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Abstract 

 The purpose of the present study was to determine if acute responses in pgc�1α, vegfa, 

sdha, and gpd1/2 mRNA expression predict their associated chronic skeletal muscle molecular 

(SDH/GPD activity and substrate storage) and morphological (fibre type composition and 

capillary density) adaptations following training. Skeletal muscle biopsies were collected from 

fourteen recreationally active men (age: 22.0 ± 2.4 years) before (PRE) and 3 hours after (3HR) 

the completion of an acute bout of SIT (eight, 208second intervals at ~170% VO2peak work rate 

separated by 10 seconds of recovery). Participants then completed 6 weeks of SIT 4 times per 

week with additional biopsies after 2 (MID) and 6 (POST) weeks of training. Acute increases in 

pgc�1α mRNA strongly predicted increases in SDH activity (a marker of oxidative capacity) 

from PRE and MID to POST (PRE8POST: r = 0.81, r
2
 = 0.65, p < 0.01; MID8POST: r = 0.79, r

2
 

= 0.62, p < 0.01) and glycogen content from MID to POST (r = 0.60, r
2
 = 0.36, p < 0.05). No 

other significant relationships were found between acute responses in pgc�1α, vegfa, sdha, and 

gpd1/2 mRNA expression and chronic adaptations to training. These results suggest that acute 

upregulation of pgc�1α mRNA relates to the magnitude of subsequent training8induced increases 

in oxidative capacity, but not other molecular and morphological chronic skeletal muscle 

adaptations. Additionally, acute mRNA responses in pgc�1α correlated with vegfa, but not sdha, 

suggesting a coordinated upregulation between pgc�1α and only some of its proposed targets in 

human skeletal muscle.  

Key Words: vegfa, SDH activity, capillary density, Individual Responses, sprint interval 

training  
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Introduction 

In human skeletal muscle, acute aerobic exercise stimulates the upregulation of 

mitochondrial and transcription8regulating genes, while repeated bouts (i.e. exercise training) 

increase mitochondrial protein content and function (Hood 2001, Flück and Hoppeler 2003, Egan 

and Zierath 2013) in addition to altering fibre type distribution (Esbjörnsson et al. 1993, 

Scribbans et al. 2014) and increasing capillary density (Cocks et al. 2013, 2015, Scribbans et al. 

2014). The transcriptional coactivator peroxisome proliferator activated receptor gamma 

coactivator 1 alpha (PGC81α) is implicated in the coordinated activation of nuclear and 

mitochondrial transcription factors (Lin et al. 2005, Olesen et al. 2010, Safdar et al. 2011, 

Scarpulla et al. 2012) and appears to play a key role in elevating mRNA expression of many 

mitochondrial and angiogenic genes, including succinate dehydrogenase protein subunit a (sdha) 

(Hatazawa et al. 2016), glycerol838phosphate dehydrogenase 1 and 2 (gpd1/gpd2) (Patsouris et 

al. 2004, Krishnan et al. 2009) via peroxisome proliferator8activated receptor alpha (PPARα) 

(Lin et al. 2005), and vascular endothelial growth factor A (vegfa) (Arany et al. 2008, Leick et al. 

2009). Following acute exercise, concomitant increases in pgc81α and mitochondrial/angiogenic 

mRNA expression (Pilegaard et al. 2003, Hellsten et al. 2007, Wright et al. 2007, Perry et al. 

2010, Iversen et al. 2011) supports a central role for PGC81α8mediated upregulation of mRNA 

expression following acute exercise in facilitating subsequent chronic skeletal muscle molecular 

and morphological adaptations (Hood 2001, Flück and Hoppeler 2003, Flück 2006, Egan and 

Zierath 2013, Camera et al. 2016).  

Despite the apparent acceptance that increases in mRNA expression of pgc�1α and other 

mitochondrial/metabolic proteins following acute exercise represents an initial step in the 

induction of chronic adaptations to exercise training (Hood 2001, Flück and Hoppeler 2003, 
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Flück 2006, Egan and Zierath 2013, Camera et al. 2016), few studies have directly examined 

whether increases in mRNA expression precede increases in skeletal muscle protein content and 

function. While several studies provide evidence supporting this theory (Serpiello et al. 2012, 

Stepto et al. 2012, Egan et al. 2013), the work of Perry et al. (2010) most clearly demonstrates 

the temporal relationship between acute transient increases in mRNA expression, and chronic 

increases in mitochondrial protein content and maximal enzyme activity. While these findings 

illustrate a temporal sequence to the adaptive response to exercise, whether the magnitude of an 

individual participant’s induction of gene expression following an acute bout of exercise predicts 

subsequent molecular and morphological training adaptations in human skeletal muscle is 

unknown.  

 Interestingly, considerable individual variability exists in both acute increases in pgc�1α 

(Coffey et al. 2009a, 2009b, Wang and Sahlin 2012) and mitochondrial mRNA expression 

(Mahoney et al. 2005), as well as in chronic training8induced changes in mitochondrial protein 

content/enzyme activity (Burgomaster et al. 2006, Gibala et al. 2006, Vollaard et al. 2009, 

McPhee et al. 2011, Granata et al. 2015). While this acute and chronic variance provides a 

practical framework to investigate skeletal muscle mechanisms underlying individual responses, 

to our knowledge only inter8individual variance in the chronic response to exercise training has 

been deliberately examined (Vollaard et al. 2009, McPhee et al. 2011). Importantly, if acute 

increases in mRNA expression of pgc�1α and other mitochondrial/metabolic proteins precede 

subsequent training8induced adaptations within muscle, individuals who demonstrate large 

increases in mRNA expression after an acute bout of exercise should also demonstrate large 

adaptive responses to exercise training.   

Therefore, the purpose of the present study was to test the hypothesis that the magnitude 
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of an individual’s acute changes in mRNA expression will predict the magnitude of chronic 

adaptations to training. Specifically, acute changes in gene expression of pgc�1α, sdha, 

gpd1/gpd2, and vegfa were compared to chronic, training8induced adaptations to molecular 

(SDH/GPD activity and glycogen/IMTG storage) and morphological (fibre type distribution and 

capillary density) characteristics of skeletal muscle. Acute changes in mRNA expression in 

response to one bout of sprint interval training (SIT) were compared to chronic adaptations 

following six weeks of SIT as we have previously demonstrated that this protocol increases 

SDH/GPD enzyme activity, capillary density, and glycogen/IMTG content at the group level 

(Scribbans et al. 2014), and induces variability in the individual responses in these skeletal 

muscle measures (unpublished observations).  

Methods 

Fourteen healthy men volunteered to participate in the current study (participant 

characteristics are presented in Table 1). No participant was involved in more than 3 hours of 

aerobic exercise (running, jogging, etc.) per week or involved in any structured training program 

within 6 months prior to study enrollment. Results from this data set, including participant 

characteristics and group responses in acute pgc�1α mRNA expression and chronic absolute 

VO2peak and SDH activity, have been published previously (Edgett et al. 2016). Each participant 

attended a preliminary screening session where they were briefed on the study, provided 

informed consent, and had their height and weight recorded. All experimental procedures 

performed on human participants were approved by the Health Sciences Human Research Ethics 

board at Queen’s University and conformed to the Declaration of Helsinki. Verbal and written 

explanation of the experimental protocol and associated risks was provided to all participants 

prior to obtaining written informed consent.  
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Experimental Design 

 To determine the relationship between changes in acute mRNA expression and training 

adaptations, the participants first completed an acute bout of sprint8interval training (SIT) 

followed by a training program consisting of 4 bouts of SIT per week for 6 weeks. SIT consisted 

of eight 208second intervals separated by 10 seconds of recovery for a total of four8minutes, as 

described previously (Scribbans et al. 2014). Intervals targeted 170% of peak work rate from the 

baseline VO2peak test for the acute exercise trial and for the first 2 weeks of training, whereas 

for weeks 386 the targeted work rate was increased to 180%. Descriptions of all physiological 

testing and training, muscle biopsy procedures, and protocols for tissue preparation for 

subsequent immunofluorescent, histochemical, and real8time PCR analysis have been published 

previously (Edgett et al. 2016). The protocol outlining the timing of testing and sample collection 

is presented in Figure 1. 

Acute Exercise Visit 

As described previously (Edgett et al. 2016), participants reported to the lab in the 

morning and were fed breakfast ~72 hours after the completion of a baseline VO2peak test and 

following an overnight fast (~12 hours) after consuming a standardized dinner the night before. 

One hour after participants completed breakfast, a resting muscle biopsy (PRE) was taken. 

Immediately following the resting muscle biopsy, participants completed one session of SIT 

before resting for 3 hours and a second muscle biopsy sample being taken (3HR) from a separate 

incision site on the same leg as the first biopsy. 

Training Intervention 

All participants completed SIT 4 days a week for 6 weeks (week 3 only had two training 

sessions due to the mid8training (MID) VO2peak test and biopsy) for a total of 22 training 
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sessions. Before each training session, participants performed a warm8up of load8less cycling at a 

cadence of their choosing for 1 minute. A MID muscle biopsy was taken ~72 hours (range: 658

72 hours) following 2 weeks (8 sessions) of SIT, as per the protocol used for the PRE biopsy. A 

MID VO2peak test was completed ~24 hours following the MID biopsy. Approximately 72 hours 

(range: 67874 hours) after the last training session, a post8training (POST) biopsy was taken, 

following the same protocol as the PRE and MID biopsies, followed by a post8training VO2peak 

test ~24 hours after the POST biopsy. 

RNA Extraction and Real�Time PCR  

RNA extraction and real8time PCR were performed as we have done previously (Edgett 

et al. 2013, 2016) on PRE and 3HR samples. Briefly, RNA was extracted using a modified 

version of the single8step method by guanidinium thiocyanate8phenol8chloroform extraction 

(Chomcyzynski and Sacchi 1987), and then quantified spectrophotometrically at 260 nm using a 

Take3 Plate (Biotek, Winooski, VT, USA). Protein contamination was assessed by measuring 

absorbance at 280 nm (samples had an average 260:280 ratio of 1.99 ± 0.02, mean ± SD). One 

microgram of resulting RNA was reverse transcribed using the QuantiTect Reverse Transcription 

Kit (Qiagen, Mississauga, ON, Canada). The mRNA expression of pgc�1α, vegfa, sdha, gpd1 

and gpd2 were determined by real8time PCR (ABI 7500 Real Time PCR System; Applied 

Biosystems, Foster City, CA, USA). Primer set efficiencies were determined using real8time 

PCR with an appropriate cDNA dilution series prior to sample analysis. Average primer set8

specific efficiencies (Rasmussen 2001) were E = 2.00 ± 0.03. Samples were run in duplicate 25 

µL reactions containing: either 50 ng cDNA (pgc�1α and gpd1), 20 ng (vegfa), or 10 ng cDNA 

(sdha and gpd2) with 0.58 QM primers, and GoTaq PCR Master Mix containing SYBR Green 

(Promega, Madison, WI, USA). Primer sequences are provided in Table 2. All RNA data are 
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expressed relative to TATA8binding protein (TBP), which was stable across all states with no 

difference in the raw CT values observed between resting and 3 hours post8exercise (PRE: 22.45 

± 0.40, 3HR: 22.51 ± 0.31, p = 0.621). 

Immunofluorescent Analysis 

 Immunofluorescent analysis of myosin heavy chain isoforms was performed as 

previously described (Bloemberg and Quadrilatero 2012, Scribbans et al. 2014) using primary 

antibodies against myosin heavy chain (MHC) I (BA8F8), MHCIIa (SC871), and MHCIIx (6H1) 

(Developmental Studies Hybridoma Bank, Iowa City, IA, USA), followed by isotype8specific 

fluorescent secondary antibodies (Life Technologies, Burlington, ON, CA). This allowed for the 

identification of type I (blue), type IIA (green), and type IIX (red). Fibre type composition was 

determined by counting all fibres within a muscle cross8section and expressed as a percentage of 

the total number of fibres. Additionally, cross8sectional area (CSA) was determined by outlining 

approximately 40 of each fibre type within a cross8section and measured as squared micrometers 

(Qm
2
). Total CSA was calculated as the sum of each fibre type’s CSA multiplied by the 

percentage of those fibres present in the cross section divided by 100 (arbitrary units; AU).  

Quantification of capillary density was performed as previously described (Scribbans et 

al. 2014). Briefly, sections were fixed in 4% paraformaldehyde for 5 minutes, followed by 

permeabilization with 0.5% Triton X8100 for 5 minutes, and then blocked in 10% goat serum for 

30 minutes. Sections were incubated overnight in 5% goat serum with the appropriate primary 

antibodies specific for the endothelium (collagen IV) and sarcolemma (dystrophin) 

(Developmental Studies Hybridoma Bank, Iowa City, IA, USA). After 3 58minute washes in 

PBS, sections were incubated for 1 hour in 5% goat serum with the appropriate fluorescent 

secondary antibodies (Life Technologies, Burlington, ON, CA). Capillary density was 
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determined by counting the number of capillaries within 3 separate areas per sample. Capillary 

density is expressed as the average number of capillaries per millimetre squared (cap/mm
2
).  

 For all immunofluorescent procedures, sections were mounted with Prolong Gold 

Antifade Reagent (Life Technologies, Burlington, ON, CA) and imaged the following day. All of 

these sections were visualized with an Axio Observer Z1 microscope (Carl Zeiss, Jena, TH, DE). 

Individual images were taken across the entire muscle cross8section and assembled into a 

composite panoramic image using AxioVision software (Carl Zeiss).  

Histochemical Analysis 

 As previously described (Bloemberg and Quadrilatero 2012, Scribbans et al. 2014), 

histochemical staining for SDH and GPD activity was performed as general indicators of 

oxidative and glycolytic potential, respectively. Additionally, intramusclar triglyceride (IMTG) 

content was determined with Oil Red O (ORO) staining, whereas glycogen content was 

determined using the Periodic Acid Schiff (PAS). Images were acquired with a bright field 

Nikon microscope linked to a PixelLink digital camera. Individual images were taken across the 

entire muscle cross8section and assembled into a composite panoramic image using Microsoft 

Image Composite Editor (ICE) (Microsoft, Redmond, WA, USA). Image analysis was performed 

in ImageJ by converting color images to 88 bit, and calculated by subtracting background 

staining from the mean grey value of individual fibres. All compiled images were matched to 

fibre type images and ~30 unblemished fibres (i.e. without marks or holes) of each fibre type 

were randomly selected and analyzed. Fibre type specific measures for enzyme activity and 

substrate storage were calculated by averaging the optical density (AU) for all selected fibres 

within a cross8section. Fibre type specific analysis was conducted for type I and type IIA fibers 

only as type IIX fibers were not present in each sample. Estimates of total enzyme activity and 
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substrate storage were calculated utilizing the following equation:  

�����	���	
���	(�) =
(��� × ��� × ���) + (����� × ����� × �����)

100	000
	 

where OD is the mean optical density, FT is the fibre type composition, and CSA is the mean 

cross8sectional area of a given fibre type (type I and type IIA) within a muscle cross8section.  

Statistical Analysis 

Statistical analysis of change in gene expression from PRE to 3HR was performed on 

linear data using the 2
8∆CT method using TATA8binding protein (TBP) as a housekeeping gene 

(Schmittgen and Livak 2008). This linear data was then compared using a paired Student’s t8test. 

A one8way repeated measures ANOVA was used to examine the impact of SIT on VO2peak, 

capillary density, and total muscle estimates of SDH and GPD activity, and glycogen and IMTG 

content, whereas two8way repeated measures ANOVA were used to measure fibre type specific 

responses (fibre type x time). Any significant interactions or main effects were subsequently 

analyzed using a Bonferroni post hoc analysis where appropriate. Linear regressions were used 

to determine whether changes in mRNA expression following acute SIT predicted training8

induced skeletal muscle responses following 2 (PRE8MID) and 6 weeks of SIT (PRE8POST), 

and any delayed (MID8POST) chronic adaptations. Statistical significance for all measures was 

set at p < 0.05 and all data is presented as mean ± standard deviation (SD).  

Results 

Attendance at training sessions was 100% over the six weeks for all participants but one, 

who discontinued the study following the MID VO2peak test due to unforeseen scheduling 

conflicts. The total number of samples analyzed for each variable are reported in the 

corresponding figure captions. A main effect of training on relative and absolute VO2peak was 

observed (n = 12, p < 0.05; Table 1). Post hoc analysis revealed a significant increase from PRE 
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to POST only (p < 0.001). 

Relationship between responses in acute mRNA expression and training adaptation 

Relationships between acute responses in pgc�1α mRNA expression and the initial (PRE8

MID), delayed (MID8POST), and total (PRE8POST) training8induced adaptations to SIT in 

capillary density, SDH and GPD activity, glycogen and IMTG content, fibre type composition, 

and total CSA are presented in Table 3. Relationships between responses in acute pgc�1α mRNA 

and chronic SDH activity are also presented in Figure 2. Strong significant positive relationships 

were observed between responses in acute pgc�1α mRNA and SDH activity (MID8POST and 

PRE8POST, p < 0.01) and glycogen content (MID8POST, p < 0.05). There were no additional 

significant relationships between responses in acute pgc�1α mRNA and chronic skeletal muscle 

adaptations (Table 3). Additionally, linear regressions did not reveal significant relationships 

between acute responses in vegfa, sdha, gpd1, and gpd2 mRNA expression and training8induced 

adaptations in capillary density, and SDH and GPD activity, respectively (Table 4). Acute 

alterations in pgc�1α, vegfa, sdha, and gpd1/2 mRNA expression did not relate to individual 

changes in VO2peak following two or six weeks of SIT (all p > 0.05). Additionally, aside from 

significant relationships between individual changes in fibre specific IMTG content and 

VO2peak from MID to POST (type I and VO2peak: r = 0.62, p < 0.05; type IIA and VO2peak: r = 

0.58, p < 0.05) no other chronic skeletal adaptations (i.e. SDH/GPD activity, glycogen content, 

capillary density, fibre type composition, and CSA) correlated with changes in VO2peak (all p > 

0.05). 

Responses to Acute SIT 

 In response to an acute bout of SIT, pgc�1α and vegfa mRNA expression significantly 

increased 3 hours post8exercise (pgc�1α: +284%, p < 0.001; vegfa: +134%, p < 0.001); however, 
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sdha, gpd1, and gpd2 were unaltered (Figure 3A). Linear regressions performed on individual 

changes in pgc�1α and vegfa, sdha, gpd1, and gpd2 mRNA expression revealed a significant 

positive relationship between the responses in pgc�1α and vegfa mRNA expression to acute SIT 

(Figure 3B). No other relationships were significant (data not shown).  

Responses to Exercise Training 

 Representative slides from an individual participant for all immunofluorescent and 

histochemical analysis are presented in Figure 4. All analysis on skeletal muscle adaptations to 

SIT was performed on raw individual data and is presented in Table 5. A main effect of training 

(p < 0.05) was observed for fibre type specific SDH activity, glycogen content, and GPD 

activity. Additionally, main effects of training were also observed for total estimates of SDH 

activity, glycogen content, capillary density, and total CSA. Main effects of fibre type (p < 0.05) 

were observed whereby SDH activity and IMTG content was higher in type I fibers whereas 

GPD activity and glycogen content was higher in type IIA fibres. Additionally, a main effect of 

fibre type (p < 0.05) was observed whereby more type IIA fibres were present than type I fibres 

in skeletal muscle cross8sections.   

For ease of viewing, only the post hoc analysis and group/individual responses at MID 

and POST expressed relative to PRE are presented in Figure 5 and 6. SDH activity (Figure 5A), 

capillary density (Figure 6B), and total CSA (Figure 6C) increased at POST compared to PRE 

and MID (Figure 5A), whereas glycogen content increased at MID and remained elevated 

without increasing further at POST (Figure 5C). Conversely, GPD activity decreased at POST 

compared to PRE and MID (Figure 5B).  

Discussion 

The current study was designed to test the hypothesis that acute changes in mRNA 
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expression predict the magnitude of training induced adaptations in molecular and morphological 

characteristics of skeletal muscle. The major novel findings of the current study are: 1) acute 

responses in pgc�1α mRNA expression correlated with training8induced changes in SDH activity 

and, to a lesser degree, muscle glycogen content, 2) acute changes in pgc�1α did not predict 

changes in the other molecular and morphological variables examined, 3) acute changes in vegfa, 

sdha, gpd1 and gpd2 mRNA did not predict changes in capillary density, SDH and/or GPD 

activity respectively, and 4) individual changes in pgc�1α and vegfa mRNA correlated following 

acute SIT, suggesting a coordinated upregulation of gene expression of pgc�1α and some of its 

targets.  

Relationship Between Acute Responses in pgc�1α mRNA Expression and Training Induced 

Skeletal Muscle Adaptation 

 Increases in pgc�1α mRNA following acute exercise are accompanied by elevations in 

mRNA expression of many mitochondrial, transcription8regulating and angiogenic genes 

(Pilegaard et al. 2003, Hellsten et al. 2007, Perry et al. 2010, Iversen et al. 2011, Little et al. 

2011). This upregulation of gene expression is proposed to represent the initial phase of training8

induced skeletal muscle adaptations (Hood 2001, Flück and Hoppeler 2003, Flück 2006, Egan 

and Zierath 2013, Camera et al. 2016). In support of this theory, several studies have 

demonstrated that acute increases in gene expression, including pgc�1α expression, precede 

training8induced increases in mitochondrial protein content/maximal enzyme activity (Perry et 

al. 2010, Little et al. 2011, Cobley et al. 2012, Serpiello et al. 2012, Egan et al. 2013). Further 

supporting an important role for the acute upregulation of pgc�1α in the subsequent adaptive 

response to training is our observation that increases in pgc�1α mRNA following a single bout of 

SIT positively correlated with increases in SDH activity, a marker of skeletal muscle oxidative 
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capacity, observed from MID to POST and from PRE to POST. Additionally, acute increases in 

pgc�1α mRNA positively related to individual changes in glycogen content from MID to POST, 

but not PRE to POST. While these results suggest that the ability of skeletal muscle to upregulate 

pgc�1α following a single bout of exercise may reflect the overall ability of that muscle to 

subsequently adapt to training (Hood 2001, Flück and Hoppeler 2003, Flück 2006, Egan and 

Zierath 2013, Camera et al. 2016), whether this potential predictive relationship persists when 

analyzing other markers of mitochondrial oxidative capacity, such as mitochondrial protein 

content and respiration rates, remains an important area for future research. Moreover, the 

potential to predict training8induced skeletal muscle adaptations by evaluating acute mRNA 

responses should be validated in future studies with larger sample sizes.  

 Interestingly, acute increases in pgc�1α mRNA did not predict individual changes in GPD 

activity, IMTG content, and fibre type composition following training. While the role of PGC81α 

in regulating these training8induced adaptations is not clear or unequivocal (Lin et al. 2002, 

Benton et al. 2008, 2010, Choi et al. 2008, Geng et al. 2010), PGC81α appears to be necessary 

for training8induced angiogenesis (Chinsomboon et al. 2009, Leick et al. 2009, Geng et al. 2010). 

However, acute increases in pgc�1α mRNA did not predict subsequent training8induced increases 

in capillary density. Therefore, although acute changes in pgc�1α mRNA expression predicted 

chronic adaptation in the activity of a single enzyme (i.e. pgc�1a and SDH), it is unlikely that 

acute changes in a single gene will predict training8induced changes of complex molecular (e.g. 

fatty acid uptake and storage) or morphological (e.g. angiogenesis) adaptations that involve the 

induction of many factors and signalling pathways (Prior et al. 2004, Russell 2004). 

Alternatively, while the current study used acute increases in pgc�1a mRNA to predict skeletal 

muscle molecular and morphological changes following training, other surrogate markers of 
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PGC81α activity that increase following one bout of exercise, such as its subcellular localization 

(Little et al. 2011, Safdar et al. 2011), deacetylation (Gurd 2011), or DNA binding activity of its 

targeted transcription factors (Wright et al. 2007, Safdar et al. 2011) may better predict training8

induced adaptations. However, the current inability to directly measure PGC81α activity in 

human skeletal muscle may limit the potential to predict all PGC81α8mediated training8induced 

adaptations. Collectively, these findings suggest that acute increases in pgc�1α mRNA following 

one session of SIT potentially reflects subsequent adaptations in oxidative capacity but does not 

necessarily represent the initiation of other chronic SIT8induced skeletal muscle adaptations in 

recreationally active males. Additionally, PGC81α plays an important role in mediating 

additional exercise8induced skeletal muscle responses such as autophagy and mitophagy 

(Vainshtein et al. 2015) as well as the unfolded protein response (Wu et al. 2011); an 

intracellular signalling pathway that improves the capacity of the endoplasmic reticulum to fold 

and process proteins by increasing production of molecular protein8handling chaperones (Ron 

and Walter 2007). Therefore, whether exercise8induced increases in pgc�1α mRNA relates to 

individual changes in markers of additional PGC81α8mediated skeletal muscle responses, beyond 

mitochondrial biogenesis and angiogenesis, remains an important area for future research.    

Acute Changes in vegfa, sdha, gpd1, and gpd2 mRNA Expression do not Predict Training 

Induced Adaptations in Capillary Density and Enzyme Activity  

 While others have demonstrated that acute increases in angiogenic and mitochondrial 

mRNA precede training8induced increases in capillary density (Hoier et al. 2012) and 

mitochondrial protein content/maximal enzyme activity (Perry et al. 2010), we failed to observe 

a relationship between acute changes in vegfa, sdha, gpd1, and gpd2 mRNA and chronic changes 

in the molecular/morphological characteristics of skeletal muscle. Specifically, despite serving as 
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a key regulator of skeletal muscle angiogenesis (Olfert et al. 2009, Hoier and Hellsten 2014) 

acute increases in vegfa mRNA did not predict training8induced increases in capillary density. 

Additionally, while SDH activity is carried out by subunit A (Ghezzi et al. 2009), sdha mRNA 

expression was unaltered after acute exercise and did not predict chronic increases in SDH 

activity following training. Similarly, cytosolic and mitochondrial gpd (gpd1 and gpd2, 

respectively) mRNA failed to increase 3 hours following exercise and individual changes in their 

mRNA did not predict individual changes in GPD activity following training.  

While these results appear inconsistent with the contention that acute increases in mRNA 

facilitate subsequent training8induced cellular adaptations (Pilegaard et al. 2000, Flück and 

Hoppeler 2003, Flück 2006, Egan and Zierath 2013), limitations with the current work make this 

a difficult conclusion to support. Firstly, similar to the limitations in linking acute changes in 

pgc�1a to complex molecular/morphological adaptations, perhaps relating acute responses in 

vegfa mRNA to training8induced changes in capillary density underappreciates the complexity of 

the adaptive response underlying angiogenesis (Prior et al. 2004). Secondly, there is evidence 

that mitochondrial mRNA expression 3 hours following one bout of exercise can both increase 

(Little et al. 2011, Cobley et al. 2012, Stepto et al. 2012) or remain unaltered (Nordsborg et al. 

2010, Stepto et al. 2012), and additional evidence that the increase in some mitochondrial mRNA 

may be delayed by as much as 24 hours (Cartoni et al. 2005, Perry et al. 2010). Therefore, it is 

possible that acute changes in vegfa, sdha, and gpd1/2 mRNA do predict the adaptive response to 

training, but that the predictive increases in mRNA expression occurs later than 3 hours post 

exercise (Edgett et al. 2016). However, despite sdha mRNA remaining unaltered following a 

single bout of endurance exercise (Gidlund et al. 2015), to our knowledge this is the first study to 

measure sdha and gpd1/2 mRNA expression in response to acute SIT in human skeletal muscle. 
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Therefore, whether sdha and gpd1/2 gene expression increases at later time points post SIT 

remains unknown. Overall, while our results suggest that individual acute responses in vegfa, 

sdha, and gpd1/2 mRNA do not predict training8induced alterations in capillary density and 

enzyme activity, the limitations associated with our study highlight the importance for future 

studies to investigate alternative angiogenic and mitochondrial/cytosolic genes at both 3 hours 

and/or later time points post8exercise. Additionally, while SIT was utilized in the present study, 

it is unknown whether acute changes in vegfa, sdha, and gpd1/2 following a single bout of high 

intensity interval training (HIIT) or continuous endurance exercise can potentially predict 

chronic adaptations.  

Acute Changes in pgc�1a and vegfa mRNA are Coordinated 

 An interesting finding of the present study is that individual changes in pgc�1a and vegfa 

mRNA expression were significantly correlated 3 hours following one bout of SIT. While SIT is 

known to concomitantly increase pgc�1a and vegfa gene expression (Taylor et al. 2015), to our 

knowledge this is the first study to demonstrate a positive significant relationship between 

individual responses. Evidence from animal models suggest that PGC81α mediates, at least in 

part, vegfa mRNA expression in response to acute exercise (Leick et al. 2009), likely through 

activation of the nuclear receptor estrogen8related receptor alpha (ERRα) (Arany et al. 2008). 

Therefore, the positive association observed in the present study suggests a coordinated 

upregulation in mRNA expression of pgc�1a and some of its targets following acute exercise, 

however, acute increases pgc81α did not relate to individual responses in sdha or gpd1/2 mRNA. 

Interestingly, a recent microarray analysis demonstrated a reduction in sdha gene expression in 

PGC81α knockout mice (Hatazawa et al. 2016), a result that suggests PGC81α regulates sdha 

expression, likely through co8activating the transcription factor nuclear respiratory factor81 
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(NRF81) (Piantadosi and Suliman 2008). There is also limited evidence that PGC81α may 

regulate gpd1/2 mRNA expression through its interaction with transcription factors 

PPARα/PPARγ (Patsouris et al. 2004, Lin et al. 2005, Krishnan et al. 2009). Therefore, the lack 

of a relationship between changes in acute pgc�1a and sdha and gpd1/2 mRNA may either 

suggest that not all targets of PGC81α were upregulated in concert, a result which potentially 

highlights an underappreciated complexity of the mechanisms associated with activation of 

PGC81α’s downstream targets (Olesen et al. 2010, Scarpulla et al. 2012), or suggests that PGC8

1α does not directly regulate sdha and gpd1/2 mRNA expression in response to acute SIT in 

human skeletal muscle. Alternatively, the present observation that pgc�1a mRNA only correlated 

with vegfa mRNA, combined with previous demonstrations that some PGC81α targets are not 

upregulated until ~24 hours post8exercise (Cartoni et al. 2005, Perry et al. 2010), suggests that 

alternative mechanisms that are activated later in the recovery period following acute exercise 

are responsible for the upregulation of these genes. Future investigations should investigate other 

regulatory mechanisms controlling acute alterations in mRNA expression of PGC81α’s targets 

and determine whether these mechanisms elicit a coordinated upregulation of gene expression.  

Conclusion 

 This is the first study to examine whether acute changes in mRNA expression predict 

chronic adaptations to training in human skeletal muscle. A major conclusion from the present 

findings is that an individual’s response in pgc�1a mRNA following an acute bout of exercise 

prior to the implementation of a training protocol strongly relates to the degree of training8

induced adaptation in skeletal muscle oxidative capacity (i.e. SDH activity) and glycogen 

content. Conversely, it appears that chronic changes in enzyme activity (i.e. SDH and GPD) 

cannot be predicted by acute responses in that enzyme’s mRNA expression. Additionally, acute 
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increases in gene expression of proteins involved in regulating complex morphological 

adaptations (i.e. pgc�1a and vegfa) lack the ability to predict training8induced changes in these 

morphological characteristics of skeletal muscle (i.e. fibre type composition and angiogenesis). 

Whether acute mRNA responses of alternative genes that were not examined in the present study 

predict training8induced skeletal muscle adaptations remains an important area for future 

research. Furthermore, positive correlations between individual changes in acute pgc�1a and 

vegfa but not sdha mRNA suggests that, despite PGC81α co8activating its own promoter via an 

autoregulatory loop (Handschin et al. 2003), using pgc�1a mRNA expression to represent PGC8

1α activity may not be sensitive enough to capture alterations in all of its targeted genes. 

Therefore, future investigations should determine whether activation of PGC81α induces a 

coordinated upregulation of additional targeted genes involved in initiating the adaptive response 

to exercise. Furthermore, positive correlations between individual changes in pgc�1a and vegfa 

but not sdha or gpd1/2 mRNA potentially highlights the complexity of PGC81α8mediated 

regulation of mRNA expression following an acute bout of exercise. Lastly, emerging evidence 

demonstrates that distinct PGC81α isoforms are exercise sensitive (Ydfors et al. 2013, Gidlund et 

al. 2015, Silvennoinen et al. 2015) and regulate different transcriptional programs (Martínez8

Redondo et al. 2016), which ultimately further perpetuates the complexity of PGC81α8mediated 

regulation of mRNA expression in human skeletal muscle.   
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Table 1. Participant Characteristics.  

 Pre Mid Post 

Age (yrs) 22.0 ± 2.5 8 8 

Height (cm) 177.9 ± 6.1 8 8 

Body Mass (kg) 80.5 ± 18.1 79.6 ± 4.7 80.7 ± 4.9 

VO2peak (L/min)* 3.4 ± 0.6 3.5 ± 0.5 3.7 ± 0.5† 

VO2peak (mL/min/kg)* 42.4 ± 7.7 44.2 ± 7.9 46.7 ± 6.5† 

Values are means ± SD.  

* Significant (p < 0.05) main effect of training, † Significantly (p < 0.05) 

different than PRE. 
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Table 2. List of Primer Sequences used for Real8Time PCR. 

Gene Forward Primer (5’83’) Reverse Primer (5’83’) 

pgc�1α CACTTACAAGCCAAACCAACAAC CAATAGTCTTGTTCTCAAATGGGGA 

vegfa GGGCAGAATCATCACGAAGT CACACAGGATGGCTTGAAGA 

sdha TTTGATGCAGTGGTGGTAGG CAGAGCAGCATTGATTCCTC 

gpd1 TGAAAGAGCTGATGCAGACAC CCAGGCCATCACAGAAGC 

gpd2 AGCCAAATGTGTTATCAATGCC CAAGAAGTCCCATGCTCTCTG 

tbp AGACGAGTTCCAGCGCAAGG GCGTAAGGTGGCAGGCTGTT 
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Table 3. Correlations between changes in acute pgc�1α mRNA expression and 

skeletal muscle adaptation following 2 and 6 weeks of SIT. 

 MID�PRE POST�MID POST�PRE 

_ Capillary Density (cap/mm
2
) 

r = 0.26 

r
2
 = 0.07 

r = 0.14 

r
2
 = 0.02 

r = 80.06 

r
2
 < 0.01 

_ Total SDH Activity (AU) 
r = 80.29 

r
2
 = 0.08 

r = 0.79** 

r
2
 = 0.62** 

r = 0.81** 

r
2
 = 0.65** 

_ Total GPD Activity (AU) 
r = 80.28 

r
2
 = 0.08 

r = 0.06 

r
2
 < 0.01 

r = 80.23 

r
2
 = 0.05 

_ Total Glycogen Content (AU) 
r = 80.30 

r
2
 = 0.10 

r = 0.60* 

r
2
 = 0.36* 

r = 0.46 

r
2
 = 0.21 

_ Total IMTG Content (AU) 
r = 80.41 

r
2
 = 0.16 

r = 0.40 

r
2
 = 0.16 

r = 0.08 

r
2
 < 0.01 

_ Type I Fibre Composition (%) 
r = 80.50 

r
2
 = 0.25 

r = 80.14 

r
2
 = 0.02 

r = 80.46 

r
2
 = 0.21 

_ Type IIA Fibre Composition (%) 
r = 0.37 

r
2
 = 0.14 

r = 0.29 

r
2
 = 0.08 

r = 80.12 

r
2
 = 0.01 

_ Total CSA (AU) 
r = 80.43 

r
2
 = 0.19 

r = 0.17 

r
2
 = 0.03 

r = 80.07 

r
2
 < 0.01  

* Significant relationship at p < 0.05, significant relationship at ** p < 0.01 
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Table 4. Correlations between changes in acute mRNA expression 

and skeletal muscle adaptation following two and six weeks of SIT. 

 mRNA Expression (Fold Change vs. Pre) 

 ������ ��	�� �
��� �
���

MID�PRE � � � �

_ Capillary 

Density (cap/mm
2
) 

r = 80.21 

r
2
 = 0.05 

8 8 � 

_ Total SDH 

Activity (AU) 
8 

r = 80.45 

r
2
 = 0.20 

8 8 

_ Total GPD 

Activity (AU) 
8 8 

r = 80.20 

r
2
 = 0.04 

r = 80.12 

r
2
 = 0.01 

POST�MID     

_ Capillary 

Density (cap/mm
2
) 

r = 0.17 

r
2
 = 0.03 

8 8 � 

_ Total SDH 

Activity (AU) 
8 

r = 0.02 

r
2
 < 0.01 

8 8 

_ Total GPD 

Activity (AU) 
8 8 

r = 80.04 

r
2
 < 0.01 

r = 80.03 

r
2
 < 0.01 

POST�PRE     

_ Capillary 

Density (cap/mm
2
) 

r = 80.08 

r
2
 < 0.01 

8 8 � 

_ Total SDH 

Activity (AU) 
8 

r = 80.10 

r
2
 < 0.01 

8 8 

_ Total GPD 

Activity (AU) 
8 8 

r = 80.06 

r
2
 < 0.01 

r = 80.03 

r
2
 <0.01 

AU, arbitrary units.   
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Table 5. Responses in skeletal muscle molecular and morphological adaptations 

following two and six weeks of SIT.  

 PRE MID POST 

SDH Activity (AU)†    

Type I Fibres* 28.7 ± 5.9 31.1 ± 4.8 37.8 ± 5.9 

Type IIA Fibres* 22.8 ± 4.8 25.2 ± 3.8 31.3 ± 6.2 

Total Estimate*  143 ± 45 159 ± 42 219 ± 87 

GPD Activity (AU)†    

Type I Fibres* 30.3 ± 5.0 29.7 ± 5.4 26.1 ± 5.0 

Type IIA Fibres* 41.0 ± 10.0 42.8 ± 12.6 36.2 ± 7.2 

Total Estimate*    196 ± 71 205 ± 61 198 ± 47 

Glycogen Content (AU)†    

Type I Fibres* 47.9 ± 10.8 61.6 ± 13.3 57.8 ± 8.7  

Type IIA Fibres* 56.2 ± 7.9 69.0 ± 8.7 66.7 ± 3.7 

Total Estimate*  286 ± 83 372 ± 130 397 ± 144 

IMTG Content (AU)†    

Type I Fibres 37.8 ± 4.8 37.2 ± 5.1 36.1 ± 4.4 

Type IIA Fibres 34.5 ± 4.4 34 ± 5.3 32.6 ± 4.9 

Total Estimate  200 ± 61.7 202 ± 68  216 ± 79 

Fibre Type Composition (%)†    

Type I Fibres 52.8 ± 9.7 51.1 ± 10.5 47.9 ± 13.2 

Type IIA Fibres 39.7 ± 7.1 42.8 ± 8.2 48.7 ± 12.4 

Capillary Density (cap/mm
2
)* 375 ± 65 404 ± 97 433 ± 82 

Cross Sectional Area (AU)* 5383 ± 1600 5602 ± 1705 6347 ± 1849 

Values are means ± SD. AU, arbitrary units.  

* Significant (p < 0.05) main effect of training. 

† Significant (p < 0.05) main effect of fibre type. 
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Figure Captions 

Figure 1. Timeline of sample collection during acute exercise visit (A) and six weeks of SIT (B).  

Figure 2. Relationships between acute responses in pgc�1α mRNA expression and training8

induced changes in total SDH activity from MID to POST (A; n=12) and PRE to POST (B; 

n=13).  AU, arbitrary units.  

Figure 3. Individual and group mean responses in skeletal muscle mRNA expression of pgc�1α, 

vegfa, sdha, gpd1, and gpd2 to one session of sprint interval training at 3 hours post8exercise (A). 

Relationship between acute responses in pgc�1α and vegfa mRNA (B). N=14.  

* Significantly different than PRE, p < 0.001.  

Figure 4. Representative slides from an individual participant for skeletal muscle fibre type 

composition (blue fibres are type I, green are type IIA), capillary density, SDH and GPD 

activity, and glycogen and IMTG content at PRE, MID, and POST. Scale bars represent 100 

microns (µm). Labelled fibres are the same across all images at each time point. 

Figure 5. Individual and group mean responses in fibre type specific and total molecular 

responses to six weeks of sprint8interval training. Responses in SDH (A; n=12) and GPD (B; 

n=13) activity, and glycogen (C; n=13), and IMTG (D; n=13) content are presented relative to 

PRE at MID and POST. Total estimates of molecular responses were determined by the sum of 

multiplying fibre type specific optical density, composition percentage, and cross8sectional area 

then dividing by 100 000.  

* Significantly different than PRE, p < 0.05. 

† Significantly different than MID, p < 0.05.  

Figure 6. Individual and group mean responses in morphological adaptations to six weeks of 
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sprint interval training. Responses in fibre type composition (A), capillary density (B), and total 

CSA (C) are presented relative to PRE at MID and POST. N=13. 

* Significantly different than PRE, p < 0.05. 
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Figure 2. Relationships between acute responses in pgc�1α mRNA expression and training�induced changes 
in total SDH activity from MID to POST (A) and PRE to POST (B).  AU, arbitrary units.  
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Figure 3. Individual and group mean responses in skeletal muscle mRNA expression of pgc�1α, vegfa, sdha, 
gpd1, and gpd2 to one session of sprint interval training at 3 hours post�exercise (A). Relationship between 

acute responses in pgc�1α and vegfa mRNA (B).  

* Significantly different than PRE, p < 0.001.  
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Figure 4. Representative slides from an individual participant for skeletal muscle fibre type composition (blue 
fibres are type I, green are type IIA), capillary density, SDH and GPD activity, and glycogen and IMTG 

content at PRE, MID, and POST. Scale bars represent 100 microns (µm). Labelled fibres are the same across 

all images at each time point.  
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