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Age-related skeletal muscle atrophy (sarcopenia) 
has severe consequences on the quality of life in 
elderly populations and also places a significant 

financial burden on health care systems. It has been esti-
mated that 26 billion dollars of annual health care costs 
can be attributed to complications directly associated 
with sarcopenia.1 Identifying the mechanisms that are 
directly responsible for these changes in skeletal muscle 
have been the focus of several laboratories.2–6 Real-time 
reverse-transcriptase polymerase chain reaction (RT-PCR) 
has become a popular means to assess total RNA and 
mRNA expression, due to its sensitivity, accuracy, and 
ability to replicate mRNA.7 Currently, this technique is 
being used to examine the mRNA expression of specific 
genes in human skeletal muscle that may be responsible 

for muscular hypertrophy, as well as muscular atrophy in 
healthy as well as diseased subjects.8–15 Not only do the 
findings of these studies often implicate the genes that 
are directly involved in regulation of muscle mass, but 
they also serve to provide new leads for novel therapeutic 
countermeasures against muscle atrophy.

Housekeeping genes are essential endogenous regula-
tory genes that are involved in various processes in the cell, 
such as metabolism, cell structure, gene transcription, and 
homeostasis, and are therefore constitutively expressed. 
Glyceraldehyde-3-phosphate dehyrogenase (GAPDH), β2-
microglobulin (β2M), and RNA polymerase 2a (polR2a) 
are housekeeping genes that are utilized in studies that 
implement relative quantitative real-time RT-PCR.16,17 
Recent research has demonstrated that the expression of 
housekeeping genes may be altered due to differences in 
tissue types,18 hypoxia,19 exercise,10,13 creatine supplemen-
tation,20 or other experimental treatments.21,22 

Such data indicate three main issues that need to be 
addressed when using a housekeeping gene in relative 
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quantitative RT-PCR in human skeletal muscle studies. 
First, it suggests that housekeeping genes are not com-
pletely stable and are open to variation based upon out-
side influences or disruptions to cells. Second, the stabil-
ity of the housekeeping gene may be specifically altered, 
depending upon the independent variables of the investi-
gation. Lastly, these findings clearly indicate that certain 
housekeeping genes may be less susceptible to alterations 
from outside influences. These conclusions indicate that 
some housekeeping genes may better serve as a control 
when making comparisons to other genes of interest, spe-
cifically when there are alterations in the independent 
variables. 

Therefore, it is critical to elucidate the changes, if 
any, that may exist in these housekeeping genes between 
younger and older adults. Without this information, age-
dependent comparisons are very difficult to make. In 
using the relative quantitative RT-PCR method, the cycle 
thresholds of the genes of interest are compared to the 
housekeeping genes to determine relative changes in 
expression. Often times, the ΔCT target – ΔCT control (ΔΔCT) 
is the preferred method of detecting differences in the 
threshold cycles between the target and control genes. 
Due to the sensitive nature of the ΔΔCT method, subtle 
changes could be interpreted as significant. In fact, the 
results may be heavily skewed simply due to age-related 
changes in the specific housekeeping gene being utilized. 

In order to address this issue, the housekeeping 
genes GAPDH (cell metabolism), β2M (cell structure), 
and polR2a (gene transcription) were selected for this 
investigation. These genes are universally expressed and 
have been used for real-time comparative gene expression 
studies. In addition, we specifically selected these genes, 
as they differ in their relative expression level (GAPDH, 
high expression; β2M, high to intermediate expression; and 
polR2a, lower expression), as well as their function within 
the cell.17 The purpose of this investigation was to deter-
mine any potential differences in the relative expression 
of these three common housekeeping genes in skeletal 
muscle between healthy young and healthy elderly popula-
tions. The implications of this information can be used to 
carefully and properly select housekeeping genes that are 
the most stable when making comparisons to other genes 
of interest in aging populations.

Materials and Methods

Subjects. Twenty healthy subjects—9 young (Y) (22.7 ± 
3.4 y; height, 173.97 ± 8.99 cm; weight, 77.52 ± 11.44 kg) 
and 11 elderly (E) (73.0 ± 9.5 y; height, 167.94 ± 9.37 cm; 
weight, 74.36 ± 10.34 kg)—were recruited for this investi-
gation. The exclusion criteria for all subjects were obesity 

(as defined by a Body Mass Index ≥ 30 kg/m2), any known 
form of heart disease or hypertension, cigarette smok-
ers, diabetics, or persons taking gluccocorticoids. The 
research protocol used was in direct accordance with the 
Declarations of Helsinki and had been approved by the 
Human Research Committee of the University of Kansas. 
Prior to giving their consent for participation, all subjects 
were fully informed of the risks and benefits associated 
with the muscle biopsies used in this investigation. Writ-
ten consent was obtained from each subject prior to any 
testing or data collection.

Muscle biopsy and RNA isolation. Percutaneous mus-
cle biopsies23 were obtained from the vastus lateralis in 
each subject for analysis. Muscle sections were placed in 
RNAlater solution (Ambion, Austin, TX) and then stored 
at –20°C until analysis. The mRNA was isolated from 
skeletal muscle biopsies utilizing the µMACS mRNA 
Isolation Kit (Miltenyi Biotec, Auburn, CA). All mRNA 
samples were stored at –80°C until analysis. 

Real-time RT-PCR. GAPDH, β2M, and polR2a were 
analyzed, using standard real-time quantitative RT-PCR. 
Primers and probes were obtained from ABI (Foster 
City, California) TaqMan Gene Expression Assay cata-
log (GAPDH- Hs99999905_m1, ß2M - Hs99999907_m1, 
polR2A- Hs00172187_m1). These assays come in a 20X 
reaction mix, span an exon-exon junction, and are opti-
mized to give approximately 100% efficiency. The real-
time RT-PCR reactions were performed using a master 
mix which was created using a SuperScript III Platinum 
One-Step qRT-PCR kit (Invitrogen, Carlsbad, CA). All 
reactions were performed in triplicate using a total of 
.50 ng of mRNA per reaction. Reactions were set up using 
an automated liquid handling system (CAS-1200, Corbett 
Robotics, Sydney, Australia).

Real-time PCR assays were completed using a Rotor-
Gene 3000 (Corebett Research, Mortlake, Australia) with 
a 72-well rotor, following a reverse transcription step for 
1 cycle (55°C for 20 min) followed by initial denaturation 
(95°C for 3 min), then immediately followed by 45 cycles 
(95°C for 15 sec and 60°C for 45 sec), after which fluores-
cence was recorded. No-template control tubes (NTC), 
containing water instead of template mRNA were also 
run under the same conditions for each gene. Replicate 
data from all subjects were averaged for each housekeep-
ing gene to conduct comparisons between young and 
elderly groups. The average CT value for each housekeep-
ing gene per grouping was then compared to one another 
(i.e., Young CT – Elderly CT = ΔCT). The formula 2ΔCT 

was used to calculate the fold change.
Statistical analysis. All statistics were performed using 

SPSS software program version 12.0 (Chicago, IL). Data 
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are presented as mean ± standard deviation. Changes in 
mRNA expression were tested using an independent t-test, 
with a significance level at the p ≤ 0.05 level. 

results

Housekeeping gene expression in the mRNA extracted 
from each muscle tissue sample were analyzed via real-
time RT-PCR and relative quantification between young 
and old. A single dilution of mRNA (0.5 ng) was tested 
with each gene and run in triplicate. Reaction efficiencies 
of the primer/probe sets were previously determined to be 
within 5%, and ranged from 97.7 ± 0.9% to 99.4 ± 1.8%; 
these were previously published.24 There was no differ-
ence in average CT of GAPDH between groups (p = 0.869) 
(Y = 16.92 ± 2.25 vs. E = 17.08 ± 2.09; 0.90 fold) and 
polR2a (p = 0.089) (Y = 28.00 ± 0.89 vs. E = 26.73 ± 1.91; 
2.41 fold). However, in the analysis of β2M, there were 
significant differences in average CT (p = 0.003) (Y =21.79 
± 0.44 vs. E = 21.05 ± 0.51; 1.67 fold), despite having the 
least variability from the mean. Table 1 presents the dif-
ferences in average CT values, as well as the fold change. 
Figure 1, panels A, B, and C, present the fluorescence and 
average cycle number for the three housekeeping genes 
in each group. In addition, since we were dealing with 
exponential figures, we performed individual compari-
sons of the data using 2ΔCT, and found the same trend in 
significance for GAPDH ( p ≥ 0.05), polR2a (p ≥ 0.05) 
and β2M (p ≤ 0.01).

discussion

As an increasing volume of data continues to be published 
exploring mRNA expression in cases of sarcopenia, there 
has been a greater interest in evaluating the commonly 
used, widely expressed housekeeping genes for compari-
sons between young and old. The purpose of this investi-
gation was to examine the validity and reliability of mea-
suring the expression of various housekeeping genes in 

human skeletal muscle using real-time RT-PCR. To the 
author’s knowledge, this study is the first to report that 
aging can influence the expression of certain housekeep-
ing genes in human skeletal muscle. Other recent inves-
tigations have also seen alterations in housekeeping gene 
expression in skeletal muscle during various experimental 
treatments.

Recently, Mahoney et al.13 investigated the response 
of housekeeping genes to acute bouts of aerobic (65% of 
VO2max) and resistance training exercise (300 eccentric 
contractions). They noted not only differences in the 
housekeeping gene expression from exercise at 3 and 48 
hours post exercise, but also alterations in the control 
genes by the type (endurance vs. resistance) of exercise 
encountered. The authors reported that β2M and β-actin 
were the most stable following resistance exercise, while 
β2M and GAPDH were most stable following endurance 
based bouts. 

A recent project by Jemiol and Trappe10 investigated 
the effect of an acute bout of aerobic exercise (70% of 
VO2 max) on four endogenous control genes. GAPDH, 
β-actin, β2M, and 18s ribosomal RNA were evaluated 
four hours post exercise from sample biopsies of the 
gastrocnemius muscle. The findings show that GAPDH 
remains stable despite an acute bout of endurance exer-
cise. Furthermore, they noted significant changes in β-
actin and β2M following aerobic exercise. The author 
concluded that exercise does have the potential to 
disrupt endogenous control genes and that GAPDH 
appears to be the most stable under cellular disruptions 
from exercise. While the changes observed in β-actin 
and β2M differ from those described by Mahoney et 
al.,13 our results suggest that the time course of these 
changes, as well as variations in exercise intensity, could 
be of importance. 

Interestingly Murphy et al.20 found that the ingestion 
of exogenous creatine caused variability in the expression 

t a b l e  1

Differences in Average CT Value for Each Housekeeping Gene Between 
Young and Elderly Subjects 

Gene Young (Y) elderly (e) Fold change

GApDh 16.92 ± 2.25 17.08 ± 2.09 0.90

β2m 21.79 ± 0.44a 21.05 ± 0.51* 1.67

polR2a 28.00 ± 0.89 26.73 ± 1.91 2.41

Values are means ± sD. asignificant difference at p ≤ 0.05. Fold change 
indicates difference of elderly gene expression compared to young.
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of GAPDH and β2M. These changes were not found to 
be statistically significant ( p ≥ 0.05), but the genes were 
described as being less stable than β-actin and recom-
mendations were given against utilizing GAPDH and 
β2M for comparisons involving creatine supplementation. 
However, it is difficult to elucidate whether the changes in 
expression were a result of the creatine supplementation 

itself, or the high-intensity, 30-sec cycling bouts that were 
employed following each muscle biopsy.

Our data are in agreement with the previous find-
ings concerning the stability of these endogenous control 
genes, in that we also noted alterations in housekeeping 
genes. Similar to Jemiol and Trappe,10 we observed that 
the average expression level of GAPDH had the small-

Figure 1

Real-time RT-pcR reaction showing the 
average fluorescence values at each cycle 
number for young (n = 9) and elderly (n = 11), 
using GApDh (a), β2m (b) and polR2a (c) 
primers and probes.
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est difference between old and young groups (Figure 1, 
panel A). Although our study did not explore the role 
of exercise, it does add information to a growing body 
of evidence suggesting that GAPDH is a stable house-
keeping gene for between-group comparisons. While any 
housekeeping gene needs to be tested in all subjects for 
stability, GAPDH appears to be suitable for skeletal mus-
cle research involving moderate-intensity aerobic exercise 
as well as aging populations.

Our findings show that when comparing GAPDH, 
β2M, and polR2a expression among young and elderly 
subjects, the suitability of the control gene utilized 
may depend on what comparisons are being made (i.e., 
within group vs. between groups). Analyzing GAPDH 
(Figure 1, panel A), the variation from the mean was 
larger than the other housekeeping genes (Y = 16.92 ± 
2.25 vs. E = 17.08 ± 2.09) between young and old sub-
jects, yet did not approach statistical significance. The 
variation from the mean of β2M (Figure 1, panel B) 
was very small (Y = 28.00 ± 0.89 vs. E = 26.73 ± 1.91) 
between groups, yet this resulted in a statistically signifi-
cant difference in expression. polR2a (Figure 1, panel 
C), on the other hand, had a smaller variation from the 
mean (Y = 21.79 ± 0.44 vs. E = 21.05 ± 0.51) between 
groups, and approached statistical significance. In addi-
tion, polR2a reached a greater than twofold change in 
expression between young and elderly groups. It is com-
monly accepted when quantifying gene expression that a 
twofold change in expression is significant. It is impor-
tant that researchers weigh both the statistical differ-
ences, as well as the fold change, when making decisions 
about the stability of housekeeping genes for use within 
and between groups.

The independent t-tests show that GAPDH remains 
the most stable when comparing across aging populations. 
GAPDH may not be as suitable a gene for comparisons 
within groups, due to its large variation from the mean. 
Furthermore, β2M and polR2a, due to their small varia-
tions within groups, may be suitable for inter-group com-
parisons when dealing with young and elderly populations, 
but may not be considered as stable of a housekeeping 
gene as GAPDH for comparisons between groups.

suMMary

This investigation found evidence that there can be varia-
tion in the expression of commonly used housekeep-
ing genes with populations of different ages. Given the 
popularity of real-time RT-PCR and the new influx of 
data suggesting alterations in mRNA expression of genes 
that have been labeled as stable for comparison, we feel 
that there needs to be special consideration given to the 

selection of housekeeping genes based upon the subject 
populations used, as well as the use of any therapy. This 
investigation, as well as the findings of others, has pro-
vided critical evidence that housekeeping genes are open 
to outside influences that may affect their expression.

The findings of our data demonstrate that GAPDH 
appears to be a more effective gene for group comparisons 
between young and old populations (Figure 1A), as there 
was little to no statistically significant variation in the CT 
values between groups. However, there did appear to be 
a trend towards an increased expression of polR2a and 
β2M in the elderly. Moreover, researchers may consider 
using β2M and polR2a when comparisons within groups 
are desired, since the variation in their expression level 
was small within the young and elderly groups. While any 
housekeeping gene needs to be tested before use in com-
parative real-time RT-PCR, these results are intended to 
aid in the proper selection of the housekeeping gene for 
skeletal muscle and aging studies.

acknowledgMent
Dr. Michael Wacker was supported by a NIH Institutional Research 
and Academic Career Development Award (IRACDA) post-doctoral 
fellowship (NIH grant GM63651).

reFerences
 1. Janssen I, Shepard DS, Katzmarzyk PT, Roubenoff R. The 

healthcare costs of sarcopenia in the United States. J Am Geriatr 
Soc 2004;52:80–85. 

 2. Godard MP, Williamson DL, Trappe SW. Oral amino-acid pro-
vision does not affect muscle strength or size gains in older men. 
Med Sci Sports Exerc 2002;34:1126–1131. 

 3. Kostrominova TY, Dow DE, Dennis RG, Miller RA, Faulkner 
JA. Comparison of gene expression of two-month denervated, 
two-month stimulated-denervated and control rat skeletal mus-
cles. Physiol Genomics 2005;22(2):227–243. 

 4. Lecker SH, Jagoe RT, Gilbert A, Gomes M, Baracos V, Bailey J, 
et al. Multiple types of skeletal muscle atrophy involve a common 
program of changes in gene expression. FASEB J 2004;18:39–51. 

 5. Trappe S, Williamson D, Godard M, Porter D, Rowden G, Cos-
till D. Effect of resistance training on single muscle fiber con-
tractile function in older men. J Appl Physiol 2000;89:143–152. 

 6. Trappe TA, Lindquist DM, Carrithers JA. Muscle-specific 
atrophy of the quadriceps femoris with aging. J Appl Physiol 
2001;90:2070–2074. 

 7. Bustin SA, Nolan T. Pitfalls of quantitative real-time reverse-tran-
scription polymerase chain reaction. J Biomol Tech 2004;15:155–166. 

 8. Edstrom E, Ulfhake B. Sarcopenia is not due to lack of regenera-
tive drive in senescent skeletal muscle. Aging Cell. 2005;4:65–77. 

 9. Giresi PG, Stevenson EJ, Theilhaber J, Koncarevic A, Parking-
ton J, Fielding RA, et al. Identification of a molecular signature 
of sarcopenia. Physiol Genomics 2005;21:253–263. 

 10. Jemiolo B, Trappe S. Single muscle fiber gene expression in10. Jemiolo B, Trappe S. Single muscle fiber gene expression inSingle muscle fiber gene expression in 
human skeletal muscle: validation of internal control with exer-
cise. Biochem Biophys Res Commun 2004;320:1043–1050. 

 11. Jonsdottir IH, Schjerling P, Ostrowski K, Asp S, Richter EA, Ped-
ersen BK. Muscle contractions induce interleukin-6 mRNA pro-
duction in rat skeletal muscles. J Physiol 2000;528 Pt 1:157–163. 



c.D. TouchBeRRY eT Al.

162 JouRnAl oF BiomoleculAR Techniques, Volume 17, issue 2,  ApRil 2006

 12. Kimball SR, O’Malley JP, Anthony JC, Crozier SJ, Jefferson LS. 
Assessment of biomarkers of protein anabolism in skeletal muscle 
during the life span of the rat: sarcopenia despite elevated pro-
tein synthesis. Am J Physiol Endocrinol Metab 2004;287:E772–780. 

 13. Mahoney DJ, Carey K, Fu MH, Snow R, Cameron-Smith D, 
Parise G, et al. Real-time RT-PCR analysis of housekeeping 
genes in human skeletal muscle following acute exercise. Physiol 
Genomics 2004;18:226–231. 

 14. Matsakas AA, Friedel A, Hertrampf T, Diel P. Short-termShort-term 
endurance training results in a muscle-specif ic decrease 
of myostatin mRNA content in the rat. Acta Physiol Scand 
2005;183:299–307.

 15. Whitman SA, Wacker MJ, Richmond SR, Godard MP. Con-
tributions of the ubiquitin-proteasome pathway and apop-
tosis to human skeletal muscle wasting with age. Pflugers Arch 
2005;450(6):437–446. 

 16. de Kok JB, Roelofs RW, Giesendorf BA, Pennings JL, Waas ET, 
Feuth T, et al. Normalization of gene expression measurements 
in tumor tissues: comparison of 13 endogenous control genes. 
Lab Invest 2005;85:154–159. 

 17. Radonic AS, Thulke S, Mackay IM, Landt O, Siegert W, Nit-
sche A. Guideline to reference gene selection for quantitativeGuideline to reference gene selection for quantitative 
real-time PCR. Biochem Biophys Res Commun 2004;313:856–862. 

 18. Hsiao LL, Dangond F, Yoshida T, Hong R, Jensen RV, J. Misra 
J, et al. A compendium of gene expression in normal human tis-
sues. Physiol Genomics 2001;7:97–104. 

 19. Zhong H, Simons JW. Direct comparison of GAPDH, beta-actin, 
cyclophilin, and 28S rRNA as internal standards for quantify-
ing RNA levels under hypoxia. Biochem Biophys Res Commun 
1999;259:523–526.

 20. Murphy RM, Watt KK, Cameron-Smith D, Gibbons CJ, Snow 
RJ. Effects of creatine supplementation on housekeeping genes 
in human skeletal muscle using real-time RT-PCR. Physiol Geno-
mics 2003;12:163–174. 

 21. Schmittgen TD, Zakrajsek BA. Effect of experimental treat-Effect of experimental treat-
ment on housekeeping gene expression: Validation by real-time, 
quantitative RT-PCR. J Biochem Biophys Methods 2000;46:69–
81. 

 22. Thellin O, Zorzi W, Lakaye B, De Borman B, Coumans B, Hen-
nen G, et al. Housekeeping genes as internal standards: Use and 
limits. J Biotechnol 1999;75:291–295. 

 23. Bergstrom J. Muscle electrolytes in man. Scand J Clin Lab Invest. 
1962;14:511–513. 

 24. Wacker MJ, Godard MP. Analysis of one-step and two-step real-
time RT-PCR using SuperScript III. J Biomol Tech 2005;16(3):266–
271. 


