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Skeletal muscle adaptations to resistance and endurance training include increased 
ribosome and mitochondrial biogenesis, respectively. Such adaptations are believed to 
contribute to the notable increases in hypertrophy and aerobic capacity observed with 
each exercise mode. Data from multiple studies suggest the existence of a competition 
between ribosome and mitochondrial biogenesis, in which the first adaptation is prioritized 
with resistance training while the latter is prioritized with endurance training. In addition, 
reports have shown an interference effect when both exercise modes are performed 
concurrently. This prioritization/interference may be due to the interplay between the 5’ 
AMP-activated protein kinase (AMPK) and mechanistic target of rapamycin complex 1 
(mTORC1) signaling cascades and/or the high skeletal muscle energy requirements for 
the synthesis and maintenance of cellular organelles. Negative associations between 
ribosomal DNA and mitochondrial DNA copy number in human blood cells also provide 
evidence of potential competition in skeletal muscle. However, several lines of evidence 
suggest that ribosome and mitochondrial biogenesis can occur simultaneously in response 
to different types of exercise and that the AMPK-mTORC1 interaction is more complex 
than initially thought. The purpose of this review is to provide in-depth discussions of 
these topics. We discuss whether a curious competition between mitochondrial and 
ribosome biogenesis exists and show the available evidence both in favor and against it. 
Finally, we provide future research avenues in this area of exercise physiology.

Keywords: skeletal muscle, ribosomes, mitochondria, AMP-activated protein kinase, mechanistic target of 
rapamycin, exercise training, concurrent training

INTRODUCTION

Research interest in the fields of ribosome and mitochondrial biogenesis has been growing 
considerably over the last decades. While the number of overall publications listed on MEDLINE 
has been increasing steadily during the last 20 years (~200% increase when comparing 2020–
2000), during the same period, there was an even greater increase (over 2,500%) in the number 
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of publications with the search terms “ribosome biogenesis” 
or “mitochondrial biogenesis.” Much of the research in “ribosome 
biogenesis” and/or “mitochondrial biogenesis” has dealt with 
cancer biology (Derenzini et  al., 2017; Vanderveen et  al., 2017; 
Pelletier et  al., 2018), aging (Tiku and Antebi, 2018; Correll 
et al., 2019; Roque et al., 2020), and other disciplines unrelated 
to exercise physiology. However, in recent years, several exercise 
physiology laboratories have been utilizing more mechanistic 
molecular tools to study the adaptations that occur with exercise 
to discern the well documented health and/or performance 
benefits following exercise.

Ribosome and mitochondrial biogenesis are both complex 
processes. A detailed description of the molecular 
underpinnings of each process is beyond the scope of this 
review and readers are referred to other excellent reviews 
on the topics [ribosome biogenesis (Henras et  al., 2015; 
Kressler et  al., 2017), mitochondrial biogenesis (Jornayvaz 
and Shulman, 2010; Bouchez and Devin, 2019)]. For the 
purpose of this review, ribosome biogenesis refers to 
the  de  novo synthesis of ribosomes, a process that involves 
the transcription and processing of rRNA and the assembly 
of several ribosomal proteins. The rate-limiting step of 
ribosome biogenesis is thought to be  generation of the 45S 
pre-rRNA by RNA Polymerase I  (Kopp et  al., 2007). This 
precursor is then processed, yielding the 18S, 5.8S, and 28S 
mature rRNA transcripts. These transcripts are exported to 
the nucleus and associate with 5S rRNA and different 
ribosomal proteins resulting in the assembly of the mature 
ribosome (Kressler et  al., 2017). Mitochondrial biogenesis, 
is  accomplished  through the recruitment of newly synthesized 
mitochondrial proteins to existing organelles, which can 
grow and divide (Ryan and Hoogenraad, 2007; Miller and 
Hamilton, 2012). Mitochondrial biogenesis involves the 
transcription of proteins encoded by both nuclear and 
mitochondrial genomes. Considered a major regulator of 
mitochondrial biogenesis, peroxisome proliferator-activated 
receptor-γ coactivator 1α (PGC-1α) activates nuclear 
respiratory factors, increasing nuclear transcription of 
mitochondrial genes (Ryan and Hoogenraad, 2007). These 
nuclear respiratory factors activate mitochondrial transcription 
factor A (TFAM), which promotes the transcription and 
replication of mitochondrial DNA (Wu et  al., 1999).

Importantly, researchers frequently use activation markers 
of cell signaling pathways, mRNA expression, protein levels, 
and/or enzymatic activity as a measure of mitochondrial 
biogenesis. However, as nicely discussed by Miller and Hamilton 
(2012), such variables present important limitations (i.e., measure 
of organelle content instead of biogenesis process per se, 
disregarding degradation processes), and although informative, 
are not direct measures of biogenesis. The only direct measure 
of mitochondrial biogenesis currently available is the measure 
of mitochondrial protein synthesis using stable isotopic tracers. 
Similarly, ribosome biogenesis is usually assessed through 
measurements of cell signaling, mRNA expression, protein 
levels, total RNA and/or rRNA levels, variables that are at 
best only indirect measures of biogenesis. Tracer methodologies 
have also been developed and used to measure de novo ribosomal 

biogenesis (Brook et  al., 2017). However, considering the fact 
that only few exercise training studies have used direct measures 
of ribosome and/or mitochondrial biogenesis, studies using 
indirect measures will be included and discussed in the current 
review. Readers are strongly encouraged to consider whether 
direct or indirect measures were used when interpreting the 
results of the studies presented herein.

Resistance and endurance training increase skeletal muscle 
ribosome biogenesis and mitochondrial biogenesis, 
respectively. Mitochondrial biogenesis increases aerobic 
capacity (Costill et  al., 1976; Burgomaster et  al., 2008; Yeo 
et al., 2008; Murias et al., 2011; Cochran et al., 2014; Vigelso 
et  al., 2014), and ribosome biogenesis has been associated 
with skeletal muscle hypertrophy [reviewed in (Chaillou 
et  al., 2014; Wen et  al., 2016; Mcglory et  al., 2017; Bamman 
et  al., 2018; Roberts et  al., 2018a; Figueiredo and Mccarthy, 
2019; Kim et  al., 2019)]. It is generally believed that skeletal 
muscle adaptations to exercise are highly specific. Increased 
ribosome biogenesis with resistance training is seemingly 
prioritized over mitochondrial biogenesis (Wilkinson et  al., 
2008; Figueiredo et  al., 2021), while there is evidence to 
suggest increased mitochondrial biogenesis with endurance 
training is prioritized over ribosome biogenesis (Morrison 
et  al., 1989; Gibala et  al., 2009). In addition, an interference 
effect may occur if both endurance and resistance exercise 
are included in the same training session or program (i.e., 
concurrent training). For example, published reports show 
that endurance training compromises muscle hypertrophy 
response to resistance training (Kraemer et  al., 1995; Jones 
et  al., 2013) and, although researchers have tried to unveil 
the mechanisms underlying the interplay between resistance 
and endurance training, the molecular underpinnings of 
these observations are still unclear. However, evidence suggests 
that both processes can occur simultaneously (Tang et  al., 
2006; Fyfe et  al., 2016, 2018). Therefore, the purpose of 
this review is to discuss whether this curious competition 
between mitochondrial and ribosome biogenesis exists during 
different exercise training programs (i.e., only resistance 
training, only endurance training, or concurrent training) 
and show the available evidence both in favor and against 
it. We also discuss whether both processes can concomitantly 
increase with certain exercise training paradigms and provide 
future research avenues in this area of exercise physiology.

AMPK AND mTOR SIGNALING HELP 
REGULATE MITOCHONDRIAL AND 
RIBOSOME BIOGENESIS, RESPECTIVELY

Two critical signaling proteins that facilitate the adaptive 
responses to exercise training include the 5' AMP-activated 
protein kinase (AMPK) and the mechanistic target of rapamycin 
(mTOR). As an important regulator of cellular energy 
homeostasis, AMPK is a hetero-trimeric cytosolic enzyme with 
a catalytic α-subunit and regulatory β and γ subunits. The 
α-subunit phosphorylates cytoplasmic and nuclear proteins to 
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affect the expression of various mRNAs. High adenosine 
monophosphate (AMP) concentrations during exercise (as a 
result of high ATP turnover) lead to increased binding of 
AMP with AMPK (Richter and Ruderman, 2009), but it has 
been shown that ADP could also activate AMPK (Oakhill 
et  al., 2011). In addition, glycogen interacts with the β-subunit 
of AMPK, and muscle glycogen depletion during exercise results 
in the loss of the interaction between these molecules, which 
increases AMPK activity (Steinberg et al., 2006). Stress-responsive 
proteins, such as serine/threonine kinase 11 and calcium/
calmodulin-dependent protein kinase 2, can also act to 
phosphorylate AMPK at the Thr172 residue and increase its 
activity (Richter and Ruderman, 2009). Evidence in multiple 
cell lines and tissues suggests that increased AMPK signaling 
facilitates mitochondrial gene expression to provide for 
mitochondrial biogenesis (Reznick et al., 2007; Yan et al., 2013; 
Marin et  al., 2017). In this regard, endurance exercise studies 
with rodents and humans have shown AMPK signaling and 
mRNAs involved in mitochondrial biogenesis increase hours 
following exercise (Fujii et  al., 2000; Atherton et  al., 2005; 
Jorgensen et  al., 2005). Additionally, researchers have used the 
muscle-specific double knockout AMPK β1 and β2 mouse 
model (β1β2M-KO) to demonstrate functional AMPK is critical 
in maintaining muscle mitochondrial content (O'neill et al., 2011).

The mechanistic target of rapamycin complex 1 (mTORC1) 
signaling pathway is widely recognized as a regulatory hub 
for overload-induced skeletal muscle hypertrophy (Goodman, 
2019). mTORC1 is a multi-subunit complex that consists of 
the mTOR protein as well as Raptor and mTOR associated 
protein LST8 homolog (mLST8; Saxton and Sabatini, 2017). 
Like AMPK, active mTORC1 complexes possess kinase activity 
to phosphorylate downstream proteins that facilitate the 
assembly and initiation of translation-competent ribosomes. 
Bodine et  al. (2001) were the first to demonstrate mTOR 
signaling was required for muscle hypertrophy. Specifically, 
the authors administered rapamycin (an mTOR inhibitor) to 
mice, and observed synergist ablation-induced hypertrophy 
was completely abrogated in the plantaris muscle. Human 
studies have since shown that phosphorylation of mTOR and 
its downstream substrates (i.e., p70s6k, 4EBP1) are critically 
involved in facilitating post-exercise increases in muscle protein 
synthesis (Drummond et al., 2009; Gundermann et al., 2014). 
Further, acute increases in mTOR signaling markers following 
one bout of resistance exercise are associated with muscle 
hypertrophy following weeks of resistance training (Terzis 
et  al., 2008; Hulmi et  al., 2009; Mayhew et  al., 2009; Mitchell 
et al., 2013). Aside from upregulating muscle protein synthesis, 
more recent evidence suggests mTOR signaling regulates 
ribosome biogenesis across multiple cell lines [reviewed in 
(Mayer and Grummt, 2006)]. Notably, Nader et  al. (2005) 
were the first to demonstrate this mechanism occurs in skeletal 
muscle cells in vitro. Von Walden et al. (2016) later demonstrated 
that mTOR signaling enhances ribosome biogenesis in skeletal 
muscle cells in vitro by modifying chromatin at the rDNA 
promoter. For further information on this topic, readers are 
encouraged to refer to other excellent reviews (Kim et  al., 
2019; Von Walden, 2019).

WHAT EVIDENCE IS THERE 
SUGGESTING MITOCHONDRIAL  
AND RIBOSOME BIOGENESIS MAY 
COMPETE?

Several lines of evidence exist suggesting skeletal muscle 
mitochondrial and ribosome biogenesis may compete at the 
molecular level in response to different modes of exercise 
training. For instance, we  have reported that Otsuka Long-
Evans Tokushima Fatty rats exposed to 12 weeks of treadmill 
training demonstrated ~60% lower total RNA per mg wet tissue 
(a surrogate of skeletal muscle ribosome density) compared 
to untrained animals (Romero et  al., 2017), and data from 
these same animals showed skeletal muscle citrate synthase 
activity (a surrogate of mitochondrial volume) was ~16% higher 
in trained vs. untrained animals (Martin et  al., 2012). While 
we  did not assess markers of AMPK activation it is notable 
that others have shown treadmill running results in acute 
increases in markers of AMPK activity following exercise 
(Ruderman et  al., 2003). Other rodent studies partially agree 
with our findings. For instance, Morrison et al. (1989) reported 
that rats that underwent 2 weeks of treadmill training had 
greater hindlimb citrate synthase activity (~40%, p < 0.05) 
compared to untrained rats, while 18S rRNA (a surrogate of 
ribosome density) was similar between groups. Hayase and 
Yokogoshi (1992) reported that rats that underwent 7 days of 
treadmill exercise had non-significantly lower levels of total 
RNA/mg protein in the mixed gastrocnemius muscle (−5.6%, 
p = 0.060) and soleus muscle (−4.7%, p = 0.111) compared to 
untrained rats.

Regarding human studies, transcriptomic results from the 
20-week HERITAGE cardiovascular training study indicated 
that certain ribosomal mRNAs in the vastus lateralis were 
downregulated from pre-to post-training (Teran-Garcia et  al., 
2005). Additionally, Wilkinson et  al. (2008) used a 10-week 
unilateral leg training protocol to demonstrate the differential 
molecular adaptations to resistance vs. endurance training. 
Specifically, 10 healthy men with minimal training > 8 months 
prior to the initiation of the study trained one leg using the 
knee extensor exercise (2–3 days per week) and the other leg 
using a cycle ergometer (2–3 days per week). The authors 
reported that basal myofibrillar protein synthesis rates increased 
from pre- to post-intervention within the resistance-trained 
leg only (~0.08%/h at POST vs. ~0.06%/h at PRE). Myofibrillar 
protein synthesis rates were also greater at the 10-week time 
point in the resistance vs. endurance-trained leg. While markers 
of ribosome biogenesis were not assessed, these data suggest 
resistance training may have increased ribosome density via 
biogenesis given the ~30% increase in basal myofibrillar protein 
synthesis rates. These data additionally suggest ribosome 
biogenesis was likely unaffected with endurance training. A 
recent study conducted by Figueiredo et  al., (2021) supports 
the competition between mitochondrial and ribosome biogenesis 
theory. The authors investigated the genetic and epigenetic 
regulation of ribosome biogenesis with either endurance or 
resistance exercise and found that markers of ribosome biogenesis 
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were increased with resistance exercise but decreased with 
endurance exercise (30 min post-exercise). In addition, the 
authors reported that, in general, resistance exercise activated 
the mTOR pathway while endurance exercise activated the 
AMPK pathway. Collectively, these studies suggest endurance 
training does not alter ribosome biogenesis or may interfere 
with certain aspects of the process. However, more human 
endurance training studies are needed before definitive 
conclusions can be  drawn.

Despite sparse evidence linking endurance training to 
unaltered or decreased ribosome biogenesis, several human 
studies have shown that resistance training increases ribosome 
density (as measured by total RNA per mg tissue; Kadi et  al., 
2004; Figueiredo et  al., 2015; Stec et  al., 2016; Brook et  al., 
2017; Reidy et  al., 2017; Mobley et  al., 2018; Hammarstrom 
et  al., 2020). Separate reports have also shown that resistance 
training does not alter or decreases mitochondrial volume (as 
measured by citrate synthase activity assays or transmission 
electron microscopy; Macdougall et al., 1982; Luthi et al., 1986; 
Tesch et  al., 1987; Parise et  al., 2005; Porter et  al., 2015). It 
is uncommon for the same study to report both variables. 
However, two human studies from our laboratory have examined 
changes in markers of skeletal muscle ribosome density and 
mitochondrial volume in response to resistance training. In 
one study, untrained young men participated in 12 weeks (3 days 
per week) of full-body resistance training (Roberts et al., 2018b), 
and following training, total RNA per mg tissue (vastus lateralis) 
increased by 23% (p < 0.05), while vastus lateralis citrate synthase 
activity non-significantly decreased by 11% (p = 0.064). Similar 
to these findings, we  reported 6 weeks of unaccustomed high 
volume resistance training in previously-trained young men 
increased vastus lateralis total RNA per mg tissue by 28% 
(p < 0.05). In contrast, vastus lateralis citrate synthase activity 
decreased by 12% (p < 0.05; Haun et  al., 2019). Critically, both 
studies suggest ribosome biogenesis occurred with unaccustomed 
resistance training, whereas mitochondrial biogenesis either did 
not occur or was delayed relative to increases in myofiber 
hypertrophy. In addition, Hanson et al. (2019) found that 
performing a bout of endurance exercise before resistance 
exercise led to an acute decrease in markers of ribosome 
biogenesis compared to resistance exercise alone. However, it 
is important to note that markers of ribosome biogenesis were 
restored 3 h post-exercise.

To summarize, several human studies suggest that 
unaccustomed resistance training increases ribosome density 
(likely through increased ribosome biogenesis), whereas 
mitochondrial density remains constant or decreases. Whether 
or not decrements in citrate synthase activity in these studies 
resulted from “mitochondrial dilution” via skeletal muscle 
hypertrophy rather than a decrease in mitochondrial biogenesis 
and/or a loss in mitochondria is debatable and is discussed 
elsewhere (Groennebaek and Vissing, 2017). Notably, most 
studies only used measures of ribosome and/or mitochondrial 
content or other indirect measures of biogenesis and their 
results should be  interpreted with caution. Given the overall 
lack of data in this area, more research is needed to interpret 
the relevance of these findings.

WHY WOULD MITOCHONDRIAL AND 
RIBOSOME BIOGENESIS COMPETE 
WITH ONE ANOTHER IN RESPONSE  
TO EXERCISE TRAINING?

Ample molecular evidence exists to explain why mitochondrial 
and ribosome biogenesis may compete with one another during 
periods of exercise training. First, AMPK mechanistically blocks 
mTORC1 signaling through direct phosphorylation of the 
complex (Shaw, 2009) as well as through the phosphorylation 
and activation of the hamartin-tuberin (TSC1/2) complex 
[reviewed in (Shaw, 2009)], which is an upstream inhibitor of 
mTORC1 signaling. Given the proposed role mTORC1 signaling 
has on skeletal muscle ribosome biogenesis, it seems plausible 
that this process is impaired during situations of heightened 
AMPK signaling. In support of this hypothesis, we have reported 
that treating C2C12-derived myotubes with 5-aminoimidazole-
4-carboxamide ribonucleotide (AICAR, a stimulator of AMPK 
activity) for 6 hours reduced 47S pre-rRNA levels by 16% 
compared to vehicle-treated cells (Mobley et al., 2016); notably, 
while a one-way ANOVA with multiple cell culture treatments 
indicated no difference between the groups in our publication, 
a direct comparison between AICAR and vehicle-treated cells 
indicated p < 0.05 between these two conditions. Researchers 
have also reported similar phenomena in other cell lines. For 
instance, several AMPK activators (e.g., phenformin, resveratrol, 
and AICAR) have been shown to disrupt nucleolar organization 
and inhibit ribosomal RNA synthesis in LLC-PK1 kidney 
proximal tubule epithelial cells (Kodiha et al., 2014). In HEK293T 
cells, glucose deprivation-induced AMPK activation has been 
reported to lead to increased phosphorylation of the RNA 
polymerase I-associated transcription factor TIF-IA at Ser635 
(Hoppe et  al., 2009). This phosphorylation event reduced the 
interaction of TIF-IA with other transcription factors and 
ultimately reduced the assembly of functional transcription 
initiation complexes at the rDNA promoter. Others have also 
shown a reduction in ribosome biogenesis in COS7 and HEK293 
cells and transgenic mice overexpressing γ2-AMPK (Cao et al., 
2017). Thus, it is apparent that a conserved outcome of AMPK 
activation in several cell types involves inhibition of 
ribosome biogenesis.

Evidence also exists suggesting mTORC1 signaling may 
reduce certain aspects of mitochondrial biogenesis. For instance, 
(Deepa et al., 2013) reported mRNAs involved with mitochondrial 
biogenesis (i.e., Ppargc1a, Nrf1, and Esrra) increased in the 
white adipose tissue of female db/db mice administered rapamycin 
(an mTOR inhibitor) for 6 months. Chiao et al. (2016) reported 
that cardiac muscle mitochondrial biogenesis markers (i.e., 
PPARGC1A and TFAM protein levels) increased during the 
first 2 weeks of a 10-week rapamycin feeding experiment in 
mice. There are also data showing mTORC1 signaling may 
disrupt autophagy, which in turn may affect mitochondrial 
remodeling (Choi et al., 2012). This is relevant to the competition 
paradigm given that autophagy is critical for mitochondrial 
remodeling and function in skeletal muscle cells in vitro 
(Sin et al., 2016). Furthermore, Johnson et al. (2014) presented 
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evidence of reciprocal regulation of protein synthesis in the 
cytosol and the mitochondria of human embryonic kidney 
cells. The authors found that amino acid starvation led to an 
inhibition of mTORC1 and a decrease in cytosolic protein 
synthesis, whereas there was an increase in active AMPK, 
mitochondria density (i.e., increased citrate synthase activity), 
mitochondrial translation and function. Collectively, several 
lines of evidence support the notion that AMPK activation 
impairs ribosome biogenesis, and some evidence suggests that 
mTORC1 signaling may negatively affect certain aspects of 
mitochondrial biogenesis. However, the latter data are not 
as conclusive.

Aside from the aforementioned AMPK and mTORC1 data, 
sequencing data from human blood cells show ribosomal DNA 
(rDNA) and mitochondrial copy number (or “dose”), both of 
which can vary between individuals, are inversely correlated 
between one another (Gibbons et al., 2014). In explaining these 
findings, the authors suggested a tight regulatory relationship 
exists between rDNA abundance, the mRNA expression of 
ribosomal proteins, and mitochondrial DNA (mtDNA) 
abundance. While these data are provocative in making the 
case for ribosome and mitochondria competition, determining 
whether this relationship exists in skeletal muscle 
remains unknown.

Finally, ribosome biogenesis and mitochondrial biogenesis 
require cellular energy that is greater than metabolic homeostasis. 
In general, transcription and translation are ATP-consuming 
processes (Lynch and Marinov, 2015). The 80S ribosome contains 
79 proteins and four rRNAs, and there are ~1,500 mitochondrial 
proteins (Boengler et al., 2011). Thus, the transcription of these 
components requires ATP, and the translation of mRNAs into 
protein requires additional ATP. It has also been suggested 
that ribosome assembly in eukaryotes is an energy-consuming 
process given that the nuclear export and assembly of the 
ribosome subunits involves various nucleotide-hydrolyzing 
enzymes (Strunk and Karbstein, 2009). Rodent studies have 
reported that muscle ribosomes and mitochondria exhibit rapid 
decay rates in response to unloading schemes (Steffen and 
Musacchia, 1984; Wagatsuma et  al., 2011). These findings also 
support the notion that maintaining ribosome and mitochondrial 
densities are an energetic burden to muscle cells. Therefore, 
aside from the aforementioned mechanisms, which may 
contribute to the competition between ribosome and 
mitochondrial biogenesis, these latter points call into question 
as to whether or not muscle cells have the “energy bandwidth” 
to simultaneously promote both processes.

WHAT EVIDENCE IS THERE 
SUGGESTING MITOCHONDRIAL  
AND RIBOSOME BIOGENESIS DO  
NOT COMPETE?

To this point, we  have provided evidence in favor of the 
biogenesis competition paradigm, in which ribosome biogenesis 
is prioritized with resistance training while mitochondrial 

biogenesis is prioritized with endurance training, or an 
interference effect is observed when both modes of exercise 
are performed concurrently. However, there is also evidence 
available suggesting that both processes can occur simultaneously. 
Tang et  al. (2006), for example, reported increased muscle 
fiber hypertrophy and mitochondrial density (i.e., citrate synthase 
activity) in young males after 12 weeks of resistance training, 
although markers of ribosomal or mitochondrial biogenesis 
were not assessed. Our laboratory has also reported increased 
citrate synthase activity after resistance training in a cohort 
of older participants, concomitantly with an increase in 
hypertrophy (Lamb et al., 2020). The same cohort of participants 
showed an increase in protein content of the mitochondrial 
electron transport chain complexes and markers of mitochondrial 
remodeling (Mesquita et  al., 2020). However, there was no 
change in PGC-1a and TFAM protein content, and the activation 
of these signaling pathways were not interrogated. Nonetheless, 
our studies highlight the possibility that age and/or fitness 
status may play a role in the interaction between the 
biogenesis processes.

Notably, studies using tracer methodology to directly 
measure ribosome and mitochondrial biogenesis have shown 
that resistance training is capable of increasing both ribosome 
(Sieljacks et  al., 2019) and mitochondrial biogenesis 
(Groennebaek et al., 2018). Regarding changes in the signaling 
pathway involved in mitochondrial adaptations, resistance 
training increased ACC (Ser79) and p38-MAPK 
phosphorylation, but AMPK phosphorylation remained 
unchanged (Groennebaek et  al., 2018). Importantly, the 
authors reported no significant correlation between 
mitochondrial protein synthesis and changes in citrate synthase 
activity. Similarly, even though total RNA content also 
increased in Sieljack et  al. (2019) study, the authors found 
no significant difference between total RNA content and 
RNA synthesis rate. The results of both studies suggest that 
resistance exercise can lead to both ribosome and 
mitochondrial biogenesis but reinforce the need to be careful 
when using measures of organelle content (i.e., citrate synthase 
activity and total RNA content) as an indicative of biogenesis.

In addition, concurrent training, which involves simultaneously 
engaging in resistance and endurance training, is a prime 
candidate for increasing ribosome and mitochondrial biogenesis. 
A landmark study by Hickson (1980) showed that concurrent 
training interfered with strength and hypertrophy adaptations 
when compared with resistance training alone. However, a 
comprehensive review by Fyfe et  al. (2014) challenges the 
notion as to whether concurrent training interferes with resistance 
training adaptations. Moreover, a series of meta-analyses (Denadai 
et  al., 2017; Murlasits et  al., 2018; Sabag et  al., 2018) suggest 
the interference effect elicited through endurance training is 
contextual and depends on factors such as endurance training 
modality (e.g., run training vs. cycle training) as well as 
endurance training frequency and duration. A number of other 
variables can be manipulated and potentially affect the outcome, 
including the training timing, which mode of training is done 
first, the time between the two bouts (hours or days), and 
whether nutritional support is given between bouts.
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Furthermore, studies show that concurrent training 
increases maximal aerobic capacity as well as strength and 
hypertrophy (Mccarthy et  al., 1995; Balabinis et  al., 2003; 
Sillanpaa et  al., 2008; Lundberg et  al., 2014). These studies 
did not determine if phenotypic changes coincided with 
increased mitochondrial and ribosome biogenesis. However, 
Fyfe and colleagues have published two reports suggesting 
concurrent resistance training and high-intensity interval 
training may increase both processes. The first study (Fyfe 
et al., 2016) showed that compared with resistance exercise 
only, high-intensity interval training and resistance exercise 
enhanced ACC phosphorylation (Ser79; a readout of AMPK 
activity), PPARGC1A mRNA expression (suggestive of 
increased mitochondrial biogenesis), and mTOR 
phosphorylation [Ser2448; which may indicate enhanced mTOR 
activity, although this has been debated (Figueiredo et  al., 
2017)]. The second study by Fyfe et  al. (2018) involved 
three groups of participants who undertook resistance training 
only, high-intensity interval training + resistance training, 
or moderate-intensity continuous training + resistance 
training for 8 weeks. Following the training intervention, 
basal 45S pre-rRNA, 28S rRNA, and 5.8S rRNA expression 
were greater in the two groups that incorporated high-
intensity interval training or moderate-intensity continuous 
training vs. resistance training alone. Total RNA per mg 
tissue also increased in the high-intensity interval training 
+ resistance training, or moderate-intensity continuous 
training + resistance groups by ~20–30%, albeit these 
increases were not statistically significant. Lundberg et  al. 
(2014) have also reported that 5 weeks of concurrent training 
increases quadriceps hypertrophy (+6%), endurance 
performance (+22%), and muscle citrate synthase 
activity (+18%).

Moreover, the order of exercise (resistance exercise followed 
by endurance exercise or the opposite) is an important variable 
in concurrent studies. Wang et al. (2011) showed that performing 
a bout of resistance exercise after endurance exercise enhanced 
the signaling cascade for mitochondrial biogenesis. The authors 
found a concomitant activation of AMPK and mTOR and an 
increased expression of PGC-1a and PGC-1-related coactivator 
(PRC). However, markers of ribosome biogenesis were not examined 
making it difficult to determine if mitochondrial and ribosome 
biogenesis coincided. Apro et  al. (2013), on the other hand, 
investigated the effects of performing endurance exercise after 
resistance exercise on mTORC1 and AMPK signaling pathways. 
Activation of the mTORC1 by resistance exercise was not impaired 
by subsequent concurrent endurance exercise. However, the authors 
found that phosphorylation of AMPK was decreased 3 h after 
both resistance exercise-only and concurrent exercise, suggesting 
that prior activation of mTORC may suppress AMPK activation.

Beyond concurrent training, it is possible that other types 
of training, such as low-load blood flow restricted or 
low-load/high-volume resistance training to failure may 
simultaneously enhance mitochondrial and ribosome 
biogenesis. The studies of Groeenebaek et  al. and Sieljacks 
et  al. cited previously found that low-load blood flow 
restricted resistance training increased both mitochondrial 

(Groennebaek et al., 2018) and ribosome biogenesis (Sieljacks 
et  al., 2019), with no difference when compared to a high-
load resistance training. Furthermore, low-load/high-volume 
resistance training paradigm can assume several forms, but 
the most studied paradigm involves participants performing 
sets at 30% 1RM to failure (30FAIL; Mitchell et  al., 2012; 
Jenkins et  al., 2016, 2017; Morton et  al., 2016, 2019; Haun 
et  al., 2017). Lim et  al. (2019) recently published a study 
which compared three groups of participants who trained 
for 10 weeks (3 days/week) with either 80FAIL, 30FAIL, or 
30% 1RM loads, which were volume-matched to the 80FAIL 
group. While the authors did not report significant changes 
in mitochondrial volume markers (i.e., cytochrome C and 
COX IV protein levels), robust alterations in these markers 
occurred in the 30FAIL group. Markers of mitochondrial 
remodeling (i.e., PARKIN, OPA1, and FIS1 protein levels) 
also increased only in the 30FAIL group. Indeed, this 
evidence suggests mitochondrial biogenesis may have 
increased in the 30FAIL group, albeit markers of ribosome 
biogenesis were not assessed. Nonetheless, muscle hypertrophy 
did occur in the 30FAIL group. Thus, considering these 
studies, it seems plausible that 30% 1RM resistance training 
to failure may enhance mitochondrial and 
ribosome biogenesis.

OTHER CONSIDERATIONS TO THE 
COMPETITION PARADIGM

A major limitation to the biogenesis competition paradigm is 
that AMPK and mTORC1 is primarily responsible for said 
competition. If this is indeed the case, then the paradigm 
would likely have to operate through an AMPK-mTORC1 
signaling “switch” in response to each form of training. This 
switch has been proposed to occur in the skeletal muscle of 
rats following prolonged low-frequency stimulation vs. short 
bursts of high-frequency stimulation (Atherton et  al., 2005). 
However, the acute post-exercise time course data regarding 
AMPK and mTORC1 activity in humans are more nuanced. 
For instance, Dreyer et  al. (2006) reported that one bout of 
unaccustomed resistance exercise concomitantly increases AMPK 
activity and mTORC1 signaling markers 2 hours post-exercise. 
Likewise, Mascher et  al. (2011) reported that a 60-min cycling 
bout concomitantly increases AMPK activity and mTORC1 
signaling markers 2 hours post-exercise. The study by Wilkinson 
et  al. (2008) similarly demonstrated that a bout of unilateral 
resistance and endurance training increased the phosphorylation 
of AMPK (Thr172) immediately following exercise. According 
to the competition paradigm, these findings suggest that resistance 
and endurance exercise should initiate mitochondrial and 
ribosomal biogenesis.

Furthermore, Coffey et  al. (2006) explored the effects of 
training status and accustomization to different exercise 
training modes (resistance vs. endurance exercise) and their 
data illustrate the complexity of the signaling AMPK and 
mTORC pathways response to exercise. The authors had a 
group of endurance trained and a group of resistance trained 
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individuals perform one bout of endurance exercise and 
one bout of resistance exercise on different sessions. Their 
results suggest that untrained individuals might present a 
more generic response to exercise, with increases in both 
signaling pathways with either endurance or resistance 
exercise. However, as one becomes more accustomed to an 
exercise mode through training, the signaling responses to 
exercise seem to be  attenuated. Moreover, AMPK signaling 
seems to be less specific, being activated with both endurance 
and resistance exercises, while mTORC is preferentially 
activated in response to resistance exercise (Vissing et  al., 
2013). In addition, considering that the response to exercise 
in untrained subjects seems to be  fairly generic, performing 
concurrent training instead of resistance-only or endurance-
only exercise could have an additive instead of an interference 
effect. This is supported by the work of Wang et  al. (2011), 
which showed that performing resistance exercise after cycling 
enhanced markers of mitochondrial adaptations compared 
to cycling-only. However, this effect is likely dependent on 
a myriad of other factors, such as interval between exercise 
bouts and the volume of each differentiated exercise mode. 
More studies specifically designed to answer that question 
are warranted. The illustration in Figure  1 summarizes how 
AMPK and mTORC1 crosstalk during and following bouts 
of endurance and resistance exercise facilitates mitochondrial 
and ribosome biogenesis, respectively. It should be  noted, 
however, that endurance exercise does not exclusively activate 
AMPK and inhibit mTORC1 signaling. Likewise, resistance 
exercise does not exclusively activate mTORC1 signaling and 
de-activate AMPK.

Moreover, the timing of skeletal muscle biopsies and therefore 
of the measurements of AMPK/mTORC1 activation is commonly 
referred as a limitation and a possible source of inconsistencies 
found between different studies (Gibala et al., 2009; Figueiredo 
et  al., 2015; Stec et  al., 2015). Besides establishing the time-
course of activation, the exact timing of measurements can 
give important information regarding the interplay between 
AMPK and mTORC signaling pathways. There is evidence to 
suggest that even though both mTORC1 and AMPK can 
be  activated in response to resistance exercise, mTORC1 is 
activated once AMPK signaling subsides (Vissing et  al., 2013). 
Similar findings have been reported with an ex-vivo endurance 
exercise model (Jakobsgaard et  al., 2021). In addition, Vissing 
et  al. (2013) results showed that mTORC1 peak activation was 
at 5 h post-exercise and remained upregulated until 22 h 
pos-exercise. Therefore, if studies do not collect muscle tissue 
in several time-points (e.g., only perform biopsies 1 h and/or 
3 h post-exercise), this important information about the signaling 
response to exercise could be  missed. However, it is important 
to note that as previously mentioned, other studies have shown 
that AMPK and mTORC1 can be  concomitantly activated 
(Wang et  al., 2011; Fyfe et  al., 2016).

Data from both animal and in vitro models also challenge 
the AMPK-mTORC1 switch theory. Drake et  al. (2013) 
demonstrated a null effect of mTOR inhibition on mitochondrial 
biogenesis markers in mice fed a rapamycin-supplemented diet 
for 12 weeks. There are also in vitro data suggesting mTOR 
signaling enhances mitochondrial biogenesis (Morita et  al., 
2013). Likewise, a review by Morita et  al. (2015) provides 
several lines of evidence to suggest mTORC1 enhances 

FIGURE 1 | Hypothetical representation of ribosome and mitochondrial biogenesis and the respective signaling responses to endurance and resistance exercise in 
untrained and trained states. Untrained individuals present a more generic response to exercise, with increases in both 5' AMP-activated protein kinase (AMPK) and 
mechanistic target of rapamycin complex 1 (mTORC1) signaling with either endurance or resistance exercise, which may ultimately lead to a concomitant increase in 
ribosome and mitochondrial biogenesis. Upon training, the signaling responses to exercise seem to be attenuated and mitochondrial biogenesis is prioritized with 
endurance training, while ribosome biogenesis is prioritized with resistance training. Note that even in trained subjects, AMPK exhibits a more generic response to 
exercise compared to mTORC1.
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mitochondrial function through the increased translation of 
transcription factors that regulate the expression of nuclear-
encoded mitochondrial genes. An elegant study performed by 
Cunningham et  al. (2007) demonstrated through a series of 
experiments that mTOR is necessary for proper mitochondrial 
oxidative function and biogenesis. The authors found that 
inhibition of mTOR by rapamycin decreased the expression 
of important mitochondrial transcription factors, gene targets 
of PGC-1α, and mitochondrial respiration in C2C12 myotubes. 
In addition, mice exposed to the same treatment also experienced 
similar effects. The authors proceeded with additional experiments 
to show that mTOR-dependent regulation of mitochondrial 
biogenesis and function is achieved through direct modulation 
of YY1-PGC-1α.

Furthermore, it is notable that mTOR complex 2 (mTORC2) 
is also involved with mitochondrial physiology. The differences 
between the mTORC1 and mTORC2 complexes are subtle; 
specifically, mTORC2 contains the mTOR, Rictor, LST8 and SIN1 
proteins (Loewith et  al., 2002). Whereas mTORC1 functions as 
a nutrient/amino acid sensing complex, mTORC2 receives 
intracellular signals from extracellular growth factor binding 
(Jhanwar-Uniyal et  al., 2019). Interestingly, data suggest that 
mTORC2 stimulates mitochondrial biogenesis in liver (Betz et al., 
2013) and myeloid dendritic cells (Watson et  al., 2019), although 
equivocal data exist in macrophages from Rictor-knockout mice 
(Oh et  al., 2017). Studies examining mTORC2 activity responses 
to exercise bouts or training are sparse relative to studies examining 
mTORC1 responses. However, evidence suggests that mTORC2 
activity increases in response to an endurance bout in rodents 
(Kleinert et al., 2017). In contrast, skeletal muscle mTORC2 activity 
seems unresponsive to a bout of resistance training in humans 
based upon the localization of the complex not being altered 
following a bout of resistance training (Hodson et  al., 2017). 
These data add to the proposed competition paradigm in that 
mTOR may be  involved in both biogenesis processes depending 
upon whether mTORC1 or mTORC2 is stimulated. However, 
again, more studies are needed before definitive conclusions can 
be  drawn.

Additionally, we  have previously made the case that both 
ribosome and mitochondrial biogenesis are metabolically 
demanding processes and that maintaining a high density 
of both organelles would place an energetic demand on the 
cells. However, as mitochondria are the main energy-producing 
organelles in the cell, it could also be  argued that it is 
counterintuitive to decrease its density when the cell is 
facing an increased energy demand, such as during increased 
ribosome biogenesis and cytosolic protein synthesis after 
resistance exercise. Moreover, several proteins needed for 
mitochondrial biogenesis are encoded in nuclear DNA and 
synthesized by cytosolic ribosomes before they can 
be imported into the mitochondria (Jornayvaz and Shulman, 
2010; Perry and Hawley, 2018). Again, it would 
be counterintuitive to decrease ribosome density when there 
is an increased demand for nuclear-encoded proteins needed 
for mitochondrial biogenesis. Therefore, ribosome and 
mitochondrial biogenesis would be  expected to be  closely 
related processes.

CONCLUSION

There is compelling evidence suggesting that competition 
between ribosomal and mitochondrial biogenesis does not 
exist. Several studies have shown results suggesting that both 
processes can occur simultaneously in response to different 
types of exercise (Dreyer et  al., 2006; Tang et  al., 2006; 
Mascher et  al., 2011; Fyfe et  al., 2016; Lamb et  al., 2020). 
Evidence from studies using tracer methodology especially 
indicate that resistance training is capable of inducing both 
mitochondrial (Groennebaek et  al., 2018) and ribosome 
(Sieljacks et al., 2019) biogenesis. Further, evidence for mTOR 
regulation of mitochondrial biogenesis (Cunningham et  al., 
2007) highlights that the interaction between AMPK and 
mTORC signaling pathways is more complex than initially 
thought. Therefore, it is likely that instead of a competition 
between the two processes, what happens is an exercise 
mode-specific response, where endurance exercise stimulates 
AMPK signaling more so than mTORC1 signaling during 
periods of recovery between exercise bouts, and resistance 
exercise stimulates the opposite phenomena. There is also 
the possibility that other unidentified signaling mediators 
increase following bouts of resistance and endurance exercise 
that interfere with mitochondrial and ribosome biogenesis, 
respectively. In this regard, −omics-based investigations may 
be  fruitful in uncovering these potential targets if said 
targets exist.

Given the evidence cited in this review, it is pragmatic 
for individuals who seek to enhance muscle hypertrophy 
and aerobic capacity to engage in concurrent training. 
However, whether concurrent training accomplishes these 
adaptations through increased mitochondrial and ribosome 
biogenesis remains to be  fully elucidated. The available data 
suggesting 30FAIL and blood flow restricted resistance training 
can enhance both processes is also compelling, and future 
studies examining this possibility are warranted. Importantly, 
more studies utilizing tracer methodology to directly assess 
both mitochondrial and ribosome biogenesis are needed. 
Research examining the interplay between the mitochondrial 
and ribosome biogenesis responses to exercise training will 
ultimately augment our understanding of skeletal  
muscle physiology. Critically, such research will be  fruitful 
for individuals seeking to apply this knowledge in 
applied settings.
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