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ABSTRACT

The loss of muscle mass and strength with aging is well characterized, but our knowledge of the
molecular mechanisms underlying the development of sarcopenia remains incomplete. Although
menopause is often accompanied with first signs of age-associated changes in muscle structure
and function, the effects of hormone replacement therapy (HRT) or menopause-related decline in
estrogen production in the muscles of postmenopausal women is not well understood.
Furthermore the knowledge of the global transcriptional changes that take place in skeletal
muscle in relation to estrogen status has thus far been completely lacking. We used a randomized
double-blinded study design together with an explorative microarray experiment to characterize
possible effects of continuous, combined HRT and estrogen deprivation on the skeletal muscle of
fifteen women. Here, we report the differential response of both GO-annotated biological
processes and some individual genes responding differentially to the use or non-use of HRT. Our
results revealed transcription level changes in, e.g., muscle protein and energy metabolism. In
particular, the ubiquitine-proteosome system was found to be effected at several levels. HRT
seemed to partially counteract the postmenopause-related transcriptional changes. Our results
suggest that during the early postmenopausal years, when there is no counteracting medication
available, muscle transcriptome changes notably, whereas HRT appears to slow-down this
phenomenon and could therefore aid in maintaining proper muscle mass and function after

menopause.



INTRODUCTION

Even physically active, healthy persons confront sarcopenia, i.e., aging-related gradual loss
of muscle mass and strength. Although these changes in muscle structure and function are well
documented in scientific literature,'® our understanding of the molecular mechanisms underlying
the development of sarcopenia remains incomplete. There are clear gender specific differences in
the prevalence of sarcopenia. In women, deterioration in muscle performance has been observed
as early as during perimenopause,* making them more vulnerable to sarcopenia than age-
matched men.>® This indicates that the female sex hormones, estrogens, might be involved in the
early developmental steps of sarcopenia.

The current understanding concerning the functions of estrogens is still fragmentary. Many
classical effects of estrogens, both in reproductive and in non-reproductive tissues, are thought to
be mediated via their nuclear receptors, ESR1 and ESR2, which directly or indirectly regulate the
transcription of many genes.” Estrogens also act through cell membrane located receptors, which
can be independent of ESRs.2 ESRs have been found in human skeletal muscle® 1% suggesting the
contribution of estrogens to muscle functions. Recent experimental animal studies have provided
evidence that estrogen, via its receptors, has a role in glucose metabolism in muscle! 12 The
gathering information points out that estrogen signaling may have fundamental implications for
muscle performance and therefore could partially explain the demonstrated increase in the loss of
muscle mass and strength upon menopause.

Postmenopausal state with nearly undetectable ovarian estrogen production offers an
opportunity to study the effects of estrogen signaling on muscle functions. Some of the

randomized, controlled trials in postmenopausal women have shown increased muscle mass



and/or strength after hormone replacement therapy (HRT),"%6 whereas others have failed to
show any benefit from HRT in the prevention of sarcopenia.t”*® A partial explanation for this
discrepancy lies in differences in methodology and subjects’ characteristics.

To our knowledge, most studies conducted thus far have focused on the effects of estrogen
deprivation or replacement on the physical parameters of muscles, but a transcriptome-wide
analysis of estrogen deprivation or HRT-induced changes in the skeletal muscle of
postmenopausal women has not till now been undertaken. Therefore, we used needle biopsy
samples from the vastus lateralis muscle of healthy, early postmenopausal women, to establish a
general view on the alterations occurring in the muscular transcriptome during postmenopause

with and without HRT.



MATERIALS AND METHODS

Study design and measurements

This study is part of a larger randomized, placebo-controlled experiment on bone and
muscle structure and function in relation to exercise and hormone replacement therapy.* The
study sample was taken from postmenopausal women aged 50-57 years living in the city of
Jyvaskyld, Finland. Initially 118 women eligible for the study were invited for a clinical
examination to assess hormonal menopausal status via serum steroid measurements (DELFIA,
Wallac). Eighty women were then randomized into four study groups: exercise, exercise+HRT,
HRT and non-HRT. To be eligible for the trial, participants had to have no serious medical
conditions, no current or previous use of medication including estrogen, fluoride, calcitonin,
biophosphonates or stereoids, last menstruation at least 0.5 years but no more than 5 years ago,
FSH level above 30 IU/I, and no contra-indications for exercise and HRT. The HRT intervention
was carried out double blinded. All the participants took placebo or the combined estradiol (2
mg) and noretisterone acetate (1 mg) product (Kliogest?; Novo Nordisk), one tablet per day, for
one year. The study reported here focuses on the effects of menopause, with and without HRT
(the HRT and non-HRT groups) in postmenopausal women. Being out of the scope of this
research, the exercise and exercise+HRT groups were excluded from analysis.

Phenotypes were measured, hormonal status quantified and needle muscle biopsies
obtained at baseline and after one year in the original study. Lean body mass (LBM) and body fat
mass were assessed using bioelectrical impedance (Spectrum 11, RJL Systems). Computed
tomography (CT) scans were obtained from the thigh muscles on the side of the dominant hand

using a Siemens Somatom DR scanner (Siemens AG). CT scans were analyzed using BonAlyse



1.0 software (Commit Ltd) to measure lean tissue cross-sectional area of the quadriceps femoris
(gCSA). Muscle biopsies were obtained from mid-part of vastus lateralis defined as a midpoint
between the greater trochanter and the lateral joint line of the knee. In order to avoid variation
due to sampling, the biopsy protocol was standardized within the study. Biopsy samples (average
60 mg) were snap frozen in liquid nitrogen after removing all visible residues of fat and
connective tissue and stored in -80 °C until used. In the present study we used baseline and
follow-up samples and measurements from ten subjects in the HRT group and five subjects in
the non-HRT group from whom the biopsies were available.

The study was carried out in accordance with the Declaration of Helsinki (1989) of the
World Medical Association, and was approved by the ethics committee of the Central Finland

Central Hospital. An informed consent was given by all subjects.

RNA preparation and cRNA generation

Frozen biopsy samples were homogenized in Trizol-reagent (Invitrogen) with the aid of a
FastPrep FP120 apparatus (MP Biomedicals). Total RNA was isolated according to the
manufacturer’s protocol. The RNA concentration was measured spectrophotometrically. RNA
quality was determined using an Experion™ (Bio-Rad Laboratories), which enables assessment
of both integrity and purity of RNA. Only good pure, quality RNA was used in further analysis
(260/280 ratio 1.8). An Illumina RNA amplification kit (Ambion) was used according to the
manufacturer’s instructions to obtain biotin-labeled cRNA for the microarray hybridizations. 500
ng of total RNA was used in each amplification protocol. Experion™ was used to perform
quality control after amplification. The quality of the samples was further tested with the

Illumina protocol to obtain biotin-labeled cRNA, and the test hybridizations were performed



using the Sentrix-16 BeadChips (BD-15-101, Illumina) with Human Sampler probe set for 517
genes. TestChip data has been deposited in the public Gene Expression Omnibus (GEO)

database (http://www.ncbi.nlm.nih.gov/geo/) under series code GSE6378.

Microarray experiments

Hybridization onto the Sentrix HumanRef-8 Expression BeadChips (BD-25-201, Illumina)
as well as washing and scanning were performed according to the Illumina BeadStation 500x
manual (revision C). We used five 8-sample BeadChips to hybridize a total of 30 samples. Both
baseline and follow-up samples for each study subject were hybridized onto the same BeadChip.
The hybridization mix was prepared by combining 125 ul of hybridization buffer with 75 pl
formamide. The hybridization mix (22.7 ul) was added to each 0.85 g of labeled cRNA and the
resulting assay solution (34 ul) was preheated at 65 °C for 5 min. Adhesive release liner from
BeadChip was removed and the assay sample was then applied onto the center of each array. Cap
was aligned on top of the hybridization cartridge and closed with a clamp. The hybridization
cartridges were attached to the BeadChip hybridization wheel with rotation in a hybridization
oven at 55 °C for an additional 16-20 hours.

The hybridization cartridges were disassembled: the cover seals were removed following
immediate submerging of the BeadChips in the wash solution and incubation for 15 min on an
orbital shaker at room temperature. The slide rack was then transferred to staining dish
containing 100 % ethanol and incubated on an orbital shaker for 10 min. The slides were rinsed
in fresh wash solution for 2 min on an orbital shaker. Blocking was performed in 4 ml of Block
buffer in disposable wash trays, which were incubated for 10 minutes on an orbital shaker.

Staining was performed in 1:1000 dilution of Cy3-conjugated streptavidin (1 mg/ml) in Block



buffer for 10 min on an orbital shaker. The slides were transferred to a slide rack in Wash
solution and incubated on orbital shaker for 5 min. The racks were dried by centrifugation with
plate holders at 275 rcf for 4 min at room temperature.

The slides were scanned by a confocal laser scanning system (lllumina BeadReader Rev.
C) supporting Cy3 and Cy5 imaging and performing with 0.8 microns resolution. The data were
acquired by BeadStudio Direct Hybridization V.1.5.0.34. Gene expression data and the raw data

sets are publicly available in the GEO database under the series code GSE6348.

Data analysis

The effects of HRT on phenotypes were tested using analysis of variance for repeated
measures (ANOVA).

Sentrix HumanRef-8 Expression BeadChip contains probes for 24 000 NCBI RefSeq-genes
and on average 30 beads to each probe. The signal for individual genes is determined by
calculating the average signal intensity, excluding beads that fall outside three normal standard
deviations of median intensity. After this hybridization quality control, the high quality signals
were quantile-normalized in order to perform cross-chip analysis. Median normalization was also
inspected and found to give results similar to those of quantile normalization. All data were
filtered with a background value such that upregulated genes had to be above the background
value in follow-up samples and downregulated genes above the background value in baseline
samples. Each BeadChip contains 778 different negative control probes, with no match to the
human genome. There are on average 30 beads to each negative control probe. The individual
background value for each BeadChip is determined by averaging the signal intensities of the

negative control probes.



To be recognized as up- or downregulated, in users and non-users of HRT, the gene had to
meet the following criteria: the change between follow-up and baseline condition had to be > 0
(upregulated genes) or < 0 (downregulated genes), the change had to be into the same direction
in all but one subject and, finally, the change had to be significantly different between the HRT
and non-HRT groups. The difference between study groups was statistically identified using t-
test for independent samples with a threshold p-value < 0.05. The t-test was adjusted for multiple
comparisons using the Benjamini-Hochberg false discovery rate (FDR) correction.? Genes with
FDR-corrected p< 0.05 were considered differentially expressed. Our approach maximizes the
stringency in avoiding the false positive error in the data analysis, but allows minor variability
between study subjects. Literally this means that 90 % of the subjects in the HRT group and 80
% of the subjects in the non-HRT group needed to have the same directionality in the gene
expression before the gene was taken into account in the data analysis. Due to the limited
number of samples from the non-HRT subjects it was not possible to be as stringent in the non-
HRT group as in the HRT group. Identical analyses were done separately for the HRT and non-
HRT groups. SPSS 12.0.1, R 2.3.1/Bioconducter (www.r-project.org, www.bioconductor.org)
and Inforsense KDE 3.1 software were utilized for data analysis.

The hierarchical clustering was performed with Cluster.?! Genes were clustered by
correlation uncentered similarity metric using single linking clustering. Figures were generated

with Maple Tree (http://rana.lbl.gov/EisenSoftware.htm).

Ontology enrichment
The lists of genes significantly up- or downregulated in the HRT and the non-HRT groups

(FDR corrected p< 0.05) were searched for possible enrichment in certain biological processes



defined by Gene Ontology (GO) annotation association.? For this analysis we used Web-based
ONTO-Express software (http:/vortex.cs.wayne.edu/projects.ntm).?® 2* The number of genes
corresponding to each GO-category among the differentially expressed genes in the HRT and
non-HRT groups was compared with the number of genes expected for each GO-category on the
basis of their representation on the HumanRef-8 BeadChip. Significant differences from the
expected numbers were calculated using a two-sided binomial distribution with FDR-correction.

Only GO-categories with FDR-corrected p-values < 0.05 were reported.

Real Time RT-PCR

We used commercial TagMan gene expression assays (Applied Biosystems) to verify the
microarray results for eight selected genes (Ar: Hs00171172_m1, Fbxol1l: Hs00251516 _m1,
Fbxo032: Hs00369714 m1, Uspl: Hs00163427_m1, Usp2: Hs00899199 g1, Usp15:
Hs00378613_m1, Usp50: Hs01596824 m1, Ogt: Hs00269228 m1). The levels of expression of
Esrl and Esr2 were also determined by TagMan gene expression assays (Hs01046812_m1 and
Hs01100358_m1, respectively). The expression of Mgea5 was verified by TagMan gene
expression assay Hs00201970_m1. One ug of RNA, originated from the same muscle samples as
used in microarray experiments, was reverse transcripted into cONA and used in Real Time RT-
PCR assays according to the instructions provided by the manufacturer (Applied Biosystems).
Assays were performed with an Applied Biosystems ABI 7300 unit using standard PCR
conditions recommended by manufacturer. Each sample was run in triplicate and compared
against the reference sample. The reference sample was constructed by combining an equal
amount of each sample in a single tube. In our hands Gapdh performed best of the three control

transcripts tested (Gapdh: Hs99999905 m1, 18S: Hs99999901 s1, Ddx52: Hs00294711 m1)
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and was therefore used as an endogenous control. We evaluated both the comparative Ct
method® and sigmoidal curve-fitting (SCF) method?® for their ability to provide reliable results
for gene expression. In our hands, both the comparative Ct and SCF methods had a very similar
intra-assay coefficient of variation, 6.6 % and 6.2 %, respectively. The SCF method was used to
present the Real Time RT-PCR results in the further analyses. Pearson correlation coefficient
calculated with SPSS 12.0.1 software was used to determine the correlation between the

microarray and Real Time RT-PCR results.



RESULTS

Phenotypic results

All the subjects were postmenopausal at the baseline. The average age of the subjects was
53.5£1.5 in the HRT and 53.7+2.4 in the non-HRT group and their last menarche had been
2.5+2.4 and 3.3+5.3 years ago, respectively. The postmenopausal status was further confirmed
by low estrogen levels and high serum follicle stimulating hormone (FSH) levels (Table 1) at the
baseline. As expected the estrogen levels rose in the HRT group with a concomitant decrease in
FSH levels, showing the efficacy of the HRT used. The levels of sex hormone-binding globulin
(SHBG), which is the most important estrogen and testosterone binding protein in serum,
declined in the HRT group and increased in the non-HRT group. No differences were observed
in testosterone levels between the study groups throughout the intervention.

As shown in Table 2, no statistically significant changes occurred in total body fat mass.
However, LBM increased during HRT, while it decreased in the non-HRT group. Also qCSA

increased in the HRT group and remained unchanged in the non-HRT group.

Data mining for differentially regulated genes in the HRT and non-HRT groups

The data mining procedure is presented in Figure 1. Fifteen muscle biopsies were used as a
source for RNA. Labeled cRNA samples were hybridized onto HumanRef-8 BeadChips, which
provides transcriptional coverage of 24 000 well-characterized, human RefSeq-genes. Among
these transcripts we first evaluated which genes were either up- or downregulated during the
intervention within a study group before statistical between-group-tests. We used FDR-

correction to control false positive error and report only the results with FDR-corrected p<0.05.
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According to this criterion, we found changed expression for 97 genes (64 up, 33 down) in the
HRT group. From these genes, seven were significantly differentially expressed in the HRT
group when compared to the non-HRT group. Identical analysis was done for the non-HRT
group, revealing changed expression of 4195 genes (2138 up, 2057 down) from which 214 (139
up, 75 down) were significantly differentially expressed when compared to the expression of
same genes in the HRT group. The hierarchical clustering of HRT- and non-HRT -specific genes
is presented in Figure 2. In further analyses, we used these gene lists to investigate possible

enrichment of biological processes before conducting detailed gene-by-gene analyses.

Significantly enriched gene ontology categories

To be able to characterize which biological processes are affected by HRT or
postmenopause in skeletal muscle, we used web-accessible ONTO-Express? 24, which enables
classification of genes according to their involvement in various biological processes defined by
GO-annotation.? In this analysis we used the lists of genes found to be significantly
differentially expressed between the HRT and the non-HRT groups. Only 20 % of these genes
were significantly located in the GO-annotated biological process while the majority was
randomly spread through the different categories. Only the categories with significant hits,
certified by FDR-corrected p< 0.05, are reported. These hits could be assigned into four broad
categories: “RNA metabolism”, “protein posttranslational modifications”, “cellular catabolic
processes” and “other biological processes” (Table 3). Each of these categories includes several

GO-annotated classes from which “carbon utilization” and “catecholamine metabolism” are the

most significant and “proteolysis and peptidolysis” is the largest with altogether 15 genes. Other



large, significant classes with 3-6 genes were “RNA splicing”, “protein folding” and “protein

amino acid glycosylation”.

The mRNA levels of estrogen receptors are not affected by HRT in skeletal muscle

Since the expression of both Esrs has been shown to respond to the availability of estrogen
27 we were a bit surprised not to find them among the significantly regulated genes in the HRT
group. The change in the expression of Esrl was inconsistent and did not follow the availability
of estrogen. In most subjects the expression of Esr2 did not exceed the background value. Both

results were confirmed by Real Time RT-PCR.

Genes specifically responding to the use of HRT

Table 4 and Figure 2C summarize the genes, which we found to be significantly up- or
downregulated in the HRT group when compared to the non-HRT group. O-linked N-
acetylglucosamine (GIcNAc) transferase (Ogt) was found to be upregulated by six percent in the
HRT group. This increment is, however, five times less than that observed in the non-HRT
group. Ogt has been shown to catalyze nucleoplasmic glycosylation of serine or threonine
residues.?® 2° Since both phosphorylation and glycosylation compete for the same sites as
demonstrated for ESRs, MY C and SP1 transcription factors, and other important regulatory
proteins, it has been proposed that alternating glycosylation/phorphorylation may serve as a
switch between inactive and active protein forms.*

Recently, Whisenhunt et al.3* showed by in vitro experiments that OGT forms a
bifunctional repression-complex with nuclear/cytoplasmic O-GIcNAcase and acetyl transferase

(NCOAT), which has formerly been called MGEAS. In this complex, NCOAT can rapidly
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reverse OGT-induced O-GIcNAcylation as well as deacetylation induced by histone
deacetylases. In addition, the absence of a functional NCOAT was shown to lead to failure in
removing the O-GIcNAc modification, which in turn was sufficient to inhibit the expression of
estrogen responsive genes. To be able to evaluate whether OGT/NCOAT -repression-complexes
can be formed in the muscles of postmenopausal women we analyzed the expression pattemn of
Ncoat by Real Time RT-PCR. This analysis verified the results of the microarray study and
showed that both Ogt and Ncoat are indeed expressed in muscle tissue and their expression is
strongly correlated (r=0.724, p<0.001) and coincided (r?=0.524). Thus it is possible that
OGT/NCOAT-repression-complex-mediated regulation can occur in the muscles of
postmenopausal women.

Among the HRT-responding genes we also found genes encoding both catabolic and
anabolic agents. Androgen receptor (Ar) was significantly upregulated (13 %) in the HRT group.
Ar represents an anabolic agent which is known to mediate androgen signaling,® leading to
increased muscle strength and LBM.*33° In the HRT group, we also found significant
upregulation of a catabolic agent, Fbxo32, also known as Atrogin-1, which has been shown to be
highly expressed during muscle atrophy.®® 7

The other genes found to respond to the use of HRT in our study were Rnaseh2c, a
potential ribonuclease, Sultlal, a member of the sulfotransferase family, 114i1, an interleukin 4-

induced 1 gene and Rab31, a member of the RAS oncogene family.

Up- and downregulated genes during early postmenopause in the non-HRT group



Complete lists of up- and downregulated genes in the non-HRT group are shown in
Supplementary Tables 1 and 2 and Figure 2A and B. Examples of the non-HRT group specific
genes are presented in Table 5 and reviewed in the following section.

Ogt, which was found to be moderately upregulated in the HRT group, was even more
extensively upregulated in the non-HRT group (30 %) suggesting that upregulation in the
expression of Ogt is related to postmenopause and that HRT partially suppresses this
upregulation. The other gene, whose transcription was found to be significantly differentially
regulated in both group comparisons, was Ar. However, in this case the direction of regulation in
the HRT and the non-HRT groups was inverted (Tables 4 and 5), suggesting the contribution of
estrogen status to the regulation of Ar at the mRNA level.

The gene family encoding ubiquitin-specific peptidases (USPs) had four members among
the differentially regulated genes in the non-HRT group when compared to the HRT group. Uspl
and Usp15 were upregulated (16 % and 24 %, respectively) and Usp2 and Usp50 downregulated
(-12 % and -10 %, respectively). USPs are known to cleave the ubiquitin tail from proteins
targeted to degradation via the ubiquitin-proteosome system.®: 3% We also found other
components of the ubiquitin-proteosome system to be differentially regulated during
postmenopause. Ubiquitin-conjugating enzyme, Ube2g2, was downregulated by five percent and

ubiquitin protein ligase, Fbxol1, upregulated by 14 percent.

Evaluation of technical and biological validity of microarray results
Five randomly selected cRNA samples were hybridized onto the TestChip containing 517
genes. From these genes 433 were detected in our samples. From the expressed genes we

selected those with identical probes in both the HumanRef-8 BeadChip and TestChip; 378
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identical probes were found. We used this set of probes to evaluate the technical validity of our
microarray results by Pearson correlation analysis. The correlation between the gene expression
values for five replicated samples was high (r=0.97, p<0.001), verifying that the technical
reproducibility of our experiment was significant (r’=0.94).

To be able to assess the biological validity of our microarray results, we chose to use
Applied Biosystems’s TagMan gene expression assays for eight genes with probes representing
different regions of the studied transcripts than present in the HumanRef-8 BeadChip. Ogt and
Ar were selected on the basis of their high significance among the upregulated genes in the HRT
group (FDR-corrected p-values 0.001 and 0.009, respectively). We also wanted to evaluate
highly related genes Uspl, Usp2, Uspl5 and Usp50 as well as Fbxoll and Fbxo32. The
expression level of Usp50 was too low for reliable detection with Real Time RT-PCR. We were,
however, able to detect the other genes and the results were in good agreement with the
microarray results (Figure 3), the average correlation coefficient being 0.53. This association is
rather high considering that in the HumanRef-8 BeadChip the probes are designed for 3’prime
untranslated regions and, in the Tagman gene expression assays, for coding regions spanning the
exon-intron boundaries. By representing different regions of the same transcript, these two
methods might recognize somewhat different pools of the same transcript. For example, the
microarray result may be representative of the initial heterogeneous nuclear RNA or pre-mRNA
while Real Time RT-PCR may be representative of more processed, i.e., spliced mRNA.

In conclusion, both the technical and biological validity of our microarray results was

significant.



DISCUSSION

To our knowledge this is the first attempt to use explorative microarray analysis to identify
the changes that take place in the skeletal muscle of postmenopausal women in relation to the
hormonal status. High density oligonucleotide microarrays have previously been utilized to
characterize, e.g., age- or exercise-related changes in human skeletal muscle,*®*® but not directly
menopause- or HRT-related transcriptional changes. The transcriptome-wide effects of HRT
have only been studied in blood samples from postmenopausal women.*® Therefore, our study is
a novel opening to a study line investigating the molecular mechanisms behind the physical
impairments that may begin already during the early postmenopausal years.

According to our findings, during the first postmenopausal years the muscle transcriptome
changes markedly. At the individual gene level more alterations were observed in the muscles of
women not using HRT than in the muscles of HRT users. HRT appears to balance these
transcriptional modulations and therefore could reduce or slow-down the age-related changes in
the muscular transcriptome. The GO analysis revealed that, e.g., “RNA metabolism”, “protein
posttranslational modifications” and “cellular catabolic processes” were affected by
postmenopausal status with or without HRT. The most noteworthy finding was that many genes
related to “proteolysis and peptidolysis” were affected by postmenopause, but this effect was not
seen after the use of HRT.

From “proteolysis and peptidolysis”-related genes we found four ubiquitin proteases (Uspl,
Usp2, Uspl5, Usp50), one ubiquitin-conjugating enzyme (Ube2g2) and one ubiquitin protein
ligase (Fbxoll) to be differentially expressed in the non-HRT group when compared to the HRT
group. In the HRT group we found significant upregulation of another protein ligase, Fbx032,

which is better known as Atrogin-1. In experimental animal studies, Atrogin-1 has been shown to
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be highly expressed in skeletal muscles which were atrophying due to fasting or diverse
diseases.®® 3" In very recent studies, downregulation of ATROGIN-1 in sarcopenic, slow-twitch
muscles of aged, female rats was demonstrated® whereas opposite results were obtained in fast-
twitch muscles of aged, male rats.> These studies suggest that the association between Atrogin-1
and muscle atrophy may be fiber type- or gender-dependent. Another explanation could be that
sarcopenia is mechanistically different from acute muscle atrophy, which is marked by increased
expression of Atrogin-1, as suggested by Edstrom et al.>! This statement is supported by the
findings of Giresi and colleagues,*® who conducted a microarray study with muscle samples from
19-25-yr-old and 70-80-yr-old male subjects to identify the molecular signature of sarcopenia.
The identified signature did not include Atrogin-1. Also our results testify against the role of
Atrogin-1 in the development of sarcopenia, since the same study population (HRT group)
showed a significant increase in the expression of Atrogin-1, in gqCSA and in LBM (Table 2),
suggesting that use of HRT may favor anabolic more than catabolic reactions.

The other genes encoding proteolysis-related proteins and found to be affected by
postmenopause were: plasminogen activator, Plau, ring finger proteins, Rnfl3 and Rnf24,
endoplasmic reticulum degradation enhancer, Edem3, carboxypeptidase D, Cpd, apoptosis-
related cysteine peptidase, Casp9, dipeptidylpeptidase, Dpp6 and macrophage elastase, Ela2. It
has also been suggested that the multifunctional OGT, whose gene expression was found to be
increased by 30 percent in the muscles of non-HRT users and by only six percent in the muscles
of HRT users, regulates the activity of the proteosome system. OGT catalyses transport of O-
GIcNAC to numerous substrates.® O-GIcNAcylation of RPT2, one of the proteosomal ATPases,
by OGT has been shown to inhibit the activity of the proteosome system.>* Our results do not

permit us to say whether the net sum of all the observed proteosome system-related



transcriptional changes will generate increased or decreased proteolysis in the muscles of
postmenopausal women; however, we can conclude that menopause has a clear effect on the
ubiquitin-proteosome machinery, which might affect the muscular protein turn-over in many
ways.

In our study the reduction in the expression of AR coincides with the mean decrease in
LBM in the non-HRT group. It remains to be seen whether this is a direct or indirect effect of
minimal estrogen production after menopause. Among HRT users, the expression of AR
increased concomitantly with the mean increase in LBM. The HRT product utilized was a
combination of 17b-estradiol and noretisterone acetate, which was administered continuously.
Since noretisterone acetate may act as a weak androgen and androgens have been shown to both
up- and downregulate the expression of AR,>® it is not clear whether estrogen itself or
noretisterone acetate induced the observed enhancement of AR expression among the HRT
users. A model of estrogen function has been proposed in which estrogen may exert its effects
through membrane-associated ESRs, through AR or through another as yet unidentified
estrogen-binding molecule in addition to its nuclear receptors.>® In our experiment, the
expression of Esr2 was below the level of detection and the expression of Esrl was not
consistent with the use of HRT. Unfortunately, due to the limited amount of muscle samples we
were unable to measure ESR1, ESR2 or AR expression at protein level, thus leaving open the
question of the availability of these receptor proteins. Therefore, it remains possible that ESR1 or
ESR2 proteins are present in muscle tissue enabling them to participate in HRT-mediated
signaling. Alternatively the signal could be delivered through AR or some other receptor
molecule. Our finding that the mRNA levels of Esrl and Esr2 were not regulated by HRT is in

line with recent results from animal studies. Barros et al.'! showed that aromatase-knockout,
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male mice, lacking estrogen production completely, nevertheless expressed both ESR1 and
ESR2 proteins in muscle cells, demonstrating that estrogen itself does not determine the
expression of its receptors in muscle.

Recent results suggest that estrogen signaling may have fundamental implications for the
age-related increase in the deterioration in muscle strength and also in the experience of
muscular fatigue during physical activity. Muscle is a highly glucose-sensitive tissue and
therefore the maintenance of glucose homeostasis is one of the major determinants of muscle
performance. Estrogen signaling has been shown to affect glucose homeostasis and insulin
sensitivity®’->° although the mechanisms are not understood. The uptake of glucose into muscle
cells is mainly mediated by glucose transporter 4 (GLUT4), which can be activated by insulin-
and/or exercise-induced signal transduction.®® In both animal and human studies estrogen has
been shown to modulate insulin action by affecting insulin secretion®® and to participate in the
regulation of GLUT4 expression in the skeletal muscle of mice.!? Interestingly, the
overexpression of OGT, which we found to be highly increased at the mRNA level upon
menopause, has also been shown to induce insulin resistance.8? The functionality of OGT is
directly dependent on the availability of glucose. When glucose fluxes into muscle cells, OGT is
able to use it as a substrate in order to regulate the activity of many transcription factors and also
the activity of the ubiquitin-proteosome system. This in turn changes the rate of protein
degradation, thereby affecting the availability of free amino acids and the need for glucogenesis.
The results presented in this paper as well as results from the other studies described above
suggest that estrogen status has a versatile role in muscle energy metabolism and, therefore,
menopause with estrogen deprivation may influence the rate of deteriorations observed in aging

muscles.



The relatively small study sample size in this study may affect the results obtained.
However, similar® 43 45:47.63 or eyen smaller®® 42444648 numbers of subjects have been
successfully utilized in previous microarray studies investigating transcriptional changes in
skeletal muscle. In our study, an extra strength is achieved by using RCT-design with repeated-
measures analysis, which enables the detection of intra-individual changes in gene expression.
The purpose of our study was to determine the long-term effects of the usage or non-usage of
HRT; therefore we were not surprised to detect lower changes in the gene expressions than seen
in studies investigating the acute effects. With our approach, in which the observed changes in
the gene expression are demanded to be consistent within a study group with extra emphasis in
reducing the false positive error especially in the HRT group, we are confident that the detected
changes in the gene expression are of biological relevance and worth taken into consideration
when describing the phenomena under investigation. Even so the observed results should always
be confirmed with a different experimental setup from which a great example is the study of
McClain and colleagues.®? They showed that even a modest, 20 percent, overexpression of OGT
in fat and muscle tissue leads to insulin resistance and hyperleptinemia in transgenic mice which,
however, may not be directly applicable in humans.

In conclusion, we used a randomized double-blinded study design together with explorative
microarray experiment to characterize the possible effects of menopause with or without
hormone replacement on the skeletal muscles of early postmenopausal women. Our study
revealed more transcriptional alterations in the muscles of women not using HRT than in the
muscles of HRT users. In particular the muscle protein and energy metabolism were affected.
HRT seemed to partially counteract these changes. We have previously reported, in a larger

study with the same study subjects, that leg extensor power, assessed by vertical jumping height,
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and thigh muscle mass increased upon the use of HRT compared to the non-HRT group, where
they decreased.* Parallel results were obtained with the smaller study sample used in microarray
analysis, albeit the functional measurements did not reach statistical significance. Together these
results suggest that during early postmenopause, when there is no counteracting medication
available, the muscle transcriptome shows notable change; this, in turn, may be related to the
deterioration in muscle characteristics in later life. HRT appears to balance or slow-down this
phenomenon and could therefore aid in maintaining proper muscle mass and function after
menopause. However, in the light of the HRT-related risks reported in the Women’s Health
Initiative® and Estonian Postmenopausal Hormone Therapy trial®, the use of HRT should
always be carefully considered and individual’s family history and personal risk factors taken

into account.
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TABLES
Five tables and two supplemental tables are delivered in the separate files to be included into this

manuscript.

LEGENDS TO FIGURES

Figure 1. Flow chart presenting the experimental design and data mining for the genes
specifically affected in the non-HRT and HRT groups. Symbols: 1 upregulated genes, |

downregulated genes.

Figure 2. Hierarchical clustering of the non-HRT and HRT specific genes. Columns indicate
each subject: first five represent non-HRT women followed by 10 HRT subjects. Rows indicate
individual genes represented by the difference between follow-up and baseline gene expression
values. A) Genes specifically upregulated within non-HRT group. B) Genes specifically
downregulated within non-HRT group. C) Genes specifically up- and downregulated within

HRT group.

Figure 3. Confirmation of the microarray results by Real Time RT-PCR. Side-by side
comparison of change in the gene expression for seven selected genes as determined by Real
Time RT-PCR and microarray experiments. For each comparison, mean of change, gene name
and Pearson correlation of the results obtained by the two methods (in brackets) are given.

Statistical significance: ***p<0.001, **p<0.01.



