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Resistance training rejuvenates
aging skin by reducing

circulating inflammatory factors
and enhancing dermal extracellular
matrices

Shu Nishikori'?, Jun Yasuda?, Kao Murata?, Junya Takegaki', Yasuko Harada?, Yuki ShiraiZ &
Satoshi Fujita'™

Aerobic training (AT) is suggested to be an effective anti-aging strategy for skin aging. However, the
respective effects of resistance training (RT) have not been studied. Therefore, we compared the
effects of AT and RT on skin aging in a 16-week intervention in 61 healthy sedentary middle-aged
Japanese women. Data from 56 women were available for analysis. Both interventions significantly
improved skin elasticity and upper dermal structure, and RT also improved dermal thickness. After the
training intervention, expression of dermal extracellular matrix-related genes was increased in normal
human primary dermal fibroblasts. AT and RT had different effects on circulating levels of factors, such
as cytokines, hormones in serum, and metabolites, and RT increased dermal biglycan (BGN). To our
knowledge, this is the first report to show different effects of AT and RT on skin aging and identify the
key factors involved in RT-induced skin rejuvenation.

Exercise is a key strategy for achieving a longer healthy lifespan because it has beneficial effects on physical
and physiological health. For example, exercise is known to reverse age-related deterioration in neurogenesis
and cognitive function in the brain'~* and improve stem cell function and muscular regeneration in muscle*”.
However, the effects of exercise on skin aging are poorly understood, although one study showed that aerobic
exercise stimulates release of interleukin 15 (IL-15), which regulates skin aging by enhancing mitochondrial
biogenesis in the skin®.

The skin is the largest organ in the body and acts as the primary barrier against infection and disease. Moreo-
ver, the skin constitutes neuroendocrine system, so the skin is not only the target of neuroendocrine factors but
also a source of hormones and neurotransmitters in response to extrinsic and local stress”®. Skin aging is associ-
ated with a deterioration in the dermis that results from extracellular matrix (ECM) degradation and is caused by
extrinsic factors, such as sun exposure and air pollution®!, and intrinsic factors, such as age-related hormonal
changes, neuroendocrine system'? and increased levels of inflammatory cytokines; the cytokine changes are
referred to as the senescence-associated secretory phenotype'®. In addition, dermal thickness decreases with
aging and ECM degradation'.

Exercise training alters the circulating levels of cytokines and hormones', and these changes may be involved
in the anti-aging effects of exercise. Recently, research has focused on myokines, i.e., cytokines produced by
skeletal muscle cells that are often released into the circulation, as mediators between exercise and various ben-
eficial effects of exercise on health'®!” because the secretion of myokines, including IL-15, is mainly induced by
exercise. Interestingly, aerobic training (AT) and resistance training (RT) have different effects on circulating
levels of various factors'®'?, and consequently, we hypothesized that they may have different effects on skin aging.

Therefore, to compare the effects of AT and RT on skin aging, we performed a 16-week, randomized study
in 61 healthy sedentary middle-aged Japanese women and measured circulating levels of various factors in
blood samples taken from participants before and after the training intervention. In parallel, plasma samples
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Experiment 1: To examine the effects of aerobic and resistance training on the skin
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Experiment 2. To elucidate the mechanism of how training rejuvenates the skin
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Figure 1. Schematic illustration of the training intervention study. ECM extracellular matrix. The illustrations
were drawn by an illustrator from LES BANC CO., Ltd. (Tokyo, Japan), and the copyrights were transferred to
POLA Chemical Industries, Inc.

were added to normal human primary dermal fibroblasts (NHDFs), and the expression of dermal ECM-related
genes was quantified (Fig. 1).

Results

Study participants. Of the 61 healthy sedentary middle-aged Japanese women recruited into the study,
5 dropped out prematurely. Data from the 56 women who completed the study (AT group, n=26; RT group,
n=30) were included in the analyses.

Effects of AT and RT on body composition, physical capacity, and skin properties. At baseline,
no significant differences were found between the AT and RT groups in participant characteristics such as age,
dietary intake, skin aging property, body composition, and physical capacity (Extended Data 1).

The AT intervention significantly decreased body weight and body mass index (BMI) and significantly
improved peak oxygen uptake (VO,,.,.) as a measure of aerobic capacity, and the RT intervention significantly
increased lean soft tissue mass and 1-repetition maximum as a measure of muscular strength (Table 1). Skin
elasticity and upper dermal structure, assessed as the rate of low echogenic pixels (LEPs), improved significantly
in both groups (Fig. 2a—c, Table 1), and dermal thickness increased in the RT group (Fig. 2d, Extended Data 2).

Effects of blood plasma after AT and RT on expression of dermal ECM-related genes. To
explore the mechanism by which the training interventions improved dermal aging, plasma from blood sam-
pled at rest before and after the 16-week training intervention was added to cultured NHDFs, and the expression
of dermal ECM genes was quantified. In both groups, expression of dermal ECM-related genes such as those
encoding collagens (COL3A1, COL6A1, and COL14A1l), hyaluronan synthase 2 (HAS2), and proteoglycans
(decorin [DCN], versican [ VCAN], and chondroitin polymerizing factor [CHPF]) was increased in plasma after
training compared with before training (Fig. 3a, Table 2). After AT, the expression of other collagen genes, such
as COL1A2, COL5A1, and COLI2A1, was increased, and after RT, the expression of other proteoglycan-related
genes, such as biglycan (BGN) and chondroitin sulfate synthase 1 (CHSYI) was increased (Fig. 3a,b, Table 2).
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All (n=56) AT (n=26) RT (n=30)
Before After pvalue | Before After pvalue | Before After p value
Skin aging parameters
Skin elasticity, Ur/Uf 0.32+0.01 | 0.37+£0.01 | <0.001 | 0.32+0.01 | 0.36+0.01 | <0.001 | 0.32+£0.01 | 0.38+0.01 | <0.001
Dermal thickness, mm 1.74£0.02 | 1.75%0.02 0.43 1.71+£0.04 | 1.71£0.02 0.93 1.77£0.03 | 1.79+0.03 0.20
Upper dermal LEP, % 27.0+19 155+1.7 <0.001 | 27.9+3.0 15.8+2.5 <0.001 | 26.3+2.3 153+2.3 <0.001
Body composition
Body weight, kg 54.4+0.8 54.0+0.8 <0.05 |542+13 53.5+1.3 <0.05 |546+1.1 545+1.1 0.76
BMI, kg/m? 21.1+£0.2 20.9+0.2 <0.10 |21.0+0.3 20.8+£0.3 <0.05 |21.1+0.3 21.1+0.3 0.91
AppLTM, kg 15.4+0.2 15.5+£0.2 <0.05 |154+0.4 15.4+0.4 093 |154+0.3 15.7+£0.3 <0.01
TotalLTM, kg 36.5+0.5 36.7+0.5 <0.10 |36.7+0.8 36.6+0.8 0.72 | 36.4+0.6 36.8+0.6 <0.01
Body fat, kg 15.6+0.6 15.3+0.6 <0.10 |152+0.8 14.9+0.8 0.19 |159+0.8 15.6+0.8 0.31
BMC, kg 2.28+0.04 | 2.27+0.04 0.10 2.25+0.06 | 2.24+0.06 0.22 2.31+£0.05 | 2.30+0.05 0.28
Physical capacity
VO e, mL/kg/min 28006 |28.9+0.6 ‘ <0.10 ‘ 271408 |285+0.7 ‘ <0.05 ‘ 287+1.0 |293+0.8 0.50
1-RM, kg
Chest press 11.5+0.4 14.9+0.6 <0.001 | 11.2+0.6 11.6£0.6 0.10 |11.8+0.6 17.7£0.7 <0.001
Shoulder press 15.7+0.5 20.0+0.8 <0.001 | 14.9+0.7 15.6+£0.8 0.07 |16.3+0.7 23.8+0.9 <0.001
Arm curl 15.2+0.5 18.9+0.7 <0.001 | 15.0+0.8 15.6+0.7 024 | 154+0.5 21.7+0.8 <0.001
Rowing 22.1+£0.5 24.6+0.7 <0.001 | 21.7+1.0 20.9+0.8 0.11 |22.5+0.6 27.8+0.8 <0.001
Leg curl 434+1.2 50.3+1.7 <0.001 | 42.0+2.0 42.8+2.0 056 |44.6+1.4 56.7+2.0 <0.001
Leg extension 68.2+2.4 77225 <0.001 | 65.5+3.7 68.8+3.5 0.11 |70.5+3.0 84.7+3.0 <0.001

Table 1. Effects of aerobic training and resistance training on skin aging parameters, body composition, and
physical capacity. Values show the means + standard errors (SEs). Statistical analyses were performed with
two-sided paired ¢ tests to compare parameters measured before and after the training intervention. AppLTM
appendicular lean soft tissue mass, AT aerobic training, BMC bone mineral content, BMI body mass index,
LEP low echogenic pixel, RT resistance training, TotalLTM total lean soft tissue mass, VO, peak oxygen
uptake, I-RM one-repetition maximum.

Effects of AT and RT on circulating levels of various factors.  The circulating level of more than 1480
factors, such as cytokines, serum hormones, and plasma metabolites, was measured in blood sampled before and
after the training interventions. A number of circulating factors showed significant changes after the training
interventions (Fig. 4a; detailed data are shown in Extended Data 3-8). In the AT group, the circulating level of
28 factors increased, including myokines such as IL-15 and myonectin, and that of 41 factors decreased, includ-
ing inflammatory factors such as interferon gamma and tumor necrosis-related apoptosis-inducing ligand. In
the RT group, the circulating level of 34 factors increased, including myokines such as cathepsin B, C-X-C motif
chemokine ligand 8 (CXCLS8), and regulated on activation, normal T-cell expressed and secreted increased, and
that of 27 factors decreased, including inflammatory factors such as monocyte chemotactic protein 3 and C-C
motif chemokine ligand 28 (CCL28) (Fig. 4b).

Screening of candidate factors affecting expression of biglycan (BGN). To elucidate the mecha-
nism of the RT-specific increase in dermal thickness, we focused on the RT-induced increase in the expression
of biglycan (BGN) because BGN-knockout mice show a thinned dermis phenotype®. To screen candidate fac-
tors that may affect BGN expression, we performed correlation analyses between the change in BGN expression
and that in circulating levels of other factors. Three factors that showed decreased circulating levels after the
RT intervention (CCL28, N,N-dimethylglycine, and C-X-C motif chemokine 4 [CXCL4]) were significantly
negatively correlated with the change in BGN expression (Fig. 4c—e), suggesting that these factors suppress BGN
expression. In addition, the increase in the circulating level of CXCLS after RT significantly positively correlated
with the change in BGN expression (Fig. 4f), suggesting that CXCL8 enhances BGN expression.

Identification of factors affecting BGN expression. To identify factors affecting BGN expression, the
four candidate factors identified in the above-mentioned screening were individually added to cultured NHDFs,
and the expression of BGN was quantified. Then, CCL28, N,N-dimethylglycine, and CXCL4 suppressed BGN
expression (Fig. 4g). Furthermore, these three factors also suppressed the expression level of other dermal ECM-
related genes (Table 3).

Discussion

In this study, we showed that RT counteracts skin aging such as deteriorations in skin elasticity, upper dermal
structure and dermal thickness. Our findings suggest that the increase in dermal thickness is a specific effect of
RT on the skin and is induced by a decrease in circulating levels of CCL28, N,N-dimethylglycine, and CXCL4
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Figure 2. Effects of aerobic training and resistance training on skin aging parameters. (a) Venn diagram of skin
parameters improved by aerobic training (AT) and resistance training (RT) interventions. Skin parameters in
the blue and red elliptical areas were improved by the AT or RT intervention, respectively, and skin parameters
in the overlapping area were improved by both interventions. (b,c) Effects of AT and RT on skin elasticity (b)
and upper dermal structure (c). Elastic recovery rate (Ur/Uf) and rate of low echogenic pixels (LEPs) in the
upper dermis were measured as parameters of skin elasticity and upper dermal structure, respectively. (d)
Differential effect of AT and RT on dermal thickness. Change (A) in dermal thickness was calculated as the
difference between dermal thickness before and after the training intervention. Columns and bars indicate mean
and standard error (SE). Statistical analyses of intragroup difference (b,c) and differences in Adermal thickness
(d) were performed with two-sided paired ¢ tests and analysis of co-variance with adjustment for the baseline
value of dermal thickness measured before the training intervention, respectively. ***p <0.001; p <0.10. AT
aerobic training, LEP low echogenic pixel, RT resistance training.
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Figure 3. Effects of aerobic training and resistance training on expression of dermal extracellular matrix-
related genes in cultured skin fibroblasts. (a) Venn diagram of dermal extracellular matrix genes with increased
expression after aerobic training (AT) and resistance training (RT). Expression levels of genes in the blue and
red elliptical areas were higher in plasma after the AT and RT intervention, respectively. Expression levels of
genes in the overlapping area were higher in plasma after both AT and RT. (b) Differential effect of AT and RT
on BGN expression. Columns and bars indicate mean and standard error (SE). Statistical analyses of intragroup
differences were performed with two-sided paired f tests. **, p <0.01; N.S. not significant, AT aerobic training,
BGN biglycan, CHPF chondroitin polymerizing factor, CHSYI chondroitin sulfate synthase 1, COLIA2 collagen
type I a 2 chain, COL3A1, collagen type III a 1 chain, COL5A1 collagen type V a 1 chain, COL6AI collagen type
VIa 1 chain, COLI2A1 collagen type XII a 1 chain, COLI4A]1 collagen type XIV a 1 chain, DCN decorin, HAS2
hyaluronan synthase 2, RT resistance training, VCAN versican.
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All (n=56) AT (n=26) RT (n=30)
Gene Before After p value Before After p value Before After p value
COLIA1 0.821+0.025 0.858+0.032 - 0.19 0.857+0.043 0.898+£0.053 0.37 0.789+0.029 0.823+0.037 N 0.36
COL1A2 0.826+0.023 0.865+0.026 T <0.10 0.862+0.034 0.928 £0.043 1 <0.10 0.795+0.030 0.811£0.027 - 0.60
COL3A1 0.895+0.031 0.969+0.033 1 <0.01 0.945+0.047 1.040+0.055 ) <0.05 0.851+0.040 0.908+£0.037 ) <0.10
COL5A1 0.727+0.018 0.764+0.021 1 <0.05 0.757+0.028 0.807+0.035 1 <0.10 0.702+0.024 0.727+0.025 - 0.26
COL6A1 0.809+0.018 0.908£0.023 T <0.001 |0.845+0.025 0.947£0.035 1 <0.05 0.778£0.024 0.873+0.028 1 <0.001
COLI2A1 0.981+0.028 1.062+0.032 ) <0.01 1.044 +0.047 1.159+0.052 ) <0.01 0.926+0.030 0.978+0.035 - 0.10
COLI4A1 0.835+0.023 0.931+0.027 ) <0.001 |0.887+0.040 0.984+0.042 ) <0.05 0.791+0.024 0.885+0.034 T <0.01
HASI 0.092+0.013 0.102+0.017 - 0.52 0.090+0.013 0.115£0.032 - 0.34 0.095+0.021 0.091£0.016 - 0.98
HAS2 0.177£0.020 0.239+0.022 ) <0.001 |0.163+0.018 0.247£0.026 1 <0.001 |0.190+0.034 0.233£0.035 T <0.01
DCN 0.911+0.029 0.994+0.032 ) <0.001 |0.973+0.043 1.080+0.049 ) <0.01 0.857+0.036 0.919+0.036 1 <0.10
BGN 0.685+0.016 0.736+0.021 1 <0.01 0.722+0.026 0.750+0.036 - 0.31 0.653+0.019 0.723+0.024 1 <0.001
VCAN 0.595+0.017 0.644+0.019 1 <0.01 0.635+0.028 0.691+0.034 T <0.05 0.561+0.019 0.604+0.019 T <0.01
CHPF 1.062+0.030 1.162+0.037 ) <0.001 |1.146+0.048 1.252+0.052 T <0.05 0.989+0.035 1.084+0.048 1 <0.01
CHSY1 1.040+0.042 1.110+£0.047 T <0.05 1.106 £0.068 1.186+£0.071 - 0.17 0.981+0.049 1.044 +0.060 ) <0.05
CHSY3 1.630£0.075 1.653+0.075 - 0.65 1.766 £0.121 1.743+0.098 - 0.79 1.513+0.091 1.576+0.111 - 0.31
ELN 0.716+0.036 0.638+0.037 l <0.05 0.755+0.052 0.651+0.058 | <0.05 0.682+0.051 0.626 £0.047 - 0.24

Table 2. Effects of aerobic training and resistance training on expression level of dermal extracellular
matrix-related genes in dermal fibroblasts (measured in plasma from blood sampled from participants before
and after the 16-week training intervention). Values show the means of the relative level of gene expression
calculated by the AACt method (where Ct is the threshold cycle) normalized with glyceraldehyde 3-phosphate
dehydrogenase as the housekeeping gene and the control sample + standard errors (SEs). Statistical analyses
for the intragroup difference were performed with two-sided paired ¢ tests. AT aerobic training, BGN biglycan,
CHPF chondroitin polymerizing factor, CHSY1 chondroitin sulfate synthase 1, CHSY3 chondroitin sulfate
synthase 3, COL1A1 collagen type I a 1 chain, COL1A2 collagen type I a 2 chain, COL3A1I collagen type III o 1
chain, COL5A1 collagen type V a 1 chain, COL6A1 collagen type VI a 1 chain, COLI12A1I collagen type XIT a 1
chain, COL14A1 collagen type XIV a 1 chain, DCN decorin, ELN elastin, HASI hyaluronan synthase 1, HAS2
hyaluronan synthase 2, RT resistance training, VCAN versican.

and an associated increase in dermal BGN expression. AT also had positive effects on skin elasticity and upper
dermal structure, but it did not improve dermal thickness.

AT and RT have different physiological effects on the human body*"** and a meta-analysis indicated that
RT promotes muscle hypertrophy more than AT does?'. The present study also showed a significant increase
in lean soft tissue mass (LTM) and 1-repetition maximum in the RT group (Table 1), confirming that this RT
intervention was effective. The increase in total LTM in the RT group was 0.44 +0.13 kg (95% confidence interval
0.17-1.70), corresponding to a rate of change of 1.2+0.35%. The degree of muscle hypertrophy was reasonable
for middle-aged participants, because middle-aged individuals (45-55 years of age, n =20, 50% women) who
undertook a 20-week RT program (70% RM, whole body targeted [8 exercises], 3 times per week) experienced
1.1% increase in total LTM?. In the AT group, we found a significant decrease in body weight and BMI and a
significant increase in VO, (Table 1).

A comparison of AT and RT based on the hypothesis that the two types of training have different effects on
the skin showed that RT specifically increased dermal thickness, which is known to decrease with aging'. In
addition, both AT and RT showed same rejuvenating effects on the skin, such as improving elasticity and upper
dermal structure, by inducing an increase in dermal ECMs. Elasticity is a general physical property of skin that
is known to decrease with aging®*?*, and the rate of LEP in the upper dermal layer is reported to increase with
aging, generating the low echogenic area at the upper dermis called the “aging band” or “subepidermal low
echogenic band”*-%%. Both skin elasticity and upper dermal structure deteriorate because of not only aging but
also sun exposure?”?, and changes in both are thought to be related to a decrease in dermal ECMs. In fact, the
ECM is suggested to be related to the elastic property’>*! and ultrasound echogenicity of the dermis®2.

In aged mice, exercise increased neurogenesis and cognitive function, and glycosylphosphatidylinositol
(GPI)-specific phospholipase D1 was identified as an exercise-induced, liver-derived circulating factor that was
sufficient to improve hippocampal function®. Regarding the skin, aerobic exercise was reported to stimulate
mitochondrial biogenesis in skin fibroblasts and increase dermal collagen content, and IL-15 was identified as
the muscle-derived mediator of these effects®. Our study also found that AT increased the circulating level of
IL-15 and improved dermal structure. In this study, we found that the expression of major collagen fibril genes,
such as COLIA2 and COL3A1, proteoglycan genes, such as DCN and VCAN, and HAS2 was increased after
both interventions. These results suggest that training-induced changes in circulating factors increase numer-
ous components of the dermal ECM, leading to improvements in skin elasticity and upper dermal structure.

After the RT intervention, dermal thickness and expression levels of BGN and CHSY1 increased. The relation-
ship between CHSY1 and dermal thickness is unclear, but BGN-knockout mice were reported to show a thinned
dermis phenotype?, and biglycan levels were found to decrease with aging and sun-exposure®; taken together,
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Figure 4. Identification of blood factors affecting biglycan (BGN) expression. (a) Venn diagram of circulating
factors increased or decreased by aerobic training (AT) and resistance training (RT). The circulating level of
factors in the blue and red elliptical areas was increased (factors written above the dashed line) or decreased
(factors written below the dashed line) by the AT and RT interventions, respectively. The circulating level of
factors in the overlapping area was increased (above the line) and decreased (below the line) by both the AT and
RT interventions. (b) Differential effect of AT and RT on the circulating level of C-C motif chemokine ligand

28 (CCL28). Columns and bars indicate mean and standard error (SE). Statistical analyses for the intragroup
difference were performed with two-sided paired t tests. *p <0.05; N.S. not significant. (c—f) Correlation between
change rate in biglycan (BGN) expression and that of the circulating level of CCL28 (c), N,N-dimethylglycine
(d), C-X-C motif chemokine 4 (e), and C-X-C motif chemokine 8 (f). Change in BGN expression was
calculated as the change of expression in skin fibroblasts cultured with plasma from blood sampled before and
after the training intervention. Changes in the circulating levels of factors were calculated as the difference in
the circulating level before and after the training intervention. The dots and lines indicate the participants in the
RT group and the regression lines, respectively. (g) Effects of candidate factors on BGN gene expression. The
columns and bars indicate mean and standard error (SE). The concentrations were determined from the mean
blood concentration in participants before the training intervention. The mean concentrations were as follows:
CCL28, 150 pg/mL; N,N-dimethylglycine, 7 uM; CXCL4, 10 pg/mL; and CXCLS, 10 pg/mL. Statistical analyses
were performed with Dunnett’s test. r Pearson correlation coefficient, *p <0.05; **p <0.01; ***p <0.001; 'p<0.10;
N.S. not significant, AT aerobic training, BGN biglycan, CCL28 C-C motif chemokine ligand 28, CXCL4 C-X-C
motif chemokine 4, CXCL8 C-X-C motif chemokine 8, RT resistance training.
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CCL28 N,N-Dimethylglycine CXCL4

vs control vs control vs control
Gene (1.00) pvalue | (1.00) pvalue | (1.00) p value
COL1A1 0.72+0.05 || <0.01 |0.89+0.05 || | <0.10 0.93+0.14 | - 0.47
COL1A2 0.79+0.03 || <0.01 |0.83+0.08 || | <0.05 0.98+0.03 | - 0.58
COL3A1 0.81+0.06 || <0.05 [091+0.09 |- |0.20 0.82+0.07 || <0.05
COL5A1 0.68+0.05 || <0.01 [0.74+0.04 || | <0.01 1.01£0.05 | - 0.88
COL6A1 0.94+0.07 | - 0.21 0.92+0.03 |- | <0.05 1.00+£0.04 | - 0.85
COLI2A1 0.73+£0.05 || <0.01 |0.86+0.05 || | <0.05 1.01£0.12 | - 0.91
COLI4A1 0.73+0.04 || <0.01 ]092+0.20 |- |0.57 0.71+£0.02 || <0.01
HASI 0.38+0.14 || <0.01 [0.23+0.11 || | <0.01 1.53+0.18 |1 <0.05
HAS2 0.74+£0.05 || <0.01 |1.05+0.04 |- |0.28 1.32+£0.11 |1 <0.05
DCN 0.70+£0.07 || <0.01 091+0.07 || | <0.10 0.85+0.05 || <0.05
BGN 0.56+0.05 || <0.01 [0.76+0.03 || | <0.05 0.83+£0.04 || <0.10
VCAN 0.83+£0.07 || <0.05 |0.89+0.09 |- |0.12 1.03+0.03 | - 0.32
CHPF 0.76+£0.05 || <0.01 |0.84+0.03 || | <0.01 1.07+£0.02 |1 <0.05
CHSY1 0.72+0.05 || <0.001 [ 0.91+0.03 |] | <0.05 1.07+0.05 | - 0.10
CHSY3 0.76+0.04 || <0.01 093+0.07 |- |0.24 0.96+£0.08 | - 0.50
ELN 0.71+£0.02 || <0.001 | 0.86+0.09 || | <0.10 1.09+£0.06 |- 0.11

Table 3. Effects of factors identified as affecting biglycan (BGN) on expression of other dermal extracellular
matrix-related genes. Values show the means of the relative gene expression amounts calculated by the AACt
method (where Ct is the threshold cycle) normalized with glyceraldehyde 3-phosphate dehydrogenase as the
housekeeping gene and the control sample + standard errors (SEs). Statistical analyses were performed with
two-sided independent ¢ tests. BGN byglycan, CCL28 C-C motif chemokine ligand 28, CHPF chondroitin
polymerizing factor, CHSY1 chondroitin sulfate synthase 1, CHSY3 chondroitin sulfate synthase 3, COL1AI
collagen type I a 1 chain, COL1A2 collagen type I a 2 chain, COL3A1I collagen type III a 1 chain, COL5A1
collagen type V a 1 chain, COL6A1I collagen type VI a 1 chain, COL12A1 collagen type XII a 1 chain,
COLI4A1 collagen type XIV a 1 chain, CXCL4 C-X-C motif chemokine 4, DCN decorin, ELN elastin, HASI
hyaluronan synthase 1, HAS2 hyaluronan synthase 2, VCAN versican.

these findings suggest that increased BGN expression could lead to increased dermal thickness. Moreover, the
present study identified circulating CCL28, N,N-dimethylglycine, and CXCL4, which were decreased specifically
by the RT intervention, as factors that suppressed BGN expression. Circulating levels of CCL28 and CXCL4 were
reported to be markers of severity of atopic dermatitis and systemic sclerosis, respectively****. CCR3 and CCR10
are known as receptors for CCL28 and are reported to be expressed on dermal fibroblasts, and the interaction
of CCL28 with CCR3 and CCR10 was found to regulate cutaneous wound healing®**. In the present study,
CCL28 suppressed the effects of numerous dermal ECM-related genes (Table 3), suggesting that it plays a key
role in regulating skin homeostasis and aging. CXCR3, a receptor for CXCL4, is also expressed on fibroblasts,
and CXCR3 signaling is related to the cutaneous inflammatory reaction®”*.

The circulating level of inflammatory factors is speculated to be enhanced by factors including aging, stress,
and physical inactivity**~*!. In contrast, aerobic exercise is an effective strategy to reduce circulating inflammatory
factors'>**%3. Taken together, the results of the present study suggest that not only AT but also RT attenuates the
circulating level of inflammatory factors and improves dermal aging. In particular, the results indicate that RT
increases the thinning dermis and simultaneously reduces circulating levels of CCL28 and CXCL4, which were
identified as key inflammatory factors that suppress the expression of BGN, thereby helping to improve the thick-
ness of the dermis. But here is a limitation that our conclusion is considered by the following 3 separate results;
(1) RT increased dermal thickness, (2) blood plasma after RT increased BGN relating to dermal thickness, and
(3) circulating inflammatory factors reduced by RT suppressed BGN gene expression. Therefore, more direct
animal studies modulating circulating inflammatory factors are needed to clearly confirm the skin rejuvenating
mechanism of RT.

In conclusion, a 16-week intervention with AT and RT showed that both training interventions counteract
skin aging by improving skin elasticity and upper dermal structure. In addition, RT increases dermal thickness
by inducing a reduction in circulating levels of CCL28, N,N-dimethylglycine, and CXCL4 and thus suppressing
expression of dermal BGN (Fig. 5). The study clarified only the mechanism by which RT counteracts age-associ-
ated dermal thinning, and the other mechanisms of AT- and RT-driven skin rejuvenation remain to be elucidated.

Methods

Study design. A total of 61 healthy sedentary middle-aged Japanese women aged 41-59 years living in
Kusatsu, Japan, were recruited into the training intervention study and randomly assigned to the AT group
(n=27) and RT group (n =34). Randomization sequences were generated in Microsoft Excel with a combination
of RAND and RANK functions. For 16 weeks from February to May 2019, participants performed AT or RT

Scientific Reports |

(2023) 13:10214 | https://doi.org/10.1038/s41598-023-37207-9 nature portfolio



www.nature.com/scientificreports/

COL1A2 1
COL5A1 1 + Elasticity 1
Aerobic training AT-induced blood GOL12A1 ¢ - Upper dermal structure 1

. 1 COL3A1 1 DCN 1
inflammatory reduction -5 ga4 1 VCAN 1

COL14A1 1CHPF 1
HAS2 1

LR

(AT)

Aged skin
+ Elasticity |

+ Upper dermal structure |
- Dermal thickness |

52

. COL3A1 1 DCN 1
RT-induced blood COLGA1 1 VCAN 1

Resistance training inflammatory reduction COL14A1 1CHPF 1 - Elasticity 1
(RT) ccL28 | HAS2 1 - Upper dermal structure 1
CXCL4 | & CHSY11 ; - Dermal thickness 1
: BGN 1 7

Figure 5. Skin rejuvenating effects of aerobic training and resistance training. BGN biglycan, CCL28 C-C motif
chemokine ligand 28, CHPF chondroitin polymerizing factor, CHSYI chondroitin sulfate synthase 1, COLIA2
collagen type I a 2 chain, COL3A1 collagen type III a 1 chain, COL5A1 collagen type V a 1 chain, COL6A1
collagen type VI a 1 chain, COL12A1 collagen type XII a 1 chain, COL14A]1 collagen type XIV a 1 chain, CXCL4
C-X-C motif chemokine 4, DCN decorin, HAS2 hyaluronan synthase 2, VCAN versican. The illustrations were
drawn by an illustrator from LES BANC CO., Ltd. (Tokyo, Japan), and the copyrights were transferred to POLA
Chemical Industries, Inc.

twice per week under the supervision of certified trainers in a training room (32 sessions in total). A schematic
illustration of the study is shown in Fig. 1, and details of the exercise regimens are provided below.

Strength was assessed regularly to ensure that participants achieved the target workload, i.e., 65-70% of the
maximum heart rate for AT and 75-80% of the repetition maximum for RT. Before and after the 16-week train-
ing intervention, skin properties, body composition, and physical capacity were evaluated and blood samples
were obtained. During the intervention study, participants were asked not to perform any additional exercise,
take any supplement and hormone therapy, and change their skincare routines.

The study complied with all relevant ethical regulations. The training intervention study was approved by
the ethics committees of Ritsumeikan University, Kusatsu, Japan (BKC-IRB-2018-031-1) and POLA Chemical
Industries, Inc., Yokohama, Japan (2018-G-133). The human clinical study was conducted in accordance with
the Declaration of Helsinki. All participants were informed about the experimental procedures, possible risks,
and benefits of the study, and all of them provided written informed consent.

Aerobic capacity and strength assessment. Aerobic capacity and strength were assessed before and after the
training intervention. Peak aerobic capacity was estimated as a VO, by monitoring oxygen uptake during an
incremental cycling test on an electronic bicycle ergometer (Ergomedic 828 E, Monark Exercise, Vansbro, Swe-
den). The heart rate at which maximal oxygen uptake was reached was set as the peak heart rate. Maximum mus-
cular strength was estimated by 1-repetition maximum strength tests on the following weight-stack machines:
leg curl, leg extension, arm curl, rowing, shoulder press, and chest press (Life Fitness, Rosemont, IL, USA).

Training program. Participants attended exercise training sessions in the morning or afternoon and were per-
mitted to switch between the two times, and researchers kept a record of all sessions. The AT program consisted
of a 3-min warm-up session on an electronic bicycle ergometer (Ergomedic 828 E, Monark Exercise) at 0 watts
and 60 rpm, 30 min of the main AT program comprising cycling at 65-70% of the peak heart rate adjusted with
pedal load, and a 3-min cooldown at 0 watts and 60 rpm. The RT program consisted of a 5-repetition warm-up
session on each machine at 50% of the 1-repetition maximum load, followed by 3 sets of 10 repetitions as the
main RT program on the following 6 weight-stack machines: leg curl, leg extension, arm curl, rowing, shoulder
press, and chest press (Life Fitness)**. The RT loads increased throughout the study, as follows: 50% (sessions 1
and 2), 60% (sessions 3-6), 70% (sessions 7-10), and 75-80% (sessions 11-32); during sessions 11-32, at each
session the load was increased by 5% of the load at which the participants previously achieved 10 repetitions in
the third set. A 2- to 3-min rest was allowed between sets. A certified trainer supervised all the sessions and, at
every session, confirmed whether the weight lifted at each machine was the target load (75-80% of the repetition
maximum) and tempo (90 beats per min: 1, concentric; 3, eccentric)*.

Scientific Reports |

(2023) 13:10214 | https://doi.org/10.1038/s41598-023-37207-9 nature portfolio



www.nature.com/scientificreports/

Participants were asked to refrain from performing any other exercise until completion of the final
measurements.

Measurement of body composition. Body composition was measured by dual-energy X-ray absorpti-
ometry by the same radiological technician in the morning before and after the 16-week training intervention.
The dual-energy X-ray absorptiometry apparatus (Lunar Prodigy, GE Healthcare, Chicago, IL, USA) was cali-
brated at the beginning of each measurement day, and, with participants lying in a supine position, the lean soft
tissue mass of the arms, legs, and trunk and fat mass were analyzed by software (enCORE, GE Healthcare) and
the total lean soft tissue mass and appendicular lean soft tissue mass were calculated.

Dietary assessment. The participants were asked to record their dietary intake on the usual 3 days which
were either nonconsecutive or consecutive days*, before and after the 16-week training intervention. The die-
tary records included the following instructions:

“Please note your dietary records on 2 weekdays and 1 day of the weekend”

“Please note all foods you had, including confectionery and beverages.”

“Please take pictures of foods or nutrition facts and note whether the food is cooked or processed before
consumption”

“Please complete your dietary records by referring to the examples provided”

To improve the accuracy of the dietary assessment, participants were asked to photograph the 3-day record
using their phone cameras, which were then collected and confirmed by a registered dietitian via face-to-face
interviews with the participants. Before the beginning of the study, all participants attended an explanatory
meeting on the methodology of noting dietary records and were asked to maintain their own dietary habits.
The data were analyzed using Excel Eiyokun, version 8 (Kenpakusha Co., Tokyo, Japan) based on the Standard
Table of Food Composition in Japan-2015.

Measurement of skin properties. Skin properties were evaluated by the same trained researcher in the
morning before the training intervention and within a week of the last training session. After removing makeup
and washing their face, participants were acclimatized for 10 min to an ambient condition in a room at a tem-
perature of 20-22 °C and a relative humidity of 50-55%. With the participants lying in a supine position, skin
elasticity, dermal echogenicity, dermal thickness, and skin tone at the center of the left cheek were measured. The
elastic recovery rate was measured as skin elasticity with a suction device (Cutometer, Courage + Khazaka elec-
tronic GmbH, Cologne, Germany) with a 2-mm diameter probe at a reduced pressure of 400 mbar; the meas-
urement was performed by using 2 s of suction followed by 2 s of release**?. The cross-sectional image of the
skin was obtained with a 50-MHz ultrasound scanner (DermaScan, Cortex Technology, Hadsund, Denmark),
and the number of pixels and LEPs in the upper, middle, and lower dermal layers and the dermal thickness were
analyzed in B-mode**?’. The amount of LEPs in each dermal layer was used as a parameter for dermal structure.
Skin tone was measured with a spectrophotometer (CM-600d, KONICA MINOLTA, Tokyo, Japan), and the
melanin index was calculated to evaluate the participants’ sun exposure during the intervention period*.

Measurement of circulating level of factors. Blood was sampled by the same clinical nurse in the
morning before the training intervention and within a week of the last exercise session. Participants were asked
to fast for over 10 h before (water was permitted) blood sampling. The blood (20 mL) was divided into 2 tubes,
processed into serum and plasma with ethylenediamine-N,N,N',N'-tetraacetic acid, and stored at — 80 °C. Serum
was used for the measurement of cytokines, and plasma was used to measure metabolites and to conduct the
in vitro experiment with skin fibroblasts. The circulating factors measured in this study and references for the
protocol about cytokine measurement are listed in Supplementary Table 1.

Cell culturing with human blood plasma and circulating factors. NHDFs from a Caucasian woman
(FC-0024, Lifeline Cell Technology, San Diego, CA, USA) in passage 8 were cultured on a 6-well plate with Dul-
becco’s Modified Eagle Medium (DMEM) containing 10% fetal bovine serum (FBS). After growing to 60-70%
confluence, the cells were washed with phosphate-buffered saline (PBS) and treated with low-serum DMEM
containing 0.1% FBS. After incubation at 37 °C, 5% CO, for 48 h, the medium was replaced with DMEM con-
taining 10% plasma from the participants; the plasma was previously frozen and stored at — 80 °C, and then heat
inactivated at 56 °C for 30 min and filtered just before use in the experiments. Plasma was used for this in vitro
experiment because it was reported to better mimic the circulating composition of the in vivo environment than
serum®. At 6 h after replacing the medium with DMEM containing plasma, the cells were washed with PBS, and
RNA was isolated. The confluent level of cells at the end of the experiment was about 80%. Six-hour incubation
with plasma was determined to be appropriate for evaluating ECM-related gene expression level, because the
expression level of tissue remodeling-related genes such as collagen and elastin in cultured skin fibroblasts, react
and change after 6-h incubation with serum, and the profile of gene expression is maintained until after 24-h
incubation®®.

To examine the effect of circulating factors on skin fibroblasts, the cells in passage 8 were grown to 60-70%
confluence on a 24-well plate with DMEM containing 10% FBS, washed with PBS, and treated with low-serum
DMEM containing 0.1% FBS. After incubation for 48 h, the cells were treated with no-serum DMEM containing
circulating factors at the approximate mean concentration measured in participant blood before the training
intervention: the mean concentration of CCL28 was 150 pg/mL; N,N-dimethylglycine, 7 uM; CXCL4, 10 pg/mL;
and CXCL8, 10 pg/mL. At 6 h after adding the no-serum DMEM containing circulating factors, the cells were
washed with PBS, and RNA was isolated. The confluent level of cells at the end of the experiment was about 80%.
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Gene expression analysis. RNA isolated from fibroblasts was reversely transcribed to complementary
DNA, and the expression of dermal ECM genes was analyzed with a quantitative polymerase chain reaction
system (BioMark HD, Fluidigm, San Francisco, CA, USA). The threshold cycle (Ct) value of gene expression was
calculated by software (Fluidigm Real-Time PCR Analysis, Fluidigm). Biological variation between samples was
normalized with the Ct value of the glyceraldehyde 3-phosphate dehydrogenase gene (GAPDH) as a housekeep-
ing gene. Experimental variation between culture plates was normalized on each plate with the Ct value of the
control sample, which was treated with 10% FBS, and the relative value calculated by the AACt method was used
for the analysis. To examine the effect of blood plasma or circulating factors on the dermis, the dermal ECM
genes shown in Table 2 were quantified. The primers and probes of TagMan” Gene Expression Assay (Thermo
Fisher Scientific, Waltham, MA, USA) shown in Supplementary Table 2 were used for the analysis.

Statistical analysis. Statistical analyses of intragroup differences in changes in skin parameters, body com-
position, physical capacity, circulating levels of factors, and gene expression were performed with two-sided
paired t tests (Figs. 2b,c, 3b, 4b, Table 1). The intergroup differences in the delta (A) of skin parameters, body
composition, and physical capacities between the AT and RT groups were evaluated by analysis of co-variance
with adjustment for the baseline value (Fig. 2d, Extended Data 2). Correlation analyses were performed by Pear-
son correlation analysis (Fig. 4c—f). Statistical analyses of the effect of blood factors on gene expression levels
were performed with Dunnett’s test (Fig. 4g) and two-sided independent t tests (Table 3).

All statistical analyses were performed with JMP version 14 (SAS Institute, Cary, NC, USA). Probability
values of less than 0.05 (p <0.05) were considered significant, and p values of less than 0.10 were considered
marginally significant.

Data availability
The data that support the findings of this study are openly available in https://figshare.com/ at http://doi.org/10.
6084/m9.figshare.22216876.
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