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Abstract

Background: A striking effect of old age is the involuntary loss of muscle mass and strength leading to sarcopenia
and reduced physiological functions. However, effects of heavy-load exercise in older adults on diseases and functions
as predicted by changes in muscle gene expression have been inadequately studied.

Methods: Thigh muscle global transcriptional activity (transcriptome) was analyzed in cohorts of older and younger
adults before and after 12—13 weeks heavy-load strength exercise using Affymetrix microarrays. Three age groups,
similarly trained, were compared: younger adults (age 24 44 years), older adults of average age 70 years (Oslo cohort)
and above 80 years (old BSU cohort). To increase statistical strength, one of the older cohorts was used for validation.
Ingenuity Pathway analysis (IPA) was used to identify predicted biological effects of a gene set that changed expres-
sion after exercise, and Principal Component Analysis (PCA) was used to visualize differences in muscle gene expres-
sen between cohorts and individual participants as well as overall changes upon exercise.

Results: Younger adults, showed few transcriptome changes, but a marked, significant impact was observed in
persons of average age 70 years and even more so in persons above 80 years. The 249 transcripts positively or nega-
tively altered in both cohorts of older adults (g-value <0.1) were submitted to gene set enrichment analysis using IPA.
The transcripts predicted increase in several aspects of “vascularization and muscle contractions’, whereas functions
associated with negative health effects were reduced, e.g., "Glucose metabolism disorder”and “Disorder of blood
pressure”. Several genes that changed expression after intervention were confirmed at the genome level by contain-
ing single nucleotide variants associated with handgrip strength and muscle expression levels, e.g., CYP4B1 (p=9.2E-
20), NOTCH4 (p=9.7E-8), and FZD4 (p = 5.3E-7). PCA of the 249 genes indicated a differential pattern of muscle gene
expression in young and elderly. However, after exercise the expression patterns in both young and old BSU cohorts
| were changed in the same direction for the vast majority of participants.
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Conclusions: The positive impact of heavy-load strength training on the transcriptome increased markedly with age.
The identified molecular changes translate to improved vascularization and muscular strength, suggesting highly

beneficial health effects for older adults.

Keywords: Muscle, Transcriptome, Exercise, Older adults, Muscle biopsies

Background

Increasing fragility of the musculoskeletal system is a
serious threat to healthy ageing. Muscular weakness,
or sarcopenia, due to inactivity and illness may impose
a heavy burden on life quality of those affected [1]. The
annual cost of hospitalizations in US adults with sarcope-
nia amounted to USD 40.4 billion in 2019 with an average
per person cost of USD 260 [2]. In the Nordic countries,
women live longer than men, with a mean anticipated
lifespan of~84 years, and the health costs associated
with weakened muscular power facilitating imbalance,
falls, and fractures due to longevity are very high and ris-
ing [3].

Resistance training has been previously shown to
improve muscle mass and strength as well as many other
health and quality of life related parameters in various
groups of older individuals [4—6]. However, knowledge of
muscle gene regulation in postmenopausal (PM) women
during prolonged heavy-load exercise and how tran-
scriptome changes may translate to mechanical strength,
is scarce. Most studies are of shorter durations and/or
involve younger people, often comprising patients with
metabolic syndrome or hormonal diseases focusing on a
select number of genes, proteins, and/or metabolites [7].
Increased knowledge of basic muscle biology and genet-
ics addressing the lack of understanding of the molecu-
lar machinery involved, and how it translates to loss of
muscle mass and mechanical strength, is a prerequisite
for preventive and therapeutic interventions. Moreover,
we hypothesized the information obtained in the current
study would be able to explain, at least partly, the phe-
nomenon of sarcopenia.

To date, the most far-reaching investigation of gene
regulation at the transcriptional level in muscle tissue
comparing exercise and inactivity, is the MetaMex meta-
study using 66 published datasets [7, 8]. The MetaMex
study and online resource https://www.metamex.eu/ are
excellent for looking up genes affected by various forms
of training. However, only 13 datasets mimic the current
long duration supervised resistance-exercise training
(RET) study with muscle transcriptome analysis before
and after the training period. It should also be noted that
the MetaMex datasets involved smaller, heterogeneous
cohorts of young and old, women and men in studies of
different design and sizes. In all, only 213 persons were
included in the 13 studies/datasets [7]. One of the most

comprehensive of the 13 RET studies, performed by Raue
et al. [9] (BSU cohorts) focused on effects of exercise on
the various fiber types. Fiber type specific microarray
analysis, although measured as acute response, showed
that the vast majority of gene changes occurred in fast-
twitch (MHC Ila) muscle fibers and that the young per-
sons had a more profound increase in fast-twitch (MHC
ITa) muscle fiber hypertrophy after 12 week RET. How-
ever, they also showed that the number of genes changed
in total/mixed vastus lateralis muscle biopsies after
12 week RET was much higher in the elderly as com-
pared to young. Thus, warranting further studies in larger
cohorts.

In the current study we combined thigh muscle tran-
scriptome datasets provided by Raue et al. [9] with simi-
lar datasets from the Oslo cohort (briefly described below
and by Olstad et al. [10]. We were thus able to use larger
datasets with stronger statistical power, to answer novel
research questions such as what is the functional impact
of heavy-load exercise in young and elderly, and also
evaluate functional differences between the age groups.
Using novel public data on gene variants associated with
muscle expression levels (expressed quantitative loci)
(eQTL) and handgrip strength we could also answer
questions such as which are the causal genes responsible
for some of the observed effects.

The present study is a follow-up of our recent paper
by Olstad et al. [10] in which the main findings were
that osteoporotic and healthy women have distinct mus-
cle transcriptomes, before and after RET, and that OP
women had a higher proportion of type I fibers. We first
addressed the genetic and molecular mechanisms in
the muscle tissue of 35 postmenopausal women using a
global approach covering all acknowledged genes (the
transcriptome) to delineate the most important changes
following prolonged RET. The present study is the larg-
est uniform RET study of older women enabling the
study of transcriptional changes specific for this popula-
tion at highest risk for sarcopenia. Thigh muscle biopsies
were examined before and after 12—-13 weeks of heavy-
load intervention training in women without metabolic
or cardiovascular diseases. The data were exploited to
identify the genes that were statistically most affected to
understand the exact nature of the molecular networks
involved. The results were validated in the BSU cohort
of older adults. Also, in order to define the specific
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transcriptional deficiency in elderly associated with sar-
copenia, we used comparable data from young adults
obtained before and after exercise since they do not expe-
rience a similar muscle wasting condition. Furthermore,
DNA nucleotide variants or Single Nucleotide Polymor-
phisms (SNPs) were looked up in accessible databases for
associations with levels of specific transcripts in muscle
(expressed quantitative loci (eQTL)) known to affect
the most training-sensitive muscle genes. Finally, we
tested whether these SNPs were associated with low grip
strength/weakness, a characteristic sarcopenic pheno-
type in females using published data [11].

Methods

Participants: Recruitment, analyses, and ethics

Cohorts from two studies were used in this paper as
outlined in Fig. 1. The Oslo cohorts of PM women were
recruited consecutively through an outpatient medical
clinic. The women gave their verbal and written consent
as described previously [12]. These cohorts represented
healthy women (n=18) or women with established pri-
mary osteoporosis (n=17), (age, 55—-80 years) without
cardiovascular, endocrine, or neurological diseases. The
osteoporotic women received anti-resorption medication
(bisphosphonates), which was withdrawn 3 months prior
to starting this study. The number of previous smokers
and the level of physical activity were similar between
the groups, as were other lifestyle factors and nutrition
as previously described [12]. The serum and urine bio-
markers of all participants were normal. Clinical evalu-
ation: All participants underwent a clinical examination
and completed detailed interview questionnaires on
present and previous diseases, nutrition, and lifestyle
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factors (smoking, alcohol, physical activity). All partici-
pants received daily supplements of vitamin D3 (1000 IU)
and calcium (1000 mg). The Ball State University (BSU)
cohorts have been extensively described previously [9]
but are summarized below and in Table 1. BSU partici-
pants were excluded based on similar criteria as the Oslo
cohort: any acute or chronic illness, cardiac, pulmonary,
liver, or kidney abnormalities, uncontrolled hypertension,
insulin- or non-insulin-dependent diabetes, abnormal
blood, or urine chemistries, arthritis, a history of neuro-
muscular problems, or if they smoked tobacco. From the
BSU cohorts comprising 12 old donors (6 women, 6 men,
average age 84+ 3 years) or 15 young donors (7 women,
8 men, average age 24 4 years), we used transcriptome
data based on thigh muscle biopsies taken before the
first and before the last exercise in their 12-week training
period. The data are available from GEO: https://www.
ncbinlm.nih.gov/geo/query/acc.cgi?acc=GSE28422

Training protocols

Oslo Cohorts: The total duration of the intervention was
13 weeks for healthy and 15 weeks for the patients with
primary osteoporosis because the first two weeks were
used to familiarize them with the training protocol start-
ing with lighter training loads. The training loads were
gradually increased to ensure that the 13 weeks of train-
ing were conducted with optimal loading to improve
muscle strength and muscle mass [12]. The training
period was performed as traditional heavy-load strength
training: three times per week with 1-3 sets involving all
major muscle groups as detailed previously [12]. Briefly,
the training protocol consisted of three exercises for the
leg muscles (squat, leg press, and standing toe rise), and
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Fig. 1 Outline of study
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Table 1 Demographic characteristics of muscle biopsy donors
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Group
Oslo BSU old BSU young Donors of iliac muscle
(n=35) (n=12) (n=15) (n=24)

Age, years 70.1 (6.3) 84 (3) 24 (4) 67.4(11,0)

Body mass, kg 68.1(11.0) 70 (9) 72 (13) 68.5(12.4)

BMI 24.1 (3.9) 26 (3) 25 (5) 25.0(3.6)

Lean mass, kg 40.8 (4.3) 40.5 (4.9)

Fat mass, kg 239 (3.7) 23.7(7.7)

Maximum squat load, kg 351

The Oslo group and donors of iliac muscle included women only, while The BSU groups contained women and men (see Methods). Numbers indicate mean with

standard deviation (SD)
BMI Body mass index

three exercises for the upper body muscles (chest press,
seated rowing, and shoulder press). In addition, the
participants performed self-selected exercises for the
abdominal and lower back muscles at the end of each ses-
sion. The strength-training regimen was a mix of linear
periodization and daily undulating periodization. The
participants started with 8—12 repetition maximum (RM)
sets, and ended the 13-week protocol with 4—8 RM sets.
In two sessions per week, the sets were run until failure
(RM-sets); in the third session, performed between the
two maximal sessions, sets were run with a load cor-
responding to 80-90% of the actual RM load. The total
duration of training was about 60 min per session, and
the participants exercised in groups of three with a per-
sonal instructor present.

The BSU cohorts underwent a 12-week training regi-
men with progressive resistance training (PRT). The
groups performed a smaller, leg focused selection of exer-
cises, but included 36 training sessions (3 days/week)
with three sets of 10 bilateral knee extensions at 70-75%
of their 1 RM [9]. Thus, training of the vastus lateralis
muscle group was similar in the Oslo and BSU studies,
although the load used in the BSU cohort was somewhat
lower.

Questions may be asked if the transcription repertoire
(the transcriptome) in the basal resting state is the same
in mechanically loaded skeletal muscle (e.g., thigh) as in
unloaded muscle (e.g., iliac/pelvic). If not, their responses
to training could have been different, and the results
would have been needed a further explanation. Thus, we
compared if these muscles, serving vastly different func-
tions (dynamic versus static), had the same transcrip-
tional profile in the basal, rested state selecting muscle
biopsies from pelvis of well characterized female donors
(12 healthy and 12 with osteoporosis) with similar age
and BMI and not part of a training study [13].

Muscle biopsy collection and RNA purification

Biopsy collection and RNA purification from the Oslo
and BSU cohorts used similar methods and technology,
as previously described [9, 10]. In brief, thigh muscle
biopsies were obtained under local anesthesia (xylocaine
adrenalin, 10 mg/ml+5 pg/ml; AstraZeneca, London,
UK) from the mid portion of the vastus lateralis before
and after the training period using a modified Bergstrom
technique. The muscle samples were obtained at least
2 days after any training or testing, and the second biopsy
was obtained approximately 3 cm distal to the previous
site. The biopsies were taken from fasting participants of
both studies in the morning (07-09 AM) to allow for sim-
ilar levels of physical activity and dietary intake. A sample
(10-20 mg) to be used for RNA extraction was immedi-
ately frozen in liquid nitrogen (applied to the cohort of
osteoporotic women; muscle biopsies from all other par-
ticipants were stored in RNAlater (Merck, Darmstadt,
Germany) for 1 day at 4 °C before freezing. The samples
were then stored at -80 °C until RNA purification using
a RNeasy Mini Kit (Qiagen, Oslo, Norway) according to
the manufacturer’s instructions.

Microarray and data analysis

The same type of microarray analysis was performed
on the BSU and Oslo cohorts employing Affymetrix
HG-U133 Plus 2.0 or Affymetrix HuGene-1_0-st-vl
arrays (Thermo Fisher Scientific, Waltham, MA, USA).
Robust microarray analysis (RMA) yielding normalized
log2 transformed signal intensities was applied for nor-
malization for both array types. (http://bip.weizmann.
ac.il/toolbox/overview/Partek_Users_Guide.pdf). Gene
transcripts with maximal signal values of<5 (log2 val-
ues) across all arrays were removed to filter for low- and
non-expressed genes. Differentially expressed transcripts
before vs. after training were identified using two-way
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analysis of variance (ANOVA) as implemented in Partek
Genomics Suite (Partek, St. Louis, MO, USA).

Further bioinformatics analysis on thigh muscle biop-
sies was conducted on the significant genes to identify
functional implications with Ingenuity Pathway Analy-
sis (Ingenuity Systems, Redwood City, CA, USA). The
microarray data generated from the Oslo and BSU
cohorts have previously been validated using real-time
qRT-PCR on selected genes [9, 11].

Comparison of basal iliac and thigh muscle transcriptomes
In a previous study [13] we collected postmenopau-
sal trans-iliac bone biopsies using a Bordier trephine
[14]. Iliac muscle attached to the pelvic side of these
bone biopsies were separated and snap frozen in liquid
nitrogen (n=24). Subsequent RNA isolation was per-
formed as described for thigh muscle biopsies. How-
ever, Affymetrix HG-U133 Plus 2.0 arrays were used
for transcriptome profiling, while HuGene-1_0-st-v1
arrays were used for transcriptome profiling of thigh
muscle RNA. Use of different array types prevented
us from normalizing the two datasets together. How-
ever, we conducted a Pearson correlation analysis of
the Log, transformed signal values using the 17 652
transcripts present in both datasets (93.5% of all thigh
muscle transcripts). To visualize the similarity the
average signal values for the 17 652 transcripts were
plotted against each other (Fig. S1). As a further meas-
ure of similarity/difference between the iliac and thigh
muscle transcriptomes a paired T-test was performed
on the datasets.

Functional enrichment analysis

Functional enrichment analysis identifies trends in
large scale biological datasets and determines whether
some functions are enriched in our set of differentially
expressed genes. We used Ingenuity Pathway Analysis
(IPA) (Qiagen, Beverly, MA, USA) for this task. Fisher’s
exact test was used by IPA to identify enriched gene sets
with all genes on the Human Gene 1.0 ST Array as the
background gene list. Further information is found in the
Table 2 legend.

Principal component analysis (PCA)

PCA is a frequently used dimensionality-reduction
method with the aim to reduce the dimensionality of
large data sets by transforming extra sized sets of varia-
bles into smaller ones that still contain most of the infor-
mation. We used the PCA generator as implemented in
the software Partek Genomics Suite (Partek, St. Louis,
MO, USA).
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Volcano plot
The volcano plot was generated using the volcano plot
generation module in Partek Genomics Suite 6.6 (Partek).

Analyses of association between transcripts responsive

to heavy-load exercise training with muscle eQTLs and loci
for handgrip strength in women

We identified SNPs associated with skeletal muscle
expression for the genes listed in Table S1 using eQTL
databases from the Genotype-Tissue Expression (GTEx)
portal (https://gtexportal.org). Subsequently, signifi-
cant SNPs were tested for association with low handgrip
strength in females as summarized in a meta-analysis
[11] adopting a nominal p-value <0.01.

Results

Demographic characterization

Table 1 shows the demographic characteristics of all par-
ticipants. The Oslo participants (n=35) showed physical
variables within the normal ranges for body mass, BMI,
and lean and fat mass. Seventeen women had osteoporo-
sis, and it is important to mention that they attained the
same final maximal squat load as the others, i.e., 35.1 kg,
after training. We combined the patients and healthy
controls, testing first if their basal transcriptomes were
inherently different using statistical comparisons.

The Oslo group and donors of iliac muscle were simi-
lar with regard to age, BMI, lean mass, fat mass, or mean
body mass (Table 1), as well as serum laboratory analyses
(not shown).

Physical performance and muscle physiology variables
after heavy-load exercise

A previous study [12] with the same female cohorts,
showed that heavy-load strength training was feasible
and equally effective for improving muscle mass and
strength in osteoporotic and healthy with respect to
increases in strength and muscle hypertrophy (mass),
histology changes, muscle protein markers and type I and
II fiber types and improvements of balance. Since the two
groups achieved similar test results regarding physical
performance and balance, physiological muscle effects,
and stress protein responses to heavy-weight training,
they were combined when studying the impact of RET on
their transcriptomes.

Training induced transcriptome changes in the Oslo

and BSU cohorts of older adults

In the Oslo study, 491 annotated genes changed expres-
sion after the training period at Q-value<0.1, while the
corresponding number in the older BSU cohort was 4524.
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Table 2 Over-represented diseases and functions

Diseases and Functions
Vasculogenesis

Development of vasculature
Angiogenesis

Cell proliferation of vascular endothelial cells
Size of body

Cell movement of smooth muscle cells
Proliferation of vascular cells
Tubulation of cells

Tubulation of epithelial tissue
Transmigration of cells

Tubulation of endothelial cells
Glucose metabolism disorder
Organization of cytoskeleton
Organization of cytoplasm
Microtubule dynamics

Rho protein signal transduction
Quantity of glycosylceramide
Congenital anomaly of cardiovascular system
Development of epithelial tissue
Chemotaxis of endothelial cells

Cell movement of endothelial cells
Disorder of blood pressure

Tubulation of vascular endothelial cells
Migration of endothelial cells

Growth of vessel

Fibrogenesis

Migration of vascular cells

Assembly of cells

Endothelial cell development
Sprouting

Arteriosclerosis

Atherosclerosis

Quantity of cells

Branching of blood vessel
Hypertension

Migration of cells

Muscle contraction
Peripheral vascular disease
Formation of epithelial tissue
Hydrolysis of phospholipid
Branching of cells

Growth of blood vessel
Organismal death

Synthesis of lipid
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Older adults Young
Activation P-value | Activation P-value P-value
Z-score  P-value (adj.) Z-score (adj.)
2.94 8.4E-18 8.2E-15
291 7.1E-19 1.3E-15
2.90 5.1E-20  2.2E-16
2.88 5.4E-06 1.3E-04
2.73 8.9E-06  2.0E-04
2.57 3.5E-07 1.2E-05
2.51 3.1E-08 1.3E-06
2.44 3.2E-08 1.3E-06
2.43 1.1E-08 4.7E-07
2.37 1.4E-05 2.9E-04
2.26 6.7E-08 2.6E-06
-2.13 6.0E-10 3.4E-08
2.12 8.7E-10  4.8E-08
2.12 1.2E-08 5.2E-07
2.12 1.3E-05 2.7E-04
2.00 1.5E-05 3.1E-04
1.98 6.6E-06 1.6E-04
-1.97 3.3E-06 8.9E-05
1.94 1.1E-14  2.4E-12
1.89 1.4E-06  4.3E-05
1.88 9.1E-12 7.5E-10
-1.81 2.0E-06 5.7E-05
1.80 4.7E-07 1.6E-05
1.80 5.5E-09  2.6E-07
1.78 1.9E-05 3.8E-04
1.75 4.2E-07 1.4E-05
1.70 7.6E-07 2.4E-05
1.70 4.6E-15 1.2E-12
1.70 1.4E-14  2.7E-12
1.69 2.2E-07 7.9E-06
1.66 6.8E-06 1.6E-04
1.66 2.0E-05 3.8E-04
1.60 2.0E-05 3.9E-04
1.56 1.7E-05 3.4E-04
-1.55 6.4E-06 1.6E-04
3.28E-
0.41 4.0E-13 4.3E-11 1.47 03 3.7E-02
1.46 1.4E-05 3.0E-04
-1.41 3.7E-06 9.6E-05
1.40 1.9E-05 3.8E-04
1.40 4.40E-05 5.7E-03
1.35 4.5E-06 1.1E-04
1.33 6.8E-06 1.6E-04
-1.32 3.4E-06 9.1E-05
1.30 4.4E-06 1.1E-04

The table data were extracted from the “Comparison Analysis” function in IPA. The table illustrates common genes from the Oslo and BSU study changing expression
(end vs start of intervention period) at g-value <0.1 in Older adults, and the genes shifting expression in the cohort of young from the BSU study (g-value <0.2). In this

analysis, we excluded Diseases and Functions with activation Z-score <|1.3|, all with adj. p-value >0.05, and all diseases/functions related to cancer

More than 50% of the more comprehensive Oslo study
was replicated in the older BSU cohort (Fig. 2A). Fig-
ure 2B displays a volcano plot of 249 genes common for
the two studies. Only four of the 249 common genes were
changed in opposite directions between the two cohorts.

Transcriptional changes in old vs young
Whereas 249 common genes were changed after the
exercise period when comparing the older adults in Oslo
vs older adults in BSU at q value<0.1, only one gene
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Comparison of the basal iliac and thigh muscle
transcriptomes

To test if the basal transcriptome of a given skeletal
muscle is representative for other muscles and thereby
assess the general validity of the transcriptome data, we
compared the iliac musculature from 24 age- and BMI-
matched PM women (validation group) with the results
from the 35 thigh muscle donors before intervention
(Table 1). The transcriptomes did not differ statistically
but showed a major degree of similarity (students t-test
p-value=0.985 and Pearson correlation coefficient of
r=0.78 (p<0.0001)) (Fig. S1). Thus, the non-exercised
skeletal musculatures from different anatomical sites
have a common transcriptional background from which
training initiates gene activity changes.

Functional enrichment analyses

The 249 common genes changing expression in the Oslo
and old BSU cohorts were subjected to IPA analysis
to identify affected biological processes. For compari-
son, the 78 genes that changed expression in the young
BSU cohort (at g-value<0.2) were analyzed similarly.
Table 2 demonstrates that several functions associated
with a healthy outcome, especially related to the vascu-
lar system, were increased (red color) in the old following
strength training. The genes from our dataset involved
in the topmost activated function “Vasculogenesis” were
presented in Fig. S2. Functions generally associated
with a negative health outcome were decreased (blue
color), such as “glucose metabolism disorder’;congenital
anomaly of cardiovascular system and disorder of blood
pressure” Among the functions systems more intuitively
associated with maximal strength, only “muscle con-
traction” is increased. In the young, only two categories
reached significance, including “Migration of cells” and
“Hydrolysis of phospholipid”

SNPs in muscle eQTLs associated with training-responsive
muscle transcripts and correlated to loci for handgrip
strength

Several studies have shown that handgrip strength
reflects general muscle strength and sarcopenia [15, 16],
but a large, well-powered GWAS of resistance exercise
training does not exist. Thus, we hypothesized that genes
that respond well to resistance training could overlap
those associated with handgrip strength. Using candidate
genes associated with handgrip strength obtained from
a large genome-wide meta-analysis [11] we looked for
overlapping transcripts also responsive to long-duration
heavy-load exercise. As described in the Methods, we
first used established muscle eQTL databases to identify
SNPs known to affect the expression of 249 genes (Table
S1) at near suggestive genome significance. Then, we
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tested these SNPs for association with low grip strength/
weakness phenotype in females, and identified 26 genes
(Table 3).

Discussion

The core of the present study comprises a well-charac-
terized group of PM women participating in a heavy-
load exercise program and is the largest uniform group
published so far aiming to describe in-depth the global
engagement of training-sensitive genes in older adults.

During prolonged heavy-load exercise in PM women,
the major groups of training-sensitive genes as judged
by g-values or fold-change, encode extracellular matrix
exposed receptors and adhesion proteins (Table S1). The
importance of signal pathways through receptor activa-
tion and growth factors are recognized, e.g., IGF1, which
initiates myotube hypertrophy via the PI(3)K-Akt-
mTOR and PI(3)K-Akt—GSK pathways [17].

Topmost over-represented diseases and functions
relate to circulation, focusing on development of new
vasculature e.g. “Vasculogenesis” and’Angiogenesis”
(Table 2), mediated by functions such as “proliferation of
vascular cells”, “Cell movement of smooth muscle cells’,
“Tubulations of cells” and “transmigration of cells”. These
are in turn promoted by factors/processes like hypoxia,
shear stress, adenine and muscle stretch, leading to
increased expression of key regulatory genes, such as vas-
cular endothelial growth factor (VEGF) and matrix met-
alloproteinases (MMPs) [18].

Studies have shown that mitochondrial function and
genesis are stimulated during long term RET [19-21],
and it is generally accepted that the enhancement of oxi-
dative phosphorylation generating ATP is a prerequisite
for successful strength training [19]. This study shows
no over-representation of functional pathways related
to increased mitochondrial activity, perhaps due to lack
of statistical power or insufficient length of the inter-
vention. Still, several genes encoding proteins known
to induce mitochondrial biogenesis have been shown
to increase expression after exercise, e.g., CAMK2A
and CAMK?2B (Table S1) [22, 23]. A recent study indi-
cates that IGF2 also promotes mitochondrial biogen-
esis in skeletal muscle [24], and similar results have been
obtained for IGF1 [25-27], and both transcripts increase
after exercise (Table S1). Although pathways for mito-
chondrial biogenesis were not over-represented after the
intervention, those involved in vasculogenesis and angio-
genesis were highly upregulated with resistance training.
These changes probably reflect increased capillarization
as observed in a similar heavy-load resistance training
intervention in older men [28], confirming that resist-
ance training can induce aerobic adaptations especially
in older deconditioned muscles. Furthermore, it has been
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Table 3 SNPs in skeletal muscle eQTLs associated with training-responsive genes and handgrip strength

Training- SNP Variant ID eQTL p-values for eQTL p-values

associated skeletal muscle for handgrip

gene expression strength

HSPG2 Heparan Sulfate Proteoglycan 2 rs71636995 chr1_21877520_C_T_b38 1.40E-05 3.87E-03

CYP4B1 Cytochrome P450 Family 4 Subfamily B rs11211375 chr1_46836964_A_G_b38 9.20E-20 3.50E-03
Member 1

HIBCH 3-Hydroxyisobutyryl-CoA Hydrolase rs201160834  chr2_190304632_A_AT_b38  3.40E-08 2.04E-03

RFTN2 Raftlin Family Member 2 rs68022726  chr2_197566490_A_G_b38  5.60E-05 6.69E-03

DGKD Diacylglycerol Kinase Delta rs76145205 chr2_233584763_G_T_b38  4.40E-06 1.99E-03

SCAP SREBF Chaperone rs62260743 chr3_47541718_C_T_b38 7.00E-05 7.18E-03

NOAT Nitric Oxide Associated 1 11277271 chr4_56971181_T_C_b38 1.30E-08 2.12E-03

DHFR Dihydrofolate Reductase 1526266 chr5_80744875_T_C_b38 3.70E-41 6.05E-03

NQO2 N-Ribosyldihydronicotinamide: Quinone rs28383595 chr6_3001234_T_C_b38 2.50E-08 5.97E-03
Reductase 2

NOTCH4 Notch Receptor 4 rs1281934 chr6_32616605_A_G_b38 9.70E-08 3.78E-08

CSGALNACTT  Chondroitin Sulfate rs11204056 chr8_19596883_C_T_b38 4.70E-11 9.93E-03
N-Acetylgalactosaminyltransferase 1

ANK1 Ankyrin 1 rs62508166 chr8_41679800_G_A_b38 4.20E-09 891E-03

COLI15A1 Collagen Type XV Alpha 1 Chain rs7026938 chr9_98875916_C_T_b38 2.80E-05 9.15E-03

TRPTI1 TRNA Phosphotransferase 1 1572924202 chr11_64365756_C_T_b38 1.30E-18 1.31E-03

FZD4 Frizzled Class Receptor 4 rs611538 chr11_87125491_T_G_b38  5.30E-07 7.85E-03

CEP57 Centrosomal Protein 57 rs571413 chr11_95793424_C_T_b38 1.30E-14 2.03E-03

STX2 Syntaxin 2 rs7137314 chr12_130756804_C_T_b38 3.80E-12 7.86E-03

TMTC1 Transmembrane O-Mannosyltransferase rs11050591 chr12_29971149_C_A b38  1.50E-06 8.41E-03
Targeting Cadherins 1

RCBTB2 RCC1 And BTB Domain Containing Protein 157991892 chr13_47942622_C_T b38 6.80E-05 1.60E-03
2

PPP1RI5A Protein Phosphatase 1 Regulatory Subunit  rs4802517 chr19_48878914_T_C_b38 3.50E-05 7.90E-03
15A

ACSST Acyl-CoA Synthetase Short Chain Family rs6049932 chr20_24738298_C_G_b38  3.90E-06 6.57E-03
Member 1

GSS Glutathione Synthetase rs3891369 chr20_34573323_C_T_b38 7.70E-07 6.66E-06

ACSS2 Acyl-CoA Synthetase Short Chain Family rs6058105 chr20_34683915_C_T_b38  3.60E-08 1.63E-06
Member 2

JPH2 Junctophilin 2 177792994 chr20_44130642_G_A_b38  9.40E-05 9.23E-03

MICAL3 Microtubule Associated Monooxygenase, rs56076143 chr22_17898151_C_T_b38 5.70E-05 2.18E-03
Calponin And LIM Domain Containing 3

MAPK12 Mitogen-Activated Protein Kinase 12 1s2294394 chr22_50071829_T_C_b38 1.10E-05 6.61E-04

Variant ID refers to chromosome_position_ref_alt_build (ref reference nucleotide, alt alternative nucleotide, build genome build version)

suggested that increased capillarization is critical for the
hypertrophic response to resistance training [29]. Conse-
quently, the observed upregulation of pathways involved
in vasculogenesis and angiogenesis may therefore be
a critical part of the normal muscle growth induced by
heavy-load resistance training.

A recent genome-wide association meta-analysis stud-
ying the handgrip phenotype and involving more than
250,000 Europeans of both sexes aged>60 years pre-
sents 15 loci associated with muscle weakness [11]. We
used their data to analyze whether some of the handgrip-
associated loci also relate to the genes responsive for
heavy-load exercise after limiting the search to candidate

muscle eQTLs. Twenty-six transcripts correlate to SNPs
in muscle eQTLs and handgrip (Table 3). Of these,
CYP4B1, encoding a member of the cytochrome 450
superfamily of enzymes, shows the highest correlation to
muscle eQTLs, whereas NOTCH4 (Notch receptor 4) and
GSS (glutathione synthetase) are the most significantly
associated with handgrip eQTLs. GSS protects against
oxidative damage [30] and is thus of obvious importance
for muscle reconstitution after stress and thereby also
muscle strength and now a possible genetic marker of
sarcopenia. Drugs that increase the activity of GSS could
be a target for treatment of extreme muscle weakness.
In a recent analysis of FDA-approved drugs 33 of the 50
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approved in 2021 (66%) were supported by genetic evi-
dence for the gene encoding the target of the drug [31].
Thus, the genes we report that are supported by evidence
from muscle eQTL data and genetic associations with
weakness (low hand grip strength) in older adults are the
most likely to have a causal role in response to exercise
and represent possible future intervention targets.

The reproducibility of previous studies in terms of find-
ing common exercise sensitive genes in old vs young is
surprisingly low: When comparing genes that are found
changed in young vs old in three datasets [9, 32, 33] only
one common gene is detected for the three studies and
less than 30 were common between any two of these three
studies [33]. Relatively few transcripts are changed in the
BSU cohort of young (78 at FDR<0.2) and only two items
were identified under”’Diseases and Functions” (Table 2),
maybe due to a smaller, more heterogeneous cohort of
younger premenopausal women and men, possibly start-
ing at a “higher” functional level. The number of genes that
are affected by training is much higher in the older BSU
adults (average age 84 years) than in younger (average age
24 years) BSU participants and also higher when compared
to the Oslo cohort (average age 70 years) (Table 1). Com-
bined, these observations support that RET has a stronger
transcriptional impact in older adults, and a clear notice-
able difference is observed in the two elderly age groups of
14 years difference. This conclusion confirms the results of
Raue et al. [9] identifying a higher number of genes that
were activated in older adults as compared to younger in
study groups of 12 and 15 persons, respectively. The pre-
sent study, taking advantage of two larger cohorts, is able
to markedly expand the number of affected genes in older
adults from 144 to 249 thereby also allowing for improved
functional enrichment analyses (IPA). Strengths and limi-
tations of the study. As main strength of the study, we pre-
sent the largest uniform group of participants in a RET
study to date and include analysis of an independent group
for replication. In addition, these molecular changes are
firmly anchored in prior reported physiological results[12]
showing improvement of several parameters (muscle
mass, mechanical strength and balance improvement).
The inclusion of two elderly groups allows us to suggest
that our ability to respond positively to physical training
as reflected in advantageous muscle gene expression, is a
quality lasting throughout life.

Methodologically, the study is sound as the transcript
microarray data from both sets of musculatures have
been technically validated using RT-PCR, with satisfac-
tory results. Weak sides are related to limited number
of participants, especially in the BSU cohort of young.
Also, the cohort of younger premenopausal women
and men shows higher transcript heterogeneity, and
they may also have started at a “higher” functional level

(2022) 19:23

Page 10 of 13

which will reduce the probability to find small and mod-
erate differences caused by the intervention. A relative
limitation includes different average age of the Oslo and
the older BSU cohorts, possibly leading to a reduced
number of detected RET responsive genes. Further-
more, the number of identified RET responsive muscle
genes would probably be higher with a larger replication
cohort, allowing for stronger statistics. Also, the Oslo
group followed a whole-body approach while the BSU
cohort was focused on leg exercises, which may have
affected the results somewhat. The Oslo cohort appears
to be more ethnically uniform than the BSU cohort, and
lack of homogeneity may represent a possibly negative
aspect and lead to fewer genes discovered. However, the
somewhat heterogeneous cohorts may make the results
representative for a wider population. The Oslo cohort
study comprises only older women, while older men and
women in the BSU cohort are pooled to increase statis-
tical power. Again, this may be considered negative with
respect to number of identified affected genes, but on the
other hand, the results may have relevance for both sexes.

When comparing thigh and iliac muscle transcrip-
tomes, we used different array types for the two muscle
types. Thus, if the same array type had been used, we
consider it likely that similarity would be even higher
than the calculated r-value of 0.78 (Fig. S1).

We identified 249 training sensitive, common genes
adapting data from two studies, and their functions
converged towards vasculogenesis, improvement of cir-
culation and blood pressure regulation in addition to
counterbalancing unhealthy aspects of metabolism. As
muscular asthenia, weakness, and sarcopenia affect age-
ing women and men in general, it is also likely that the
results are valid for all people. Some of the genes iden-
tified may lend themselves to possible drug targets for
reducing severe muscle weakness.

Conclusions

The largest uniform cohort of older adults, clinically well
characterized females transcriptionally profiled, yielded
491 (q-value<0.1) training sensitive genes after pro-
longed RET exercise. These results were validated in an
independent cohort of older men and women detecting
249 (q-value <0.1) annotated common transcripts. Using
IPA for gene enrichment, these transcripts predicted
increase in several aspects of vascularization and muscle
contractions, whereas impairment of “Glucose metabo-
lism” and blood pressure regulation was reduced. Simi-
lar effects were not observed in a trained cohort of young
persons. The results identify the underlying molecular
mechanisms bridging the improved mechanical mus-
cle performance obtained during long-term heavy-load
strength training in older adults.
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Abbreviation

Term

Brief explanation

Abbreviation

Term

Brief explanation

BMI

eQTL

GEO

GWAS

GTEX portal

IPA

PCA

RM

RET

Body Mass Index

Expressed quantita-
tive loci

Gene Expression
Omnibus

Genome

Genome-wide asso-
ciation studies

Genotype-Tissue
Expression portal

Ingenuity Pathway
Analysis

principal component
analysis

Repetition Maximum

Resistance-Exercise
Training

BMI =kg/m? where kg
is a person’s weight in
kilograms and m? is
their height in meters
squared

Genomic loci (with DNA
sequence/nucleotide
variants) that explain
variation in expression
levels of mMRNAs

International public
repository that archives
and freely distributes
high-throughput gene
expression and other
functional genomics
data sets

All genetic information
of an organism

Observational studies
of a genome-wide set
of genetic variants (nor-
mally SNPs) in different
individuals to see if any
variant is associated
with a trait

A public database

of identified genetic
variants (eQTL) that
influence how genes
are turned on and off
in human tissues and
organs

Commercial web-based
software application for
pathway analysis using
a manually curated
knowledge base

A statistical procedure
that allows you to sum-
marize the information
content in large data
tables by means of a
smaller set of “summary
indices"that can be
more easily visualized
and analyzed

The most weight

that can be lifted for
a defined number of
exercise movements

Exercise that causes

the muscles to contract
against an external
resistance with the
expectation of increases
in strength, power,
hypertrophy, and/or
endurance

RT-PCR

Reverse transcription
Polymerase Chain
Reaction (PCR)

Laboratory technique
combining reverse
transcription of RNA

into complementary
DNA (cDNA) and
amplification of specific
DNA targets using

PCR. Primarily used to
measure amounts of
specific RNAs

Single nucleotide
variants at specific posi-
tions in the genome

The set of all RNA
transcripts, including
coding and non-cod-
ing, in an individual or a
population of cells

SNPs Single Nucleotide
Polymorphisms

Transcriptome
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