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Abstract: Background: Sarcopenia is a major health problem in older adults. Exercise and nutrient
supplementation have been shown to be effective interventions but there are limited studies to inves-
tigate their effects on the management of sarcopenia and its possible underlying mechanisms. Here,
we studied T cell gene expression responses to interventions in sarcopenia. Methods: The results of
this study were part of a completed trial examining the effectiveness of a 12-week intervention with
exercise and nutrition supplementation in community-dwelling Chinese older adults with sarcopenia,
based on the available blood samples at baseline and 12 weeks from 46 randomized participants
from three study groups, namely: exercise program alone (n = 11), combined-exercise program
and nutrition supplement (n = 23), and waitlist control group (n = 12). T cell gene expression was
evaluated, with emphasis on inflammation-related genes. Real-time PCR (RT-PCR) was performed
on CD3 T cells in 38 selected genes. Correlation analysis was performed to relate the results of gene
expression analysis with lower limb muscle strength performance, measured using leg extension tests.
Results: Our results showed a significant improvement in leg extension for both the exercise program
alone and the combined groups (p < 0.001). Nine genes showed significant pre- and post-difference
in gene expression over 12 weeks of intervention in the combined group. Seven genes (RASGRP1,
BIN1, LEF1, ANXA6, IL-7R, LRRN3, and PRKCQ) showed an interaction effect between intervention
and gene expression levels on leg extension in the confirmatory analysis, with confounder variables
controlled and FDR correction. Conclusions: Our findings showed that T cell-specific inflammatory
gene expression was changed significantly after 12 weeks of intervention with combined exercise
and HMB supplementation in sarcopenia, and that this was associated with lower limb muscle
strength performance.

Keywords: sarcopenia; exercise; nutrient supplementation; gene expression

1. Introduction

Skeletal muscle comprises about 40% of the body’s mass. Sarcopenia is the progres-
sive loss of skeletal muscle mass and function, resulting from increased catabolism and
decreased anabolism of skeletal muscle. It is a major health issue in older adults, affecting
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20% of people over the age of 70 and up to 50% of people over 80 [1]. Muscle mass starts
to decline from the age of 40, at the rate of 1–2% per year. By the age of 70, up to 30% of
muscle mass is lost. Studies have shown that some interventions could reverse sarcopenia,
but pharmacological interventions have resulted in limited efficacy [2,3]. Nonpharmacolog-
ical interventions, including exercise and nutrition supplementation, are more promising
prevention measures and intervention strategies for sarcopenia [4].

Reduced physical activity is a risk factor for sarcopenia, and exercise might reverse
sarcopenia [3,5]. Resistance training has a significant effect on the improvement of muscle
mass, muscle strength, and physical performance [6]. However, due to the heterogeneity
in exercise (type, duration, and intensity) performed in different studies, efficacy and
persistence varies among studies. Protein intake is important for stimulating muscle
protein synthesis. As age increases, there is a significant decline in food intake. Randomized
controlled trials and review studies have both shown that exercise increases muscle mass
and that this increase is greater when combined with nutrient supplementation [7–9].
β-hydroxy-β-methyl-butyrate (HMB) is a metabolite derived from leucine and can be used
as a nutrient supplement. It has been shown to modulate muscle protein degradation and
promote protein synthesis [10,11]. HMB is widely used by athletes and, in combination
with exercise training, can improve the muscle strength. Studies have shown that HMB is
effective at improving lean muscle mass and preserving muscle strength in older adults [12].
Combining resistance exercise and HMB supplements increases thigh lean mass [13]. The
combination of exercise and HMB has been shown to reduce the level of markers associated
with muscle damage and increase the level of aerobic fitness [14]. However, a review
study showed controversial results on the effectiveness of combining exercise and HMB for
improving muscle strength and performance [7]. Furthermore, most studies on nutrient
supplement in the elderly were confined to a poor baseline nutrition status.

In addition to HMB, there are other nutrient supplements, such as vitamin D and
omega 3 fatty acid. Vitamin D is important for the optimal functioning of muscle, and
vitamin D deficiency is associated with muscle weakness [15]. Vitamin D deficiency is
common in older adults and is a risk factor for sarcopenia [16]. Omega 3 fatty acid is known
for its anti-inflammatory properties and for promoting muscle protein synthesis. Recent
studies have suggested that intaking 0.1–1.2 g/kg/day of protein [17], 800–1000 IU of
vitamin D supplementation [18], and 3 g/day of omega 3 supplements might be beneficial
for muscle mass and strength [19].

T cells play an active role in many muscle diseases, such as increasing muscle fiber
necrosis and muscle cytotoxicity [20]. Recent studies have also shown the importance of
the role of T cells in muscle repair. In the context of inflammaging, chronic and low-grade
inflammation has been suggested to be associated with various age-related disorders,
including sarcopenia, obesity, and coronary heart disease [21]. Whole blood samples
capture RNA profiles of all cell types and peripheral blood mononuclear cells (PBMC),
composed mainly of granulocytes, platelets, and reticulocytes. The gene expression profile
differs significantly with different blood-derived RNA sources [22]. Most studies of this
nature have quantified the gene expression level in whole blood samples. However, the
expression of each cell subpopulation might be different and quantifying them collectively
in whole blood samples might mask the subset-specific response of the intervention, leading
to conflicting findings. Therefore, cell-type-specific gene expression is required to give an
accurate quantification of gene expression in T cells, regardless of variations in different
cell populations.

Our study examined the association between the expression of inflammation-related
genes in CD3 T cells and the muscle strength outcome in a sub-sample of older adults
with sarcopenia who participated in a randomized controlled trial in order to examine the
effectiveness of an intervention with exercise and nutrition supplementation (vitamin D,
omega 3 fatty acid, and HMB) for the management of sarcopenia.
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2. Materials and Methods
2.1. Subjects

The results of this study were part of a completed trial examining the effectiveness of
an intervention with exercise and nutrition supplementation in older community-dwelling
Chinese adults with sarcopenia (ClinicalTrials.gov Identifier: NCT02374268) [23]. In brief,
Chinese subjects aged over 65 with sarcopenia were defined with the Asian Working
Group criteria [24], and those who fulfilled the eligibility criteria were recruited from
the community in Hong Kong. These subjects were randomly assigned to one of the
three groups: exercise program alone (exercise), combined-exercise program and nutrition
supplementation (combined), or waitlist control group (control). All participants provided
written informed consent. The study was performed in compliance with the Declaration
of Helsinki and was approved by the Clinical Research Ethics Committee of the Chinese
University of Hong Kong.

2.2. Intervention

Details of the intervention design have been described previously [23]. In brief, the
control group was asked to maintain their usual physical activities and dietary habits
during the 6-month study period and were provided with the same exercise program as
the other two groups. The exercise group performed 20–30 min resistance exercise and
20 min aerobic exercise on a weekly basis. The combined group received nutrition supple-
ments and performed the same exercise as the exercise group. The nutrition supplements
consisted of two sachets of Ensure NutriVigor daily from baseline to 12 weeks. Each sachet
(54.1 g powder) contained 231 calories, 8.61 g protein, 1.21 g β-hydroxy β-methylbutyrate,
130 IU vitamin D, and 0.29 g omega-3 fatty acid. The intervention lasted for 12 weeks.

2.3. Questionnaires and Measurement

Demographic, lifestyle and medical history data, 3-day dietary record, validated Phys-
ical Activity Scale for the Elderly (PASE), and the 12-Item Short Form Health Survey (SF-12)
were collected using a standardized questionnaire. Anthropometric measurements, body
composition, grip strength, leg extensors strength, muscle power in the upper extremities,
physical performances, including five-chair stand test, and usual gait speed were assessed.

2.4. Gene Expression

Whole blood samples were collected from subjects by venipuncture. PBMC was
isolated using Ficoll gradient centrifugation method (GE Healthcare Corp, Maywood, NJ,
USA), and CD3 T cells were isolated by CD3 MicroBeads using magnetic separation. The
isolated sample was stabilized by Trizol. Total RNA was extracted by the Trizol-chloroform
method, and cDNA was prepared by the standard method. The cDNA transcript was
amplified by specific primers for a list of genes that are highly expressed in CD3 T cells,
and was quantified using a TB Green Premix Ex Taq II (Tli RNase H Plus) kit (Cat#RR820A,
TAKARA) by a LightCycler 480 System (Roche). The relative gene expression level was
calculated by a 2-∆∆Ct method using the geometric mean of the CT values of three reference
genes (RPS18, RPL31, and B2M) to correct the efficiency of each gene [25].

2.5. Statistical Analysis

Differences in variables between baseline and 12 weeks after intervention were an-
alyzed by a linear regression model. The correlation of the variables was analysed by
Pearson’s correlation. Interactions of variables were analyzed by linear regression. A
nominal p-value less than 0.05 was considered a significant association. Multiple compar-
ison correction was corrected using the Benjamini–Hochberg false discovery rate (FDR)
procedure [26]. Statistical analysis was performed using SPSS v24.0.

ClinicalTrials.gov
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3. Results

Twelve subjects were assigned to the control group, eleven subjects were assigned
to the exercise group, and twenty-three subjects were assigned to the combined group.
The clinical outcome of the study was described in our previous study [23]. The baseline
characteristics of this sub-sample (subjects with blood samples) were similar, except for
maximum grip strength and five-chair stand (Table 1). In our previous study, significant
changes in lower limb muscle mass, ASM, leg extension, and five-chair stand were observed
after 12 weeks of intervention [23]. Therefore, these parameters were investigated in this
study. Among the thirty-eight genes we selected for this study, nine genes (PRKCQ, BIN1,
ANXA6, MAF, LDHB, HINT1, SOD1, TOMM7, EIF3E) showed significant differences in
gene expression between baseline and 12 weeks after combined exercise and nutrient
supplement intervention (Figure 1) (Table 2) (Supplementary Table S1). Further analysis
was conducted on the interaction effect between interventions and gene expression levels
based on the clinical outcome. Seven genes (RASGRP1, BIN1, LEF1, ANXA6, IL-7R, LRRN3,
and PRKCQ) showed significant interaction between gene expression and intervention
among the control, exercise, and combined groups that affected the leg extension (Table 3).
There was no significant difference in the gene expression of RASGRP1, BIN1, LEF1, ANXA6,
IL-7R, LRRN3, and PRKCQ among the three groups at baseline.

Table 1. Baseline characteristics of the study participants.

Control (n = 12) Exercise (n = 11) Combined (n = 23)

Age, mean (SD) 69.3 (3.8) 76.4 (7.4) 73.7 (6.1)
Female, n (%) 6 (50.0) 6 (54.5) 12 (52.2)

Weight, kg, mean (SD) 44.0 (5.4) 47.2 (5.5) 44.6 (6.2)
Height, cm, mean (SD) 151.8 (4.7) 156.9 (6.3) 155.4 (8.0)

Body mass index, kg/m2,
mean (SD)

19.1 (1.8) 19.1 (1.2) 18.4 (1.6)

CMMSE, mean (SD) 27.0 (3.5) 28.3 (2.4) 28.2 (1.8)
SARC-F, mean (SD) 1.42 (0.80) 1.64 (1.50) 1.77 (2.05)

Maximum grip strength,
kg, mean (SD) 1 10.63 (5.50) 17.96 (7.41) 13.61 (5.06)

Maximum leg extension,
kg, mean (SD) 15.38 (5.67) 17.18 (5.55) 13.37 (5.45)

Five-chair stand test, s,
mean (SD) 1 9.75 (2.56) 10.07 (3.98) 13.92 (6.28)

1 All items were not significantly different between groups, except maximum grip (p = 0.015) and five-chair stands
(p = 0.034). CMMSE, Chinese version Mini-Mental State Exam; SD: standard deviation.

Table 2. Table showing genes with significant changes in gene expression before and after combined
exercise and nutrient supplement intervention.

Gene Fold Change p-Value

PRKCQ 3.35 0.02
BIN1 2.76 0.035

ANXA6 1.75 0.023
MAF 1.36 0.016

LDHB 1.2 0.008
HINT1 1.07 0.008
SOD1 1.05 0.004

TOMM7 0.97 0.014
EIF3E 0.87 0.004
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Figure 1. Gene expression levels of three genes (PRKCQ, ANXA6, and BIN1) showing the most significant difference before
and after interventions. C: control; Ex: exercise; ExS: exercise and nutrient supplement; The gene expression shown is
relative gene expression to geometric mean of 3 house-keeping genes; p < 0.05.

Table 3. Linear regression analysis showing the interaction of intervention and gene expression in
modulating the leg extension result.

Gene B(SE) β T p-Value

RASGRP1 1.804 (0.631) 0.350 2.860 0.008
BIN1 1.270 (0.482) 0.326 2.637 0.015
LEF1 1.095 (0.508) 0.269 2.157 0.037

ANXA6 1.642 (0.685) 0.297 2.399 0.012
IL-7R 2.166 (0.653) 0.404 3.319 0.003

LRRN3 1.137 (0.523) 0.269 2.174 0.024
PRKCQ 0.929 (0.422) 0.274 2.200 0.034

B(SE), standard error for the unstandardized beta; β, standardized beta; T, t test statistic.

We further analyzed the correlation between changes in gene expression and leg
extensions and we identified positive correlations between changes in gene expression
of RASGRP1, BIN1, LEF1, ANXA6, IL-7R, LRRN3, and PRKCQ and leg extensions in the
combined group (Table 4) (Figure 2). All six of these genes survived the multiple testing
correction and remained statistically significant.
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Table 4. Correlation analysis between gene expression and leg extension in combined group.

Gene r 1 p-Value 2

RASGRP1 0.633 0.001
BIN1 0.514 0.012
LEF1 0.588 0.003

ANXA6 0.555 0.006
IL-7R 0.660 0.001

LRRN3 0.637 0.001
PRKCQ 0.477 0.021

1 r is correlation coefficient; 2 p-values remained statistically significant after FDR correction.
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Figure 2. Figure showing the correlation between changes in gene expression and leg extensions in combined group.
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4. Discussion

Our previous study showed significant improvements in lower limb muscle mass,
ASM, leg extension, and five-chair stand after 12 weeks of intervention [23]. In this study,
we aimed to identify the pathways that might be associated with the changes in these
parameters. Inflammaging refers to low-grade inflammation, and is suggested to be
associated with sarcopenia [21]. In addition, T cells play an important role in muscle
regeneration. Therefore, a list of inflammation-related genes expressing in T cells were
chosen to compare gene expression levels before and after different interventions. Our
results showed that the level of expression of seven genes (RASGRP1, BIN1, LEF1, ANXA6,
IL-7R, LRRN3, and PRKCQ) was associated with the improvement in leg extensions in the
combined exercise and nutrient supplement group. To the best of our knowledge, this is
the first study reporting the association of T cell-specific gene expression and intervention
in improving leg extensions in subjects with sarcopenia.

In sarcopenia, the balance between muscle protein breakdown and muscle protein
synthesis is disturbed. The underlying mechanism for sarcopenia is not well understood,
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and a number of processes associated with aging have been suggested, including reduction
in protein synthesis, dysregulation of proteasomal degradation, mitochondrial dysfunction,
increased reactive oxidative stress, and increased inflammation [27]. Exercise and nutrient
supplementation are two major interventions for sarcopenia. Cell death and inflammation
are involved in aging and may result in reduced muscle mass and strength. On the other
hand, exercise can upregulate the anabolism of muscle by increasing protein synthesis.
Resistance exercise might stimulate muscle growth in the elderly and may induce a transient
redistribution of immune cell populations, which might be associated with an immune
response [28].

In recent years, there has been an increasing interest in the potential role of inflamma-
tion in sarcopenia. Increased levels of IL-6 and TNF-α and a reduced level of IL-10 have
been reported in cases of sarcopenia [29,30]. An imbalance in pro- and anti-inflammatory
pathways leads to inflammaging, which is associated with sarcopenia through inhibition of
muscle regeneration [31]. T cells have a role in the repair and regeneration of muscle [32].
Impaired muscle regeneration was demonstrated in T cell-deficient mice [33]. More im-
portantly, T cells play an important role in the regulation of the inflammatory response,
including the secretion of inflammatory cytokines, such as IL-6 and TNF-α. Our study
showed the gene expression level of seven T cell specific inflammatory genes, including
RASGRP1, BIN1, LEF1, ANXA6, IL-7R, LRRN3, and PRKCQ was positively correlated
with leg extensions. These genes were associated with T cell regulation and inflammation.
RASGRP1 was associated with the regulation of T cell development and differentiation [34].
LEF1 is a transcription factor essential for the thymocyte maturation [35]. ANXA6 regulated
the proliferation of T cells through IL-2 [36]. IL-7 and IL-7R signalling pathways are impor-
tant for T cell population maintenance and are involved in many inflammatory conditions,
such as diabetes and rheumatoid arthritis [37]. PKC-theta (PKCθ) is an enzyme encoded
by PRKCQ and is a key regulator of signal transduction in T cells [38]. In addition, some of
the genes, including BIN1 and ANAX6, were associated with muscle metabolism [39,40].
These findings suggest that gene expression in T cells might play an important role in
muscle metabolism and the inflammatory responses associated with the pathogenesis of
sarcopenia. Inflammaging suggests that older adults have poorer control of inflamma-
tion, a notion that is supported by studies showing that there is a reduced expression of
inflammatory-regulating genes, including LRRN3 and LEF1, in the elderly [41]. Our study
showed that intervention with exercise and nutrient supplementation in the combined
group was associated with changes in expression of seven genes in T cells, which might
improve the regulation of inflammation. Reduced inflammation might promote muscle
regeneration, and therefore improve the strength of leg extensions.

Our study demonstrated, for the first time, that the expression of some T cell-specific
genes is associated with leg extension strength, and that this can be mediated by the com-
bined intervention of exercise and nutrient supplementation. This finding suggests that
there is an association between inflammation regulation and muscle regeneration, which
could have implications for the development of therapeutic strategies for muscle regen-
eration. However, this study is limited by its small sample size, and a study with larger
sample size is required to further validate the current finding. In addition, future studies
investigating the possible mechanism of inflammatory response on muscle regeneration
might be useful for drug development.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nu13072313/s1, Table S1: Table showing the correlation of changes in gene expression before
and after combined exercise and nutrient supplement intervention.
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