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Abstract: Choline plays many important roles, including the synthesis of acetylcholine, and may
affect muscle responses to exercise. We previously observed correlations between low choline intake
and reduced gains in strength and lean mass following a 12-week resistance exercise training (RET)
program for older adults. To further explore these findings, we conducted a randomized controlled
trial. Three groups of 50-to-69-year-old healthy adults underwent a 12-week RET program (3x/week,
3 sets, 8–12 reps, 70% of maximum strength (1RM)) and submitted >48 diet logs (>4x/week for
12 weeks). Participants’ diets were supplemented with 0.7 mg/kg lean/d (low, n = 13), 2.8 mg/kg
lean/d (med, n = 11), or 7.5 mg/kg lean/d (high, n = 13) of choline from egg yolk and protein powder.
The ANCOVA tests showed that low choline intake, compared with med or high choline intakes,
resulted in significantly diminished gains in composite strength (leg press + chest press 1RM; low,
19.4 ± 8.2%; med, 46.8 ± 8.9%; high, 47.4 ± 8.1%; p = 0.034) and thigh-muscle quality (leg press
1RM/thigh lean mass; low, 12.3 ± 9.6%; med/high, 46.4 ± 7.0%; p = 0.010) after controlling for lean
mass, protein, betaine, and vitamin B12. These data suggest that low choline intake may negatively
affect strength gains with RET in older adults.

Keywords: sarcopenia; exercise; strength; skeletal muscle; choline; nutrition; older population

1. Introduction

Choline plays crucial roles in several physiological processes, such as neurotransmis-
sion and muscle contraction via synthesis of the chemical messenger acetylcholine (ACh),
lipid transport via lipoprotein synthesis, and methyl-group metabolism as a precursor to
betaine [1,2]. It also supports cell membrane integrity/function as a precursor to phos-
phatidylcholine (PC), the most abundant phospholipid in all membranes. Choline can
be obtained from diet (exogenously) or from de novo PC synthesis (endogenously) [1].
However, the amount of choline produced via de novo synthesis is not sufficient to support
the total choline requirement [1,3–6]. Therefore, the majority of the required choline must
be acquired from the diet, and a choline-deficient diet (<10% of Adequate Intake (AI)) has
been associated with negative health conditions, including liver/muscle damage, organ
dysfunction, atherosclerosis, birth defects, and neurological disorders [7].

Insufficient choline intake can negatively affect exercises because choline is a pre-
cursor to ACh, which mediates muscle contraction and force generation [8,9]. Choline
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may influence exercise performance through its role in maintaining cell membrane in-
tegrity. Insufficient choline may contribute to a weakened cell membrane [10], negatively
affecting skeletal muscles’ ability to withstand the mechanical stress of exercise. Choline
may also affect muscle responses to exercise via betaine, which is important for gene
expression/protein synthesis [11,12].

Previously, we have observed that a lower intake of choline was associated with
reduced strength and lean mass gains following 12 weeks of resistance exercise training
(RET) in 60-to-69-year-old individuals [13]. In that study, subjects’ habitual, food-based
choline consumption ranged between ~49% and ~85% of AI, and a positive linear relation
was observed between choline intake and percent change in strength within that range [13].
However, it is still unclear whether a higher choline intake (≥AI) positively affects strength
and lean mass gains with RET.

Previous studies regarding choline supplementation and exercise generally reported
that choline intake exceeding AI, sufficient to increase blood concentrations of choline, does
not positively affect exercise performance [14–17]. For example, choline supplementation
of ~970 mg (~200% AI) prior to cycling did not affect exercise heart rate, ventilation, oxygen
consumption, time to exhaustion, and total work output in young athletes [16]. Similarly,
6 g of choline supplementation (>1000% AI) before and during four hours of treadmill-walk,
run-to-exhaustion, and squat-to-failure tests did not affect oxygen uptake, heart rate, or
time to exhaustion in young male soldiers [17]. However, these studies lacked nutritional
control of habitual choline intake, utilized the acute choline supplementation, or examined
acute responses or endurance performance variables, leaving the effects of chronic choline
intake greater than AI on RET and training responses largely unknown.

The purpose of the present study was to determine the effects of different amounts
of choline intakes (approximately 50%, 70%, and 120% of AI) on muscle responses to RET.
To maintain consistency with our previous study, we used similar exercise and nutrition
control protocols [13]. We supplemented subjects’ habitual choline intake from a standard
healthy diet, as recommended by the American Dietetic Association (ADA, now known
as the Academy of Nutrition and Dietetics) [18], with choline in the form of egg yolk.
Then, we examined the effects of choline on changes in strength, lean mass, and muscle
quality with 12 weeks of RET in older males and females in a randomized double-blind
placebo-controlled study design. We hypothesized that a lower choline intake would result
in less strength and lean mass gains.

2. Materials and Methods
2.1. Participants

Thirty-seven generally healthy 50-to-69-year-old males and females were recruited
via flyers and advertisements in a local newspaper. Smokers and individuals with any of
the following health conditions were excluded: hypertension (>160/100 mmHg), cardiac
arrhythmias, cancer, hernia, aortic aneurysm, kidney disease, diabetes, lung disease, and
blood cholesterol >240 mg/dL or <160 mg/dL or taking cholesterol-lowering medications.
Those who participated in one hour or more of RET per week in the previous year were
not eligible for participation, and females needed to be postmenopausal for more than
two years. The eligible participants were randomly assigned to one of three choline
groups in a double-blind manner: zero additional egg yolk (low), one additional egg yolk
(medium = med), or three additional egg yolks (high) per day.

This study was conducted in accordance with the Declaration of Helsinki and ap-
proved by Texas A&M University Institutional Review Board. All of the participants
provided written informed consent prior to participation in the study. All testing, measure-
ment, and RET were performed in the morning hours in an air-conditioned laboratory. All
study data were collected over two years during spring, summer, or fall semesters at Texas
A&M University by investigators trained in exercise testing and prescription, as well as
experimental data collection.
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2.2. Orientation

During two weeks of a pre-study orientation period, the participants attended two
sessions of nutrition education by a registered dietitian and four sessions of exercise
orientation/familiarization (Figure 1). Each nutrition education session lasted for two
hours, and the participants learned about proper nutrient intake, calorie/portion control,
and study-specific dietary guidelines. They also practiced the use of a nutrition software
program (NutriBase, version 7, Client Intake Module (Cybersoft Inc., Phoenix, AZ, USA))
with which they maintained diet logs throughout the study. The exercise orientation
provided the participants with information on the benefits of regular exercise and principles
of resistance exercise (RE). Correct exercise techniques were explained/demonstrated, and
the participants became familiarized with RE by practicing the techniques with light weight
initially and gradually increasing the intensity to 40% of their estimated maximum strength
(4/10 on the Omnibus-RE Scale (OMNI-RES) ratings of perceived exertion (RPEs)) [19]. The
purpose of the exercise orientation was to allow for rapid motor learning while minimizing
skeletal muscle adaptations to standardize strength measures, estimate maximum strength
(1RM) prior to testing, and reduce the possibility of exercise-induced injury.
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2.3. Testing

Following the orientation, 1RM, peak power, body composition, resting metabolic rate
(RMR), and blood tests were conducted. The 1RMs for all the exercises included in the
RET program were measured by gradually increasing exercise weights until the maximum
resistance, at which only one repetition was completed with proper form in full range of
motion, was reached [19], using Keiser 300 series pneumatic exercise machines (Keiser, Palo
Alto, CA, USA). Following a three-minute warm-up on a cycle ergometer (Schwinn Fitness,
Inc., Denver, CO, USA) and stretching, participants performed four warm-up repetitions
with an exercise weight corresponding to 55% of an estimated 1RM based on RPE on the
OMNI-RES. The weight was then increased to 75% of a re-estimated 1RM (based on RPE) to
perform only one repetition. After 60 s of rest, the weight was increased again to 90% of a
re-estimated 1RM to perform one repetition. Additional attempts for 1RM were made after
60 s of rest until the true 1RM value was obtained in a manner that the total number of 1RM
attempts was minimized [19]. The same procedure was performed for all exercises and
in the same order for all participants. Based on guidelines of American College of Sports
Medicine (ACSM), the composite strength value was calculated using chest press 1RM and
leg press 1RM to represent full-body strength [13,20]. The power (force × speed) output
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for each exercise was also measured during 1RM tests. The participants were instructed to
perform the concentric phase of repetitions at their maximal speed, and the Keiser machines
calculated the power output for each repetition. The highest value of the power output
recorded during 1RM tests was used as peak power for each exercise.

Body composition was assessed by dual-energy X-ray absorptiometry (DEXA), us-
ing Lunar Prodigy (General Electric, Fairfield, CT, USA), and RMR was measured with
ParvoMedics TrueMax 2400 Metabolic Measurement System (Sandy, UT, USA) in the morn-
ing after an overnight fast. Fasted (12 h, overnight) blood samples were collected from
antecubital veins, and blood lipid/metabolic panels were run with standard methods at St.
Joseph Regional Health Center’s CDC certified laboratory (Bryan, TX, USA). The effects
of choline intake on clinical markers of liver/muscle damage and blood lipid profile were
examined since choline deficiency is shown to cause liver/muscle damage and perturb
lipid metabolism [7]. All tests were repeated at the completion of 12 weeks of RET.

2.4. RET

Based on the recommendations from ACSM and American Heart Association
(AHA) [21–23], the participants performed a full-body RET program 3 times per week
(on non-consecutive days) for 12 weeks, using Keiser 300 series exercise machines. The
RET program consisted of 10 min of warm-up on a cycle ergometer (Schwinn Fitness,
Inc., Denver, CO, USA), five minutes of dynamic stretching, seated chest press, lat pull
down, leg press, calf raises, seated leg curls, knee extension, biceps curls, and triceps
extension exercises to train major muscle groups. Participants performed three sets of
8–12 repetitions, with resistance set at 70% of 1RM [22]. They were instructed to perform
as many repetitions as possible until they reached 12 repetitions or muscle failure on a
given set. When a participant was able to complete 12 repetitions on all three sets of an
exercise, the weight was increased so that only eight repetitions would be possible dur-
ing the next exercise session. The rest between each set was 1 min, and the rest between
each exercise was 2 min, during which muscle-specific stretching was performed [22].
All the exercise sessions were supervised by exercise physiology graduate students who
were trained in exercise testing and prescription, and the participants were instructed
to maintain their non-RET physical activities at the pre-study level, but not to perform
any additional RET. RET was conducted for 12 weeks to ensure that any strength gains
reflected muscle hypertrophy, as well as neural adaptation [24,25].

2.5. Nutrition Control

Participants were instructed to consume 50% of total calories from carbohydrates, 30%
from fat, 20% from protein, and <10% from saturated fat to meet daily caloric consumption
goals, as determined by RMR test. They were also instructed to consume >1.0 g/kg/d of
protein, 25–30 g/d of fiber, and <200 mg/d of cholesterol, as recommended by the ADA [18].
Participants were required to maintain 24-h diet logs at least four times per week (three
weekdays and one weekend day) during the study period [13,26,27]. Feedback on the diet
logs was provided weekly, and adjustments were made as necessary to ensure adherence to
the dietary guidelines of the study.

To minimize any potential effect that the variability of protein consumption may
have [28], participants consumed protein supplements (0.4 g/kg lean mass, MET-Rx protein
[MET-Rx USA Inc., Boca Raton, FL, USA] + egg protein) every 12 h throughout the study
period. The supplement also contained different amounts of whole-egg powder, egg-
white powder, and peanut oil so that low, med, and high groups were provided with
0.7, 2.8, or 7.5 mg of choline/kg lean/d, respectively, while the same amounts of protein
(0.8 g/kg lean/d), carbohydrate (0.9 g/kg lean/d), and fat (0.3 g/kg lean/d) were provided
equally for each group.
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2.6. Thigh-Muscle Quality

From the DEXA scans of each participant, thigh-muscle quality–strength (TMQ-S) was
assessed and defined as leg press 1RM (kg)/total thigh lean mass for both lower limbs (kg).
Total thigh lean mass was determined through the construction of a four-sided polygon
encompassing the entire region of each thigh and combining lean mass of both thighs
together (Figure 2). The first line segment of the polygon consisted of one point (point a)
inferior to the pubic bone immediately below any flesh as a reference point with the other
point (point b) positioned as to obliquely transverse the intertrochanteric crest of the femur
bone. The next line segment transected the tibiofemoral joint (c–d), and two more line
segments were drawn to enclose the entire thigh tissue (b–c, a–d). Lean mass values located
inside the polygon were calculated with DEXA and defined as thigh lean mass. All thigh
lean mass measurements were performed by two independent raters. Inter-rater reliability
was R2 > 0.99, and the coefficient of variation was <1.5%. Deviations from these norms
were reanalyzed. Means of the two raters were used for data analyses.
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Figure 2. Example of DEXA scan image of right thigh. A four-sided polygon was constructed with
one point below the pubic bone (a) that was connected to another point (b) as to obliquely cross
the intertrochanteric crest of the femur bone. Points (c) and (d) were positioned as to be traversing
the tibiofemoral joint. Points (b)–(c) and (a)–(d) were connected to ensure that the entire thigh was
encompassed.

2.7. Data Analysis

All statistical analyses were conducted using SAS/STAT software (version 9.4; SAS
Institute Inc., Cary, NC, USA). The mean intakes of all nutrients were calculated from the
diet logs that were entered into NutriBase software (version 7, Cybersoft Inc., Phoenix, AZ,
USA) or direct calculations from the USDA database for choline [29]. The assumption of
normal distribution was checked using the Shapiro–Wilk test, and non-normal variables
were log transformed for parametric statistical tests. Student’s independent t-tests were
used to compare means of two different groups (e.g., sex), and paired t-tests were performed
to examine the difference between pre- and post-training values. Pearson correlations were
used to examine associations between nutrient intakes and RET responses (changes in lean
mass and 1RM) and to identify potential covariates for further analyses.

The differences between choline groups were analyzed by one-way ANOVA. The
assumption of equal variance was checked using Levene’s test, and the Tukey method was
used to perform pairwise comparisons. When the equal variance assumption was not met,
Welch’s variance-weighted ANOVA test was performed. ANCOVA tests were conducted
to examine the effects of dietary choline, controlling for effects of potential confounders
(e.g., cholesterol and other nutrients, sex, age, lean mass, etc.) on RET responses.
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Multiple linear regression analyses were performed to examine the independent ef-
fects of choline consumption and any other factors on RET responses. Composite strength
was defined as chest press 1RM + leg press 1RM, and percent change was calculated as
100 × (post-training measurement − pre-training measurement)/pre-training measure-
ment. The p-values < 0.05 were considered statistically significant, and data are presented
as mean ± SD, unless stated otherwise.

3. Results
3.1. Demographics

The baseline characteristics of the 37 participants who completed the 12 weeks of
RET are presented in Table 1. There were no differences between choline groups in age,
male-to-female ratio, height, weight, lean mass, or adiposity.

Table 1. Participant’s baseline characteristics 1.

Low (n = 13) Med (n = 11) High (n = 13) p-Values

Age (years) 58.9 ± 7.3 60.7 ± 4.6 60.0 ± 4.5 0.78
Male/female 6/7 5/6 4/9 0.69
Height (cm) 170.7 ± 9.7 168.9 ± 8.9 166.4 ± 7.6 0.47
Weight (kg) 83.5 ± 14.9 80.8 ± 22.9 78.5 ± 15.9 0.77
Body fat (kg) 31.3 ± 12.2 27.7 ± 10.7 31.3 ± 7.9 0.65
Lean mass (kg) 48.8 ± 9.7 44.6 ± 8.1 44.0 ± 11.3 0.42
BMI (kg/m2) 28.8 ± 5.8 28.1 ± 5.7 28.2 ± 4.7 0.94

1 Data are presented as mean ± SD. Low: choline intake of 6.2 ± 1.2 mg/kg lean mass/d. Med: choline intake of
8.1 ± 1.6 mg/kg lean/d. High: choline intake of 14.2 ± 3.0 mg/kg lean/d. No differences were observed between
choline groups.

3.2. Nutritional Compliance

Participants successfully followed the dietary guidelines of the study and met all the
requirements for nutritional intake. On average, the participants consumed 27 kcal/kg/d
of energy, 3.2 g/kg/d of carbohydrate, 1.4 g/kg/d of protein, and 1.0 g/kg/d of fat
throughout the study, and there was no difference in nutrient intake between choline
groups, except for cholesterol consumption (Table 2).

Table 2. Intake of major nutrients and vitamins 1.

Low (n = 13) Med (n = 11) High (n = 13) p-Values

Total energy (kcal/kg/d) 27.7 ± 5.8 25.6 ± 6.3 27.7 ± 6.9 0.58
Carbohydrate (g/kg/d) 3.4 ± 0.9 3.0 ± 0.7 3.3 ± 0.8 0.39
Protein (g/kg/d) 1.4 ± 0.2 1.4 ± 0.3 1.4 ± 0.2 0.45
Fat (g/kg/d) 1.0 ± 0.4 0.9 ± 0.2 1.0 ± 0.4 0.36
% kcal from carbohydrate 2 49.6 ± 4.3 47.9 ± 2.7 49.5 ± 4.9 0.58
% kcal from protein 2 16.9 ± 3.0 18.4 ± 1.4 17.1 ± 2.3 0.25
% kcal from fat 2 31.7 ± 4.5 31.5 ± 2.1 30.8 ± 5.8 0.86
Folate (DFE/kg/d) 5.8 ± 1.6 6.3 ± 2.8 7.3 ± 2.1 0.21
Vitamin B5 (mg/kg/d) 0.07 ±0.02 0.08 ± 0.05 0.09 ± 0.02 0.33
Vitamin B6 (mg/kg/d) 0.03 ± 0.01 0.03 ± 0.01 0.03 ± 0.01 0.35
Vitamin B12 (mcg/kg/d) 0.06 ± 0.03 0.07 ± 0.04 0.08 ± 0.03 0.16
Betaine (mg/kg/d) 0.7 ± 0.5 0.9 ± 1.1 1.0 ± 0.9 0.61
Cholesterol (mg/kg/d) 1.9 ± 0.4 4.0 ± 0.7 7.7 ± 1.1 <0.001

1 Data are presented as mean ± SD and include values from supplement. Low: choline intake of 6.2 ± 1.2 mg/kg
lean mass/d. Med: choline intake of 8.1 ± 1.6 mg/kg lean/d. High: choline intake of 14.2 ± 3.0 mg/kg lean/d.
2 Values from participants’ diet only. No differences were observed between the choline groups, except for
cholesterol intake.

The mean choline consumption was 6.2 ± 1.2 mg/kg lean/d for the low group (~51%
of AI), 8.1 ± 1.6 mg/kg lean/d for the med group (~68% of AI), and 14.2 ± 3.0 mg/kg
lean/d for the high group (~118% of AI). The choline intake from participants’ own diets
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was 5.9 ± 2.2 mg/kg lean/d (low = 5.5 ± 1.2 mg/kg lean/d, med = 5.3 ± 1.6 mg/kg lean/d,
and high = 6.7 ± 3.0 mg/kg lean/d, p = 0.20), and the supplement provided additional 0.7,
2.8, and 7.5 mg/kg lean/d of choline for low, med, and high groups, respectively. Choline
intake (mg/kg lean/d) was correlated with folate (DFE/kg lean/d; r = 0.58; p < 0.001),
vitamin B5 (mg/kg lean/d; r = 0.52; p = 0.001), vitamin B6 (mg/kg lean/d; r = 0.53; p < 0.001),
vitamin B12 (mcg/kg lean/d; r = 0.59; p < 0.001), and cholesterol (mg/kg lean/d; r = 0.88;
p < 0.001).

3.3. RET Responses

RET resulted in significant increases in lean mass and strength from baseline in all
three groups while only low and med groups lost significant body fat (Tables 3–5). However,
there was no difference between groups in changes in lean or fat mass (Tables 3 and 4).

Table 3. Changes in body composition as affected by choline intake 1.

Low (n = 13) Med (n = 11) High (n = 13) p-Values

Change in lean mass (kg) 1.6 ± 1.5 1.6 ± 1.5 1.7 ± 0.9 0.95
Percent change in lean mass 2.9 ± 3.3 3.9 ± 3.7 4.1 ± 2.3 0.58
Change in body fat (kg) −0.8 ± 1.4 −1.2 ± 1.1 −0.6 ± 1.8 0.75
Percent change in body fat −3.4 ± 5.8 −4.8 ± 5.0 −2.0 ± 6.7 0.55

1 Data are presented as mean ± SD. Low: choline intake of 6.2 ± 1.2 mg/kg lean mass/d. Med: choline intake
of 8.1 ± 1.6 mg/kg lean/d. High: choline intake of 14.2 ± 3.0 mg/kg lean/d. All changes from baseline are
statistically significant, except for the change in body fat in the high group. No significant differences were
observed between groups.

Table 4. Changes (%) in 1RM, as affected by choline intake 1.

Low (n = 13) Med (n = 11) High (n = 13) p-Values

Leg press 25.3 ± 24.0 45.7 ± 40.2 50.3 ± 46.4 0.22
Chest press 25.4 ± 13.4 23.0 ± 15.1 31.0 ± 24.0 0.55
Lat pull down 17.2 ± 13.3 23.1 ± 26.7 30.6 ± 23.7 0.30
Knee extension 21.7 ± 23.0 14.8 ± 30.3 37.5 ± 44.9 0.27
Leg curls 20.9 ± 19.9 35.6 ± 25.0 36.0 ± 26.6 0.21
Triceps extension 26.8 ± 17.6 31.0 ± 21.2 36.8 ± 27.5 0.53
Biceps curls 41.4 ± 52.8 38.2 ± 26.0 36.8 ± 39.8 0.96

1 Data are presented as mean ± SD. Low: choline intake of 6.2 ± 1.2 mg/kg lean mass/d. Med: choline intake
of 8.1 ± 1.6 mg/kg lean/d. High: choline intake of 14.2 ± 3.0 mg/kg lean/d. All changes from baseline are
statistically significant, but no significant differences were observed between groups.

Table 5. Pre- and post-RET 1RM values (kg) 1.

Low (n = 13) Med (n = 11) High (n = 13) p-Values

Leg press Pre 232.1 ± 85.8 * 183.1 ± 38.7 164.6 ± 65.4 0.04
Post 281.8 ± 83.2 256.9 ± 51.1 240.4 ± 95.1 0.42

Chest press Pre 36.6 ± 15.4 33.7 ± 13.4 32.9 ± 20.5 0.84
Post 45.8 ± 19.2 40.3 ± 13.3 41.6 ± 24.0 0.77

Lat pull
down

Pre 56.9 ± 21.4 51.6 ± 13.2 44.5 ± 18.0 0.23
Post 65.2 ± 20.9 62.6 ± 16.1 56.8 ± 22.0 0.56

Knee
extension

Pre 45.3 ± 20.8 41.3 ± 15.5 36.4 ± 19.6 0.49
Post 52.9 ± 20.3 49.7 ± 12.4 45.8 ± 20.4 0.62

Leg curls Pre 59.1 ± 18.2 55.3 ± 15.6 44.5 ± 17.2 0.09
Post 70.3 ± 18.9 73.8 ± 19.1 59.1 ± 21.6 0.18

Triceps
extension

Pre 78.2 ± 22.1 68.5 ± 15.9 65.6 ± 30.6 0.39
Post 99.4 ± 32.7 88.5 ± 19.8 87.0 ± 38.3 0.57

Biceps curls Pre 16.6 ± 8.7 16.1 ± 8.7 13.8 ± 10.0 0.71
Post 20.9 ± 8.7 20.8 ± 8.8 17.1 ± 9.6 0.49

1 Data are presented as mean ± SD. Low: choline intake of 6.2 ± 1.2 mg/kg lean mass/d. Med: choline intake
of 8.1 ± 1.6 mg/kg lean/d. High: choline intake of 14.2 ± 3.0 mg/kg lean/d. * Significant difference from high
group (p < 0.05).
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Because there was no difference between males and females in muscle responses to
RET (male vs. female; percent change in lean mass: 3.6 ± 2.0 vs. 3.6 ± 3.6, p = 0.99; percent
change in composite strength: 41.0 ± 38.8 vs. 33.7 ± 23.5, p = 0.52), data were pooled
for further analyses. Observed correlation coefficients (r) of percent change in composite
strength were 0.29 (p = 0.097) with choline (mg/kg lean/s) and 0.31 (p = 0.07) with betaine
(mg/kg lean/s). Percent change in lean mass was significantly correlated with vitamin B5
intake (mg/kg lean/d; r = 0.35; p = 0.04), while choline consumption was not significantly
correlated with lean mass gains with RET (r = 0.25; p = 0.14).

Because choline consumption was significantly correlated with folate, vitamin B5,
vitamin B6, vitamin B12, and cholesterol, and RET responses were associated with betaine
and vitamin B5, ANCOVA tests using these and other potential confounders, including
age, lean mass, and other major dietary factors (e.g., protein intake), as covariates were
conducted. The results showed a significant difference in percent change in composite
strength between choline groups (Figure 3; p = 0.034). The low choline group showed
reduced composite strength gain (%) when compared with the med (p = 0.035) or high
(p = 0.085) choline groups (low = 19.4 ± 8.2%, med = 46.8 ± 8.9%, and high = 47.4 ± 8.1%),
after adjusting for covariates. The covariates appearing in the final model were lean mass,
protein, betaine, and vitamin B12. The other potential confounders were removed during
the model selection/simplification processes due to their insignificant contribution to
variability of percent gains in composite strength.
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Figure 3. Changes in composite strength as a function of choline intake. Data are presented as
least squares mean ± standard error (SE). Low: choline intake of 6.2 ± 1.2 mg/kg lean mass/d.
Med: choline intake of 8.1 ± 1.6 mg/kg lean/d. High: choline intake of 14.2 ± 3.0 mg/kg lean/d.
Low group gained less strength when compared with med (p = 0.035) or high (p = 0.085) groups.
Composite strength is defined as chest press 1RM + leg press 1RM. Covariates appearing in the
model: lean mass (kg), protein (g/kg lean/d), betaine (mg/kg lean/d), and vitamin B12 (mcg/kg
lean/d). * Significant difference.



Nutrients 2023, 15, 3874 9 of 14

Since RET responses in med and high groups were similar (Figure 3 and Table 4),
additional analyses were conducted after the med and high groups were pooled. Indepen-
dent t-test results showed significant differences between low and med–high groups in
changes (%) in leg press 1RM (low = 25.3 ± 24.0 vs. med–high = 48.2 ± 42.8, p < 0.05) and
composite strength (low = 129.9 ± 84.2 vs. med–high = 182.1 ± 147.3, p = 0.05). ANCOVA
test using lean mass (kg), protein (g/kg lean/d), betaine (mg/kg lean/d), and vitamin B12
(mcg/kg lean/d) as covariates also showed that low group had significantly lower thigh-
muscle quality–strength (TMQ-S) improvements compared with med–high group, while
the differences in leg press and composite peak power were not statistically significant
(Table 6).

Table 6. Changes (%) in peak power and thigh-muscle quality, as affected by choline intake 1.

Low (n = 13) Med–High (n = 24) p-Values

Leg press peak power (%∆ in W) 19.0 ± 13.5 30.0 ± 22.4 0.072
Composite peak power (%∆ in W) 17.4 ± 12.5 25.5 ± 17.3 0.110
TMQ-S 2 12.3 ± 9.6 46.4 ± 7.0 0.010

1 Data are presented as mean ± SD. Composite peak power = leg press peak power + chest press peak power.
TMQ-S = leg press 1RM (kg)/total thigh lean mass for both legs (kg). All changes from baseline were statistically
significant. 2 ANCOVA analysis results presented as least-squares mean ± standard error (SE). Covariates
appearing in the model: lean mass (kg), protein (g/kg lean/d), betaine (mg/kg lean/d), and vitamin B12
(mcg/kg lean/d).

Multiple linear regression analyses were also conducted to evaluate the independent
association of dietary choline and other nutrients, as well as potential confounders. All
the variables were initially entered into the regression equation, and the variables were
sequentially removed at each step with the backward elimination method. The final model
showed that low choline intake independently predicted percent change in composite
strength, with betaine intake, male sex, and lean mass remaining in the model (adjusted
R2 = 0.215; p = 0.02; Table 7). Even though cholesterol was previously shown to be associated
with lean mass and strength gains [30], it did not predict the variability of strength gains in
the present study.

Table 7. Multiple regression analysis of the independent effects of low choline intake, lean mass, and
betaine intake on change (%) in composite strength following 12 weeks of RET 1.

Unstandardized Coefficients

Predictors B SE p-Values

(Intercept) 0.86 1.04 0.42
Low choline intake * −0.62 0.27 0.03
Male sex −0.89 0.50 0.09
Lean mass (kg) * 0.00006 0.00003 0.03
Betaine intake (mg/kg/d) * 0.23 0.11 0.04

1 SE: standard error. Low choline intake: choline consumption of 6.2 ± 1.2 mg/kg lean mass/d. * Statistical
significance (p < 0.05).

3.4. Blood Lipids and Liver Damage Markers

Since choline deficiency causes liver/muscle damage and altered lipoprotein/blood
lipid metabolism, blood markers for liver damage (alanine aminotransferase (ALT) and
aspartate aminotransferase (AST)), muscle damage (creatine kinase (CK)), and blood lipid
profiles (triacylglycerol (TAG), total cholesterol, high-density-lipoprotein cholesterol (HDL-
C), and low-density-lipoprotein cholesterol (LDL-C)) were also measured. The results
showed no effect of choline intake on any of these clinical blood markers (Table 8).
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Table 8. Pre- and post-RET values of select blood lipids and enzymes as affected by choline intake 1.

Low (n = 10) 2 Med (n = 10) 2 High (n = 10) 2 p-Values

ALT (U/L) Pre 42.3 ± 8.6 32.6 ± 9.6 39.4 ± 24.9 0.36
Post 36.5 ± 8.7 35.6 ± 14.9 37.2 ± 12.1 0.96

AST (U/L) Pre 38.4 ± 11.1 28.7 ± 5.4 35.0 ± 16.5 0.17
Post 33.4 ± 7.8 32.9 ± 9.2 31.2 ± 9.2 0.83

Total cholesterol (mg/dL) Pre 184.4 ± 25.7 193.9 ± 20.3 181.2 ± 31.3 0.53
0.08Post 176.8 ± 15.1 206.3 ± 29.8 191.6 ± 36.4

HDL-C (mg/dL) Pre 55.8 ± 10.7 55.2 ± 10.4 52.8 ± 12.4 0.81
Post 53.2 ± 9.2 54.8 ± 9.5 53.9 ± 12.8 0.94

LDL-C (mg/dL) Pre 107.8 ± 20.6 115.3 ± 20.1 104.0 ± 30.6 0.57
Post 104.1 ± 16.2 127.0 ± 31.1 111.6 ± 33.4 0.18

TAG (mg/dL) Pre 103.8 ± 34.6 117.1 ± 48.9 122.3 ± 78.6 0.73
Post 97.1 ± 37.5 122.2 ± 62.0 131.4 ± 80.0 0.42

CK (U/L) 2 Pre 119.0 ± 50.4 98.7 ± 47.9 128.1 ± 78.9 0.70
Post 77.3 ± 25.4 85.8 ± 41.4 99.3 ± 29.3 0.54

1 Data are presented as mean ± SD. 2 Sample sizes were reduced due to blood sample availability (n is for CK:
low = 4, med = 6, and high = 8; CK was measured in blood samples taken 48 h after the first and last exercise
sessions of RET). Low: choline intake of 6.2 ± 1.2 mg/kg lean mass/d. Med: choline intake of 8.1 ± 1.6 mg/kg
lean/d. High: choline intake of 14.2 ± 3.0 mg/kg lean/d. ALT: alanine aminotransferase. AST: aspartate
aminotransferase. HDL-C: high-density-lipoprotein cholesterol. LDL-C: low-density-lipoprotein cholesterol.
TAG: triacylglycerol. CK: creatine kinase. There was no difference between or within groups in any of the
blood-marker concentrations.

4. Discussion

The purpose of the present study was to determine the effects of different amounts of
choline intakes on muscle responses to RET. We found that low choline intake (~51% of AI)
resulted in diminished strength gains with 12 weeks of RET in 50-to-69-year-old individuals,
compared to choline intakes of ~68% or ~118% of AI. We also observed that a high choline
intake (greater than AI) did not provide additional positive effects on RET responses.

It is well known that RET is important for the health and well-being of humans,
especially for older individuals [31,32]. It is also well established that muscle responses to
RET can be influenced by nutrition [33]. There have been many studies that showed the
effects of nutritional interventions on muscle responses to RET or exercise performances,
especially the effects of nutrients including protein, amino acids, or vitamins [33–35].
Because choline is an essential nutrient and plays important roles in human physiology,
we hypothesized that insufficient choline intake would negatively affect muscle responses
to RET.

Choline may affect muscle responses to RET through many potential mechanisms.
Since choline is a precursor to a neurotransmitter, ACh, which relays a signal from motor
neurons to skeletal muscle to contract and generate force, and of which synthesis is reported
to be affected by availability of choline [36,37], insufficient choline consumption may
limit the availability of ACh at the neuromuscular junction (NMJ) and, in turn, muscle
contraction and force generation. ACh is synthesized in cholinergic nerves by choline
acetyltransferase (ChAT), using acetyl-CoA and choline as substrates. After it is released
into the synaptic cleft and binds to ACh receptors on the muscle cell membrane, it is broken
down to acetate and choline by acetylcholinesterase. Choline is then taken up by choline
transporter proteins on nerve cells and recycled to resynthesize ACh by ChAT. Crockett
et al. [38] reported that ChAT activity is inversely related to the size of the muscle fiber
and positively related to the resistance of the muscle fiber to fatigue. Since fast twitch (FT)
muscle fibers are generally larger in size and less resistant to fatigue, ChAT activity may be
lower in FT fibers, and FT fibers may have less ability to recycle choline and resynthesize
ACh, making them more sensitive to and reliant on choline supplied by the circulation
(eventually from diet), compared with slow twitch (ST) fibers. Since FT fibers are mostly
recruited and utilized with RE, if choline affects RET responses via ACh, this may explain,
at least in part, why choline intake may influence muscle responses to endurance exercise
and RE differently. Moreover, Herscovich and Gershon [39] reported that aging decreases
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activities of ChAT, suggesting that the importance of sufficient choline intake may be
amplified in the older population.

Choline can also influence methylation reactions. A portion of choline is irreversibly
converted to betaine, which is used to convert homocysteine to methionine, which is
then used to generate S-adenosyl methionine (SAM), a universal methyl group donor.
Therefore, choline and its metabolite betaine may affect methylation, which plays crucial
roles in lipid synthesis, the epigenetic control of gene expression/protein synthesis, and
the regulation of many other metabolic pathways [40,41]. Since betaine, via SAM, may
contribute to the synthesis of creatine and is an important osmolyte maintaining fluid
balance, studies have been conducted to examine the effect of betaine ingestion on exercise
performance and body composition. The results generally showed positive effects of
betaine on performance and body composition, with some inconsistencies [11,42]. For
example, body composition was favorably affected, and training volume was increased
with six weeks of betaine supplementation in the study of Cholewa et al. [43], whereas 10 d
of betaine supplementation did not affect muscle creatine content, or 1RM/power of bench
press/squat in another study [12]. In the present study, together with choline, betaine was
independently associated with change (%) in composite strength, suggesting that multiple
mechanisms are at work. Future studies are warranted to investigate the independent roles
that choline and betaine each plays on RET responses.

Choline is also a precursor to PC, the predominant type of phospholipid in all cell
membranes. Therefore, choline contributes to the stability and integrity of cell membranes,
and choline deficiency results in weakened cell membranes and the leakage of intracellular
enzymes into the circulation. Da Costa et al. [10] reported that blood concentrations of CK,
a muscle-cell-damage marker, increased up to 66-fold with a severely low (<10% of AI)
choline intake. Insufficient choline consumption and the resultant decrease in the cytidine
diphosphocholine pathway (which makes PC from dietary choline) can also lead to the
perturbation of PC homeostasis and induce cell death [44]. Therefore, choline-deficient diets
may result in a weak and compromised cell membrane/structure, which may negatively
affect the ability of skeletal muscle to withstand mechanical stresses imposed by exercise,
especially during RET.

We did not observe any negative effects of low choline consumption on plasma CK
concentrations. This may be explained by the difference in the amount of choline intakes
between da Costa et al.’s study (<10% of AI) [10] and the present study (low group: ~50%
of AI). It appears that only extremely low choline intake may induce muscle-cell-membrane
damage and the leakage of CK into the circulation. Similarly, there was no effect of low
choline intake on blood concentrations of ALT and AST, also suggesting that only severely
deficient choline consumption may result in the release of those enzymes. However, hepatic
steatosis was observed in a previous study [45] without leakage of ALT or AST in many
subjects in response to a choline-deficient diet, suggesting that liver dysfunction can occur
even without increases in intracellular liver enzyme concentrations in the blood. It remains
to be determined whether a moderately low choline intake (as in the present study) can
subtly compromise and weaken membrane integrity, thereby negatively affecting muscle
functions, while still not allowing leakage of intracellular enzymes into the circulation.

We also examined the effect of choline intake on blood lipid profiles, since total
blood cholesterol and LDL-C were previously reported to be positively associated with
lean mass gains [30], and dietary choline influences the synthesis of lipoproteins that
transport cholesterol and fat in the circulation [1]. However, there was no effect of choline
consumption on any of the blood lipids and lipoproteins, indicating that a moderately low
choline intake may not negatively affect blood lipid profiles. In addition, while dietary
cholesterol was previously shown to be associated with lean mass and strength gains with
RET in older adults [30], it did not contribute much to the variability of strength gains in
the present study. The reason for this discrepancy is unclear, but it can be speculated that
the results of the previous study may have been confounded by the inability to separate
the effect of choline from that of cholesterol because information on the choline content
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of foods was not widely available when the previous study was conducted. Since many
choline-rich foods are also rich in cholesterol, future studies may be needed to examine the
independent roles that choline and cholesterol each plays on muscle responses to RET.

It should be noted that our study results do not necessarily promote high consumption
of choline. While the lower (~51% of AI) choline intake resulted in less strength gains,
the higher (~118% of AI) choline consumption did not provide any additional training
benefits in the present study. Therefore, more emphasis should be placed upon consuming
an adequate amount of choline rather than encouraging a higher-than-necessary amount
of choline intake. Choline is mainly found in animal-based foods such as eggs and meats,
which generally contain high cholesterol [29]. If one is concerned about cholesterol in
those choline rich foods, they can consume alternative food items that are high in choline
but low in cholesterol, such as soybeans, fish, potatoes, mushrooms, and cruciferous
vegetables [29]. However, there is no clear association between egg consumption and
cardiovascular disease mortality [46], and some studies found that egg consumption may
even improve lipoprotein profiles [47] or suppress ischemic heart diseases [48]. According
to a recent study, consuming 7–14 eggs/week as part of a balanced diet can be beneficial
for most people [49].

Our study has some limitations, including the inability to determine the mechanisms
through which choline may affect RET responses. Since we consistently observed the effects
of dietary choline (especially the negative effects of low choline intake [~50% of AI]) on
muscle responses to RET, future studies should be focused on elucidating the mechanism(s)
of those effects. Moreover, the well-known tendency to under-report food intake associated
with diet logs may have obscured the accuracy of our data [50]. However, we believe that,
compared with the 3-day food records commonly used in nutrition studies or the 7-day
weighed food records which are considered to be the best method currently, the >48-day
food records (≥4 d of diet records/week for the entire 12 weeks) we required from our
participants minimized the issues related to the inaccurate reporting of food intake. We also
expect that errors associated with this method would be consistent across all the choline
groups, having little possibility of altering the overall conclusions of the present study.

5. Conclusions

This randomized placebo-controlled trial provides additional evidence that a lower
intake of choline (~51% of AI) results in significantly diminished strength gains in
response to 12 weeks of RET compared with higher choline intakes of 68% or 118% of AI
in 50-to-69-year-old individuals; however, there was no effect of dietary choline on lean
mass gains. The consistency of this effect at about 50% of AI is particularly significant
because as much as 40% of the older population is consuming this low level of choline
where there are no overt clinical signs of deficiency and considering the potential effects
of choline on the devastating effects of age-associated loss of muscle function.

Author Contributions: Conceptualization, S.E.R. and C.W.L.; methodology, S.E.R.; validation, T.V.L.,
E.G., C.W.L. and S.E.R.; formal analysis, C.W.L.; investigation, C.W.L., T.V.L., E.G., V.C.W.C. and
S.B.; resources, S.E.R.; data curation, C.W.L. and E.G.; writing—original draft preparation, C.W.L.;
writing—review and editing, C.W.L., T.V.L., E.G., V.C.W.C., S.B., S.F.C., J.D.F., S.B.S. and S.E.R.; visual-
ization, C.W.L. and V.C.W.C.; supervision, S.E.R.; project administration, C.W.L. and S.E.R.; funding
acquisition, S.E.R. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by U.S. Poultry and Egg Association.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board of Texas A&M University.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available from the authors upon
reasonable request.



Nutrients 2023, 15, 3874 13 of 14

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Li, Z.; Vance, D.E. Phosphatidylcholine and choline homeostasis. J. Lipid Res. 2008, 49, 1187–1194. [CrossRef] [PubMed]
2. Hollenbeck, C.B. An introduction to the nutrition and metabolism of choline. Cent. Nerv. Syst. Agents Med. Chem. 2012, 12, 100–113.

[CrossRef] [PubMed]
3. Institute of Medicine. Dietary Reference Intakes for Folate, Thiamin, Riboflavin, Niacin, Vitamin B12, Pantothenic Acid, Biotin, and

Choline; National Academies Press (US): Washington, DC, USA, 1998; Volume 1, pp. 390–422.
4. Burt, M.; Hanin, I.; Brennan, M. Choline Deficiency Associated with Total Parenteral Nutrition. Lancet 1980, 316, 638–639.

[CrossRef] [PubMed]
5. Buchman, A.L.; Dubin, M.D.; Moukarzel, A.A.; Jenden, D.J.; Roch, M.; Rice, K.M.; Gornbein, J.; Ament, M.E. Choline deficiency: A

cause of hepatic steatosis during parenteral nutrition that can be reversed with intravenous choline supplementation. Hepatology
1995, 22, 1399–1403. [PubMed]

6. Zeisel, S.H. A Brief History of Choline. Ann. Nutr. Metab. 2012, 61, 254–258. [CrossRef]
7. Zeisel, S.H.; da Costa, K.A. Choline: An essential nutrient for public health. Nutr. Rev. 2009, 67, 615–623. [CrossRef]
8. Taylor, P.; Brown, J.H. Synthesis, Storage, and Release of Acetylcholine. In Basic Neurochemistry: Molecular, Cellular, and Medical

Aspects, 6th ed.; Siegel, G.J., Agranoff, B.W., Albers, R.W., Eds.; Lippincott-Raven: Philadelphia, PA, USA, 1999.
9. Kuo, I.Y.; Ehrlich, B.E. Signaling in muscle contraction. Cold Spring Harb. Perspect. Biol. 2015, 7, a006023. [CrossRef]
10. da Costa, K.A.; Badea, M.; Fischer, L.M.; Zeisel, S.H. Elevated serum creatine phosphokinase in choline-deficient humans:

Mechanistic studies in C2C12 mouse myoblasts. Am. J. Clin. Nutr. 2004, 80, 163–170. [CrossRef]
11. Cholewa, J.M.; Guimaraes-Ferreira, L.; Zanchi, N.E. Effects of betaine on performance and body composition: A review of recent

findings and potential mechanisms. Amino Acids 2014, 46, 1785–1793. [CrossRef] [PubMed]
12. del Favero, S.; Roschel, H.; Artioli, G.; Ugrinowitsch, C.; Tricoli, V.; Costa, A.; Barroso, R.; Negrelli, A.L.; Otaduy, M.C.; da Costa

Leite, C.; et al. Creatine but not betaine supplementation increases muscle phosphorylcreatine content and strength performance.
Amino Acids 2012, 42, 2299–2305. [CrossRef]

13. Lee, C.W.; Galvan, E.; Lee, T.V.; Chen, V.C.W.; Bui, S.; Crouse, S.F.; Fluckey, J.D.; Smith, S.B.; Riechman, S.E. Low Intake of
Choline Is Associated with Diminished Strength and Lean Mass Gains in Older Adults. J. Frailty Aging 2023, 12, 78–83. [CrossRef]
[PubMed]

14. Bunn, J.A.; Crossley, A.; Timiney, M.D. Acute ingestion of neuromuscular enhancement supplements do not improve power
output, work capacity, and cognition. J. Sports Med. Phys. Fit. 2018, 58, 974–979. [CrossRef] [PubMed]

15. Gage, M.; Phillips, K.; Noh, B.; Yoon, T. Choline-Based Multi-Ingredient Supplementation Can Improve Explosive Strength during
a Fatiguing Task. Int. J. Environ. Res. Public Health 2021, 18, 11400. [CrossRef]

16. Spector, S.A.; Jackman, M.R.; Sabounjian, L.A.; Sakkas, C.; Landers, D.M.; Willis, W.T. Effect of choline supplementation on
fatigue in trained cyclists. Med. Sci. Sports Exerc. 1995, 27, 668–673. [CrossRef]

17. Warber, J.P.; Patton, J.F.; Tharion, W.J.; Zeisel, S.H.; Mello, R.P.; Kemnitz, C.P.; Lieberman, H.R. The effects of choline supplementa-
tion on physical performance. Int. J. Sport Nutr. 2000, 10, 170–181. [CrossRef]

18. Trumbo, P.; Schlicker, S.; Yates, A.A.; Poos, M. Dietary reference intakes for energy, carbohydrate, fiber, fat, fatty acids, cholesterol,
protein and amino acids. J. Am. Diet. Assoc. 2002, 102, 1621–1630. [CrossRef]

19. Gearhart, R.F., Jr.; Lagally, K.M.; Riechman, S.E.; Andrews, R.D.; Robertson, R.J. Safety of using the adult OMNI resistance exercise
scale to determine 1-RM in older men and women. Percept. Mot. Ski. 2011, 113, 671–676. [CrossRef] [PubMed]

20. ACSM. Acsm’s Guidelines for Exercise Testing and Prescription, 8th ed.; Wolters Kluwer Health: Philadelphia, PA, USA, 2010.
21. Haskell, W.L.; Lee, I.M.; Pate, R.R.; Powell, K.E.; Blair, S.N.; Franklin, B.A.; Macera, C.A.; Heath, G.W.; Thompson, P.D.; Bauman,

A. Physical activity and public health: Updated recommendation for adults from the American College of Sports Medicine and
the American Heart Association. Med. Sci. Sports Exerc. 2007, 39, 1423–1434. [CrossRef]

22. American College of Sports Medicine position stand. Progression models in resistance training for healthy adults. Med. Sci. Sports
Exerc. 2009, 41, 687–708. [CrossRef]

23. Nelson, M.E.; Rejeski, W.J.; Blair, S.N.; Duncan, P.W.; Judge, J.O.; King, A.C.; Macera, C.A.; Castaneda-Sceppa, C. Physical activity
and public health in older adults: Recommendation from the American College of Sports Medicine and the American Heart
Association. Med. Sci. Sports Exerc. 2007, 39, 1435–1445. [CrossRef]

24. Sale, D.G. Neural adaptation to resistance training. Med. Sci. Sports Exerc. 1988, 20, S135–S145. [CrossRef] [PubMed]
25. Staron, R.S.; Karapondo, D.L.; Kraemer, W.J.; Fry, A.C.; Gordon, S.E.; Falkel, J.E.; Hagerman, F.C.; Hikida, R.S. Skeletal muscle

adaptations during early phase of heavy-resistance training in men and women. J. Appl. Physiol. 1994, 76, 1247–1255. [CrossRef]
[PubMed]

26. Shim, J.S.; Oh, K.; Kim, H.C. Dietary assessment methods in epidemiologic studies. Epidemiol. Health 2014, 36, e2014009.
[CrossRef]

27. Salvador Castell, G.; Serra-Majem, L.; Ribas-Barba, L. What and how much do we eat? 24-h dietary recall method. Nutr. Hosp.
2015, 31 (Suppl. 3), 46–48. [CrossRef]

https://doi.org/10.1194/jlr.R700019-JLR200
https://www.ncbi.nlm.nih.gov/pubmed/18204095
https://doi.org/10.2174/187152412800792689
https://www.ncbi.nlm.nih.gov/pubmed/22483274
https://doi.org/10.1016/S0140-6736(80)90301-3
https://www.ncbi.nlm.nih.gov/pubmed/6107423
https://www.ncbi.nlm.nih.gov/pubmed/7590654
https://doi.org/10.1159/000343120
https://doi.org/10.1111/j.1753-4887.2009.00246.x
https://doi.org/10.1101/cshperspect.a006023
https://doi.org/10.1093/ajcn/80.1.163
https://doi.org/10.1007/s00726-014-1748-5
https://www.ncbi.nlm.nih.gov/pubmed/24760587
https://doi.org/10.1007/s00726-011-0972-5
https://doi.org/10.14283/jfa.2022.50
https://www.ncbi.nlm.nih.gov/pubmed/36629089
https://doi.org/10.23736/S0022-4707.17.07022-0
https://www.ncbi.nlm.nih.gov/pubmed/28222577
https://doi.org/10.3390/ijerph182111400
https://doi.org/10.1249/00005768-199505000-00008
https://doi.org/10.1123/ijsnem.10.2.170
https://doi.org/10.1016/S0002-8223(02)90346-9
https://doi.org/10.2466/10.15.PMS.113.5.671-676
https://www.ncbi.nlm.nih.gov/pubmed/22185081
https://doi.org/10.1249/mss.0b013e3180616b27
https://doi.org/10.1249/MSS.0b013e3181915670
https://doi.org/10.1249/mss.0b013e3180616aa2
https://doi.org/10.1249/00005768-198810001-00009
https://www.ncbi.nlm.nih.gov/pubmed/3057313
https://doi.org/10.1152/jappl.1994.76.3.1247
https://www.ncbi.nlm.nih.gov/pubmed/8005869
https://doi.org/10.4178/epih/e2014009
https://doi.org/10.3305/nh.2015.31.sup3.8750


Nutrients 2023, 15, 3874 14 of 14

28. Andrews, R.D.; MacLean, D.A.; Riechman, S.E. Protein intake for skeletal muscle hypertrophy with resistance training in seniors.
Int. J. Sport Nutr. Exerc. Metab. 2006, 16, 362–372. [CrossRef] [PubMed]

29. USDA Agricultural Research Service. USDA Database for the Choline Content of Common Foods Release Two; USDA Agricultural
Research Service: Washington, DC, USA, 2008.

30. Riechman, S.E.; Andrews, R.D.; Maclean, D.A.; Sheather, S. Statins and dietary and serum cholesterol are associated with increased
lean mass following resistance training. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 2007, 62, 1164–1171. [CrossRef] [PubMed]

31. Galvão, D.A.; Taaffe, D.R. Resistance Training for the Older Adult: Manipulating Training Variables to Enhance Muscle Strength.
Strength Cond. J. 2005, 27, 48–54. [CrossRef]

32. Frontera, W.R.; Meredith, C.N.; O’Reilly, K.P.; Knuttgen, H.G.; Evans, W.J. Strength conditioning in older men: Skeletal muscle
hypertrophy and improved function. J. Appl. Physiol. 1988, 64, 1038–1044. [CrossRef]

33. Mithal, A.; Bonjour, J.P.; Boonen, S.; Burckhardt, P.; Degens, H.; El Hajj Fuleihan, G.; Josse, R.; Lips, P.; Morales Torres, J.; Rizzoli,
R.; et al. Impact of nutrition on muscle mass, strength, and performance in older adults. Osteoporos. Int. 2013, 24, 1555–1566.
[CrossRef]

34. Song, Z.; Pan, T.; Tong, X.; Yang, Y.; Zhang, Z. The effects of nutritional supplementation on older sarcopenic individuals who
engage in resistance training: A meta-analysis. Front. Nutr. 2023, 10, 1109789. [CrossRef]

35. Devries, M.C.; McGlory, C.; Bolster, D.R.; Kamil, A.; Rahn, M.; Harkness, L.; Baker, S.K.; Phillips, S.M. Protein leucine content is a
determinant of shorter- and longer-term muscle protein synthetic responses at rest and following resistance exercise in healthy
older women: A randomized, controlled trial. Am. J. Clin. Nutr. 2018, 107, 217–226. [CrossRef] [PubMed]

36. Bierkamper, G.G.; Goldberg, A.M. Release of acetylcholine from the vascular perfused rat phrenic nervehemidiaphragm. Brain
Res. 1980, 202, 234–237. [CrossRef] [PubMed]

37. Wurtman, R.J.; Hefti, F.; Melamed, E. Precursor control of neurotransmitter synthesis. Pharmacol. Rev. 1980, 32, 315–335. [PubMed]
38. Crockett, J.L.; Edgerton, V.R.; Max, S.R.; Barnard, R.J. The neuromuscular junction in response to endurance training. Exp. Neurol.

1976, 51, 207–215. [CrossRef] [PubMed]
39. Herscovich, S.; Gershon, D. Effects of aging and physical training on the neuromuscular junction of the mouse. Gerontology

1987, 33, 7–13. [CrossRef] [PubMed]
40. Niculescu, M.D.; Craciunescu, C.N.; Zeisel, S.H. Dietary choline deficiency alters global and gene-specific DNA methylation in

the developing hippocampus of mouse fetal brains. FASEB J. 2006, 20, 43–49. [CrossRef]
41. Mehedint, M.G.; Niculescu, M.D.; Craciunescu, C.N.; Zeisel, S.H. Choline deficiency alters global histone methylation and

epigenetic marking at the Re1 site of the calbindin 1 gene. FASEB J. 2010, 24, 184–195. [CrossRef]
42. Gao, X.; Randell, E.; Zhou, H.; Sun, G. Higher serum choline and betaine levels are associated with better body composition in

male but not female population. PLoS ONE 2018, 13, e0193114. [CrossRef]
43. Cholewa, J.M.; Wyszczelska-Rokiel, M.; Glowacki, R.; Jakubowski, H.; Matthews, T.; Wood, R.; Craig, S.A.; Paolone, V. Effects of

betaine on body composition, performance, and homocysteine thiolactone. J. Int. Soc. Sports Nutr. 2013, 10, 39. [CrossRef]
44. Cui, Z.; Houweling, M. Phosphatidylcholine and cell death. Biochim. Biophys. Acta (BBA)-Mol. Cell Biol. Lipids 2002, 1585, 87–96.

[CrossRef]
45. Fischer, L.M.; daCosta, K.A.; Kwock, L.; Stewart, P.W.; Lu, T.S.; Stabler, S.P.; Allen, R.H.; Zeisel, S.H. Sex and menopausal status

influence human dietary requirements for the nutrient choline. Am. J. Clin. Nutr. 2007, 85, 1275–1285. [CrossRef]
46. Carter, S.; Connole, E.S.; Hill, A.M.; Buckley, J.D.; Coates, A.M. Eggs and Cardiovascular Disease Risk: An Update of Recent

Evidence. Curr. Atheroscler. Rep. 2023, 25, 373–380. [CrossRef] [PubMed]
47. Blesso, C.N.; Fernandez, M.L. Dietary Cholesterol, Serum Lipids, and Heart Disease: Are Eggs Working for or against You?

Nutrients 2018, 10, 426. [CrossRef] [PubMed]
48. Sugihara, N.; Shirai, Y.; Imai, T.; Sezaki, A.; Abe, C.; Kawase, F.; Miyamoto, K.; Inden, A.; Kato, T.; Sanada, M.; et al. The Global

Association between Egg Intake and the Incidence and Mortality of Ischemic Heart Disease-An Ecological Study. Int. J. Environ.
Res. Public Health 2023, 20, 4138. [CrossRef] [PubMed]

49. Myers, M.; Ruxton, C.H.S. Eggs: Healthy or Risky? A Review of Evidence from High Quality Studies on Hen’s Eggs. Nutrients
2023, 15, 2657. [CrossRef] [PubMed]

50. Fischer, L.M.; Scearce, J.A.; Mar, M.-H.; Patel, J.R.; Blanchard, R.T.; Macintosh, B.A.; Busby, M.G.; Zeisel, S.H. Ad libitum choline
intake in healthy individuals meets or exceeds the proposed Adequate Intake level. J. Nutr. 2005, 135, 826–829. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1123/ijsnem.16.4.362
https://www.ncbi.nlm.nih.gov/pubmed/17136939
https://doi.org/10.1093/gerona/62.10.1164
https://www.ncbi.nlm.nih.gov/pubmed/17921432
https://doi.org/10.1519/00126548-200506000-00009
https://doi.org/10.1152/jappl.1988.64.3.1038
https://doi.org/10.1007/s00198-012-2236-y
https://doi.org/10.3389/fnut.2023.1109789
https://doi.org/10.1093/ajcn/nqx028
https://www.ncbi.nlm.nih.gov/pubmed/29529146
https://doi.org/10.1016/S0006-8993(80)80052-7
https://www.ncbi.nlm.nih.gov/pubmed/7427741
https://www.ncbi.nlm.nih.gov/pubmed/6115400
https://doi.org/10.1016/0014-4886(76)90064-9
https://www.ncbi.nlm.nih.gov/pubmed/1261635
https://doi.org/10.1159/000212848
https://www.ncbi.nlm.nih.gov/pubmed/3596265
https://doi.org/10.1096/fj.05-4707com
https://doi.org/10.1096/fj.09-140145
https://doi.org/10.1371/journal.pone.0193114
https://doi.org/10.1186/1550-2783-10-39
https://doi.org/10.1016/S1388-1981(02)00328-1
https://doi.org/10.1093/ajcn/85.5.1275
https://doi.org/10.1007/s11883-023-01109-y
https://www.ncbi.nlm.nih.gov/pubmed/37219706
https://doi.org/10.3390/nu10040426
https://www.ncbi.nlm.nih.gov/pubmed/29596318
https://doi.org/10.3390/ijerph20054138
https://www.ncbi.nlm.nih.gov/pubmed/36901143
https://doi.org/10.3390/nu15122657
https://www.ncbi.nlm.nih.gov/pubmed/37375561
https://doi.org/10.1093/jn/135.4.826

	Introduction 
	Materials and Methods 
	Participants 
	Orientation 
	Testing 
	RET 
	Nutrition Control 
	Thigh-Muscle Quality 
	Data Analysis 

	Results 
	Demographics 
	Nutritional Compliance 
	RET Responses 
	Blood Lipids and Liver Damage Markers 

	Discussion 
	Conclusions 
	References

