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Abstract

Aging alters gene expression of growth and remodeling factors in human skeletal muscle both at 

rest and in response to acute resistance exercise. Physiol Genomics 32: 393–400, 2008. First 

published December 11, 2007; doi:10.1152/physiolgenomics.00191.2007.—The purpose of this 

investigation was to compare expression of genes that function in inflammation and stress, cell 

structure and signaling, or remodeling and growth in skeletal muscle of young (32 ± 7 yr, n =15) 

and elderly (72 ±5 yr, n = 16) healthy subjects before and after a bout of resistance leg exercises. 

A real-time RT-PCR method was used to screen 100 transcripts in v. lateralis biopsies obtained 

before and 72 h postexercise. The screen identified 15 candidates for differential expression due to 

aging and/or exercise that were measured quantitatively. The median levels of four mRNAs 

(insulin-like growth factor-1 and its binding protein IGFBP5, ciliary neurotrophic factor, and the 

metallopeptidase MMP2) were significantly affected by aging and were greater (1.6- to 2.3-fold, P 
≤0.05) in the young than elderly muscle at both time points. The median levels of three mRNAs 

were significantly (P ≤0.05) affected by exercise in the young. The metallopeptidase inhibitor 

TIMP1 and [H9251]-cardiac actin mRNAs increased 2-fold and 6.5-fold, respectively, and GDF8 

(myostatin) mRNA decreased by 50%. However, elderly muscle did not display any significant 

changes in gene expression postexercise. Thus, aging muscle shows decreased levels at rest and an 

impaired response to exercise for a number of mRNAs for factors potentially involved in muscle 

growth and remodeling. Future studies must determine the functional importance of these gene 

expression changes to protein synthesis, satellite cell activity, and other processes that are directly 

involved in the mechanisms of muscle hypertrophy.
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sarcopenia, the gradual loss of skeletal muscle mass during aging, is thought to be caused by 

the combined effects of age-associated decreases in physical activity, nutritional intake, and 

hormone and neural stimulation of the muscle (16). The overt causes of sarcopenia likely 

have a negative influence on the two primarily discussed mechanisms by which muscle mass 

changes: muscle protein turnover (synthesis and breakdown) and function of muscle stem 

cells (satellite cells) (3, 54). In elderly subjects compared with young, protein synthesis has 

been reported as decreased and protein breakdown increased in resting muscle, and the 

synthetic response to resistance exercise was blunted (4, 53, 58). Similarly, satellite cell 

content in resting muscle and their ability to proliferate after exercise is decreased in elderly 

muscle (17, 47, 60). However, there are reports conflicting with both of these sets of 

conclusions (49,62). The differences may be due to study design or reflective of the complex 

number of additional cell types and factors that affect muscle metabolism and satellite cell 

function.

Immune cells are postulated to contribute to repair after muscle damage, including that 

which occurs with resistance exercise, by mediating a progression from an acute inflamma-

tory response that may influence protein turnover to a local environment that promotes 

myogenesis through the provision of growth factors (57). Furthermore, chronic 

inflammation is associated with aging and is implicated in sarcopenia (50). For this reason, 

we chose to examine macrophage function in muscle at rest and 72 h postresistance exercise 

in groups of healthy young and elderly subjects (44). The selection of an appropriate 

postexercise time point had been investigated previously (15). At rest, elderly muscle 

compared with young at least tended to possess significantly fewer macrophages even 

though whole muscle of the elderly contained significantly higher mRNA levels for the 

cytokines IL-1β and IL-10. Post-exercise, functional markers indicated that macrophages 

were activated and cytokine expression increased, but these responses were exclusive to the 

young group, which is consistent with another report (29). These results suggest that 

decreased macrophage numbers and increased cytokine levels even in healthy elderly may 

be detrimental to resting muscle and diminish the functional response to exercise. Thus, in 

addition to protein turnover and satellite cell function, macrophage activities represent a 

third general means by which aging affects human muscle for which gene expression 

profiling may identify the factors affected or involved.

Gene expression profiling has primarily used microarrays to survey thousands of genes in 

human skeletal muscle and has been used to compare young and elderly muscle at rest, and 

in response to acute resistance exercise and exercise training (23, 34, 40, 48, 67). However, 

due to the quantitative limitations of microarrays, the results were typically “molecular 

signatures” comprising changes in many genes from a wide variety of cellular pathways that 

should be further investigated in prospective studies. For this reason, we developed a custom 

real-time reverse transcriptase polymerase chain reaction (RT RT-PCR) screening method as 

a targeted approach to gene expression profiling. The primary aim of this investigation was 
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to use this method to determine if specific genes are differentially expressed 72 h after 

resistance exercise and/or affected by aging. The secondary aim was to determine if age 

affected gene expression in resting muscle. RT RT-PCR was used to screen 100 transcripts 

representing genes that we hypothesize are important to muscle due to their function in 

inflammation and stress, cell structure and signaling, or remodeling and growth. A large 

number of proteases were included due to their potential role in remodeling and their 

widespread ability to activate other factors (56). The RT RT-PCR screen identified 15 

candidate genes that were quantitatively analyzed for altered expression in muscle at rest or 

in response to resistance exercise.

METHODS

Subjects.

Young adult and elderly males (Table 1) were recruited from the community by newspaper 

advertisements and word of mouth. All subjects gave written informed consent approved by 

the Institutional Review Board of the University of Arkansas for Medical Sciences (UAMS). 

These subjects and their data have been previously compared though three subjects from the 

previous study were not included here due to limited sample quantities (44). All subjects 

were healthy, sedentary, nonsmokers. Subjects were not taking anti-inflammatory 

medications or analgesics chronically and were required to refrain from such or participating 

in any unusual physical activity for at least 3 days prior to and throughout the protocol. 

Dietary control was not included in the study but is acknowledged as a potential source of 

variability in the measured responses to exercise.

Resistance exercise protocol.

Following 10 min of light cycling for warm-up, each subject’s one-repetition maximum (1-

RM) was obtained for bilateral leg press, curl, and extension (Keiser, Fresno, CA) (Table 1). 

Subjects rested for 5 min and then completed three sets of eight repetitions followed by a 

fourth set to voluntary failure for each of the three exercises with resistance of 80% 1-RM. 

Subjects were given 2 min of rest between sets and 5 min between exercises. Subjects were 

allowed to walk and perform light stretching during the rest periods. Verbal encouragement 

was consistently given to all subjects during the resistance exercise. The purpose of the 

chosen exercise protocol was to mimic a standard resistance exercise session that is 

commonly performed chronically to increase muscle mass and strength.

Muscle biopsy.

Muscle biopsy samples were taken from the vastus lateralis muscle just prior to the exercise 

session and again 72 h postexercise. The first biopsy was taken from the subject’s 

nondominant leg, and the second biopsy was taken from the dominant leg. Tissue was 

obtained after local anesthetic (lidocaine HCl 1%, 3 ml) with the use of a 5 mm Bergstrom 

needle with suction (21). The muscle was cleansed of excess blood, connective tissue, and 

fat and frozen in liquid N2. Samples were stored at −80°C until analysis.
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RNA purification.

Frozen muscles were powdered using a stainless-steel pulverizer and liquid N2. Total RNA 

was isolated using the Totally RNA kit according to the supplied protocol (Ambion, Austin, 

TX). The muscle was disrupted in a scaled volume of lysis buffer using a high-speed electric 

homogenizer. Purified RNA was resus-pended in 50 μl of nuclease-free water and then 

treated with DNase using DNA-free reagents (Ambion). RNA concentration and integrity 

were determined using an Agilent 2100 Bioanalyzer and the RNA 6000 Nano Labchip kit 

(Agilent Technologies, Palo Alto, CA).

RT RT-PCR screening method.

Aliquots of cDNA were pooled to represent four groups: young and elderly skeletal muscle 

pre- and 72 h postresistance exercise. The four pools contained samples from 10 subjects 

each and were used in an initial screen for gene expression differences in 100 transcripts 

(available in a supplemental file) by RT RT-PCR. The 10 young and elderly subject samples 

chosen to make up the cDNA pools were those having the most cDNA remaining from a 

prior study. All aspects of RT RT-PCR were performed using the reverse transcription and 

SYBR-based PCR reagents and the amplification and detection systems of Applied 

Biosystems along with their recommended standard conditions (Applied Biosystems, Foster 

City, CA) (ABI). Specific modifications to the manufacturer’s standard conditions were as 

follows. Screening reactions contained 150 nM of each primer set and 10 ng of RNA 

equivalents of cDNA. Control reactions, measuring glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) and 18s ribosomal RNA (rRNA), required slightly different 

conditions of 250 nM or 300 nM of primers and 4 ng or 1 ng of RNA equivalents of cDNA, 

respectively. Gene expression between pools (assayed singly) was normalized to 18s, but 

this varied <10% between pools and was chosen over GAPDH, which varied up to twofold 

between pools. For the screening, relative quantitation for each transcript was calculated as a 

fold-change relative to results for the young preexercise pool by the 2−ΔΔCt method of 

analysis (38).

Quantitative RT RT-PCR.

The custom RT RT-PCR screening method identified potentially differentially expressed 

transcripts (selection criteria described in RESULTS) to be quantified in the individual 

samples of the entire study population using standard curves (assayed in triplicate) as 

described previously (15). SYBR green-based assay parameters for each specific primer set 

were optimized to ≥90% efficiency and ≤12% interassay variation with the exceptions being 

reactions for connective tissue growth factor (18% variation) and ciliary neurotrophic factor 

(CNTF, 76% efficiency and 20% variation). Individual subject samples were then assayed 

singly due to limited sample and the number of transcripts of interest. Gene expression 

results were calculated using standard curves (log of the ng RNA equivalents of cDNA vs. 

cycle number) generated from serial dilutions of a pooled muscle cDNA remaining from a 

previous study. Data were normalized to 18s rRNA and presented as relative units or gene 

expression relative to the standard curves. Melting curves and controls lacking template 

were used to verify the single product specificity of all RT RT-PCR reactions.
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Statistical analysis.

The physical characteristics of subjects were compared using a two-sample t-test. 

Differences in transcript levels were analyzed using a nonparametric approach since the 

variables were typically not normally distributed. The Mann-Whitney test was used to 

identify differences between the young and elderly groups at pre- and post-exercise. The 

Wilcoxon signed-ranks test was used within groups to identify differences in pre- vs. post-

exercise measurements. An adjustment for multiple comparisons was made using a 

Benjamini-Hochberg false discovery rate-controlling procedure for the proportion of 

erroneous significances (5%) based on 15 mRNAs being quantified for each group (68). All 

P values before and after adjustment are available in a supplemental file.1 Significance was 

taken at P ≤ 0.05.

RESULTS

Physical characteristics.

The young and elderly subject groups were not different for anthropometric measurements; 

however, the young achieved significantly greater 1-RMs for two of three leg exercises 

(Table 1). There was no difference in average height, weight, or body mass index between 

the young (32 ±7 yr) and elderly (72 ±5 yr). While the 1-RMs for leg press were similar (P = 

0.95), the young subjects had significantly higher ~20%) 1-RM for leg curls (P <0.001) and 

extensions (P <0.001).

Gene expression screening by RT RT-PCR.

The abundance of transcripts representing 100 genes (all data presented in the supplemental 

file) were quantified by RT RT-PCR using pools of cDNA made from young (n = 10) and 

elderly (n = 10) skeletal muscle at rest and 72 h after a standard bout of resistance exercise. 

First, due to the quantity of RNA necessary to accurately quantify rarely expressed 

transcripts, transcripts having a threshold cycle for RT RT-PCR comparison ≥30 were 

excluded from the priority analyses. This was a practical decision based on our experience 

that has been validated by others (64). Another transcript was eliminated based on melting 

curve data that created a concern for reaction specificity. This eliminated 41 of the 100 

transcripts. Transcript results were then analyzed by the 2−ΔΔCt method (38) to calculate 

fold-differences relative to the young muscle pre-exercise pool, which was assigned a value 

of 1.0. This custom RT RT-PCR screening method identified 15 transcripts that displayed 

relative between-pool differences of ≤0.5 or ≥1.5, suggesting that they were differentially 

expressed in skeletal muscle during aging and/or the 72 h response to resistance exercise 

(Table 2). The potential differences identified by the screening method between young and 

elderly muscle before, after, or in response to acute resistance exercise were then examined 

by quantitative RT RT-PCR to assay individual samples for the entire study population.

1The online version of this article contains supplemental material.
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Age-dependent differences in gene expression.

The influence of aging on expression of the 15 transcripts shown in Table 2 was quantified 

for young and elderly skeletal muscle samples obtained at rest or 72 h after resistance 

exercise (Table 3). The abundance of 4 [insulin-like growth factor (IGF)1, CNTF, matrix 

metallopeptidase (MMP)2, and IGF binding protein (IGFBP)5] of the 15 transcripts was 

consistently greater (P <0.05) in young than elderly muscle at both time points and ranged 

from medians that were 1.6- to 2.3-fold different (Table 3 and Fig. 1). Also as predicted by 

the screening method, six other transcripts were higher (P ≤ 0.05) in young than elderly 

muscle before exercise but they did not display the consistency of being affected by age in 

the post-exercise sample [c-fos, FN1, growth and differentiation factor (GDF)8, MAFbx, 

VEGFA, and VEGFD] (Table 3).

Exercise-induced changes in gene expression.

The data for the 15 transcripts of interest were also analyzed for exercise induced change by 

comparing pre- and post-exercise expression within the young and elderly groups. Three 

mRNAs were significantly (P ≤0.05) affected by exercise in young muscle. Median tissue 

inhibitor of metalloproteinase (TIMP)1 and ACTC1 expression increased 2-fold and 6.5-fold 

respectively, whereas growth and differentiation factor-8 (GDF8) median expression post-

exercise decreased to 50% of pre-exercise levels (Table 3 and Fig. 2). However, the response 

to exercise for these three mRNAs was not significant in elderly muscle. The screening 

results also predicted that EGR1 would be induced by exercise in the young though this 

result was not confirmed.

Immunohistochemistry was performed to determine if the exercise-induced changes in 

mRNA levels were paralleled by changes in protein. Analysis of multiple cross-sections of 

skeletal muscle from all groups did not show differences in staining using GDF8 antibodies, 

and differences in TIMP1 were only detected for the young subject that displayed the 

greatest mRNA increase after exercise (data not shown). ACTC1 was excluded from this 

analysis due to the lack of a suitable antibody.

DISCUSSION

The main finding of this investigation is that a targeted approach to gene expression profiling 

using RT RT-PCR identified a number of genes potentially involved in remodeling and 

growth of skeletal muscle that are differentially expressed between young adults and healthy 

but weaker elderly subjects. Significant differences and consistent results indicated that 

aging and/or the 72 h response to resistance exercise-affected levels of mRNAs for the 

growth factors CNTF, IGF1, and its binding protein IGFBP5, along with the negative 

regulator of muscle growth GDF8 (myostatin), and for genes that may be associated with 

muscle remodeling including the metallopeptidase MMP2 and its inhibitor TIMP1, and the 

developmental actin isoform, ACTC1. Significant differences were also seen for the 

transcription factor c-fos, the growth factors VEGFD and VEGFA and FGF6, and two other 

genes associated with remodeling, fibronectin and MAFbx (atrogin), but the effects of aging 

were less consistent and these genes will be excluded from the detailed discussion.
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IGF axis.

IGF1 may be the most extensively discussed growth factor with respect to skeletal muscle 

because it is thought to regulate muscle mass in response to hormonal and mechanical 

stimulation through its IGF-1Ea and MGF isoforms respectively (1, 24). The data presented 

here indicate that median mRNA levels for IGF1 and IGFBP5 in resting young muscle are 

more than twice that of elderly muscle. Our IGF1 assay did not discriminate between 

isoforms and the results agree with a study that used a similar assay (66). As IGF-1Ea levels 

have been shown to be 100-fold greater in resting muscle than MGF, we assume that our 

results are predominantly due to the IGF-1Ea isoform. However, those studies that 

specifically measured IGF-1Ea and MGF for healthy groups of young and elderly did not 

record significant differences (30, 36).

Although different at baseline between the young and elderly, IGF1 and IGFBP5 were 

unchanged after acute exercise. It has been suggested that young and elderly subjects need to 

be stratified based on their level of hypertrophic response to exercise training for the positive 

relationship between IGF-1Ea mRNA and training-induced hypertrophy, as well as the 

predictive value of the response to acute exercise, to be apparent(43). However, the 

mechanistic role of IGF1 is still unclear since the association between human muscle IGF1 

and parameters such as myosin heavy chain isoform distribution, myofibrillar protein 

synthesis, or myofiber size at rest or after acute exercise have been modest at best (30, 36, 

66). Even less is known about the possible function of IGFBP5 under these circumstances, 

but in general, IGFBP5 can augment, inhibit, or act independently of IGF1 to control cell 

proliferation, differentiation, and survival (5). To our knowledge, IGFBP-5 has only been 

examined once in human skeletal muscle and was not different between able-bodied subjects 

and spinal cord injury patients (6). In rodents, muscle IGFBP5 has been shown to decrease 

with age and to be regulated by hypertrophic stimuli though results vary with the 

experimental paradigm (6,55). Other members of the IGF axis assayed in our study included 

IGF2 and IGFBP3 though they did not meet the screening criteria for differential expression.

CNTF.

Our results identified the CNTF transcript as being 1.8-fold higher in young than aged 

muscle at rest and after a bout of resistance exercise. CNTF is a cytokine of the IL-6 family 

that could influence skeletal muscle through multiple functions (61). CNTF was first 

identified in muscle lysates from rats due to its ability to promote neuron survival (18). 

CNTF production by the sciatic nerve in aged rats was decreased and strongly correlated 

with decreased muscle twitch and tetanic tension, which could be improved by exogenous 

CNTF (27). Administration of CNTF also prevented the effects of atrophy models on 

specific muscles (22, 31). However, other studies suggest that CNTF can affect muscle 

excitation and reverse insulin resistance, and when used in muscle cultures CNTF regulates 

stem cell differentiation and protein synthesis, suggesting numerous mechanisms through 

which the age-associated decrease in CNTF identified here could contribute to sarcopenia 

(11, 45, 63, 65). Given these findings together with genetic studies showing that variations 

of CNTF and its receptor influence muscle strength and function (2, 13, 14, 51) and that 

CNTF is being used in clinical trials for neurodegenerative disease (20, 41), it is surprising 

that CNTF expression in human skeletal muscle has not been extensively quantified. 
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Unfortunately, side-effects of weight loss and anorexia seen in the trial for treatment of 

neurodegeneration led to CNTF being tested in obesity. Thus, exogenous CNTF not being a 

likely candidate for treatment of sarcopenia emphasizes the importance of investigating 

resistance exercise training as a natural means to increase CNTF levels locally in muscle of 

the elderly to the physiological levels observed in younger adults.

MMP and tissue inhibitor.

MMPs are a family of proteolytic enzymes that are regulated by a set of tissue inhibitors and 

function in tissue remodeling, including that of skeletal muscle, through the cleavage of the 

extracellular matrix and other factors that regulate cell behavior (7, 10). The panel of genes 

investigated here contained >15 MMPs and TIMPs. Of significance, MMP2 mRNA levels 

were lower in elderly muscle than young, but the response to exercise was variable in both 

groups. By contrast, TIMP1 showed a more consistent re sponse to exercise, increasing in 27 

of 31 subjects, although the magnitude was typically greater in the young than elderly. 

Consistent with these results, TIMP1 mRNA has been shown to decrease in human muscle 

with disuse (59). Thus, MMP2 and TIMP1 are clearly regulated at the transcriptional level 

by aging and resistance exercise but vary widely between individuals. As with all the gene 

products discussed, an expanded time course of their response to exercise will be an 

important part of future investigations of their regulation and function.

MMP2 and TIMP1 are expressed in human skeletal muscle and have been hypothesized to 

function in the angiogenic response that occurs shortly after exercise (52). Contrary to our 

results for resistance exercise, TIMP1 was not induced with cycling exercise, but MMP9 was 

induced, suggesting that MMPs and TIMPs display specificity to the mode of exercise, a 

hypothesis that is supported by animal exercise studies (9,37). With respect to aging muscle, 

decreased resting levels and a dampened response to exercise for MMP2 and TIMP1 may 

diminish satellite cell function since in culture MMP2 is produced by human satellite cells 

and has been shown to be necessary for migration of mouse cells (19, 26).

α-Cardiac actin.

The multigene family of actins provide the major structural component of the thin filament 

of the myofibril(8). The [H9251]-skeletal muscle (ACTA1) and α-cardiac (ACTC1) actin 

isoforms are both expressed in skeletal muscle and were included in our transcript analysis 

(28). ACTA1 was the far more abundant transcript (data not shown) but did not meet the 

screening criteria for differential expression, whereas the ACTC1 mRNA increased after 

exercise for a median response of 6.5-fold in the young. However, the increase in ACTC1 

after exercise in the elderly did not reach significance. These results are consistent with work 

showing induction of ACTC1 expression during muscle regeneration after trauma or during 

pathology and appears characteristic of activated satellite cells and regenerating myofibers 

(42). In fact, muscle regeneration has been hypothesized to recapitulate aspects of fetal 

skeletal muscle development where ACTC1 is highly expressed but is soon largely replaced 

by ACTA1 (33). However, our exercise paradigm did not result in overt muscle trauma or 

obvious satellite cell activation (data not shown), suggesting for the first time that ACTC1 is 

a sensitive marker of the muscle response to resistance exercise. Importantly, the dampened 
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response of ACTC1 in the elderly may be a marker of diminished responsiveness and 

potentially for the known decline in the regenerative potential of satellite cells (12).

GDF8.

GDF8 (myostatin) has been extensively studied as a negative regulator of skeletal muscle 

growth since deletion of the gene resulted in dramatic muscle growth in mice and cattle (25, 

39). We found that the GDF8 mRNA significantly decreased 72 h after resistance exercise in 

the young (52%), but the decrease in the elderly (42%) lost significance after a P value 

adjustment for multiple comparisons. Another study found GDF8 mRNA levels decreased to 

a similar degree in young and elderly subjects at 24 h after exercise, but this response was 

impaired in elderly women, and a study of just women showed that their decrease in GDF8 

was the same at 4 h after exercise (35, 46). Our study was limited by only comparing the 

GDF8 response to exercise between young and elderly males, but combining these data at 

different time points suggests that resistance exercise depresses GDF8 expression for the 

longest duration (up to 72 h or longer) in young males, but in elderly males GDF8 returns to 

resting levels sometime between 24 and 72 h, a response that may be similar to young 

females though this is not known. Elderly females have the shortest duration, with GDF8 

likely returning to resting between 4 and 24 h. Thus, the duration of GDF8 downregulation 

may be one of the molecular events that controls muscle hypertrophy in response to chronic 

resistance training. GDF8 downregulation after resistance exercise was correlated with lean 

muscle mass of the thigh and was associated with regulation of the factors that control 

satellite cell activation and proliferation (35). This implies that satellite cells may not 

respond to exercise in the elderly due to the shortened duration of the GDF8 response. 

However, it has been shown that the duration can be extended in the elderly by training (32) 

and suggests that the optimal exercise routine for the elderly to maintain GDF8 suppression 

could involve, at least initially, more frequent exercise sessions.

In summary, a custom method for gene expression profiling using screening and quantitative 

RT RT-PCR identified a number of mRNAs that are expressed at lower levels in elderly 

compared with young muscle and do not show the same magnitude of responsiveness to 

exercise as seen in young muscle. We hypothesize that these gene expression differences in 

the elderly may diminish the levels of factors needed for skeletal muscle growth and 

remodeling. IGF1 and GDF8 are currently popular factors of interest in skeletal muscle, 

whereas relatively little is known about the regulation or function of CNTF, MMP2/TIMP1, 

and ACTC1 in human skeletal muscle particularly with respect to aging. The elderly 

subjects of this study were originally characterized as showing elevated expression of the 

proinflammatory cytokine IL-1β, and though there is evidence in the literature to suggest 

that inflammation negatively regulates a number of the factors identified, that remains to be 

determined. Due to the abundance of the gene products discussed here, they are likely 

primarily derived from the muscle fiber. However, the satellite cell may also be a source, and 

because of its role in muscle regeneration and hypertrophy, it is almost certainly a target for 

some of these factors. Their relative importance to other cell types or general processes in 

muscle such as protein synthesis must also be defined. Moreover, further studies are required 

to address several challenges that include associating mRNA levels with protein levels or 

activity, understanding the significance of the acute vs. the training response, understanding 
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whether variabil ity between individuals is a difference in the time course of response, and 

whether each of these variables is sex specific.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
The effects of aging on the skeletal muscle transcripts for IGF1 (A), ciliary neurotrophic 

factor (CNTF, B), matrix metallopeptidase (MMP2, C), and IGF binding protein-5 (IGFBP5, 

D). Data are presented as box plots denoting the medians (line), the 25th and 75th 

percentiles (boxes), and the 10th and 90th percentiles (whiskers), along with outliers (dots). 

Between-group significance, with young being greater than elderly, was seen in both pre 

(white boxes, P ≤0.05)- and post-resistance (gray boxes, P ≤ 0.05) exercise for each 

transcript. Expression data were determined by quantitative real-time RT-PCR and 

normalized to 18s rRNA levels.

Dennis et al. Page 14

Physiol Genomics. Author manuscript; available in PMC 2019 June 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
The effects of exercise on the median (▲) and individual subject expression (line) of 

transcripts for tissue inhibitor of metalloproteinase (TIMP1, A), α-cardiac actin isoform 

(ACTC1, B), and growth and differentiation factor-8 (GDF8, C). Post-exercise (Post-ex) 

expression was significantly different than pre-exercise (Pre-ex) for the young (P ≤ 0.05) but 

not the elderly for all 3 genes. Expression data were determined by quantitative real-time 

RT-PCR and normalized to 18s rRNA levels.
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Table 1.

Physical characteristics of young and elderly male subjects

Young (n =15) Elderly (n =16) P

Age, yr 32±7 72±5 <0.001

Height, cm 177.5±7.4 178.9±8.7 0.63

Weight, kg 83.5±14.6 84.5±10.6 0.83

BMI, kg/m2 26.4±3.5 26.4±1.9 0.93

Curl 1-RM, Nm 249.6±44.1 197.6±34.3 <0.001

Extension 1-RM, Nm 283.1±40.8 224.5±34.8 <0.001

Press 1-RM, Nm 1,585.0±268.8 1,579.7±195.0 0.95

Values are means ± SD. BMI, body mass index; 1-RM, one-repetition maxiumum.
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