
ABSTRACT

Early prevention of sarcopenia can be an important strategy for muscle maintenance, but 
most studies target subjects at slightly pre-sarcopenic state. Our previous paper describes 
the effect of protein supplements rich in leucine and vitamin D on muscle condition, and 
in this paper, we performed a sub-analysis to evaluate who benefitted the most in terms of 
improvement in muscle health. A 12-week randomized clinical trial of 120 healthy adults 
(aged 50 to 80) assigned to an intervention group (n = 60) or control group (n = 60) were 
analyzed. Subjects in the intervention group received, twice per day, a protein supplement 
containing (per serving) 800 IU of vitamin D, 20 g of protein (3 g of total leucine), 300 mg of 
calcium, 1.1 g of fat, and 2.5 g of carbohydrate. The subjects were classified into ‘insufficient’ 
and ‘sufficient’ groups at 25-hydroxyvitamin D (25[OH]D) value of 30 ng/mL. The skeletal 
muscle mass index normalized to the square of the skeletal muscle mass (SMM) height (kg/
m2) increased significantly in the ‘insufficient group’ difference value of change between 
weeks 0 and 12 (Δ1.07 ± 2.20; p = 0.037). The SMM normalized by body weight (kg/kg, %) 
was higher, but not significantly, in the insufficient group (Δ0.38 ± 0.69; p = 0.050). For 
people with insufficient (serum 25[OH]D), supplemental intake of protein and vitamin D, 
calcium, and leucine and adequate energy intake increases muscle mass in middle-aged and 
older adults and would be likely to exert a beneficial effect on muscle health.
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INTRODUCTION

Sarcopenia is a decrease in muscle mass and strength that occurs with age [1,2]. Sarcopenia 
triples risk of falls [1,3]. Also, the risk of death doubles every 1 kg/m2 decrease in muscle mass, 
which is recognized as an important health problem, especially among older adults [1,4].

Loss of muscle mass is closely related to decreased protein intake. Changes in mass 
are determined by the balance of protein synthesis and muscle breakdown [5]. Protein 
intake can preserve or increase muscle mass by stimulating muscle protein synthesis and 
reducing catabolism. The branched-chain amino acids leucine, isoleucine, and valine are 
the only essential amino acids that are oxidized primarily outside the liver. Specifically, 
leucine is responsible for regulating muscle protein turnover [6]. We previously found that 
feeding leucine-added protein to older adults with sarcopenia for 12 weeks increased both 
appendicular skeletal muscle mass and total lean body mass at the same time [7].

Vitamin D is one of the nutrients that affect the musculoskeletal system, and vitamin D 
deficiency is one of the factors that due to loss of muscle mass and strength [1,8]. Results 
from the Korean National Health and Nutrition Survey between 2009 to 2011 suggests [1], 
the lower the serum vitamin D level in Korean adults over 50 years of age, the higher the 
risk of sarcopenia. The relationship between vitamin D and muscle mass mechanisms may 
include: 1) The vitamin D and parathyroid hormone (PTH) pathways are associated with 
loss of muscle mass. Parathyroid hormone increases serum calcium levels, and vitamin D 
deficiency increases PTH secretion, increasing the calcium concentration in muscle cells, 
reducing cytokine synthesis, and increasing breakdown [1,9]. 2) Vitamin D binds to the 
vitamin D receptor in muscle cells, promoting protein synthesis and growth of muscle 
cells [10]. So, with insufficient vitamin D, proximal muscle strength is weakened, and type 
2 muscle fiber atrophy is observed [3]. 3) Vitamin D prevents muscle weakness caused by 
inflammation and lowers the level of inflammation, one of the risk factors for developing 
sarcopenia [11].

Previous studies on protein supplements that include vitamin D have generally been conducted 
in older adults over the age of 65, and studies in healthy people, including adults, are rare. 
Serum vitamin D levels in Koreans have decreased significantly at all ages and tend to decrease 
most rapidly between the ages of 40 to 50 [12]. This is because less sun exposure and the 
effects of UV rays reduce the ability of aged skin to synthesize vitamin D3 [13]. A randomized 
study evaluating functional improvement in an elderly population with low vitamin D status 
showed that vitamin D supplementation improved vitamin D storage which was associated 
with functional improvement in vitamin D status [14,15]. The relationship between vitamin 
D, functional performance, and psychomotor function typing in older adults with falls was 
investigated in a prospective summary study [14,16] Deficiency of vitamin D showed impaired 
neuromuscular function, leading to increased falls. In addition, a previous study found a 
positive and strong correlation serum between the 25-hydroxyvitamin D3 (25[OH]D3) serum 
concentration and femur strength in older women [17,18]. A study investigating whether serum 
25-hydroxyvitamin D (25[OH]D) and serum PTH levels were associated with muscle loss 
and muscle mass loss in older adults over 65 found that low serum 25(OH)D levels and high 
PTH levels increase the risk of sarcopenia in older adults [3]. Therefore, we hypothesized that 
continuous intake of protein supplements containing vitamin D in healthy adults and elderly 
people insufficient in serum vitamin D can be effective for absorption in the body, increase 
muscle mass, and improve muscle strength and body function.
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Therefore, this study was conducted to verify the effects of a vitamin D-containing mixture 
(per serving 800 IU of vitamin D, 20 g of protein [3 g of total leucine], 300 mg of calcium, 
1.1 g of fat, and 2.5 g of carbohydrate) on physiological indicators, muscle mass, physical 
function items, muscle strength, and physical ability for 12 weeks in Koreans aged 50–80 
years. This study will serve as evidence for changes in muscle mass and the need for increased 
vitamin D intake according to blood vitamin D levels in middle-aged and elderly Koreans.

MATERIALS AND METHODS

Settings and study design
Our study was conducted as a 12-week scheduled randomized controlled trial (RCT). Prior 
analysis determined that a sample size of 102 was required to detect the least significant 
change of 0.151 (standard deviation [SD] = 0.301) in appendicular skeletal muscle mass 
(ASM) using dual-energy X-ray absorptiometry (DXA); this achieved 90% power to detect 
differences at the 0.05 alpha level. Considering that the dropout rate was 15%, 120 volunteers 
were recruited, which were assigned to the intervention (n = 60) or placebo (n = 60) group 
[19]. Neither the investigators nor the participants knew the random codes or results. In 
this study, an in-depth analysis was conducted for only the intervention group, which was 
used to evaluate the improvement in muscle health with vitamin D level. The World Health 
Organization defined 25(OH)D concentrations of 10 ng/mL or less as deficiency and 20 ng/
mL or less as deficiency [20], and the US Institute of Medicine (IOM) defined 12 ng/mL or less 
as deficiency, 20 ng/mL or higher is considered normal [21]. However, as the standards are 
still not unified, vitamin D deficiency is defined as less than 20 ng/mL (50 nmol/L), 21–29 ng/
mL as relative deficiency, and 30 ng/mL or more as sufficient [22]. Based on Ajou University 
Hospital’s which conducted the study, blood measurement reference, those who had serum 
vitamin D levels below 30 ng/mL at week 0 were assigned to the ‘insufficient’ group and those 
having over 30 ng/mL were assigned to the ‘sufficient’ group. In the intervention group, 6 
out of 60 volunteers dropped out of the study and 23 participants from the insufficient group 
and 31 participants from the sufficient group were included in the analysis. Also, in the 
control group, 3 out of 60 volunteers dropped out of the study and 23 participants from the 
insufficient group and 34 participants from the sufficient group were included in the analysis. 
Further details are described in Kang et al. [19].

The study was conducted from September 2019 and finished by February 2020 during the 
season where sun exposure is the lowest throughout the year. Healthy adults aged 50 to 80 
were recruited and they all visited Ajou University Hospital in Gyeonggi-do. All subjects 
submitted informed consent for inclusion prior to participation in the study. The study was 
conducted in accordance with the Helsinki Declaration, and the protocol was approved by 
the Institutional Review Board (IRB) Ethics Committee of both Kyung Hee University and 
Ajou University Hospital in April 2019 (No. KHSIRB 2019-004, No. AJIRB-MED-FOD-1948). 
In addition, this study was registered in the Clinical Research Information Service 
(KCT0005111), a nonprofit online registration system for domestic clinical trials established 
by the Korean Centers for Disease Control and Prevention (KCDC). The KCDC has joined 
the WHO International Clinical Trials Registry Platform (ICTRP) as the 11th member of its 
Primary Registry, also, the full trial protocol for this study is available here. Authors do not 
share participant data that is not personally identifiable.
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Participants
The inclusion criteria: 1) 50 to less than 80 years old, 2) having an appendicular skeletal 
muscle mass index (ASMI) greater than 5.4 kg/m2 for women, 7.0 kg/m2 for men or 
more measured by DXA (GE Healthcare, Madison, WI, USA) measurements, 3) subjects 
within a body mass index (BMI) of 18.5–27 kg/m2. Exclusion criteria were as follows: 1) 
estimated glomerular filtration rate (eGFR) of 60 mL/min/1.73 m2 or less, 2) currently 
receiving insulin therapy, taking steroids or testosterone-based drugs, 3) having chronic 
lung disease, 4) taking 1,000 IU or more of vitamin D, 5) eating a special diet for disease 
management purposes, 6) history of high-intensity strength training in the past 6 months, 
7) musculoskeletal disorders that made exercise difficult, 8) muscle mass intervuntreated 
or unregulated cardiovascular disease that may affect exercise, 9) less than 5 years after 
treatment of malignant tumor, and 10) cirrhosis, diabetes, or other chronic disease.

Study products and compliance
The participants were assigned to consume 2.5 g twice a day for 12 weeks of protein mixture 
powder (90% milk protein and 10% soy protein, Muscle Health Solution Formula; Maeil 
Dairies Co., Ltd., Pyeongtaek, Korea), which is a mixture of 800 IU of vitamin D (20 µg), 20 
g of protein (3,000 mg of total leucine), 300 mg of calcium, 1.1 g of fat, and carbohydrate. 
The detailed composition of the product is as follows: vitamin D: fortified with 100% 
vitamin D3 (cholecalciferol); protein: casein 50%: whey 40%: vegetable protein (separated 
soy protein) 10%; calcium: 65% of calcium derived from milk protein, 16% derived from 
vegetable protein, and about 19% derived from calcium carbonate and calcium triphosphate; 
leucine: 68% derived from a protein source are 90% milk protein and 10% soy protein. And 
the remainder fortified with mono-amino acid (L-leucine). And control participants received 
isocaloric-placebo supplement powder (carbohydrate 25 g) twice a day for 12 weeks.

Primary outcomes: muscle mass
Participants in this study were measured using DXA and bioelectrical impedance analysis 
(BIA) after at least 8 hours of fasting. ASMI (kg/m2) = ASM (kg)/Height (m2), ASM normalized 
by body weight (ASM/weight, %) = ASM (kg)/Body weight (kg) × 100, ASM normalized by BMI 
(ASM/BMI) = ASM (kg)/BMI (kg/m2), visceral adipose tissue (VAT) metrics consisting of VAT 
volume (cm3) and VAT mass (g) were measured using DXA.

Double-energy X-ray absorptiometry is based on the degree of attenuation of transmitted 
radiation, which depends on the body composition and thickness of the area where the 
radiation passes through the human body. It gives very accurate values in one measurement 
and has the advantage of setting the amount of fat and muscle throughout the body. In the 
definition of sarcopenia, bone tissue occupies most of the head and pelvis, and the thickness 
of the trunk affects the measurement of the trunk. The relative error is large because fat, 
muscle, and bone tissue overlap in several layers [23,24]. When the body’s moisture level 
changes by more than 5%, the fat measurement decreases.

The principle of the method of measuring the amount of skeletal muscle using BIA is 
to consider the human body as the sum of several conductors and to calculate the body 
composition by evaluating the degree of resistance to current flow in each conductor. Muscle 
mass is estimated by subtracting the amount of water and fat from your body weight. For 
the BIA method, food, drinking water, and exercise should be prohibited at least 4 hours 
before measurement, and the room temperature should be kept at 18°C to 24°C to reduce 
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measurement errors. In this study, attention was paid to fasting for at least 8 hours and 
maintaining body temperature during measurements to reduce these errors.

Secondary outcomes: muscle strength
Muscle strength was measured before and after the study. For the measurement of femoral 
muscle strength, a Commander Echo Muscle Tester (microFET2; HOGGAN Ergo, Salt Lake 
City, UT, USA) was used to measure the right and left legs three times each, with the average 
values being recorded. In addition, the grip strength (kg) of the right and left hands were each 
assessed three times using a dynamometer (Jamar, Plus+ Digital Hand Dynamometer; Jamar 
Performance Preferred, Anaheim, CA, USA) and the average values and SDs were recorded.

Anthropometric analysis
Height was measured using an automatic height and weight measuring device (GL-150; 
G-tech International, Uijeongbu, Korea). Additionally, the body composition analyzer 
(InBody720; Biospace, Seoul, Korea) was used to measure weight (kg) and BMI (kg/m2), while 
arm and calf circumferences were measured using a tape measure.

Physical performance and physical activity questionnaire
The short physical performance battery (SPPB) test was used to measure physical 
performance. An evaluation table was used to measure and record standing balance, 4-m 
gait speed, and repeated chair stands. For each item, 0 points equated to inability to perform 
and 1 to 4 points were assigned depending on task performance. Finally, a score of 12 
points indicated that the subject had earned 4 points for each task. All testing was carried 
out by a single expert inspector. The physical performance of each subject was assessed at 
the beginning and at the end of the study. The trained dietitian asked the participants to 
complete an International Physical Activity Questionnaire (IPAQ) at each visit to monitor 
changes in physical activity at weeks 0, 4, and 8.

Blood analysis
Blood analyses were performed before and after the study. Each participant’s blood was 
collected after at least 8 hours of fasting by a registered phlebotomist. Serum 25(OH)D was 
analyzed with Chemi-luminescence immunoassay (Kit: ADVIA Centaur Vit.D Total [Vit.D], 
SIEMENS ADVIA Centaur XPT module).

Dietary intake
Participants were asked not to change their daily eating habits during the study period. 
Three-day diet records were collected to monitor dietary changes during weeks 0, 4, 8, and 
12, which were analyzed using CAN pro 5.0 software (Computer-assisted Analysis Program 
for Korean Nutrition Society Professionals ver. 5.0, 2015; The Korean Nutrition Society, 
Seoul, Korea).

Statistical analysis
The data were analyzed using the Statistical Package for Social Sciences (SPSS) ver. 25.0 
(IBM Korea, Seoul, Korea). To establish if there was a difference in baseline between the 2 
groups, an independent t-test was performed for the continuous variable and a χ2 test for the 
categorical variable. Descriptive differences between groups in the participant population 
were analyzed using an independent t-test for means comparison.
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RESULTS

Baseline characteristics of participants
There was no significant difference (p = 0.53 and p = 0.62, respectively) in the proportions of 
males and females in the intervention and control in the insufficient and sufficient groups. 
Data for body composition, muscle function, and complete blood count (Table 1) did not 
significantly differ between the intervention and control in the insufficient and sufficient 
groups. However, the age of the participants was significantly different between groups in the 
sufficient group (62.4 ± 7 years for the intervention group and 58.5 ± 6 years for the control 
group, p = 0.02). The eGFR data are not presented because all participants had levels greater 
than 60 mL/min/1.73 m2 both before and after the study.

Dropouts and compliance
A total of 111 datasets from 54 participants in the intervention group and 57 controls were 
used in the final analysis, which included participants for whom follow-up was completed 
(Figure 1). During the study, a total of nine participants dropped out (dropout rate of 
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Table 1. Baseline characteristics of subjects
Characteristics Insufficient group (n = 46) Sufficient group (n = 65)

Control (n = 23) Intervention (n = 23) p value Control (n = 34) Intervention (n = 31) p value
Age 59.5 ± 5 59 ± 6 0.86 58.5 ± 6 62.4 ± 7 0.02*

Sex 0.53 0.62
Men (%) 6 (26.1) 8 (34.8) 8 (23.5) 9 (29.0)
Women (%) 17 (73.9) 15 (65.2) 26 (76.5) 22 (71.0)

Weight (kg) 62 ± 7 63 ± 8 0.54 60 ± 6 60.7 ± 8.5 0.81
Height (cm) 160 ± 6 161 ± 8 0.75 161 ± 6 159 ± 7 0.42
BMI (kg/m2) 23.9 ± 1.6 24 ± 1.8 0.50 23 ± 1.9 23.7 ± 2 0.34
DXA

Muscle mass
ASM (kg) 16.7 ± 3 17 ± 3.8 0.68 16.8 ± 3 17 ± 4 0.79
ASM/wt (kg/kg, %) 27 ± 3 27 ± 3 0.99 27.8 ± 3 27.8 ± 3 0.96
ASMI (kg/m2) 6 ± 0.8 6 ± 0.8 0.79 6 ± 0.8 6 ± 1 0.44
ASM/BMI (kg/[kg/m2]) 0.7 ± 0.1 0.7 ± 0.1 0.79 0.7 ± 0.1 0.7 ± 0.1 0.76

Visceral adipose tissue
VAT volume (cm3) 860 ± 350 1,005 ± 575 0.30 809 ± 436 831.7 ± 416 0.83
VAT mass (g) 812 ± 331 980.9 ± 510 0.19 763 ± 411.7 784 ± 392 0.83

BIA
SMM (kg) 23 ± 3.7 23.7 ± 5 0.73 23 ± 4 23.8 ± 4 0.85
SMM/Wt (kg/kg, %) 37.7 ± 3 37 ± 4 0.88 39 ± 4.7 39 ± 3 0.40
SMMI (kg/m2) 9 ± 0.9 9 ± 1.1 0.80 9 ± 1 9 ± 1 0.41
SMM/BMI (kg/[kg/m2]) 0.9 ± 0.1 0.98 ± 0.1 0.88 1 ± 0.1 1 ± 0.1 0.67

Muscle function
Arm circumference (cm) 30 ± 1.7 30.8 ± 1.9 0.18 29 ± 1.7 30 ± 2 0.22
Calf circumference (cm) 34.9 ± 2 35 ± 3.19 0.88 34.7 ± 2.1 35 ± 2.7 0.27
SPPB (score) 11.7 ± 0.4 11.7 ± 0.4 0.73 11 ± 1 11.5 ± 0.8 0.39
Femoral muscle strength (N) 203 ± 40.5 184.7 ± 44.8 0.36 162 ± 50 168 ± 46.4 0.64
Grip strength (kg) 26.8 ± 7.6 30 ± 8.6 0.08 26.7 ± 6.2 27.8 ± 7.7 0.53

IPAQ 1,705 ± 1,361 1,408 ± 1,071 0.41 2,496 ± 1,977 2,193 ± 1,619 0.50
Blood test

25(OH)D (ng/mL)† 25.7 ± 3 25 ± 3 0.54 42 ± 9 41.9 ± 9 0.92
To establish if there was a difference in baseline between the 2 groups, an independent t-test was performed for the continuous variable and a χ2 test for the 
categorical variable. Descriptive differences between groups in the participant population were analyzed using an independent t-test for means comparison. 
Continuous variables are presented as means ± standard deviation.
BMI, body mass index; DXA, dual-energy X-ray absorptiometry; ASM, appendicular skeletal muscle mass; ASMI, appendicular skeletal muscle mass index; 
VAT, visceral adipose tissue; BIA, bioelectrical impedance analysis; SMM, skeletal muscle mass; SPPB, short physical performance battery; IPAQ, International 
Physical Activity Questionnaire; 25(OH)D, 25-hydroxyvitamin D.
*Significant effect p < 0.05; †Insufficient: < 20.0 to 30.0 ng/mL, Sufficient: 30.1 to 100.0 ng/mL.
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9.2%). Six participants were dropped from the intervention group due to enrolling error 
(n = 1), withdrawal of consent (n = 4), and loss to follow-up (n = 1). In the control group, 3 
participants were dropped for reasons such as non-compliance (n = 2) and loss to follow-
up (n = 1). Reasons for withdrawal of consent were adverse reactions such as constipation 
(n = 1), heartburn (n = 1), and skin rash (n = 1), as well as simple change of mind (n = 1). To 
assess compliance, the participants were asked to record the number of supplements they 
consumed every day; the reported compliance exceeded 80%.

Effects of intervention on muscle health, physical performance, and blood 
measurements
Based on physical performance, to the 54 participants who fulfilled the criteria for analysis 
until the end of the trial. Continuous variables are reported as means ± SD. There was no 
significant change in muscle index results measured by DXA in both groups (Table 2). No 
significant effects were observed on muscle function and IPAQ between the 2 groups.

A muscle index measured by BIA, non-significantly increased in the insufficient group 
compared with the control group (Δ0 ± 0.7 in the control group vs. Δ0.3 ± 0.6 in the 
intervention group, insufficient group; p = 0.050). The skeletal muscle mass index (SMMI; kg/
m2) was significantly higher in the insufficient group compared with the control group (Δ0.07 
± 0.2 in the control group vs. Δ1 ± 2.2 in the intervention group, insufficient group; p = 0.03).

At 12 weeks, serum 25(OH)D increased from baseline to 12 weeks in the intervention group, 
in the insufficient group (−Δ1.6 ± 8.8 in the control group vs. Δ12.3 ± 9 in the intervention 
group, insufficient group; p = 0.00) and increased from baseline to 12 weeks in the 
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Randomized (n = 120)

Allocation

Follow-up

Analysis

Analysis

Allocated to control (n = 60)Allocated to intervention (n = 60)

Analyzed (n = 57)Analyzed (n = 54)

Insufficient group (n = 23)
Sufficient group (n = 34)

Insufficient group (n = 23)
Sufficient group (n = 31)

With drawn (n = 3)
· Withdrew consent (n = 2)
· Lost to follow-up (n = 1)

With drawn (n = 6)
· Withdrew consent (n = 4)
· Lost to follow-up (n = 1)

Assessed for eligibility (n = 156)Enrollment

Excluded (n = 36)
· Not meeting inclusion criteria

Figure 1. Flow chart of the study population.
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intervention group, in the sufficient group (−Δ10.1 ± 9.1 in the control group vs. Δ1.4 ± 10.4 
in the intervention group, sufficient group; p = 0.00) (Table 2).

Dietary intake
The dietary intakes of the participants were measured at every visit (Table 3). Usual meal intake 
was evaluated excluding supplement intake. We found that vitamin D (μg) intake decreased 
significantly after 12 weeks of the intervention group only in the sufficient group (p = 0.02).
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Table 2. Muscle health and blood measurement changes during the 12-week study period
Measurements Insufficient group (n = 46) Sufficient group (n = 65)

Control (n = 23) 
(12–0 weeks)

Intervention (n = 23) 
(12–0 weeks)

p value Control (n = 34) 
(12–0 weeks)

Intervention (n = 31) 
(12–0 weeks)

p value

Muscle mass
DXA

Δ ASM (kg) 0.1 ± 0.5 0.2 ± 0.4 0.65 0.1 ± 0.4 0.1 ± 0.6 0.81
Δ ASM/wt (kg/kg, %) −0.01 ± 0.7 −0.02 ± 0.6 0.94 −0.04 ± 0.6 0.1 ± 0.9 0.34
Δ ASMI (kg/m2) 0.05 ± 0.2 0.07 ± 0.1 0.62 0.06 ± 0.1 0.05 ± 0.2 0.92
Δ ASM/BMI (kg/[kg/m2]) 0.01 ± 0.01 −0.01 ± 0.01 0.80 −0.00 ± 0.01 0.00 ± 0.02 0.37

VAT
Δ VAT volume (cm3) −0.8 ± 106.6 74 ± 294 0.25 36 ± 116 −30 ± 124 0.40
Δ VAT mass (g) −1.5 ± 100.6 37 ± 190.5 0.39 33.7 ± 110 −28.5 ± 117.7 0.66

Muscle function
Δ Arm circumference (cm) 0.3 ± 0.5 0.5 ± 0.6 0.27 0.2 ± 0.5 0.2 ± 0.4 0.73
Δ Calf circumference (cm) −0.4 ± 1.4 −0.08 ± 2.3 0.59 −0.4 ± 1.4 −0.7 ± 1.3 0.40
Δ SPPB (score) −0.04 ± 0.7 0.1 ± 0.4 0.25 0.4 ± 0.9 0.2 ± 0.8 0.28
Δ Femoral muscle strength (N) −12 ± 52 −18.6 ± 52 0.66 5.5 ± 47 14.4 ± 38 0.18
Δ Grip strength (kg) −0.2 ± 2.5 −0.4 ± 3.2 0.84 −1.2 ± 3.7 −0.5 ± 3.6 0.46
Δ IPAQ 98 ± 1,268 308 ± 1,959 0.66 715 ± 2,041 −147 ± 1,699 0.07

Blood measurement
Δ 25(OH)D (ng/mL) −1.6 ± 8.8 12.3 ± 9 0.00* −10.1 ± 9.1 1.4 ± 10.4 0.00*

Continuous variables are presented as means ± standard deviation of the difference values minus the values at Week 12 and Week 0.
DXA, dual-energy X-ray absorptiometry; ASM, appendicular skeletal muscle mass; ASMI, appendicular skeletal muscle mass index; BMI, body mass index; VAT, 
visceral adipose tissue; SPPB, short physical performance battery; IPAQ, International Physical Activity Questionnaire; 25(OH)D, 25-hydroxyvitamin D.

Table 3. Changes of dietary intake during the 12-week study
Dietary intakes Insufficient group (n = 46) Sufficient group (n = 65)

Control (n = 23) 
(12–0 weeks)

Intervention (n = 23) 
(12–0 weeks)

p value Control (n = 34) 
(12–0 weeks)

Intervention (n = 31) 
(12–0 weeks)

p value

Δ Energy (kcal) 18 ± 414 221 ± 857 0.31 151 ± 407 −62.4 ± 500 0.06
Δ Carbohydrate (g) −4.1 ± 64 46.1 ± 11 0.07 4 ± 69 −20 ± 92.9 0.24
Δ Protein (g) 2.8 ± 28.7 15.3 ± 35.6 0.19 10.2 ± 22.4 −0.4 ± 27.3 0.08
Δ Fat (g) 3.5 ± 26 −0.7 ± 37.3 0.65 9.8 ± 21.7 1.7 ± 25.3 0.17
Δ Vitamin A (ugRAE) 26.4 ± 303 62.5 ± 630 0.80 −49.8 ± 453 −31.2 ± 397 0.86
Δ Vitamin D (ug) 1.3 ± 5.5 0.2 ± 7.4 0.58 2.2 ± 5.7 −0.8 ± 4.6 0.02*

Δ Vitamin E −0.8 ± 9.2 1.3 ± 13.7 0.53 1.4 ± 9.6 −0.07 ± 11.7 0.56
Δ Vitamin K 60 ± 257 149.5 ± 413 0.38 131.9 ± 494 40.1 ± 285 0.37
Δ Thiamin (mg) 0.06 ± 0.4 0.2 ± 0.8 0.53 0.2 ± 0.6 0.1 ± 0.1 0.46
Δ Riboflavin(mg) 0.4 ± 0.9 0.05 ± 0.7 0.15 0.3 ± 0.7 −0.06 ± 0.7 0.05
Δ Niacin (mgNE) 1.7 ± 6.1 3.9 ± 8.7 0.31 1.6 ± 4.6 −1.1 ± 6.6 0.05
Δ Vitamin B6 (mg) −0.03 ± 2.1 0.9 ± 2.8 0.19 1.2 ± 4.1 0.5 ± 3.6 0.44
Δ Calcium (mg) 71.8 ± 330 77 ± 295 0.95 92.8 ± 313 −91.3 ± 353 0.03*

Δ Isoleucine (mg) 544 ± 1,692 900 ± 1,282 0.42 193 ± 1,312 184 ± 1,408 0.10
Δ Leucine (mg) 234 ± 125 614 ± 121 0.22 234 ± 759 36.82 ± 930 0.35
Δ Lysine (mg) 333 ± 858 276 ± 554 0.79 450 ± 442 −1.85 ± 614 0.29
Δ Valine (mg) 340 ± 202 294 ± 513 0.79 439 ± 997 −81 ± 467 0.10
Continuous variables are presented as means ± standard deviation of the difference values minus the values at Week 12 and Week 0. The data is based on a 24-
hour recall of baseline and a food diary after 12 weeks, analysis was performed by a web-based computer nutrition analysis program.
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DISCUSSION

Kang et al. [19], previously investigated the effects of a 12-week leucine-enriched protein 
supplementation specifically affecting muscle synthesis in healthy Korean adults and older 
adults. It was demonstrated that a complex of leucine-enriched protein, calcium, and vitamin 
D, which has a significant impact on muscle growth, can prevent and improve sarcopenia 
[19]. In this study, an in-depth analysis examined the relationship between vitamin D, 
a nutrient that affects muscle mass, and muscle health by dividing it into deficient and 
sufficient groups based on the serum 25(OH)D level. We investigated whether providing a 
protein mixture with vitamin D helped maintain or strengthen muscle health in people over 
50 years old who lack sufficient serum 25(OH)D levels and/or whether the serum 25(OH)
D concentration can reach normal or sufficient levels. Although 12 weeks of nutritional 
intervention did not lead to a significant improvement in SPPB or muscle strength, in the 
insufficient group with a low 25(OH)D concentration, skeletal muscle mass was improved. 
This suggests that the complex may normalize vitamin D and improve muscle health.

This area of research is primarily focused on the acute effects of muscle protein synthesis 
in frail older people who have experienced significant muscle loss. In studies of healthy 
middle-aged and older people, only a few long-term supplemental intervention studies have 
been conducted to evaluate changes that improve sarcopenia. In a study by Chanet et al. [25], 
which studied muscle protein synthesis (MPS) data for vitamin D, investigated the role of 
vitamin D deficiency on reduced MPS through its impact on ectopic lipid accumulation and 
related intracellular signaling pathways. In this study, they developed 15-month-old rats fed 
a diet low in vitamin D. As a result, it was confirmed that animals with vitamin D deficiency 
initially did not have hypercalcemia/hyperphosphatemia when supplemented with vitamin D 
for 3 months, and serum 25(OH)D concentration increased more than 10 times. In addition, 
the results of recent studies in humans are similar to those in animals. The mechanism 
behind the reduction in muscle protein synthesis due to vitamin D deficiency was at least in 
part due to the activation of the eIF2α stress sensor. Interestingly, vitamin D supplementation 
in vitamin D deficient mice prevented this change. The results of this paper have not been 
verified in humans, but support that vitamin D is a major metabolic regulator of muscle cells 
and contributes to the prevention and optimal management of sarcopenia. Our results are 
supported by those of intervention studies showing improved muscle strength and functional 
performance after vitamin D supplementation in older people with 25(OH)D deficiency 
[3,14,16,26]. However, administration of oral vitamin D supplementation for 6 months to 
98 men and women aged 69 years did not improve quadriceps isokinetic strength compared 
with placebo [3,27]. In addition, the Verreault et al. [28], study suggested that 628 older 
women with disabilities were not associated with low vitamin D status and changes in grip 
strength, knee extensor strength, and hip flexor strength for 3 years. However, it differs from 
our study in that it included only women with severe disabilities and that most subjects had a 
significantly lower 25(OH)D status.

Vitamin D, a nutrient that can positively affect muscle mass and increase muscle strength, 
is a fat-soluble vitamin that is synthesized through skin synthesis and diet. In this case, 
it is biologically inactive and must be activated to function in humans [29]. Vitamin D 
synthesized in the skin or consumed through food enters the blood directly or through the 
lymphatic system, binds to and circulates with vitamin D-binding protein, and is stored 
in adipose tissue or converted to 25(OH)D while passing through the liver. It is converted 
to 1,25-dihydroxyvitamin D (1,25[OH]2D), an active vitamin, through the kidneys [29,30]. 
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Active 1, 25(OH)D binds to vitamin D receptors in intestinal chorionic cells, absorbs calcium 
and phosphorus, and accumulates calcium and phosphorus in bones. The concentration of 
serum 25(OH)D is about 1,000-times higher than that of 1,25(OH)2D, and 1,25(OH)2D is 
an active form and has a short time to play its role, so the presence or absence of vitamin D 
deficiency is determined by serum 25(OH)D [30]. Insufficient vitamin D may be associated 
with the development of sarcopenia, which contributes to decreased muscle function. There 
are many reasons for vitamin D deficiency in older people, such as frequent hospitalizations, 
decreased skin’s ability to endogenously synthesize vitamin D, and decreased reduced vitamin 
D receptor (VDR) expression in muscle tissue. Several studies suggest a link between vitamin 
D deficiency and falls in older adults. A large-scale prospective study confirmed that physical 
function is mediated by the effect of vitamin D levels on falls, suggesting that decreased 
muscle function in people with low vitamin D is an important factor in the risk of falls [29,30].

However, there are studies showing that even 2,000 IU of vitamin D administration has 
no effect on protein synthesis in the elderly. van Vliet et al. [31], conducted clinical trials 
to evaluate the independent and combined effect of vitamin D supplementation on the 
rate of muscle fiber protein synthesis and found that the combination of vitamin D or 
conjugated linoleic acids did not affect the rate of muscle protein synthesis. However, there 
are differences from our research. We have included leucine, a nutritional supplement 
that can positively affect muscle mass and increase muscle strength. Leucine is known to 
have a positive effect on muscle mass by stimulating the mammalian target of rapamycin 
(mTOR) signaling pathway, increasing muscle protein synthesis and reducing muscle protein 
breakdown [32,33]. In addition, the nutritional supplements in this study also contain 
calcium, which is involved in muscle contraction and relaxation [34].

In this study, we are following the collective approach of the European Working Group on 
Sarcopenia in Older People and the indicator of muscle mass discussed in the Asian Working 
Group for Sarcopenia with modifications and additions from the perspective of Asians (DXA 
measurement results [ASMI]: male 7.0 kg/m2, female 5.4 kg/m2) as a major effective indicator 
of change in muscle mass targeting non-muscular reduction subjects. It is most important 
to measure the decrease in muscle mass objectively when diagnosing the currently presented 
sarcopenia. Among similar previous studies to diagnose sarcopenia, we used the method 
proposed by the New Mexico Elder Health Survey as a measure of muscle mass among the 
diagnostic criteria for sarcopenia [8]. The skeletal muscle mass index as measured by DXA, 
the formula of dividing the appendicular skeletal muscle mass of the limb by the square of the 
height (ASMI), defined as the case where the adult muscle mass decreased by 2 SDs or less 
in relation to the young adult average [8]. In Janssen et al. [35], presented the SMMI (%) by 
dividing the skeletal muscle mass by the body weight according to the Third National Health 
and Nutrition Examination Survey (NHANES III) [36,37]. At the Foundation for the National 
Institutes of Health, ASM, measured by DXA, was presented as a standard corrected by body 
mass index [35].

BIA was developed as a body composition evaluation method that can be easily used in clinical 
practice because it is relatively accurate, has a simple test method, is inexpensive, is easy 
to transport, and is safe. The BIA sends a small alternating current through the body and 
measures the body’s resistance to this current. Among body components, only body water and 
dissolved electrolytes can conduct current. Therefore, the total amount of body water can be 
measured through the measured resistance, and the fat-free mass is estimated by assuming 
that the total body water occupies a certain part (usually 73%) of the lean mass [38].
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According to DXA measurements in this study, the ASMI increased by 0.07 ± 0.14 in the 
intervention group of the insufficient group, no change was noted in the sufficient group, 
and there was no statistical difference in visceral fat mass. On the other hand, unlike the 
DXA results, which did not differ between the two groups, the BIA measurement results 
enabled the detection of differences in the sufficient group and insufficient group. The 
SMM/wt results increased by 0.38 ± 0.69 kg/kg, % after 12 weeks only intervention group of 
the insufficient group, and no significant difference was found in the sufficient group. In 
addition, the SMMI result increased by 1.07 ± 0.69 kg/m2 after 12 weeks in the intervention 
group of the insufficient group. Bioelectrical impedance equipment, used to obtain the 
main results of this study, is compact, economical, easy to operate, and convenient to 
carry compared with DXA equipment, so it is widely used in clinical practice. The DXA 
measurement method has the disadvantage of being relatively expensive, requiring someone 
with inspection skills, and immovable [39,40]. In addition, component body fat assessment 
is an important tool for maintaining general health and longevity, and can and does exist for 
monitoring the effectiveness of diets. DXA is likewise regarded as a standard method for sieve 
analysis, and BIA with minimal risk and easy application is preferably reported, which may 
not be possible and has associated risks [41].

The secondary effective indicators in this study were muscle strength and physical 
performance (femoral muscle strength, grip strength, SPPB, arm circumference, and calf 
circumference). There were no significant differences between the two groups with respect to 
femoral muscle strength, knee extension, grip strength, and SPPB. In an RCT study of healthy 
Asian young adults and older women, quadriceps muscle strength and 6-minute walking 
improved between 3 and 6 months, respectively [42,43]. However, in this study, protein 
supplements did not improve muscle strength contrary to our expectations. In addition, 
similar results involving protein supplements and measuring muscle strength and body 
performance in the prefrail and frail elderly have shown increased muscle mass (ASM, SMM) 
and increased walking speed in older adults when observed for 12 weeks [7]. Furthermore, 
healthy older men who took medical nutritional drinks (21 g of whey protein, 3 g of leucine, 3 g 
of fat, 8,000 IU of vitamin D, and 500 mg of calcium) before breakfast for 6 weeks experienced 
a greater improvement in muscle mass. Elbow and leg muscle masses were higher than 
those of the control group, but, grip strength and SPPB did not differ between groups [44]. 
In this study, muscle function as measured by SPPB was not improved. This is attributed to 
the average SPPB scores before and after the study being all within the healthy and normal 
scale provided by the National Institute on Aging, for a total of 11 or more [45]. Daily physical 
activity levels assessed by the IPAQ did not change over the course of this study in both groups, 
supporting the hypothesis that muscle mass was not affected by physical activity.

The dietary intake analysis presented in Table 3 includes only dietary intakes and excluded 
nutrients from the supplement. The authors intentionally did not include the nutritional 
value of the supplement in the dietary intake analysis, to separate, strictly, the changes in 
dietary intake from the supplemental effects. At baseline, the daily energy intake of both 
groups did not meet the expected energy requirements of the 2015 Korean Nutrient Intake 
Standard (Ministry of Health and Welfare) [46]. After 12 weeks of intervention, only the 
energy intake of the insufficient group with improved muscle health achieved an intake close 
to the expected energy requirement of 1,774.124 ± 796.60 kcal (an average of about 2,000 
kcal for men and women), which explains that adequate energy intake has a positive effect 
on muscle health. In addition, in the sufficient group, the intake of vitamin D, calcium, 
leucine, lysine, and valine significantly decreased after 12 weeks of intervention. As a result 
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of analyzing the meal diary of the insufficient group’s participants, the intake of meat, e.g., 
egg and chicken dishes such as steamed chicken and grilled chicken, and meat such as 
samgyetang (chicken soup, 933.70 kcal, carbohydrate 27.99 g, lipid 47.99 g, protein 88.47 g 
per serving) and galbitang (rib soup, 377.85 kcal, carbohydrates 10.39 g, lipids 24.11 g, protein 
35.57 g per serving) increased, as compared to before the experiment. Analysis of these foods 
was performed with a web-based computer nutrition analysis program (CAN-Pro. ver. 5.0, 
2015; The Korean Nutrition Society). On the other hand, in the intervention group of the 
sufficient group, overall food intake decreased, and the intake of protein and amino acid-
source foods decreased. Studies showing an association between sarcopenia and levels of 
energy and protein intake suggest that increasing energy and protein intake from food as well 
as supplement intake may help prevent sarcopenia [47]. Therefore, this study suggests that 
even in the group with sufficient serum vitamin D, additional appropriate energy intake must 
be met to increase muscle mass and promote muscle health.

Exercise is considered standard treatment to increase muscle mass and improve body 
function in people with sarcopenia. However, this study aimed to investigate only the effects 
of nutritional interventions to rule out the effects of exercise. Serum 25(OH)D concentration 
increased significantly after 12 weeks in both groups taking the supplement, and further 
increased in the insufficient group (insufficient group: from 25.11 ± 3.68 ng/mL to 37.47 ± 7.83 
ng/mL), (sufficient group: from 41.97 ± 9.34 ng/mL to 43.41 ± 10.79 ng/mL), which shows the 
result of a change from an insufficient state to a sufficient state for the insufficient group.

There are some limitations to this study. First, we did not strictly instruct subjects concerning 
which beverage the supplement should be dissolved in, and we had subjects take the 
supplement at any time of the day. Second, it was difficult to recruit healthy adults who 
met the selection criteria of this study and, for this reason, the number of participants did 
not equally match according to age and sex. Third, the 25(OH)D deficient group seems to 
consume more protein from their diet than the serum 25(OH)D-deficient group, though 
not significant, than the serum 25(OH)D deficient group, we could not strongly claim that 
the muscle mass outcome is solely dependent on the leucine + vitamin D supplementation. 
Despite these limitations, this study has several advantages. This study investigated the 
intervention effects of protein nutritional beverages reported previously [19] and deeply 
analyzed the effect within the intervention group. We also monitored and controlled 
increased exercise to isolate the effects of protein supplements containing vitamin D. We 
demonstrated that having normal (sufficient) state of serum 25(OH)D has a positive effect on 
overall muscle health. Finally, normalization of serum 25(OH)D with sufficient nutrients and 
energy intake increases muscle mass and has a positive effect on muscle health.

CONCLUSION

In conclusion, we found that, in people with insufficient serum 25(OH)D level, supplemental 
intake of proteins including vitamin D, calcium, and leucine and adequate energy intake 
increased muscle mass in middle-aged and older adults and, therefore, could exert a 
beneficial effect on muscle health.
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