the consequent morphological changes
to the human body. There is no ques-
tion as to the importance of anabolic
hormones to skeletal muscle mass, but,
unlike the theory proposed and de-
fended for many years, recent studies
cited above indicate that the acute re-
lease of IGF-1 and testosterone caused
by resistance exercise/training are not
responsible for anabolic intracellular
signaling and muscle growth. Deldicque
et al. (2008) and Miyazaki, McCarthy,
Fedele, & Esser, (2011) reinforced such
an argument by reporting p70S6K phos-

phorylation after resistance exercise and
mechanical overload, respectively, with
no activation of PI3K/Akt, which is
the common pathway for the IGF-1
and testosterone hormones. Moreover,
Hamilton et al. (2010) reported similar
p70S6K phosphorylation even when the
activation of PI3K was stimulated by
a mutation. Goodman et al. (2010), in
turn, added that, in addition to p70S6K
phosphorylation, skeletal muscle mass
also increases without PI3K activation.
Intrinsic factors of muscle contraction,
on the other hand, were shown to have
a real effect on anabolic intracellular
signaling and muscle mass accretion;
therefore, resistance training programs
for hypertrophy should be designed
based on their responses and not on
hormonal release. In order to support
this statement and express its practical
applicability, the next step will be to
discuss the manipulation of resistance
training program variables with the pur-
pose of providing maximum exercise-
derived anabolism.
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Resistance training program
variables

Intensity

High intensities (≥70% one-repetition
maximum [1RM]) are commonly rec-
ommended to induce skeletal muscle
hypertrophy; nevertheless, anabolic in-
tracellular signaling (Burd et al., 2010b)
and muscle growth (Mitchell et al., 2012;
Ogasawara, Loenneke,Thiebaud, & Abe,
2013b; Jenkins et al., 2015b; Schoenfeld,
Peterson, Ogborn, Contreras, &Sonmez,
2015a; Morton et al., 2016) occur con-
trary to this consensus. An alternative
hypothesis suggests that performing re-
sistance exercise up to concentric failure
will result in full activationofmotor units
and recruitment of muscle fibers due to
fatigue (Burd, Mitchell, Churchward-
Venne, & Phillips, 2012a). Burd et al.
(2010b) compared the effect of heavy
(80% 1RM) and light (30% 1RM) load
on anabolism. The authors observed
that low-intensity exercise is capable of
provoking eukaryotic translation initia-
tion factor 4E-binding protein (4E-BP1)
and p70S6K phosphorylation similar to
or even greater than high-intensity ex-
ercise when a significantly greater total
workout volume (load× repetitions) is
promoted. In order to evaluate the short-
term effect of intensity on skeletal mus-
cle hypertrophy, Mitchell et al. (2012)
applied 10 weeks of resistance training
performed up to volitional fatigue with
80% and 30% 1RM. Using MRI and
cross-sectional area of muscle fibers,
the authors found that both protocols
provoke the same level of hypertrophy.
Similar changes in muscle mass caused
by both low and high load have also
been described by Jenkins et al. (2015b),
Morton et al. (2016), Ogasawara et al.
(2013b), and Schoenfeld et al. (2015a).

Althoughhigh-intensityresistanceex-
ercise promotes the greatest increases of
serumgrowthhormone (GH) and testos-
terone (Linnamo, Pakarinen, Komi,
Kraemer, & Häkkinen, 2005), several
studies mentioned in this subtopic
showed that low-load training also
induces equal levels of hypertrophy,
which casts doubt on the validity of
the hormonal theory. Moreover, Mor-

ton et al. (2016) demonstrated that
systemic hormones do not correlate to
muscle growth caused by both high-
and low-intensity resistance training.
In contrast to the hypothesis, it was
found that 80% 1RM and 75% 1RM pro-
vide greater muscle activation than 30%
1RM (Schoenfeld, Contreras, Willard-
son, Fontana, & Tiryaki-Sonmez, 2014;
Jenkins et al., 2015a). Schoenfeld et al.
(2014), in an attempt to understand the
previous results, attributed the similar
hypertrophic gains between high and
low load to relatively greater type I fiber
growth when training with light loads,
but this justification is not yet supported
by the literature (Mitchell et al., 2012).
Jenkins et al. (2015b), in turn, presumed
that the acute cell swelling caused by
greater metabolic byproduct accumula-
tion might be the key factor that explains
the anabolic effect of low loads. However,
increased muscle time under tension,
which must cause greater metabolic
byproduct accumulation, did not induce
greater acute anabolic kinase activation
or hypertrophy (Shepstone et al., 2005;
Roschel et al., 2011). Accordingly, it may
be possible to introduce the total work-
out volume in the explanation of this
process. It was shown that a significantly
greater total workout volume is required
for the phosphorylation of anabolic ki-
nases caused by low-intensity exercise
(Burd et al., 2010b), so it is possible that
activation of the mechanotransduction
pathway may play an important role in
influencing intensity in skeletal muscle
hypertrophy. Greater force production
and transmission is expected during
high-intensity exercise; however, it is
possible that a greater frequency of stim-
uli caused by the high volume of muscle
contractions during low-load exercise
compensates for a lesser magnitude of
force and triggers the same anabolic
effect as does high-load exercise.

In conclusion, the load of resistance
exercises to promote hypertrophy can be
light provided exercises are performed to
volitional fatigue, since it provides a sig-
nificantly greater total workout volume
than heavy loads. Multiple studies are
finding that low-load training induces
the same muscle mass accretion as does
high-load training (Mitchell et al., 2012;

Ogasawara et al., 2013b; Jenkins et al.,
2015b; Schoenfeld et al., 2015a), but
provokes less muscle damage (Chen,
Nosaka, & Sacco, 2007). As muscle
damage is responsible for various tran-
sient negative post-exercise effects such
as decreased range of motion (ROM),
decreased force production, and de-
layed-onset muscle soreness (DOMS),
low (~30% 1RM)-load training is rec-
ommended to novice weight trainers.
High (>75% 1RM) intensities, in turn,
are capable of optimizing workout time
and developing greater strength gains
(Mitchell et al., 2012; Ogasawara et al.,
2013b; Jenkins et al., 2015b; Schoenfeld
et al., 2015a), so they are recommended
for more advanced weight trainers that
also want to increase strength and for
subjects with little time available to
workout. Set-to-set load reductions (re-
ducing load by 5–15% per successive
set when performed to volitional fa-
tigue) can increase total workout volume
and potentially reduce muscle damage
(Willardson, Kattenbraker, Khairallah,
& Fontana, 2010; Silva, Koch, Medeiros,
Silva, & Machado, 2014), possibly in-
creasing the effectiveness of training to
fatigue over multiple sets.

Training to volitional fatigue has
been demonstrated to effectively pro-
mote skeletal muscle hypertrophy (Burd
et al., 2012a). However, it also increases
recovery time between exercise bouts
and may lead to lower adherence over
time (Morán-Navarro et al., 2017). Re-
cent evidence suggests that training to
fatigue is not necessary to promote hy-
pertrophy, and that substantial, possibly
superior, hypertrophy can be achieved
when training with relative intensity,
using a periodized plan, versus multiple
sets to volitional fatigue (Carroll et al.,
2018, 2019). Following a plan based
on relative intensity, load assignment is
estimated from set-rep bests (i.e., load
fluctuating from 65–90+% of the most
repetitions one could lift for x number
of repetitions over y number of sets),
volitional fatigue is avoided during exer-
cise bouts, and relatively light and heavy
training days are performed.
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Volume

Thenumber of sets, repetitions, and load
lifted influence the total workout volume
and its effect onanabolic intracellular sig-
naling (Burd et al., 2010a; Terzis et al.,
2010; Ahtiainen et al., 2015). Most stud-
ies comparing the effect of volume on
the hypertrophy response to resistance
training have manipulated the number
of sets performed. Terzis et al. (2010)
compared the acute effect of one, three,
and five sets of resistance exercise. The
authors found no significant difference
in phosphorylation of p70S6K and ribo-
somal protein S6 (rpS6) between one and
three sets; however, the exercise-derived
activation of these kinases occurred only
after the execution of three and five sets.
In addition, five sets were more anabolic
than one and three sets. The importance
of the resistance exercise volume to an-
abolism was also explored by Ahtiainen
et al. (2015), who demonstrated that
10 sets promote greater acute phospho-
rylationofp70S6KandrpS6thanfivesets.
When the manipulation of this variable
was applied in resistance training studies
(10–14 weeks), the results indicated no
significant difference between multiple
sets and single sets in provoking skele-
tal muscle hypertrophy (Starkey et al.,
1996; Hass, Garzarella, Hoyos, & Pol-
lock, 2000; Rhea, Alvar, Ball, & Burkett,
2002; Mitchell et al., 2012).

Since exercise volume affects anabolic
intracellular signaling, it is expected that
multiple sets would produce greater hy-
pertrophy than single sets. The outcomes
of the studies mentioned above may be
explained by the findings of Terzis et al.
(2010), who reported no significant dif-
ference in anabolic kinase activation
between one and three sets. Consistent
findings associating a greater resistance
exercise volume with larger increases
in hypertrophy might be observed with
greater subject numbers, longer training
interventions, or if more (five+) sets had
been applied. Although Mitchell et al.
(2012) found no significant difference
in hypertrophy between one and three
sets of resistance exercise, multiple sets
showed more than double the average
hypertrophy of single set condition.
In a similar comparison, Starkey et al.

(1996) reported that only three sets re-
sulted in a significant difference in the
thickness of the medial thigh muscles
compared to the control group. Hass
et al. (2000) also described no signifi-
cant difference between performing one
or three sets, but only three sets pro-
vided a significant increase in chest and
flexed biceps circumferences. Rhea et al.
(2002), in turn, reported that, although
with no significant difference, three sets
promoted a higher change in lean body
mass, as well as chest and thigh circum-
ferences, than one set. In addition, the
methodologies of these studies were not
a true representation of resistance train-
ing, which usually consists of multiple
exercises for the same muscle groups,
so the difference between the volumes
executed with one or three sets in real
exercise programs is likely greater than
the findings generally investigated in
laboratories.

As expected, when the difference
in the number of sets was investigated
in a true representation of resistance
training for 6 months, the multiple sets
were more hypertrophic than single sets
and this co-occurred with a greater total
workout volume (Radaelli et al., 2015).
Given the link between higher exercise
volumes and changes in translational
activity and capacity for resistance train-
ing-induced muscle growth (West et al.,
2016), and considering the role of intrin-
sic factors on this process, it is likely that
multiple sets are most advantageous for
hypertrophy. However, it is possible that
single sets may be sufficient to promote
some degree of hypertrophy, at least,
in untrained subjects. Furthermore,
a ceiling effect is noted for very high
training volumes, with no advantages
observed when training a muscle group
with volumes >10 sets·week-1 (Barbalho
et al., 2019). For this reason, it is recom-
mended that novice weightlifters start
with single sets and gradually increase
the volume to somewhere in the range of
five to 10 sets per muscle group, accord-
ing to their desired training goals. Lastly,
it has been established that activation of
anabolic kinases tends to be smaller in
trained muscles (Wilkinson et al., 2008;
Ogasawara et al., 2013a); therefore, it
is recommended that more advanced

trainers perform multiple sets in order
to optimize the hypertrophic stimulus.

Rest interval

Therest interval length influences thevol-
ume of resistance exercise independently
of the load (Willardson & Burkett, 2006)
and type of exercise (multi- or single-
joint) (Senna et al., 2011). Several au-
thors also investigated its effect on the
performance of resistance training ses-
sions (Miranda et al., 2007, 2009; Senna,
Salles, Prestes, Mello, & Roberto, 2009;
Machado et al., 2012). Miranda et al.
(2007) showed that 3 min of rest interval
promoted the performance of a higher
total number of repetitions to volitional
fatigue in a sequence of five upper body
exercises compared to 1 min. In another
sequence of five upper body exercises,
Miranda et al. (2009) confirmed that
3minofrest interval induceagreater total
workout volume than 1 min. Senna et al.
(2009)reinforcedtheeffectivenessof long
rest intervals in sequences of upper and
lower body exercises. The difference be-
tween short and long rest intervals in
promoting skeletal muscle hypertrophy
has also been described in the literature
(Ahtiainen, Pakarinen, Alen, Kraemer, &
Hakkinen, 2005; Buresh, Berg, &French,
2009; Schoenfeld et al., 2016). Buresh
et al. (2009) and Schoenfeld et al. (2016)
applied10and8weeksof resistance train-
ing, respectively, andreported that longer
(2.5min and 3min, respectively) rest in-
tervalsproducedgreaterhypertophythan
the shorter (1min) rest interval. Ahti-
ainen et al. (2005), on other hand, found
no significant difference between 2 and
5 min of rest interval in muscle mass
accretion.

Theinfluenceoftherest interval length
onanabolic intracellularsignalingwasre-
cently described (McKendry et al., 2016).
The authors showed that 5 min of rest
interval promote greater acute phospho-
rylation of p70S6K and total workout
volume than 1 min. The manipulation
of this variable in resistance exercise or
resistance training sessions determines
fatigue development (Senna et al., 2009),
which affects the number of repetitions
performedand the totalworkout volume.
It is plausible that a long rest interval is
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more anabolic than a short rest inter-
val, since it was shown that this allows
for completion of a greater total workout
volume (Miranda et al., 2009; Machado
et al., 2012). With this in mind, the exe-
cution of a higher number of repetitions
(Miranda et al., 2007; Senna et al., 2009)
probably increases the activation of an-
abolic kinases by intrinsic factors ofmus-
cle contraction (mechanotransduction).
Buresh et al. (2009) compared 10 weeks
of resistance training with 1 or 2.5min of
rest interval in untrained subjects. The
authors reported a significantly increased
arm cross sectional area with the long
rest interval compared to the short even
with a minor hormone release, and con-
ceded that, at least in early stages of resis-
tance training, changes in muscle mass
may be mediated more strongly by fac-
tors other than the hormone response
induced by exercise. In a comparison
between 1 and 3 min of rest interval in
trained men after 8 weeks of resistance
training, Schoenfeld et al. (2016) also
demonstrated that the longer rest inter-
val produces greater hypertrophy than
the shorter rest interval.

Although Ahtiainen et al. (2005)
found no significant difference between
rest interval lengths inpromoting skeletal
muscle hypertrophy, the methodology
adopted by the authors does not permit
the statement that this result was due
to the rest interval, since the intensity
and number of sets were not standard-
ized. In Buresh et al. (2009), the greater
hypertrophy co-occurred with greater
training loads, which probably increased
the total workout volume and caused this
outcome. In contrast, the total workout
volume observed by Schoenfeld et al.
(2016) in the long rest interval was not
significantly different from the short rest
interval; however, it was assumed that
their data was statistically underpowered
for this analysis.

Prior training recommendations to
increase hypertrophy, based in part on
hormonal theory and the observation of
greater increases in circulating growth
hormone and testosterone following
short rest interval training, have rec-
ommended short (as few as 30 s) rest
intervals between sets to optimize skele-
tal muscle hypertrophy. Based on newer

evidence, long rest intervals appear to
provide a more favorable environment
for anabolism than short rest intervals,
likely due to the reduction in fatigue
accumulation and the higher number of
repetitions performed within an exercise
bout, which probably increases the re-
sponses of intrinsic factors that promote
hypertrophy. Therefore, rest intervals
of at least 2 min between sets are rec-
ommended to optimize hypertrophy in
weight trainers of all experience levels.

Types of contraction

Skeletal muscle actions are divided into
dynamic (concentric and eccentric) and
static (isometric). At the end of the last
century, Baar & Esser (1999) were the
first to propose a possible influence of the
type of action on anabolic intracellular
signaling. Later, Eliasson et al. (2006)
compared the effect of maximal eccen-
tric, submaximal eccentric (the same
force produced by maximal concentric),
and maximal concentric contractions on
anabolism. The authors reported that
onlymaximal eccentric actions increased
the activation of p70S6K and rpS6. In
addition, force development was greater
in maximal eccentric than in submaxi-
mal eccentric and maximal concentric
contractions. In a comparison between
isometric and eccentric actions with the
same torque output, Burry, Hawkins, &
Spangenburg (2007) described that only
the eccentric actions were able to induce
p70S6K phosphorylation. Although
Rahbek et al. (2014) also confirmed
that lengthening actions elicits greater
acute anabolic intracellular signaling
than shortening contractions, it was
found that these two modes of muscle
contraction lead to similar muscle mass
accretion after resistance training. This
data was corroborated by Cadore et al.
(2014), Farup et al. (2014), and Moore,
Young, & Phillips (2012).

Since force development is greater in
eccentric contractions compared to con-
centric (Eliasson et al., 2006; Kelly et al.,
2015), it is expected that this greater
production of force would induce in-
creased activation of the mechanotrans-
duction pathway, which was shown to be
extremely important to exercise-derived

anabolism. In view of this, the result
published by Moore et al. (2012) was
predictable. The authors equalized the
total work of lengthening and shorten-
ing contractions by allowing the execu-
tion of a higher number of concentric
repetitions, which probably equaled the
anabolic stimulationof these two types of
contraction and caused the same muscle
hypertrophy. In contrast, the outcomes
recorded by Cadore et al. (2014), Farup
et al. (2014), and Rahbek et al. (2014)
were unexpected. They reported similar
musclemass accretion between eccentric
and concentric contractions even when
the total work was not equalized.

Farup et al. (2014) attributed their
result to satellite cell content, which was
increased only after concentric contrac-
tion resistance training. Another poten-
tial explanation for the samemusclemass
accretion achieved by these two types of
lengtheningcontractionsmaybe the con-
tribution of nuclei to myofibers by satel-
lite cells (Bellamy et al., 2014) and the
response of interleukin 6 (IL-6), which
is associated with satellite cell signal-
ing, since both are correlated to muscle
growth (Mitchell et al., 2013). However,
there is no real evidence to support that
resistance training executedwithonly ec-
centric actions promotes more skeletal
muscle hypertrophy. Therefore, it is rec-
ommended for weight trainers of all ex-
perience levels to execute dynamic con-
tractions (concentric+ eccentric). This
recommendation is supported by a re-
cent meta-analysis (Schoenfeld, Ogborn,
Vigotsky, Franchi, & Krieger, 2017).

Velocity of contraction

Since it is difficult to control, contrac-
tion velocity has probably been the most
overlooked resistance training variable.
Burd et al. (2012b) examined the effect
of dynamic contractions with 6 s per
phase up to volitional fatigue and 1 s per
phase until the same volume achieved by
slow mode execution was reached. The
authors reported that p70S6K activation
was greater during slow mode contrac-
tions only 24 h after resistance exercise.
Farthing & Chilibeck (2003) examined
both concentric and eccentric train-
ing for 8 weeks in untrained subjects;
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Table 1 Relationship between resistance training program variables and anabolism

Program variable Anabolic response to training
methods

Intensity (if sets performed to volitional fatigue) High= low

Intensity (if sets performed with relative intensity) Periodized, from 65–90+% of relative
intensity (RI)a

Volume Multiple sets> single set

Rest interval Long> short

Types of contraction Eccentric>concentric and Isometric

Velocity of contraction Fast> slow

Exercise orderb Before> afterb

Frequencyc High= lowc

aRI estimated % of set-rep bests, where 80% would be 0.8× the estimated maximum number of
repetitions that could be performed
bThere are no studies directly linking this to anabolic intracellular signaling
cIf total work volume performed weekly is equated, training frequency does not matter. Greater
training frequency may more easily enable the completion of a higher training load

for concentric actions, no difference
in hypertrophy was noted between fast
and slow contractions (≈ 180º.s–1 vs.
≈ 30°.s–1). For eccentric muscle actions,
the high-velocity group exhibited greater
hypertrophy (as determined by ultra-
sound) at all sites (proximal, mid, and
distal) of elbow flexor when compared to
slow-velocity eccentric or either speed
of concentric action. Eccentric mus-
cle actions performed at high velocities
have been reported to produce greater
increases in hypertrophy specifically in
type II muscle fibers when compared
to slower-speed movements (Shepstone
et al., 2005). Roschel et al. (2011) ex-
amined molecular mechanisms related
to muscle hypertrophy after eccentric
training and, when work was equalized
between velocities, found no difference
in mTOR and p70S6K phosphorylation
between fast (210º.s–1) and slow eccen-
tric actions (20º.s–1). Likewise, increases
in myostatin inhibitors obtained from
muscle biopsies 2h after performing
eccentric knee extensions were similar
between low-velocity and high-velocity
actions (Roschel et al., 2018).

Since acute anabolic intracellular sig-
naling was similar between different
velocities of contraction when the to-
tal work was matched (Roschel et al.,
2011), the observation of greater hyper-
trophy following high-velocity eccentric
training (Farthing and Chilibeck, 2003;
Shepstone et al., 2005) is surprising.
Although this was attributed to greater

acute “Z-line streaming” (myofibrillar
remodeling) (Shepstone et al., 2005), the
mechanisms responsible for increased
hypertrophy in fast contractions com-
pared to slow are still unclear when the
total work is equalized. Moreover, since
high-velocity contractions are able to
promote a greater total workout volume
than slow-velocity contractions (Lopes
et al., 2012), it is presumed that high-
velocity actions may induce greater acute
anabolic intracellular signaling andmus-
cle mass accretion when the total work
is not matched. This is plausible due to
the probability of greater stimulation of
the intrinsic factors of muscle contrac-
tion, such as the mechanotransduction
pathway. Thus, it is recommended for
experienced weight trainers, in order
to optimize hypertrophy, to execute fast
dynamic actions, with the speedofmove-
ment dictated by the load being lifted
while maintaining proper form. For
those beginning training, in contrast,
a slow movement velocity is recom-
mended to allow for proper exercise
technique during the initial training pe-
riod, with movement velocity increasing
as exercise technique is mastered.

Exercise order

Exercise order is an important program-
ing consideration. However, there are no
available studies that have as yet linked
exercise order to anabolic intracellular
signaling. However, the effect of exer-

cise order on the number of repetitions
performed in resistance training sessions
has been widely investigated (Miranda
et al., 2010; Miranda, Figueiredo, Ro-
drigues, Paz, & Simão, 2013; Figueiredo
et al., 2011; Chaves et al., 2013). Chaves
et al. (2013) reported that the perfor-
mance of multi- or single-joint exercises
is negatively affected whenever executed
last in a resistance training session. This
result was also described in resistance
training sessions of moderate intensity
(Figueiredo et al., 2011). In addition,
Miranda et al. (2010) investigated this
effect along with the effect of rest inter-
val length and described that a short rest
interval increases thereductioninperfor-
mance of upper body exercises executed
at the end of a training session.

The impact of exercise order on skele-
tal muscle hypertrophy after resistance
training has also been studied (Spineti
et al., 2010, 2014). The authors compared
the effect of exercise order manipulation
(beginning vs. end) on muscle thickness
and the volume of biceps and triceps in
untrained subjects after 12weeks of resis-
tance training. They found no significant
difference between the groups; however,
their effect size data indicated a trend to-
ward a greater increase in muscle thick-
ness and volume of muscles when the
corresponding exercises were performed
at the beginning of each training session.

Althoughdata are lacking, the authors
speculate that priority in the exercise or-
der of a resistance training session may
promotes greater phosphorylation of an-
abolic kinases. Since exercise order ma-
nipulation affects the number of repeti-
tions performed (Miranda et al., 2010,
2013; Figueiredo et al., 2011; Chaves
et al., 2013), it is possible that it also
affects activation of the mechanotrans-
duction pathway, which is important to
exercise-derived anabolism. Thus, it is
recommended that weight trainers of all
experience levels place the exercises cor-
responding to themuscle group in which
they wish to achieve the greatest hyper-
trophy at the beginning of each resistance
training session.
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Frequency is the last variable discussed
in this review and concludes the compo-
sition of resistance training. The effect
of weekly training frequency stimulating
the same muscle group multiple times
weekly on skeletal muscle hypertrophy
has been described in untrained subjects
(Candow & Burke, 2007; Gentil, Fis-
cher, Martorelli, Lima, & Bottaro, 2015),
trained subjects (McLester, Bishop, &
Guilliams, 2000; Schoenfeld, Ratamess,
Peterson, Contreras, & Tiryaki-Sonmez,
2015b), and bodybuilders (Ribeiro et al.,
2015). Gentil et al. (2015) compared
the hypertrophic effect of equal-volume
resistance training performed once or
twice a week in untrained men. The
authors reported that both frequencies
caused the same extent of increased
elbow flexor thickness and flexed arm
girth. This result is in agreement with
Candow & Burke (2007), who found
no significant difference in exercise-
induced hypertrophy between equal-
volume resistance training performed 2
or 3 days a week in untrained men and
women. In the same comparison in
well-trained men, McLester et al. (2000)
reported 8% and 1% lean body mass ac-
cretion after resistance training at high-
(3 ·wk–1) and low frequency (1d·wk–1),
respectively, recording no significant
difference between conditions.

Schoenfeld et al. (2015b) demon-
strated that a total-body routine (one ex-
ercise performed per muscle group in
a session with all muscle groups trained
in each session) tends to produce greater
hypertrophy than a split-body routine
(multiple exercises performed for a spe-
cific muscle group in a session with two
or three muscle groups trained per ses-
sion) in well-trained men when the vol-
ume is equalized. Since the total workout
volume was matched, this result was un-
expected; however, the authors claimed
that it is consistent with the time course
ofmuscle protein synthesis (MPS),which
appears to last approximately 48 h post
resistance training. With this in mind,
it was hypothesized that the total-body
routine maintained a constant stimula-
tion of protein synthesis resulting in this
outcome. On the other hand, they do

not rule out that a split-body routine
may allow for completion of a greater
volume when conditions are not inten-
tionally matched, which would be favor-
able for hypertrophy. Concerning a split-
body routine, Ribeiro et al. (2015) com-
pared the effect of two designs (4 days
per week body-part split vs. 6 days per
week body-part split) with equal volume
on body composition of bodybuilders.
As expected, the authors reported sim-
ilar increases in fat-free mass in both
groups (4 days/week= +4.2% FFM vs.
6 days/week= +3.5% FFM) with no sig-
nificant difference after 4 weeks of resis-
tance training.

Based on the available evidence, it
seems that frequency is not a decisive
factor for muscle growth when the vol-
ume is equalized (McLester et al., 2000;
Candow & Burke, 2007; Gentil et al.,
2015; Ribeiro et al., 2015; Saric et al.,
2019). A recent meta-analysis (Schoen-
feld, Grgic, & Krieger, 2019) concluded
that there is a low magnitude of effect
between training the same muscle group
once per week vs. three or more times
per week on changes in muscle hyper-
trophy. Also, some evidence suggests
that the skeletal muscle hypertrophy re-
sponse to differing training frequencies
is highly individual, with some subjects
increasing skeletal muscle hypertrophy
more with higher training frequencies,
while others produce more hypertrophy
with lower training frequency and vol-
ume(Damaset al., 2019). For this reason,
it is recommended that the frequency
be chosen according to lifestyle pref-
erence, available time to workout, and
needs of weight trainers of all experi-
ence levels. However, it is assumed that
low frequency may encourage adherence
in novice weight trainers to a new re-
sistance training plan. High frequency,
in turn, increases total training volume
when the daily time available to workout
is constant, which was described above
as important for more advanced trainers
to preserve the hypertrophic stimulus.
. Table 1 demonstrates the relationship
between the resistance training variables
discussed in this review and anabolism.

Conclusions

After a literature review based on re-
cent studies of the molecular biology of
skeletal muscle hypertrophy, the author
concludes that the hormonal theory does
not explain the muscle growth provoked
by resistance training. Although there is
a need for more studies, intrinsic factors
ofmuscle contraction appear to be able to
explainmuchof the relationship between
resistance training, anabolism, and hy-
pertrophy. In addition, it also allows the
elucidation of some genetic factors, since
type II muscle fibers, the most hyper-
trophic ones, generate higher force and
this may be the cause of its greater stim-
ulation of anabolic kinases compared to
type I muscle fibers. According to this
approach, exercise performed eitherwith
a periodized plan in which relative in-
tensity varies from65–90+%of estimated
set-rep bests or sets performed to voli-
tional fatigue with either high or low in-
tensity, multiple sets, long rest intervals,
dynamic and high-velocity contractions,
andplacingexercises formusclegroups in
which hypertrophy is most desired early
in the exerciseorderare themost anabolic
strategies for resistance training. Finally,
these guidelines will be helpful to in-
dividuals wishing or needing to increase
musclemass for sports performance, aes-
thetics, quality of life, or to prevent or
treat muscle loss (sarcopenia, cachexia,
HIV, diabetes, etc.).
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