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® N o U

Abstract: Human muscle fiber composition is heterogeneous and mainly determined by genetic
factors. A previous study reported that experimentally induced iron deficiency in rats increases the
proportion of fast-twitch muscle fibers. Iron status has been reported to be affected by genetic factors.
As the TMPRSS6 rs855791 T/C and HFE rs1799945 C/G polymorphisms are strongly associated with
iron status in humans, we hypothesized that the genotype score (GS) based on these polymorphisms
could be associated with the muscle fiber composition in humans. Herein, we examined 214 Japanese
individuals, comprising of 107 men and 107 women, for possible associations of the GS for iron status
with the proportion of myosin heavy chain (MHC) isoforms (I, IIa, and IIx) as markers of muscle
fiber composition. No statistically significant correlations were found between the GS for iron status
and the proportion of MHC isoforms in all participants. When the participants were stratified based
on sex, women showed positive and negative correlations of the GS with MHC-Ila (age-adjusted
p = 0.020) and MHC-IIx (age-adjusted p = 0.011), respectively. In contrast, no correlation was found in
men. In women, a 1-point increase in the GS was associated with 2.42% higher MHC-IIa level and
2.72% lower MHC-IIx level. Our results suggest that the GS based on the TMPRSS6 rs855791 T/C
and HFE rs1799945 C/G polymorphisms for iron status is associated with muscle fiber composition
in women.

Keywords: genetic polymorphism; transmembrane serine protease 6; TMPRSS6; matriptase 2;
homeostatic iron regulator protein; HFE; anemia; iron deficiency; myosin heavy chain; skeletal muscle

1. Introduction

The human skeletal muscle is composed of type I (slow-twitch) and type II (fast-twitch)
muscle fibers. Type Il muscle fibers are further divided into type Ila and IIb/x [1,2]. Type
I muscle fibers contain high levels of mitochondrial oxidative phosphorylation enzymes
and low levels of glycolytic enzymes, whereas those of type IIb/x contain high levels of
glycolytic enzymes and low levels of mitochondrial oxidative phosphorylation enzymes.
In addition, type Ila muscle fibers have properties that are an intermediate of those of
type I and type IIb/x [3,4]. Type I muscle fibers specialize in endurance activities, such
as long-distance running, whereas those of type IIx specialize in quick and powerful
movements, such as sprinting and weightlifting. The human skeletal muscle is an extremely
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heterogeneous tissue composed of different muscle fiber types. A previous study has
reported that large differences in muscle fiber composition (i.e., 15—85% type I fibers,
5—77% type Ila, and 0—44% type 1Ib) of the vastus lateralis muscle exist in the individuals
of a general population [5]. This variation in muscle fiber composition explains the marked
differences in physical performance among individuals [6,7]. In addition, muscle fiber
composition has been associated with lifestyle-related diseases. For example, a high
proportion of type I muscle fibers is associated with a lowered risk of obesity [8,9], type 2
diabetes mellitus [10], and hypertension [11]. Therefore, it is important to understand the
factors that determine muscle fiber composition, which can be used for talent identification
in athletes to predict the future capacity of individuals or defining the optimal training
regimen for individuals, as well as for preventing metabolic diseases.

Heritability estimates of muscle fiber composition have been found to range from
45 t0 99.5% [12,13]. Previous studies have reported several genetic polymorphisms asso-
ciated with muscle fiber composition, such as R577X (rs1815739) in the x-actinin-3 gene
(ACTNS3) [14-16], I/D (rs4341) in the angiotensin-converting enzyme gene (ACE) [15,16],
C/T (rs11549465) in the hypoxia-inducible factor 1 o gene (HIF1A) [17], Q472H (rs1870377)
in the vascular endothelial growth factor receptor 2 gene (VEGFR2) [18], C/A (rs11091046)
in the angiotensin Il receptor, type 2 gene (AGTR2) [19], G482S (rs8132678) in the peroxisome
proliferator-activated receptor y coactivator-1a gene (PPARGC1A) [20], A/G (rs6949152)
in the nuclear respiratory factor 1 gene (NRF1) [20], G/C (rs3213537) in the copine V gene
(CPNE)) [17], and A/C (rs9558685) in the transforming growth factor « gene (TGF-a) [18].
Nevertheless, even the combined effects of genotypes for these polymorphisms are associ-
ated with only a small proportion of the variation in muscle fiber composition. Therefore,
a large number of additional genetic factors that influence muscle fiber composition still
need to be identified.

Iron status in the body has been suggested to be one of the factors that determines
muscle fiber composition. Previous studies have reported that the muscle fiber composition
in mice shifts from slow- to fast-twitch fibers when they are fed a low-iron diet [19,20].
In addition, since iron is an essential component of oxygen-binding proteins, such as
hemoglobin, low iron levels limit oxygen bioavailability in the peripheral tissues, including
skeletal muscle [21]. Several previous studies have reported that chronic hypoxia induces a
muscle fiber composition shift from slow- to fast-twitch fibers in rats [22-25]. In humans,
chronic hypoxia, such as that associated with chronic obstructive pulmonary disease
(COPD) has been shown to increase the proportion of type II muscle fibers in affected
individuals compared with healthy controls [26]. Taken together, these results suggest
that low iron status and hypoxia, which is occasionally induced by low iron status, have
been implicated in an increase in the proportion of fast-twitch muscle fibers. Accordingly,
another previous study has reported that a certain polymorphism in HIF1A, a gene that is
activated by chronic hypoxic conditions, was associated with muscle fiber composition [27].
However, the direct association between the iron status and muscle fiber composition in
humans has not yet been examined.

The iron status is influenced by both genetic and environmental factors. Heritability
estimates of iron status, quantified using parameters, such as serum iron, ferritin, and satu-
rated transferrin levels, range from 23% to 29%. Recent studies have reported three genetic
polymorphisms (rs855791 T/C in the transmembrane serine protease 6 gene (TMPRSS6),
rs1800562 G/ A, and rs1799945 C/G in the homeostatic iron regulator gene (HFE)) to be
strongly associated with the iron status of an individual [28-35]. However, rs1800562 G/A
in HFE was observed to be in a nonpolymorphic site in the genome of approximately
8300 Japanese individuals according to the Japanese Multi Omics Reference Panel (https:
/ /jmorp.megabank.tohoku.ac.jp/202001 /variants, accessed on 10 October 2021). There-
fore, in the present study, we focused on the two other polymorphisms, the rs855791 T/C
polymorphism in TMPRSS6 and the rs1799945 C/G polymorphism in HFE. We hypoth-
esized that the genotype score (GS) based on these polymorphisms for iron status was
associated with muscle fiber type composition.
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2. Materials and Methods
2.1. Participants

The present study included 214 Japanese participants who were recruited from Jun-
tendo University (30 men and 20 women, aged 27.6 &+ 13.2 years) and Fukuoka University
(77 men and 88 women, aged 55.1 + 11.6 years). All participants provided their signed
informed consent before enrollment in this study. This study was approved by the Ethics
Committees of Juntendo University and Fukuoka University and performed in accordance
with the Declaration of Helsinki.

2.2. Genotyping

Total DNA was isolated from the venous blood of each participant using the QI-
Aamp DNA Blood Mini Kit (Qiagen, Hilden, Germany), according to the manufacturer’s
instructions. The total DNA concentration was measured by the use of a NanoDrop
8000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Then, the DNA
samples were adjusted to 10 ng/pL with a Tris-ethylenediamine tetraacetic acid (EDTA)
buffer and stored at 4 °C. TMPRSS6 1s855791 T/C and HFE 151799945 C/G polymorphisms
were genotyped by the use of a real-time thermocycler (QuantStudio™ 5, Applied Biosys-
tems, Waltham, MA, USA) with TagMan SNP Genotyping Assays (Assay 1D for TMPRSS6
rs855791: C___3289902_10, for HFE rs1799945: C___1085600_10). The genotyping mixture
(4 uL), containing 2.5 pL. of TagMan GTXpress Master Mix (2x), 0.0625 uL. of TagMan
SNP Genotyping Assay (40x), and 1.4375 pL of distilled water, was mixed with 1 pL
of the total DNA (10 ng/uL) for each reaction. Four negative controls were included in
each plate. Thermal cycling conditions included an initial denaturation at 95 °C for 20 s,
followed by 40 cycles of denaturation at 95 °C for 3 s, and annealing/extension at 60 °C
for 20 s. This thermal cycling condition included another step of cooling down to room
temperature (25 °C). Subsequently, a GS based on the two studied polymorphisms for
iron status was calculated using an additive effect model (i.e., 2, 1, and 0), since previous
studies had reported that both the polymorphisms were associated with iron status under
an additive genetic model [32]. Briefly, we assigned a score of 2 to the “high iron status”
genotype (CC for TMPRSS6 rs855791 T/C and GG for HFE 151799945 C/G), a score of 1
to the “intermediate iron status” genotype (TC for TMPRSS6 rs855791 T/C and CG for
HFE rs1799945 C/G), and a score of 0 to the “low iron status” genotype (TT for TMPRSS6
rs855791 T/C and CC for HFE 151799945 C/G). Then, we summed the genotype scores for
the two polymorphisms.

2.3. Myosin Heavy Chain Isoforms

Skeletal muscle samples were obtained from the vastus lateralis muscles of partic-
ipants under sterile conditions and local anesthesia (1% lidocaine) using a disposable
needle biopsy instrument (Max Core or Magnum; C. R. Bard, Covington, GA, USA). We
conducted biopsies under ultrasound imaging (Noblus; Aloka, Tokyo, Japan) to collect
tissue samples from approximately 15 cm above the lateral epicondyle of both or either
leg of each participant and avoided the inclusion of subcutaneous fat and the subfascial
and myotendinous parts as far as possible. In addition, any visible non-muscle tissue (e.g.,
fat tissue) was removed from the biopsy samples. Then, the samples were immediately
frozen in liquid nitrogen and stored at —80 °C until further analysis. Myosin heavy chain
(MHC) protein isoforms (I, Ila, and IIx) were analyzed by the use of sodium dodecyl-sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) as markers of muscle fiber composition,
according to a previously described method [36].

2.4. Statistical Analysis
Data are expressed as the mean + standard deviation (SD). The Hardy-Weinberg equi-
librium was tested for the TMPRSS6 1855791 T/C and HFE 151799945 C/G polymorphisms

using the chi-square test. To examine the association of the GS based on the TMPRSS6
rs855791 T/C and HFE rs1799945 C /G polymorphisms for iron status with muscle fiber
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composition, we performed linear regression analyses. Statistical significance was set at
p < 0.05. Statistical analyses were performed using JMP Pro version 12 (SAS Institute,
Cary, NC, USA).

3. Results

The characteristics of the participants are shown in Table 1. The men and women
included in the present study did not show any significant difference among themselves
with respect to age and body mass index (BMI). However, the women had a significantly
lower height and body mass than those of the men (p < 0.001). Additionally, the proportion
of MHC-I was significantly lower in men than in women (40.7 4= 11.5% vs. 50.3 £ 11.2%,
p < 0.001), whereas the proportion of MHC-Ila (35.9 £ 8.2% vs. 30.9 £ 8.2%, p < 0.001) and
MHC-IIx (23.4 &+ 9.1% vs. 18.8 £ 8.3%, p = 0.001) was significantly higher in men than
in women.

Table 1. Characteristics of the participants enrolled in this study.

All (n =214) Men (n =107) Women (n = 107)
Age (years) 4794 17.0 4754179 48.3 +16.3
Height (cm) 1632+ 8.8 169.6 + 5.9 156.7 & 5.9 ***
Body mass (kg) 68.9 £ 12.2 747 £11.2 62.5 £ 9.9 ***
BMI (kg/m?) 25.7 + 4.0 26.0+ 3.8 255442
MHC-I (%) 4554123 40.7 +11.5 50.3 £ 11.2 ***
MHC-IIa (%) 334+ 86 359 +8.2 30.9 £ 8.2 ***
MHC-IIx (%) 21.1£9.0 234491 18.8 + 8.3 ***

BMI: Body mass index; MHC: Myosin heavy chain. Data are expressed as means =+ SD. *** p < 0.001 vs. men.

The genotyping success ratio was 214/214 (100%) for the TMPRSS6 rs855791 T/C and
HFE 151799945 C/G polymorphisms. Neither polymorphism deviated significantly from
the Hardy-Weinberg equilibrium (p = 0.967 and p = 0.700, respectively). Allele (p = 0.922 and
0.359) and genotype (p = 0.919 and 0.353) frequencies of the TMPRSS6 rs855791 T/C and
HFE 151799945 C/G polymorphisms were similar between men and women. Descriptive
genotypic data for the TMPRSS6 rs855791 T/C and HFE rs1799945 C/G polymorphisms
on the proportions of MHC-I, MHC-Ila, and MHC-IIx isoforms for all the participants are
summarized in Supplemental Table S1.

Data on the association of the GS based on TMPRSS6 rs855791 T/C and HFE rs1799945
C/G polymorphisms for iron status with proportions of MHC-I, MHC-Ila, and MHC-IIx
isoforms are presented in Figure 1 and Table 2. No statistically significant correlations were
found between the GS and proportions of MHC isoforms in all participants. However,
when the participants were stratified based on sex, women showed a significant nega-
tive correlation between the GS for iron status and proportion of MHC-IIx (R? = 0.068,
p = 0.007; Figure 1i), and a tendentious positive correlation between the GS and proportion
of MHC-ITa (R? = 0.034, p = 0.058; Figure 1h). After adjusting for age as a covariate, signifi-
cant correlations were found between the GS and both MHC-IIa (p = 0.020) and MHC-IIx
(p = 0.011) proportions. Moreover, an increase of 1 point in the GS for iron status in women
was associated with a 2.42% increase in MHC-IIa level (model 2, age-adjusted p = 0.020) and
a 2.72% decrease in MHC-IIx level (model 2, age-adjusted p = 0.011), as shown in Table 2.
No correlation was found between the GS and the proportion of MHC-I isoform. In men,
there were no statistically significant correlations in the proportions of MHC isoforms.
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Figure 1. Correlations of the GS based on the TMPRSS6 rs855791 T/C and HFE rs1799945 C/G
polymorphisms for iron status with the proportions of MHC-I (a), MHC-IIa (b), and MHC-IIx
(c) isoforms for all; proportions of MHC-I (d), MHC-IIa (e), and MHC-IIx (f) isoforms in men; and
proportions of MHC-I (g), MHC-Ila (h), and MHC-IIx (i) isoforms in women. GS: Genotype score;
MHC: Myosin heavy chain.

Table 2. Associations of the GS for iron status with the proportions of MHC-I, MHC-IIa, and MHC-IIx
isoforms in women.

MHC Isoform Model R? 3 for GS (95% CI), p Value
MHC-I 1 0.003 0.87 (—1.98-3.72), p = 0.546
2 0.052 0.30 (—2.53-3.14), p = 0.834
MHC-IIa 1 0.034 1.99 (—0.07-4.04), p = 0.058
2 0.087 2.42 (0.38—4.46), p = 0.020
MHC-IIx 1 0.068 —2.86 (—4.91-(—0.81)), p = 0.007
2 0.073 —2.72 (—4.81-(—0.64)), p = 0.011

Model 1: Linear regression analysis on the GS; Model 2: Multiple linear regression analysis on the GS adjusted by
age; GS: Genotype score; MHC: Myosin heavy chain; CI: Confidence interval.

4. Discussion

The purpose of the present study was to understand the association between the GS
based on the TMPRSS6 1s855791 T/C and the HFE rs1799945 C/G polymorphisms for iron
status and the proportions of MHC isoforms as an indicator of muscle fiber composition
in 214 healthy individuals (107 men and 107 women). The results of the present study
revealed that the GS for iron status was associated with muscle fiber composition in women.
Particularly, the low GS for iron status (ITMPRSS6 rs855791 TT and HFE rs1799945 CC)
was associated with a lower proportion of MHC-IIa and a higher proportion of MHC-IIXx,
and vice versa. To the best of our knowledge, this is the first study to examine the associ-
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ation between iron status-related genetic polymorphisms and muscle fiber composition
in humans.

The effects of iron status on muscle fiber composition have been previously examined
in rodents. It has been shown that iron deficiency anemia occurring owing to a lack of iron
from food induced the transformation of muscle fibers from slow to fast-twitch fibers [19,20].
These findings suggested that iron status may also influence the muscle fiber composition in
humans. Several genome-wide association studies (GWAS) have reported that the rs855791
T/C polymorphism in TMPRSS6 and 151799945 C/G and rs1800562 G/ A polymorphisms
in HFE were strongly associated with the iron status (i.e., serum iron, ferritin, transferrin
saturation, and transferrin) of an individual [29,31,32,34,37-39] and explain 3.8% of the
inter-individual variance in serum iron concentration [32]. Since the HFE rs1800562 G/A
polymorphism has only been observed in European populations, we excluded it from our
study as it does not contribute to the iron status in the Japanese population.

Tightly regulating the iron status in the body is critical to human health. In humans,
there are no physiological pathways for iron excretion. Therefore, iron homeostasis in the
body is mainly controlled by iron absorption in the small intestine, which is negatively
regulated by hepcidin [40-42]. Hepcidin expression is mainly regulated by the hemojuvelin
(HJV)/bone morphogenetic protein (BMP)/SMAD pathway, which is regulated by the
products of TMPRSS6 and HFE [41]. Transmembrane protease, serine 6, also known as
Matriptase 2, encoded by TMPRSS6, suppresses hepcidin production by inhibiting the
HJV/BMP/SMAD pathway when the iron levels in the blood decrease [28,40,41]. In con-
trast, the human homeostatic iron regulator protein, encoded by HFE, promotes hepcidin
production by activating the HJV/BMP/SMAD pathway when the iron concentration in the
blood increases [40,41]. Therefore, certain functional genetic polymorphisms in TMPRSS6
and HFE might have a large impact on the iron status of the body and that might influence
muscle fiber composition in humans. Indeed, in the present study, strong contributions of
the GS based on the TMPRSS6 rs855791 T/C and the HFE rs1799945 C/G polymorphisms
for iron status to MHC-Ila (age-adjusted R? = 8.7%) and MHC-IIx (age-adjusted R? = 7.3%)
levels were found in women. Therefore, it is suggested that the GS for iron status is one of
the important factors in determining the muscle fiber composition in humans.

The specific mechanisms by which iron status-related genetic polymorphisms influ-
ence muscle fiber composition remain unclear. A major role of iron in blood is to form
hemoglobin in red blood cells and to carry oxygen to peripheral tissues. In addition,
iron plays essential functions in the mitochondria, which are crucial for regulating energy
metabolism in the skeletal muscle. It has been speculated that iron status-related genetic
polymorphisms influence muscle fiber composition by changing the mitochondrial function.
Peroxisome proliferator-activated receptor y coactivator 1o (PGC-1«) is an inducible tran-
scription coactivator that is related to the shift in muscle fiber type via its ability to promote
the mitochondrial function [43]. PGC-1a knockout and overexpression mice in skeletal
muscle have been reported to be associated with an increased proportion of type II [44] and
type I [45] muscle fibers, respectively. In line with these results, we previously reported
that a G482S polymorphism (rs8132678) in the gene encoding PGC-1« (PPARGC1A) was
associated with muscle fiber composition in humans [46]. Although the direct association
between the iron status and PGC-1« activity is unclear, several animal and cell culture
studies indicate that the low iron status might be one of the factors that cause a decrease in
PGC-1a activity. In rats, the low iron status induces an increase in the levels of glycolytic
enzymes [47] and a decrease in the levels of enzymes involved in mitochondrial oxidative
phosphorylation [48], which collectively is known as the Warburg effect. It has also been
reported that the removal of iron from myoblast C2C12 cells attenuates the increase in
transcripts related to mitochondrial oxidative phosphorylation induced by PGC-1o overex-
pression [49]. As a result of this metabolic change, the activity of PGC-1« is downregulated
owing to a decrease in AMP-activated protein kinase (AMPK) [50]. Therefore, the iron
status-related TMPRSS6 rs855791 T/C and HFE rs1799945 C/G polymorphisms may be
associated with muscle fiber composition via the mitochondrial function. In the present
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study, significant associations between the GS for iron status and proportions of MHC
isoforms were found for MHC-Ila and MHC-IIx, but not MHC-I. Although the muscle
fiber shift between type Ila and IIx occurs relatively easily owing to environmental factors,
such as exercise, the shift between type I and I is limited in humans [51,52]. Generally, the
effect size of common genetic polymorphisms is not strong. Therefore, it is likely that the
TMPRSS6 rs855791 T/C and the HFE rs1799945 C/G polymorphisms do not have a large
impact on the determination of the proportions of MHC-I and MHC-II. Further follow-up
studies are necessary to investigate the underlying mechanism by which iron status-related
genetic polymorphisms influence muscle fiber composition.

The present study has several limitations. First, the muscle fiber composition was
assessed by the proportion of MHC isoforms (MHC-I, MHC-IIa, and MHC-IIx), and the
number or cross-sectional area of each fiber was not measured, even though a strong
correlation (R? = 0.988) between the proportion of MHC-Ila as determined by SDS-PAGE
and the proportion of type Ila fibers as determined by histochemical staining was found in
a previous study [53]. Second, the number of participants was small. Although 214 par-
ticipants were included, the sample size was relatively reduced when the participants
were stratified according to sex. This could also lead to sex differences in the associations
between proportions of MHC isoforms and the GS for iron status in the present study.
Finally, we could not assess the iron status in the skeletal muscle as well as in the blood.
However, since the TMPRSS6 1s855791 T/C and the HFE rs1799945 C/G polymorphisms
are strongly associated with serum iron levels, they might also influence the iron status in
tissues, such as the skeletal muscle.

In summary, we investigated the associations between the iron status-related genetic
polymorphisms and muscle fiber composition in Japanese individuals. Our study revealed
that the GS based on the TMPRSS6 rs855791 T/C and HFE rs1799945 polymorphisms for
iron status was associated with muscle fiber composition in women but not in men, i.e.,
the low GS for iron status was associated with the low MHC-IIa and high MHC-IIx fiber
proportions in the skeletal muscle of women.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ genes13010005/s1. Table S1: Proportions of MHC-I, MHC-IIa, and MHC-IIx isoforms by
genotypes in the TMPRSS6 rs855791 T/C and HFE rs1799945 C/G polymorphis for all participants,
men, and women.
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