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ABSTRACT

Objectives: To investigate the effects of combined hormone replacement therapy (HRT) and its

effective agents on the IGF-1 signaling pathway.

Design and methods: To  examine  the  effects  of  HRT on  skeletal  muscle in vivo, we utilized pre-

and post-intervention samples from a randomized double blinded trial with 50-57-year-old women.

The intervention included the year-long use of either HRT preparation (2 mg 17β-estradiol, E2;  1

mg norethisterone acetate, NETA, n=10) or placebo (CO, n=9). Microarray technology and

quantitative PCR (qPCR) were used to study the expression of insulin-like growth factor I (IGF-1)

and its splice variants as well as IGF-1 receptor, Akt1, mTOR, FOXO1, FOXO3, atrogin, estrogen

receptors and androgen receptor in  muscle  samples.  Serum  concentrations  of  IGF-1,  E2 and

testosterone were measured. C2C12 myotubes were fed with E2 or NETA followed by analyzing the

expression  of  essentially  the  same  gene  transcripts  as  in  human  samples  by  qPCR  and

phosphorylation of Akt and mTOR by Western blotting.

Results: The gene expression of IGF-1 and its splice variant, IGF-1Ec (also known as the mechano

growth factor or MGF), mTOR, FOXO3, and AR was up-regulated among the HRT users compared

to the CO (P<0.05), while Akt1 was down-regulated (P<0.05). The change in the level of IGF-1Ec

transcript correlated positively with muscle size at post-intervention (r=0.5, P<0.05). In C2C12

myotubes, no statistically significant effects of either E2 or  NETA at  the  level  of  gene  transcripts

studied were identified. The amount of phosphorylated Akt appeared to respond to NETA, albeit the

response was not statistically significant. Phosphorylation of mTOR did not respond to either of the

treatments.

Conclusion: Year-long postmenopausal HRT was found to affect the expression of the genes along

the IGF-1 signaling cascade reflecting the higher muscle mass compared to the CO women. By

using  cell  culture  model  we  were,  however,  unable  to  confirm the  possible  differential  role  of  E2

and NETA. It appears that synchronous presence of both effective agents of the HRT or the

presence of yet unidentified microenvironmental factors providing proper paracrine signals

naturally existing in the intact muscle tissue are critical for appropriate signaling via sex steroid-

IGF-1 axis to occur.

Keywords: hormone replacement therapy, IGF-1 signaling, muscle, estradiol, norethisterone

acetate, postmenopausal women



INTRODUCTION

Insulin-like growth factor I (IGF-1) signaling pathway is one of the key regulatory pathways of

muscle  mass  [1].  Together  with  insulin  and  IGF-II,  IGF-1  is  the  only  extracellular  growth  factor

known to promote the terminal differentiation of myoblasts thus enhancing muscle growth [2, 3].

The respective pathway is activated as IGF-1 binds to its receptor, which initiates a phosphorylation

cascade further leading to activation of the renowned Akt (also referred to as protein kinase B and

Rac). Akt is a multifunctional protein kinase, which has been shown to exhibit an essential role in

the control of cell growth, cell survival and apoptosis [4-6] and contribution to the regulation of

glycogen synthesis is evident as well [7, 8]. A significant proportion of the growth promotion by

IGF-1 and Akt results from the induction of protein synthesis. At least a part of the positive effect

on muscle mass comes through Akt-activated mammalian target of rapamycin (mTOR), which

further activates a pathway leading to increase of protein synthesis [9, 10]. In addition, Akt is

reported to attenuate the activity of forkhead box O (FOXO) transcription factors [11, 12]. FOXOs

induce the transcription of atrophy genes [4], muscle ring finger protein 1 (MuRF1, also known as

RNF28) and atrogin (also known as FBXO32 and MAFbx), and reduces the expression of the

transcript for androgen receptor (AR) [13]. The phosphorylation of FOXO by Akt results in its

sequestration in the cytoplasm away from the target genes [14].

In our previous study, the Exercise and Hormone Replacement Therapy-trial (Ex/HRT), we

examined the effects of a year-long power training and HRT on bone and muscle structure and

function in early postmenopausal women [15-17]. We found for instance that HRT induced an

average 6 % increase in knee extensor muscle cross-sectional area and 7 % increase in jumping

height [17]. Also other studies have documented that HRT increases muscle mass, improves body

and muscle composition or promotes muscle function [18-23]. A direct involvement of HRT as a



modulator of the effects of IGF-1 signaling in skeletal muscle has been poorly, if at all studied.

However, a clue concerning the involvement of the respective pathway in this context comes from

the study of Vasconsuelo and colleagues [24]. They reported that 17β-estradiol (E2) activated the

signaling cascade including PI3K and Akt in an estrogen receptor-dependent manner in C2C12

myoblasts.

The purpose of the study was to investigate the effects of estrogen- and progestogen-containing

HRT and its effective agents, E2 and norethisterone acetate (NETA), on the expression of genes

along the IGF-1 signaling pathway. To build up a general view concerning the in vivo effects  of

HRT on the pathway as a whole, we assessed the expression of genes encoding IGF-1 and its splice

variants, IGF-1 receptor, Akt1, mTOR, FOXO1, FOXO3 and atrogin and further analyzed, whether

the expression of these genes changed differently among women using HRT in comparison with the

non-users during the one year intervention. We also measured the expression of genes encoding

estrogen receptors (ESR1 and ESR2) and androgen receptor (AR), since these receptors may deliver

the  signal  induced  by  HRT  or  its  components.  Furthermore,  we  utilized  an in vitro model  to

examine, if the possible effects of combined HRT are due to E2 or its progestogenic counterpart,

NETA, used in the respective preparation. According to our hypothesis the progestogenic agent

may not represent just a passive component, but rather change the molecular milieu in muscle tissue

together with estradiol.

MATERIALS AND METHODS

Study design and intervention

Details of the study design and interventions of the year-long Ex/HRT trial (ISCTN number

ISRCTN49902272) are described in detail elsewhere [17]. Briefly, 1333 women at age 50 to 57



years were enrolled from which 118 went through an extensive medical and physical examination

including determination of their menopausal status, as well as eligibility to the study (no serious

medical conditions; no current or previous use of medication including estrogen, fluoride, calcitonin,

biophosphonates or steroids; last menstruation at least six months but no more than 5 years ago;

FSH level above 30 IU/L; no contraindications for exercise and HRT). Finally, 80 women were

randomly assigned to one of the four study groups: power training (PT, n=20), HRT (n=20),

PT+HRT (n=20)  and  control  (CO,  n=20).  Since  the  current  study  focuses  on  the  effects  of  HRT,

only the HRT and CO groups were included in further analysis. From these groups ten women

discontinued the intervention and both baseline and post-intervention muscle samples from eleven

women were not available. Final group sizes were ten for the HRT and nine for the CO groups.

HRT was conducted double blinded. All study participants used either continuous, combined HRT

preparation (2 mg of E2, 1 mg of NETA, Kliogest, Novo Nordisk, Copenhagen, Denmark) or

placebo one tablet every day. Pure effective agents of the HRT, namely E2 and NETA (both from

Novo Nordisk), were used in cell culture experiments. 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  Health  Care  District.  Informed  consent  was  given  by  all

participants.

Anthropometrics

Body mass index (BMI) was calculated from height and weight measured with standard procedures.

Lean body mass (LBM) and body fat mass were assessed using bioelectrical impedance (Spectrum

II, RJL Systems, Detroit, MI). Thigh muscle mass was assessed with computed tomography

(Siemens AG, Erlangen, Germany) and analyzed using BonAlyse software (version 1.0, Commit

Ltd, Espoo, Finland) as previously described [17].



Serum hormone measurements

Blood samples were taken from the antecubital vein in a supine position between 07.00 and 10.00

AM. Serum samples were collected at baseline and post-intervention during the same day as muscle

sampling  was  performed.  The  aliquoted  sera  were  stored  in  -70  °C  until  analyses.  Serum

concentration of IGF-1 was measured using solid-phase, chemiluminescent immunometric assay

(Immulite  1000,  Diagnostic  Products  Corporation,  Los  Angeles,  CA).  Serum  concentration  of  E2

and testosterone were measured using time-resolved fluoroimmunoassay (DELFIA, Wallac, Turku,

Finland).  The  intra-assay  coefficient  of  variation  for  detection  of  IGF-1,  E2 and testosterone was

4.3%, 3.8% and 8.2%, respectively.

Muscle biopsy sampling

Muscle biopsies were obtained from the mid-part of m. vastus lateralis defined as a midpoint

between the greater trochanter and the lateral joint line of the knee both at baseline and after

completion of the intervention as previously described [25]. The biopsy protocol was standardized

within the study in order to avoid variation due to sampling. Both baseline and post-intervention

muscle samples for the current analysis were available from ten participants in the HRT and nine in

the CO group.

Microarray experimentation: RNA preparation, cRNA generation and array hybridization

RNA preparation, cRNA generation and array hybridization procedures have been previously

described [25]. Briefly, total RNA was extracted (Trizol, Invitrogen, Carlsbad, CA) from the muscle

samples homogenized with FastPrep FP120 apparatus (MP Biomedicals, Illkrich, France). The

Experion equipment (Bio-Rad Laboratories, Hercules, CA, USA) was used to inspect RNA

concentration and quality. Biotin-labeled cRNA from 500 ng of total RNA was produced (Illumina



RNA amplification kit, Ambion, Austin, TX) and quality controlled (Experion) before

hybridizations. The samples were hybridized to the HumanRef-8 v1.0 or HumanWG-6 v1.0

BeadChips (Illumina Inc., San Diego, CA) beadchips. Both baseline and post-intervention samples

from each participant were always hybridized onto the same chip. The chips were scanned by

confocal laser scanning system (Illumina BeadReader Rev. C, Illumina Inc.). The data were

acquired by the BeadStudio Direct Hybridization V.1.5.0.34. The MIAME guidelines were

followed during array data generation, preprocessing and analysis. The complete microarray data is

accessible through GEO Series accession number GSE16907

(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE16907).

Microarray data preprocessing and validation

Gene expression data from ten users and five non-users was produced by HumanRef-8 BeadChips

[26] and from four non-users by HumanWG-6 BeadChips [27]. Data from these two separate array

types were combined and validated as presented in [27]. Briefly, hybridization of both samples from

three CO subjects onto both Illumina platforms followed by a correlation analysis of the

performance between the array types indicated that the resemblance of the two platforms was high

enough (Pearson correlation coefficient, r=0.88-0.94) to allow the combination of the data.

However, using two different platforms caused detectable batch effect, which was corrected by

using  array  type  as  a  covariate  in  statistical  testing.  Before  analysis,  the  microarray  data  was

quantile normalized utilizing the affy package [28] of the R/Bioconductor analysis software

(www.r-project.org, www.bioconductor.org).

Cell culture, differentiation and hormonal treatments

C2C12 murine (Mus Musculus) skeletal muscle cells (ATCC, LGC Standards AB, American Type

Culture Collection, Manassas, VA) were maintained in Dulbecco’s Modified Eagle Medium



(DMEM) with GlutaMAXTM (Gibco, InVitrogen) supplemented with 10 % inactivated fetal bovine

serum (FBS) and 1 % penicillin-streptomycin (both from InVitrogen). Cells were grown in

monolayer cultures in a humidified 5% CO2 atmosphere at +37ºC and subcultured as 70-80 %

confluence was reached. Myoblasts were differentiated into myotubes for six days with

DMEM+GlutaMAXTM supplemented with 2 % horse serum (HS, Invitrogen) and 1 % penicillin-

streptomycin.  The  E2 and  NETA  treatments  were  launched  as  the  cells  exhibited  high  degree  of

differentiation and only a minute amount of myoblasts were detected.

Myotubes were incubated for one hour in serum-free DMEM without phenol red supplemented and

with  1  mM  sodium  pyruvate,  2  mM  L-glutamine  and  1  %  penicillin-streptomycin  (all  from

InVitrogen). After this pre-incubation, the cells were treated with 1 nM and 10 nM of either E2 or

NETA. The dilutions were made into the above-mentioned medium, which was applied to the

control cells as well. The cells for the time point of 0 h served as a basal control. In addition to this

baseline control, control cells with no hormones in the treatment medium were collected at each

time point. Cells were collected at 0 h, 2 h, 6 h, and 24 h for RNA analysis and at 0 h, 5 min, 20 min,

40 min, and 2 h for the analysis of protein phosphorylation. At least three independent experiments

were carried out. Total RNA was extracted with RNeasy Mini kit (QIAGEN Corp., Gaithersburg,

MD).  RNA  concentration  and  purity  were  measured  with  NanoDrop  equipment  (NanoDrop

products,  Thermo  Fisher  Scientific  Inc.,  Wilmington,  DE).  Cells  for  Western  blotting  were

homogenized with a 20G needle in fresh, ice-cold homogenization buffer (20 mM Hepes, pH 7.4,

Sigma-Aldrich,  St.  Louis,  MO; 1mM EDTA, IDRANL®III,  Sigma; 5 mM EGTA, Sigma; 10 mM

magnesium chloride, Merck & Co. Inc., Whitehouse Station, NJ; 100 mM β-glyserofosfaatti, Sigma;

1 mM sodium orthovanadate, Sigma; 2 mM DTT, Sigma; 1 % Triton X-100, Fluka Chemie GmbH,

Buchs, Switzerland; 40 μg/ml leupeptin, Fluka; 40 μg/ml aprotinin, Sigma, 80 μg/ml PMSF, Sigma;

1 μl/100 μl phosphatase inhibitor cocktail, Sigma) during 15 min incubation on ice followed by



centrifugation (12 000 g, 10 min, +4ºC) and collection of the supernatant. Total protein

concentration was assessed using BCA Protein Assay Kit (Pierce, Rockford, IL).

Real Time RT-PCR

One microgram of RNA from both the muscle samples (TaqMan Reverse Transcription Reagents,

N808-0234, Applied Biosystems, Foster City, CA) and cell cultures (High Capacity cDNA Reverse

Transkription Kit, Applied Biosystems) was reverse transcribed into cDNA for Real Time RT-PCR

analysis.  Before  cDNA  synthesis  the  RNA  from  the  muscle  biopsies  was  subjected  to  DNase

treatment (Turbo DNA-free kit, AM1907, Ambion). All the gene expression kits were ordered from

Applied Biosystems. For human samples, unique TaqMan gene expression assays were designed for

each of the IGF-1 splice variants, IGF-1Ea (forward primer: AGCGCCACACCGACATG, reverse

primer: TCCCTCTACTTGCGTTCTTCAAA, probe: CAAGACCCAGAAGGAAGTA), IGF-1Eb

(forward primer: GAGGAGCAGACAGCAAGAATGA, reverse primer:

CCAGCAGGCCTACTTTTCTTCA, probe: AAGCAGAAAATACAATAGAGG) and IGF-1Ec

(forward primer: CACGAAGTCTCAGAGAAGGAAAGG, reverse primer:

CTTGTTTCCTGCACTCCCTCTAC, probe: AAGTACATTTGAAGAACGCA), since the probe

for IGF-1 used in the microarray platforms do not separate three different isoforms. Taqman Gene

Expression Assays were utilized for cell samples to investigate the expression of IGF-1

(Mm01233960_m1), ESR1 (Mm 00433149_m1), ESR2 (Mm 01281854_m1,) AR (Mm

01238475_m1), Akt1 (Mm 01331624_m1), mTOR (Mm00444968_m1), atrogin-1

(Mm01207879_m1), Foxo1(a) (Mm00490672_m1), and Foxo3a (Mm00490673_m1). All RT-PCR

assays were run with an Applied Biosystems’ ABI 7300 unit using standard PCR conditions

recommended by the manufacturer. Each sample was run in triplicate and the reference sample was

included in all plates in order to control for inter-assay variation. GAPDH (Hs99999905_m1) and

18S (Hs99999901_s1) were tested with human samples as candidates for endogenous control and



GAPDH chosen due to its better reliability. The corresponding gene was used as control in the cell

samples as well (GAPDH: Mm 99999915_g1). The dilution series of the reference sample was used

as a standard curve. The mean intra-assay coefficient of variation was 8.2 % for our Real Time RT-

PCR assays.

Western blotting

The homogenized samples (35 μg protein/sample) were solubilized in 6x Laemmli buffer, heat-

denatured (5 min, 95°C), separated by 4-15 % gradient gels (Bio-Rad Laboratories) for 90 min (p-

AKT) or 120 min (p-mTOR), and transferred to nitrocellulose membrane (AmershamTMHybondTM-

ECL, GE Healthcare UK Ltd, Little Chalfont, England) at 300 mA (p-AKT) or 400 mA (p-mTOR)

constant current for 180 min on ice at +4ºC. The uniformity of blotting was checked by staining the

membrane with Ponceau S. Samples from a single treatment were run on the same gel. The blots

were analyzed using phosphospecific rabbit polyclonal primary antibodies recognizing Akt on

Ser473 and mTOR on Ser2448 (both 1:1000 and from Cell Signaling Technology, Beverly, MA). After

incubation with the secondary antibody (horse radish peroxidase-conjugated anti-rabbit IgG, A9169,

Sigma, 1:40 000) the phosphorylated proteins were visualized by enhanced chemiluminescence

utilizing AmershamTM ECL AdvanceTM Westernblotting Detection Kit (GE Healthcare) according

to manufacturer’s protocol. Quantification of specific protein bands was performed using a

ChemiDoc XRS together with Quantity  One software (version 4.6.3, Bio-Rad Laboratories).

Data analysis

Univariate analysis of variance with the baseline measurement, and when appropriate the array type

as covariates was used to compare the changes in the gene expressions between the HRT and CO

groups. When a significant F-score was found the Bonferroni post hoc procedure was employed to

locate the source of significant differences in means. The same analysis strategy was applied for



serum concentrations as well. Analysis of variance for repeated measures was applied for cell

culture data to investigate whether different treatments affected the amount of given gene

transcripts or phosphorylated proteins.

RESULTS

The basic characteristics and serum hormone concentrations of the study participants are presented

in Table 1. The mean age (±SD) of the participants was 53.3 ± 1.8 yr. The HRT users and non-users

had very similar mean BMI at the baseline and post-intervention measurements (change in the HRT

users vs. non-users: 0.6 % vs. -0.1 %, P=0.15). The HRT users significantly increased their LBM

compared to the non-users (change in the HRT users vs. non-users: 2.1 % vs. -0.7 %, P=0.03). The

opposite, albeit not significant, trend was seen for percent body fat. The cross-sectional area of

thigh  muscle  increased  8.6  % among the  HRT users  and  1.5  % among the  non-users  (P  for  trend

0.003).  As  shown  in  Table  1,  HRT  had  no  effect  on  the  serum  IGF-1  or  the  serum  testosterone

concentrations between the users and the non-users. An expected increase in the concentration of E2

was observed among the HRT users (214 %, P<0.001).

The intramuscular expression of IGF-1 gene was up-regulated among the HRT users (13 %)

compared to the CO (-16 %, P=0.014, Fig 1). The level of IGF-1 receptor was  too  low  to  be

determined accurately in the microarray data. All three splice variants of IGF-1, i.e., IGF-1Ea, IGF-

1Eb and IGF-1Ec, also known as the mechano growth factor or MGF, were up-regulated in the

HRT group compared to the CO group, in which their expression was down-regulated (change in

the HRT users vs. controls: IGF-1Ea: 62 % vs. -30 %, P=0.10; IGF-1Eb: 10 % vs. -61 %, P=0.31;

IGF-1Ec:  58  % vs.  -31  %,  P=0.003,  Figure  2).  However,  the  only  significant  change  between the

groups was observed in the expression of IGF-1Ec. One participant had extremely high fold change



(>40). However, excluding this individual from the analysis, did not change the significance of the

analysis (P=0.005). Intriguingly, the change in the muscle expression of IGF-1Ec was associated

with muscle mass measured at post-intervention (r=0.50, P=0.035, Fig 3), but no such significant

correlation with muscle mass was seen for any other splice variant of IGF-1 or other genes

investigated.

Figure 1 shows that the gene expression of Akt1 was  down-regulated  in  the  HRT  group  (-8  %)

compared to the CO (0.7 %, P=0.036). The expression of mTOR was slightly, but significantly up-

regulated  in  the  HRT  group  (2  %)  compared  to  the  CO,  in  which  it  was  down-regulated  (-13  %,

P=0.043). On the other hand, the expression of FOXO3, representing the key molecule for atrophy

signaling, was also up-regulated in the HRT group (2 %) compared to the CO (-9 %, P=0.021). The

expression of FOXO1, exhibited a similar trend (change in the HRT group vs. controls: 2 % vs. 9 %,

P=0.06), but was not statistically significant even though the absolute expression level of FOXO1

was much higher than that of FOXO3. The downstream target of FOXO proteins, atrogin, was not

expressed significantly differently between the HRT and CO groups (change in the HRT users vs.

non-users: 23% vs. 15%, P=0.36). The expression of AR was clearly up-regulated among the HRT

users (12 %) compared to the CO (-8 %, P=0.001). The level of ESR1 did not differ significantly

between the  HRT and CO groups  (change  in  the  HRT users  vs.  controls:  6  % vs.  11  %,  P=0.36).

The transcript level of ESR2 was too low to be reliably detected from the array data.

To dissect the possible role of the effective agents of HRT on the modulation of the expression of

genes or on the activation of proteins along the IGF-1 signaling pathway, we used an in vitro cell

model, in which either E2 or NETA were fed to C2C12 derived myotubes. In our hands neither of

these compound were able to induce statistically significant changes on the levels of transcripts

investigated (P>0.05, data not shown). Even though a clear indication of the effect of 10 nM NETA



on p-Akt was seen, it did not reach statistical significance (Fig. 4). Moreover, no significant effects

of E2 or NETA on the phosphorylation status of Akt or mTOR were observed (Fig 4).

DISCUSSION

This is the first study to investigate the effects of a combined HRT and the effective agents of the

same HRT preparation (E2 and  NETA) on  the  IGF-1  signaling  pathway.  Our  results  indicate  that

one-year use of HRT may change the expression of several genes along the IGF-1 signaling cascade

in comparison with the non-users. This notion may perhaps hold relevance, since the observed

effects  on  the  gene  expression  along  the  IGF-1  signaling  route  in  skeletal  muscle  coincides  with

improved muscle mass. Several RCTs have previously shown that the use of postmenopausal HRT

has positive effect on either the whole body composition or directly on muscle mass [15, 17, 21, 22,

29, 30], while in others the effects were not found [31-35]. Our study goes deeper into the detailed

molecular  mechanisms  through  which  HRT  may  exert  at  least  a  part  of  its  effects  leading  to

preservation of muscle mass after menopause.

The change in the expression of one splice variant of IGF-1 gene, the IGF-1Ec, which is better

known  as  the MGF, was associated with post-intervention muscle mass. MGF, which was first

identified as a factor responding to muscle contraction, is nowadays regarded as a major activator of

muscle satellite cells and as a direct growth factor [36]. Even though the synthetic MGF E-peptide

has  been  shown to  promote  cellular  proliferation  and  survival  the  actual  role  or  even  existence  of

the endogenous MGF E-peptide has recently confronted criticism [37]. However, there is no doubt

that the IGF-1Ec mRNA exists and coincides with improvements in muscle mass. Hereby, greater

muscle mass observed among the HRT users may hypothetically be a result from improved muscle

repair systems, as well as, activation of growth promoting signaling cascades even though we do



not know whether the effect is due to related (cleaved or not cleaved) E-peptide or the whole pro-

IGF-1Ec. In our recent transcriptome-wide study, the expression of several myogenesis-related

genes was found to be up-regulated in muscles of both the HRT users and the non-users suggesting

an increased demand for muscle regeneration in the early stage of the postmenopause [27]. Studies

investigating the influence of HRT or estrogen on exercise induced myogenesis or on satellite cell

proliferation have also concluded that the preservative function of HRT on muscle mass may

emerge from improved muscle regeneration due to activation of satellite or other adult stem cells

[38-42]. These studies support our results suggesting that HRT may modulate its positive effects on

body composition and muscle mass possibly through the activation of IGF-1-related signaling.

We found no  difference  between the  HRT and the  CO groups  in  the  serum levels  of  testosterone

and IGF-1. This indicates that the observed increment in muscle mass is not reflected by endocrine

effects of IGF-1 or testosterone, but rather is due to the local activation of the IGF-1 pathway

through autocrine or paracrine manner in response to HRT. To our knowledge, only two previous

studies have tried to dissect the role of separate HRT regimens [18, 22] and none the role of

different effective agents of the combined HRT preparation on body composition or muscle mass.

Thereby, the question of how and which components of the HRT is able to activate the IGF-1/IGF-

1Ec pathway or induce the expression of its components is open to dispute.

According to our hypothesis the effects of HRT on IGF-1 signaling are delivered through

downstream components of this pathway, namely Akt, mTOR, FOXO and atrogin or through

steroid hormone receptors such as ESRs or AR.  Our results indicated that the gene expression of

mTOR, FOXO3 and AR is significantly up-regulated in the muscle tissue of the HRT users

compared to the non-users while Akt1 was down-regulated. Akt, mTOR and AR are considered as

anabolic factors whereas FOXO regulates atrophy signaling. The discrepancy between anabolic and



catabolic signals observed at the level of gene expression may be due to combined effects of E2 and

NETA.  Therefore, a cell culture setting with myotubes fed with the respective agents was utilized.

However, we were unable to identify differential effects on transcription in this model.

Since the level of gene expression does not always reflect the true activation of signaling pathways,

we analyzed the effects of E2 and NETA on the phosphorylation of Akt and mTOR. Akt1 is known

to be activated by phosphorylation at two key residues: at Thr308 by PDK1 and at Ser473 by mTOR

[43-45].  An  indication  of  the  possible  effect  of  NETA  on  Akt  at  Ser473 was observable, but

statistical significance was blurred by high variation between the triplicates (Fig. 4C). More

specifically,  the  10  nM  treatment  was  observed  to  induce  the  phosphorylation  of  Akt  even  up  to

about five fold suggesting that NETA may exert an androgenic effect on the pathway under

investigation, although the findings were not significant. A recent study by Vasconsuelo and

colleagues reported that E2 induces the phosphorylation of Akt at Ser473 in single-nucleated,

undifferentiated C2C12 myoblasts. A striking difference in comparison with our multinucleated

myotubes was that their myoblasts had no p-Akt in control cells, whereas p-Akt was expressed in

our differentiated, control myotubes during the entire time frame studied. Importantly, the

activation of Akt is known to govern the early and late steps of myogenic differentiation [4]. Our

notion is supported by this fact and a recent study documenting that p-Akt is present between 24

and 120 hours during the differentiation of myoblasts into myotubes [46]. Thus, we may have been

unable to catch the possible effects of the hormonal treatments due to high phosphorylation of Akt

already present owing to myogenesis, albeit several different concentrations of the hormones and

time points of treatments were tested during optimization of the experimental procedure. Therefore,

it is possible that we were unable to observe the changes in phosphorylation status of Akt due to too

narrow time window.



Activation of mTOR, a key regulator of muscle protein synthesis [47], was studied using

phosphospecific (Ser2448)  antibody.   Since  Akt  is  a  direct  activator  of  mTOR [9],  but  also  mTOR

can activate Akt [44] these two kinases form a complex activation loop involved in the regulation of

muscle hypertrophy and atrophy. However, neither E2 nor NETA was found to affect the amount of

p-mTOR. There are only a limited number of studies investigating the effects of estrogen or

progesterone on the activation of mTOR and, to the best of our knowledge, none using murine

muyotubes as a model. For instance, Jaffer et al. were able to demonstrate estradiol-mediated up-

regulation of the amount of p-mTOR in rat uterine myocytes [48], while, by using bovine mammary

epithelial cells, Sobolewska and colleagues showed that both estradiol and progesterone suppressed

the phosphorylation of mTOR thereby supporting our results [49]. As in the case of p-Akt, however,

we cannot dissect out the possibility that high initial phosphorylation status of mTOR may have

restrained us from detecting true induction of phosphorylation. These contradictory results from

different cell types indicate the presence of some cell type specific effects of estrogen and

progesterone.

Aside from the traditional anabolic signaling via activation of Akt/mTOR, IGF-1 or its splice

variants may induce its effects on skeletal muscle through other pathways as well [50, 51, 52]. Our

results concerning the induction of IGF-1 gene expression by HRT is supported by a previous study

reporting that E2 treatment  increases  the  level  of  IGF-1  in  the  rat  uterus  [53]  and  natural

progesterone in glial cells [54].  Also testosterone has been shown to induce IGF-1 expression in

human muscle samples [55]. Hewitt and colleagues have proposed a model along which E2 has the

capacity to interact with AR in order to modulate transcription [56]. In our data, the gene expression

of AR, IGF-1 and MGF were significantly up-regulated suggesting possible cross-talk between the

given sex steroids and growth factors. Furthermore, AR-mediated induction of IGF-1 and MGF has

been suggested to promote muscle growth by activating the β-catenin pathway [52]. Despite the



somewhat confusing effects of HRT on muscle gene expression in this study the net sum appears to

be positive since concomitant increase of muscle mass was observed.

The relatively small sample size in our RCT may have affected the results. On the other hand, the

long duration of our study enables us to examine true adaptation to the HRT both at the level of

phenotype and gene expression. The RCT design with repeated measures and using a single HRT

preparation strengthens our study by eliminating possible physiological and genetic differences in

responses to HRT and, therefore, enables the detection of true intra-individual responses. A clear

methodological observation was made in the cell culture part of this study. Traditionally these kinds

of experiments investigating the induction of gene expression or the amount of total or activated

protein in response to a given treatment utilize a single sample as a control sample, to which the

treated samples are compared. The control sample usually represents a basal level control. In our

experimentation, we pursued accurate and reliable findings and chose to track cells with supplement

free medium along the entire time frame of the experiment. We found that the expression of several

transcripts or the level of protein phosphorylation changed as the time passed regardless of the

samples; untreated or treated. If we were to compare treated samples of each time point to the

control sample of 0 hours, we would perhaps have had some statistically significant effects due to

hormonal treatments.

In conclusion, the combined HRT used in the current study appeared to affect the expression of

several genes along the IGF-1 signaling cascade when compared to the non-users. The observed

muscle growth may perhaps result from cross-talk within sex steroid-IGF-1/MGF axis. Since we

were unable to clearly identify, which of the components (E2 or  NETA)  in  the  combined  HRT

might be responsible for the observed effects it appears that either both effective agents are

simultaneously needed, or that yet unidentified microenvironmental factors providing proper



paracrine signals are critical for appropriate signaling to occur. Nevertheless, further research is

needed to clarify the role of sex steroids and their interaction with other signaling pathways

regulating muscle properties.
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TABLES

Table 1. Clinical data of the study participants. The values are mean ± standard deviation.

HRT group (n=10) CO group (n=9) P value

Baseline
Post-

intervention
Baseline

Post-

intervention

Age (years) 53.45±1.46 53.22±2.12 0.79§

BMI(kg/m2) 28.05±2.92 28.23±2.94 25.92±2.13 25.9±2.12 0.15

LBM (kg) 47.50±3.95 48.50±3.95 47.00±4.56 46.67±3.39 0.03

Body fat (%) 34.30±7.78 32.50±6.36 30.56±3.64 31.33±4.80 0.32

Thigh muscle size

(cm2)

47.49±6.14 51.58±7.73 46.32±6.77 47.03±6.57 0.003

Estrogen (nmol/l) 0.07±0.13 0.22±0.05 0.03±0.08 0.01±0.01 <0.001

Testosterone (nmol/l) 1.07±0.82 1.02±0.92 0.67±0.52 0.74±0.55 0.38

IGF-1 (nmol/l) 15.00±3.65 16.67±4.41 15.00±4.50 16.48±7.23 0.77

§independent samples t-test.



FIGURE LEGENDS

Figure 1. Fold change (FC) values of gene expression. Black dots are FC values for each individual,

** represents P value less than 0.005, * represents P value less than 0.05 when the HRT group was

compared to the CO group by univariate analysis of variance.

Figure 2. Fold change (FC) values for change in gene expression of IGF-1 splice variants. Black

dots are FC values for each individual, ** represents P value less than 0.005 when the HRT group

was compared the CO group by univariate analysis of variance.

Figure 3. Correlation between the change in the gene expression of IGF-1Ec (from the baseline to

post-intervention) and post-intervention lean tissue area. The two outcomes correlated significantly

(r=0.50, P=0.035).

Figure 4. The amount of phosphorylated Akt and mTOR in C2C12 myotubes. The figure shows the

amount of p-Akt (A) and p-mTOR (B) after treatment with E2, as well as p-Akt (C) and p-mTOR

(D)  after  treatment  with  NETA.  No  statistically  significant  effects  due  to  the  treatments  were

observed. Black line with diamonds represent the control samples, dark blue line with squares the 1

nM  treatment  and  light  blue  with  triangles  the  10  nM  treatment.  Each  value  represents  the  mean

value of three independent experiments and error bars standard errors.


