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Abstract
Eggs are considered a high-quality protein source for their complete amino acid profile and digestibility. Therefore, this study aimed to com-
pare the effects of whole egg (WE) v. egg white (EW) ingestion during 12 weeks of resistance training (RT) on the skeletal muscle regulatory
markers and body composition in resistance-trained men. Thirty resistance-trained men (mean age 24·6 (SD 2·7) years) were randomly
assigned into the WEþ RT (WER, n 15) or EWþ RT (EWR, n 15) group. The WER group ingested three WE, while the EWR group ingested
an isonitrogenous quantity of six EW per d immediately after the RT session. Serum concentrations of regulatory markers and body
composition were measured at baseline and after 12 weeks. Significant main effects of time were observed for body weight (WER 1·7,
EWR 1·8 kg), skeletal muscle mass (WER 2·9, EWR 2·7 kg), fibroblast growth factor-2 (WER 116·1, EWR 83·2 pg/ml) and follistatin
(WER 0·05, EWR 0·04 ng/ml), which significantly increased (P < 0·05), and for fat mass (WER –1·9, EWR –1·1 kg), transforming growth
factor-β1 (WER –0·5, EWR −0·1 ng/ml), activin A (WER –6·2, EWR –4·5 pg/ml) and myostatin (WER –0·1, EWR –0·06 ng/ml), which signifi-
cantly decreased (P < 0·05) in both WER and EWR groups. The consumption of eggs absent of yolk during chronic RT resulted in similar
body composition and functional outcomes as WE of equal protein value. EW or WE may be used interchangeably for the dietary support
of RT-induced muscular hypertrophy when protein intake is maintained.
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Resistance training (RT) is acknowledged as an effective modal-
ity for enhancing muscular strength and hypertrophy(1). The
mechanical tension and metabolic stress imposed on skeletal
muscle via RT modalities, when combined with proper nutri-
tional factors, can result in a net anabolic response inmyofibrillar
protein metabolism, leading to myofiber hypertrophy and mus-
cular growth over time(2). The stimuli for myofibrillar protein
synthesis (MPS) aremultifactorial and include hormones, growth
factors, cytokines, mechano-transduction and the constituents of
dietary protein known as amino acids.

Post-exercise protein ingestion is suggested to increase MPS
through the provision of sufficient amino acids, particularly

leucine, thus activating the key anabolic signalling mechanism
of the mechanistic target of rapamycin (mTOR)(3,4).
Consequently, dietary protein intake is considered an essential
component in the optimisation of skeletal muscle adaptations
to RT. Eggs are also considered a high-quality protein source
by most standards. According to the Digestible Indispensable
Amino Acid Score(5), whole egg (WE) is comparable to other
high-quality protein sources that often accompany RT pro-
grammes, such as whey, casein and soy protein(6–9). In addition,
WE has a nitrogen protein utilisation evaluation of 98 %, which is
comparable to whey and casein. Finally, the biological value of
egg rates between 88 and 100, with only whey and casein being

Abbreviations: 1RM, one-repetition maximum; ACVA, activin A; BW, body weight; EW, egg white; FGF-2, fibroblast growth factor-2; FLST, follistatin; MPS, myo-
fibrillar protein synthesis; MSTN, myostatin; mTOR, mechanistic target of rapamycin; mTORC1, mTOR complex 1; RT, resistance training; SMM, skeletal muscle
mass; TGF-β1, transforming growth factor-β1; WE, whole egg.
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higher(10). Accordingly,WEmay be a viable alternative to the pre-
viously mentioned supplemental proteins given its similar
ratings on various measures of dietary protein quality.

It is commonplace, however, for individuals to remove the
egg yolk in an attempt to limit the ingestion of energy-dense
dietary lipids and cholesterol, especially when multiple eggs
are ingested(11). There is an unsubstantiated notion that the cho-
lesterol and fat content of egg yolk dramatically increases the risk
of dyslipidaemia and CVD(12). However, the egg yolk contains
approximately 40 % of the total protein contained in WE(13).
Accordingly, the removal of yolkwould greatly decrease the pro-
tein content of the egg, and either fails to provide a sufficient
amino acid stimulus or requires a greater quantity of eggs to
be consumed per sitting, especially in RT populations(14).
Additionally, even when matched for protein, there is evidence
that WE is more effective than egg white (EW) alone at promot-
ing molecular changes associated with muscular adaptions.
Specifically, it has been previously observed that WE consump-
tion promotes greater stimulation of post-exercise MPS com-
pared with EW in young men, presumably due to non-protein
nutrients found within the egg yolk(11,15). While these acute find-
ings are notable, no information is currently available to deter-
mine if the variability in MPS responses would result in
measurable tissue changes over time. Additionally, whether or
not WE v. egg yolk consumption produces differential effects
on skeletal muscle regulatory markers in response to chronic
RT has not been previously evaluated. Since active populations
are often recommended to consume high-protein nutrient-dense
foods, it is important to define how the ingestion of such foods
modulates protein metabolism when combined with RT.
Therefore, the aim of this investigation was to compare the
effects of WE v. EW ingestion (daily and after training sessions)
during 12 weeks of RT on the skeletal muscle regulatory markers
in resistance-trained men. We hypothesised that RT with WE
ingestion would differentially influence skeletal muscle regula-
tory markers compared with the protein-matched ingestion of
EW due to the presence of non-protein nutrients in egg yolk.

Experimental methods

Participants

Thirty resistance-trained men (mean age 24·6 (SD 2·7) years and
height 174·4 (SD 5·7) cm) were recruited to participate in this
study. Participants were considered trained if they had per-
formed RT at least three times a week for 1 year prior to the start
of the study. Additionally, participants were not taking any
dietary supplements or medications for at least 1 year prior to
enrolment in the study, had no known medical issues, did not
use alcohol or smoke or had egg allergy/sensitivity. Possible par-
ticipants were excluded from participating through failure to
meet any of the previously stated criteria. Additional exclusions
were non-willingness to continue nutritional or exercise proto-
cols, participation in exercise other than the prescribed RT pro-
gramme throughout the length of the investigation, consumption
of any dietary supplement during the study period and missing
more than one RT session or post-exercise egg consumption
throughout the study period. A physician evaluated all these

criteria using PAR-Q and the medical health/history question-
naire. All the protocols were approved by the Institutional
Review Board of Tehran University and the study was registered
in Clinicaltrials.gov (NCT04381390). Participants provided
informed consent before study enrolment, and all procedures
were carried out in accordance with the Declaration of Helsinki.

Design

Before baseline measurements, participants were fully familiar-
ised with all testing and experimental procedures. Participants
were randomly assigned to one of two groups: WEþ RT
(WER, n 15) or EW þ RT (EWR, n 15). Measurements were col-
lected at two time-points – baseline and 12 weeks post-RT. Final
assessments took place approximately 72 h after the last exercise
bout in order to minimise potential acute influences of RT on
outcome variables. All measurements were recorded at the same
time of day (within about 1 h) and under the same environmental
conditions (approximately 20°C and 55 %humidity). Participants
were instructed not to alter their regular lifestyle and dietary hab-
its during the study. A schematic design of the study is shown
in Fig. 1.

Egg ingestion

The WER group ingested three WE (with yolk), while the EWR
group ingested an isonitrogenous quantity of six EW (no yolk)
immediately after each RT session and in the morning on non-
training days. The ingredients of three WE and six EW(16) are
shown in Table 1. Eggswere scrambled in a skillet until solidwith
no visible liquid remaining(15). Including the eggs supplied
(≈20 g protein), participants were instructed to consume
approximately 1·4–1·5 g of protein per kg of body weight
(BW) per d, which was based on the recommendations of the
Academy of Nutrition and Dietetics, Dietitians of Canada and
the American College of Sports Medicine (1·2–1·7 g of protein
per kg of body mass per d) for individuals aiming to increase
skeletal muscle mass (SMM) in combination with physical activ-
ity(17). As our participants were students living in a dormitory, we
visited them every day and monitored their cooking and egg
ingestion to ensure accuracy. In addition, participants were
monitored regularly through the use of a group application
(WhatsApp and Telegram).

Anthropometry and body composition

Upon arriving at the laboratory, participants were asked to
urinate (void) completely within 30 min of the test. We
instructed the participants to fast for 12 h (an overnight fast,
with at least 8 h of sleep) and refrain from exercising and con-
suming alcohol for 48 h before the test. Participants were also
asked to appear for testing in a normally hydrated state after
an overnight fast. BW was measured with a digital scale
(Lumbar) to the nearest 0·1 kg. The participant’s stature was
measured with a stadiometer (Race Industrialization) to the
nearest 0·1 cm. BMI, fat mass (FM) and SMM were evaluated
using a multi-frequency bioelectrical impedance device
(Inbody 720)(1). Prior to the measurement, the participant’s
palms and soles were cleaned with an electrolyte tissue.
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Participants then stood on InBody 720, placing the soles of
their feet on the electrodes. Age and sex were manually entered
into the display by a researcher, and the instrument derived
each participant’s BW. To establish FM and SMM, participants
then grasped the handles of the unit ensuring that the palm
and fingers of each handmade direct contact with the electrodes,
with arms fully extended and abducted at approximately 20°(18).

Blood sampling and analysis

Fasting blood samples (5ml) were collected from the antecubital
vein using standard procedures. Following blood sampling, the
samples were centrifuged at 3000 rpm for 10min, and serum
was stored at –80°C for a future analysis of fibroblast growth
factor-2 (FGF-2; Abcam), transforming growth factor-β1 (TGF-β1;

Cusabio), activin A (ACVA; Cusabio), follistatin (FLST; Cusabio)
and myostatin (MSTN; Cusabio). Intra- and inter-assay CV for
ACVA, TGF-β1, FGF-2, FLST and MSTN was <8 and 10%,
respectively.

Strength testing

Strength testingwas performed 24 h following body composition
and blood sampling assessment. One-repetition maximum
(1RM) testing for the back squat and bench press was imple-
mented according to procedures outlined by the National
Strength and Conditioning Association(19). The 1RM value was
also used to determine the relative training intensity of the RT
programme(19). Participants were instructed to refrain from caf-
feinated drinks for 12 h and food intake for 2 h prior to the testing
session; however, water consumption was allowed(1).

Resistance training programme

Participants were familiarised with all testing and training pro-
cedures before the onset of the study to minimise the influence
of learning effects on dependent measures. The RT programme
consisted of a 12-week (thirty-six sessions) non-linear perio-
dised programme. The RT programme stressed all major
muscle groups and included the following exercises, or varia-
tions of these, in each session: bench press, back squat, lunges,
shoulder press, arm curls, stiff-leg deadlift, lat pull down,
seated row, calf raises and sit-ups. RT volume and intensity pro-
gressed during the training programme according to previous
recommendations(19,20). We used a planned non-linear period-
isation RT programme with varying daily training prescriptions
during the week. Briefly, training days were split into ‘light’,
‘moderate’ and ‘heavy’ days in a non-linear periodised manner.
RM zones were used to progress intensity. ‘Light’ days consisted
of a 12–14 RM zone (three sets), ‘moderate’ days consisted of an
8–10 RM zone (three sets), and ‘heavy’ days consisted of a
3–5 RM zone (three sets but five sets for back squat and bench

Fig. 1. Schematic of the study design. Both baseline and post-testing (12 weeks) were conducted between 08.00 and 08.30 hours after a 12-h overnight fast and avoid-
ance of exercise. Three-day food diaries were recorded before and at study end in both groups. WER, whole egg þ resistance training; EWR, egg white þ resistance
training; RT, resistance training; RM, repetition maximum; BW, body weight; H, height; FM, fat mass; SMM, skeletal muscle mass, BS, back squat; BP, bench press;
FLST, follistatin; MSTN, myostatin; TGF-β, transforming growth factor-β; FGF-2, fibroblast growth factor-2; ACVA, activin A.

Table 1. Energy and nutrient composition of three whole eggs and six egg
whites

Content per dose
Three whole eggs

(≈160 g)
Six egg whites

(≈190 g)

Energy (kcal)* 246·4 89·3
Total fat (g) 19 0·2
SFA (g) 7 –†
Unsaturated fatty acids (g) 11·2 –
Cholesterol (mg) 672 0
Carbohydrates (g) 1·1 1·5
Protein (g) 19·7 20·5
Leucine (mg) 1056 1064
Isoleucine (mg) 461 456
Valine (mg) 304 323
Vitamin D (μg) 2·4 0
Vitamin A (μg) 240 0
Thiamine (mg) 1·4 0·02
Riboflavin (mg) 715 817
Niacin equivalents (mg) 126 171
Fe (mg) 2·7 0·2

* To convert energy values from kcal to kJ, multiply by 4·184.
† Undetectable.

Egg consumption and resistance training 1037
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press exercises). Weight was increased systematically if the
prescribed amount of repetitions was completed. All training
sessions were performed at the University of Tehran under
the supervision of certified strength and conditioning special-
ists by the National Strength and Conditioning Association who
were blinded to the dietary assignment. Make-up sessions were
allowed if participants missed a regularly scheduled training
session; therefore, participant compliance in this study was
100 % for the RT programme(21).

Nutrient intake and dietary analysis

Studyparticipantswere instructednot to alter their habitual diet dur-
ing the study. Tominimise dietary variability, participants submitted
3-d (2 weekdays and 1 weekend) food records at baseline and at
12weeks of the assigned intervention. Each item of food was indi-
vidually entered into Diet Analysis Plus, version 10 (Cengage), and
total energy consumption and the amount of energy derived from
proteins, fats and carbohydrates were assessed(1).

Statistical analysis

An a priori sample size calculation was conducted using the
G*Power analysis software(22). Our rationale for sample size
was based on previous data(1,23,24). Based on an α value of 0·05
and a power (1 – β) value of 0·85, the analysis revealed that a total
sample size of at least thirty participants (n 15 per group) was
needed to have sufficient power to detect significant changes in
MSTN and FLST concentrations. All analyses were performed
using SPSS (version 25.0). Baseline data were compared between
groups using an independent t test. Data were assessed for nor-
mality using the Shapiro–Wilks test, and any non-normal data
(MSTN)were correctedwith the use of logarithmic transformation
to ensure that kurtosis and skewness were within normal bounds.
Mean differences in BW, FM, SMM, 1RM bench press, 1RM back
squat, FGF-2, TGF-β1, ACVA, FLST and MSTN were evaluated
with two-way (group (WER v. EWR)× time (pre-intervention,

post-intervention)) repeated-measures ANOVA. When appropri-
ate, follow-up procedures included paired and independent sam-
ples t test. The η2 statistic, which typifies the amount of variation
attributable to a given factor when partialling out other factors
from total non-error variation, was used to evaluate the effect size
for each ANOVA. Cohen’s d effect sizes were also calculated as
part of follow-up to significant ANOVA interactions. An α level
of 0·05 was used to determine statistical significance for all
analyses.

Results

Body composition

Participant’s body composition and muscular strength are pre-
sented in Table 2. There were no significant differences between
groups at baseline for any body composition marker. Significant
main effects of time were observed for BW (WER 1·7 kg (95 % CI
1·1, 2·5, d=−2·2) and EWR 1·8 kg (95 % CI 1·2, 2·1, d=−1·4)),
FM (WER –1·9 kg (95 % CI –2·4, –1·5, d= 2·3) and EWR –1·1 kg
(95 % CI –1·3, –0·8, d= 2·2)), SMM (WER 2·9 kg (95 % CI 2·3,
3·6, d= –4·8) and EWR 2·7 kg (95 % CI 2·2, 3·2, d=−3·1)) and
total body water (WER 1·7 l (95 % CI –1·3, –2, d= –2·8) and
EWR 1·5 l (95 % CI –1·3, –1·7, d=−4·6)). A significant group ×
time interaction was observed for FM (P= 0·020, η2= 0·291).
Follow-up paired samples t test indicated both groups decreased
FM from pre- to post-intervention. However, follow-up indepen-
dent samples t test indicated the groups were not significantly
different at pre- or post-intervention in FM. No significant group
× time interactions were noted for BW (P= 0·863, η2= 0·001) or
SMM (P= 0·589, η2= 0·011).

Dietary analysis and compliance to exercise training

Baseline parameters were not significantly different between
groups (P> 0·05). There were also no significant group
differences in mean daily energy as well as the amount of

Table 2. Physiological characteristics of participants
(Mean values and standard deviations)

Variables Group

Pre-training Post-training P

Mean SD Mean SD T G × T G

BW (kg) WER 83·3 8·9 85·1* 8·6 0·00 0·8 0·6
EWR 82·0 5·5 83·8* 5·4

FM (kg) WER 17·2 1·5 15·2* 1·2 0·00 0·002 0·9
EWR 16·7 1·4 15·6* 1·4

SMM (kg) WER 37 3·7 40·4* 3·8 0·00 0·5 0·6
EWR 37·6 4·4 40·4* 3·8

Absolute back squat (kg) WER 125·8 17·5 139·7* 17·2 0·00 0·06 0·4
EWR 132·1 16 143·4* 13·4

Absolute bench press (kg) WER 97·3 11·1 107·2* 10·4 0·00 0·2 0·7
EWR 96·9 9·7 105·46* 9·6

Relative back squat (kg/kg of BW) WER 1·5 0·2 1·6* 0·2 0·00 0·06 0·5
EWR 1·6 0·3 1·7* 0·2

Relative bench press (kg/kg of BW) WER 1·1 0·1 1·2* 0·1 0·00 0·2 0·7
EWR 1·1 0·2 1·2* 0·1

Total body water (litres) WER 49·6 6·5 51·3* 6·5 0·00 0·3 0·7
EWR 48·8 6·3 50·4* 6·1

T, time; G × T, group × time; G, group; BW, body weight; WER, whole eggþ resistance training; EWR, egg whiteþ resistance training; FM, fat mass; SMM, skeletal muscle mass.
* Different from baseline (P< 0·05).
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Table 3. Energy, macronutrients and micronutrients
(Mean values and standard deviations)

Variables Group

Pre-training Post-training P

Mean SD Mean SD T G × T G

Energy (kcal/d)‡ WER 2809 71·2 2840 74·9 0·6 0·2 0·07
EWR 2767·8 121·1 2754·5 96·4

Energy (kcal/kg per d)‡ WER 34·3 2·5 34·0 2·4 0·1 0·3 0·3
EWR 33·5 4·0 32·7 3·8

Carbohydrate (g/d) WER 348·2 14·2 344·7 14·4 0·06 0·7 0·2
EWR 341·2 13·7 338·7 14·4

Carbohydrate (g/kg per d) WER 4·2 0·3 4·1 0·3 0·07 0·08 0·4
EWR 4·1 0·5 4·0 0·4

Carbohydrate (% of energy) WER 49·5 15·3 48·5 12·9 0·4 0·8 0·4
EWR 49·3 21·5 49·1 18·2

Dietary fibre (g/d) WER 21·4 5·2 22·1 5·0 0·3 0·2 0·6
EWR 18·7 4·8 19·6 4·7

Sugar (g/d) WER 67·4 37·7 66·1 39·8 0·5 0·6 0·1
EWR 69·2 29·0 68·7 31·4

Protein (g/kg per d) WER 1·4 0·1 1·4 0·1 0·8 0·3 0·5
EWR 1·4 0·2 1·4 0·1

Protein (g/d) WER 120·3 8·0 121·2 8·2 0·1 0·3 0·5
EWR 116·8 12·3 120·6 10·7

Protein (% of energy) WER 17·1 1·2 17·0 1·1 0·8 0·3 0·5
EWR 16·8 1·9 17·5 1·7

Leucine (g/d) WER 8·5 2·7 8·9 2·2 0·08 0·4 0·3
EWR 7·9 0·8 8·2 1·0

Isoleucine (g/d) WER 7·7 1·4 7·9 1·3 0·1 0·3 0·3
EWR 7·8 0·9 8·1 1·1

Valine (g/d) WER 6·8 1·0 7·1 1·2 0·2 0·4 0·5
EWR 6·2 0·9 6·8 0·8

Branched-chain amino acids (g/d) WER 23·0 5·2 23·9 5·1 0·07 0·8 0·7
EWR 21·9 3·3 23·1 3·6

Fat (g/d) WER 103·8 5·8 106·2 4·6 0·7 0·2 0·6
EWR 106·5 8·1 105·2 5·2

Fat (g/kg per d) WER 1·2 0·1 1·2 0·07 0·2 0·2 0·9
EWR 1·2 0·1 1·2 0·1

Fat (% of energy) WER 33·4 4·1 34·5 5·0 0·2 0·2 0·9
EWR 33·9 5·2 33·4 0·1

Saturated fat (% of total fat) WER 35·2 6·7 36·8 6·5 0·08 0·2 0·07
EWR 33·8 5·4 33·4 5·7

Polyunsaturated fat (% of total fat) WER 19·5 4·1 19·1 4·5 0·4 0·6 0·8
EWR 21·0 5·4 20·4 5·6

Monounsaturated fat (% of total fat) WER 45·3 7·3 44·1 7·1 0·7 0·4 0·7
EWR 45·2 6·6 46·2 6·5

Cholesterol (mg/d) WER 268·7 24·1 842·7*† 88·7 0·00 0·00 0·00
EWR 279·1 20·3 285·2* 25·1

Vitamin A equivalents (μg/d) WER 1754 78 1832 70 0·07 0·3 0·1
EWR 1802 62 1810 67

Vitamin C (mg/d) WER 174 12 179 12 0·2 0·6 0·2
EWR 187 18 190 17

Thiamine (mg/d) WER 1·7 0·1 2·8*† 0·2 0·00 0·00 0·00
EWR 1·5 0·1 1·6 0·1

Riboflavin (mg/d) WER 2·3 0·1 2·7* 0·1 0·00 0·2 0·09
EWR 2·1 0·1 2·4* 0·1

Niacin equivalents (mg/d) WER 32 0·8 33* 0·7 0·00 0·7 0·1
EWR 28 0·9 30* 1·0

Ca (mg/d) WER 984 25 1008 26 0·1 0·5 0·3
EWR 949 17 966 17

Na (mg/d) WER 3292 1210 3227 1189 0·7 0·7 0·6
EWR 3328 974 3301 957

Fe (mg/d) WER 10·9 0·2 11·5 0·2 0·2 0·8 0·3
EWR 12·2 0·4 12·3 0·4

T, time; G × T, group × time; G, group; WER, whole egg + resistance training; EWR, egg white + resistance training.
* Different from baseline.
† Between-group difference.
‡ To convert energy values from kcal to kJ, multiply by 4·184.
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protein, carbohydrates and fats consumed per d (Table 3)
after 12 weeks. Cholesterol was significantly increased after
12 weeks in the WER group. Participants in WER and EWR
groups completed all training sessions over the 12-week period.

Maximal strength

There were no significant between-groups differences at
baseline for any maximal strength values. Significant main

effects of time were observed for absolute bench press
(WER 9·8 kg (95 % CI 7·9, 11·8, d = –2·8) and EWR 8·5 kg
(95 % CI 7·1, 9·9, d = –3·4)), relative bench press
(WER 0·09 kg/kg of BW (95 % CI 0·06, 0·1, d = –1·8) and
EWR 0·07 kg/kg of BW (95 % CI 0·05, 0·09, d = –2·3)), absolute
back squat (WER 13·8 kg (95 % CI 12·1, 15·6, d =−4·4) and
EWR 11·3 kg (95 % CI 9·1, 13·4, d = –2·9)), relative back squat
(WER 0·1 kg/kg of BW (95 % CI 0·08, 0·12, d = –3·2) and
EWR 0·09 kg/kg of BW g (95 % CI 0·07, 0·1, d = –1·8)) and

Fig. 2. Serum concentrations of fibroblast growth factor-2 (FGF-2) (a); transforming growth factor-β1 (TGF-β1) (b); activin A (ACVA) (c); myostatin (MSTN) (d) and
follistatin (FLST) (e) from pre- to post-training in whole eggþ resistance training (WER) and egg whiteþ resistance training (EWR) groups. * P< 0·05 different from
baseline.
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1RM (Table 2). However, no significant group × time inter-
actions were noted for bench press or back squat 1RM.

Skeletal muscle regulatory markers

The concentrations of skeletal muscle regulatory markers are
shown in Fig. 2. Baseline circulating myokines were not signifi-
cantly different between groups (P> 0·05). Significant main
effects of time were observed for FGF-2 (WER 116·1 pg/ml
(95 % CI 78·8, 153·4, d= –1·7) and EWR 83·2 pg/ml (95 % CI
32, 134·3, d= –0·9)), TGF-β1 (WER –0·5 ng/ml (95 % CI –1,
0·1, d= 0·7) and EWR –0·1 ng/ml (95 % CI –0·2, 0·05, d= 0·9)),
ACVA (WER –6·2 pg/ml (95 % CI –8·5, –3·9, d= 1·5) and
EWR –4·5 pg/ml (95 % CI –5·9, –3·2, d= 1·8)), FLST
(WER 0·05 ng/ml (95 % CI 0·03, 0·06, d= –1·6) and
EWR 0·04 ng/ml (95 % CI 0·03, 0·05, d= –2)) and MSTN
(WER –0·1 ng/ml (95 % CI –0·2, 0·03, d= 1·1) and EWR –

0·06 ng/ml (95 % CI –0·1, 0·05, d= 1)). However, no significant
group × time interactions were noted for any marker
(P= 0·054–0·636).

Discussion

This present study examined the influence of daily EW or WE
consumption on skeletal muscle regulatory markers following
12 weeks of RT in resistance-trained men. Our findings suggest
that the consumption of egg yolk throughout 12 weeks of RT had
no bearing on any changes in FGF-2, TGF-β1, AVCA, FLST,
MSTN, muscular strength development or alterations in body
composition when protein intake was equalised.

Post-exercise egg protein ingestion has previously received
much attention owing to its amino acid profile, that is, inclusion
of all essential amino acids and relatively rapid postprandial ami-
noacidemia or leucinemia(11). For instance, 100 g of raw WE or
EW is estimated to contain approximately 11–12 g of protein(11)

and 0·6 g of leucine(16). Leucine is known to be an essential
component for the stimulation of postprandial MPS. Prior inves-
tigations in young adults have indicated that 1 g of leucine sup-
plementation concomitant with RT is adequate to stimulate
MPS(25,26). It has also been previously reported that approxi-
mately 20 g of egg protein stimulated MPS after RT(26). To pro-
mote optimal muscular adaptations over time, it is prudent for
athletes and active individuals to employ nutritional strategies
to not only maximise acute MPS responses to RT but create
net anabolic environments through the support of MPS and sup-
pression of muscle protein breakdown via a complete and suf-
ficient amino acid provision(27). Given that the yolk contains a
large portion of the total egg protein, its removal would conceiv-
ably blunt the postprandial MPS response, especially post-
exercise where protein needs may be increased to reach maxi-
mal stimulation(3), as well as limit the amino acid support for ana-
bolic protein metabolism. However, it appears from the present
data that when controlling for total egg protein consumption and
total daily protein intake, the removal of yolk has no influence on
the body composition and functional adaptations to chronic RT.

Our longitudinal data contrast previous findings from a semi-
nal study by Van Vliet and colleagues who experimented on the
acute effects of WE v. EW consumption on postprandial MPS in

young men following an acute bout of RT(11). Specifically,
researchers conducted a cross-over investigation on ten
resistance-trained men who consumed either WE (18 g protein,
17 g fat) or isonitrogenous EW (18 g protein, 0 g fat) following an
acute bout of RT. First, a more rapid appearance of egg
protein-derived leucine in the plasma was found after EW con-
sumption; however, the overall availability of circulating leucine
was similar between treatments within the 5-h postprandial
period of testing. Additionally, postprandial levels of muscle leu-
cine enrichment and expression of skeletal muscle amino acid
transporters after exercise did not differ between treatments.
However, despite the lack of difference in themeasures of amino
acid or leucine availability, sensing and uptake, there was a
greater stimulation of post-exerciseMPS followingWE consump-
tion. Further, these differential MPS responses were not medi-
ated by signalling mechanisms often linked to the control of
protein anabolism, such as those relating to mitogen-activated
protein kinase and mTOR complex 1 (mTORC1). Lastly, these
results for MPS could not be explained by incongruent egg pro-
tein intake or the essential amino acid composition between the
two egg conditions. The authors attributed the superior effects of
WE on postprandial and post-exercise MPS to other nutrient
constituents of the yolk that is lacking in EW, such as vitamin
D(28), lipids(29) and total energy consumption. For instance,
100 g of WE contains 1·5 mcg vitamin D, 11·9 g fat and
644·336 kJ (154 kcal) energy, while EW had no vitamin D and
only contains 0·1 g fat and 196·648 kJ (47 kcal) energy(16).
Although these acute outcomes may suggest a greater RT-
induced outcome for SMM and muscular strength with WE con-
sumption, our longitudinal data fail to support this hypothesis.
The discrepancies between the findings of each study demon-
strate the limited inferential value of acute data to predict
long-term outcomes, that is, does greater acute MPS adequately
suggest greater RT-induced outcomes in skeletal muscle?

Despite previous evidence suggesting that other non-protein
constituents of egg yolk would provide additional stimulatory
benefits to acute rises in MPS, it might be argued that the
between-treatment similarities in total protein content, essential
amino acid profile and subsequent leucine content are more
decisive for the effects of egg consumption on RT-induced adap-
tations. Although the examination on skeletal muscle regulatory
markers was more exploratory, a novel finding of this investiga-
tion was the lack of effect of type of egg protein consumption on
circulating skeletal muscle regulatory markers.

These regulatory markers have demonstrated an ability to
either stimulate or inhibit muscular hypertrophy(1). For instance,
MSTN is recognised as a strong negative regulator of SMM,which
acts by binding to activin type II receptors, eliciting an inhibitory
response for muscle hypertrophy(30). A previous investigation
by Hulmi et al.(23) demonstrated that following 21 weeks of
RT, MSTN concentrations were only altered immediately post-
exercise in groups not consuming protein after the workout.
Furthermore, basal concentrations were not significantly differ-
ent between groups despite chronic protein ingestion(23). In con-
trast to MSTN, FLST is recognised as an anabolic myokine that
blocks the MSTN receptor, subsequently facilitating skeletal
muscle hypertrophy(1). ACVA, a homodimeric glycoprotein pro-
duced by the decidua, placenta and fetal membranes, is involved
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in cellular differentiation, proliferation, remodelling and morpho-
genesis(31). FGF-2 is a heparin-bindingprotein that regulates cellular
functions, includingmuscle regeneration,maintenance and skeletal
muscle growth by increasing the proliferation of satellite cells(32).
Moreover, TGF-β1 is known as a multifunctional protein that acts
as a skeletal muscle regenerator since it contributes to extracellular
matrix reconstitution as well as muscle tissue remodelling(33).
Several investigations have evaluated the aforementioned myo-
kines to determine their role in RT-induced muscular adapta-
tions(1,30,34,35). Accordingly, we showed that 8weeks of whole-
body RT increased circulating FLST and decreased MSTN concen-
trations in middle-aged men(1). In addition, we recently indicated
that 8weeks of concurrent training increased circulating FLST
and decreased MSTN concentrations in sarcopenic elderly
men(24). Moreover, a prior study revealed that a single bout of
RT increased FGF-2, possibly in response to mechanical stimuli.
The authors speculated that the observed effect was potentially
one of the many connections between mechanical stress and
muscle regeneration/hypertrophy(36). Additionally, combined RT
and endurance training increased TGF-β1 concentrations after
8weeks in patients with type II diabetes(33). However, other data
have indicated that while TGF-β1 is initially elevated with RT, con-
tinued training will produce a subsequent decrease in concentra-
tions of this myokine(37). Thus, the resistance-trained status of
participants in the present study could explain the observed
decrease in this marker.

Ultimately, although non-protein nutrients in the egg yolk
may acutely affect some aspects of the MPS response, they
did not appear to exert any effect on the aforementioned skeletal
muscle regulatory markers in the context of the present study.
To the best of the authors’ knowledge, no investigations have
been completed examining the effect of isonitrogenous meals
varying in non-protein nutrient combinations on the skeletal
muscle regulatory markers examined in the present investiga-
tion. Although, since the overall protein intake seems to be a
driving force behind many post-absorptive alterations in ana-
bolic signalling proteins when combined with sufficient RT
stimulus, it is possible that there would not be a difference
between groups. Ultimately, the lack of differences between
groups in any of the skeletal muscle regulatory markers in the
present study aligns with the comparable whole-body outcomes
between groups.

The present study is limited by the absence of measuring
upstream and downstream proteins of the mTORC1 signalling
pathway, which would determine anabolic and catabolic condi-
tions better than only measuring skeletal muscle regulatory
markers. Further, the present study only examined basal concen-
trations of the previously mentioned regulatory markers.
Therefore, changes in responses to training and nutrient inges-
tion could not possibly be examined. However, since the overall
adaptations failed to differ between conditions, it is unlikely that
any changes in acute responses would be practically relevant to
long-term outcomes. A further limitation of our investigation is
the use of bioelectrical impedance, which is not as accurate as
dual-energy X-ray absorptiometry (the ‘gold standard’ technique
for body composition measurement); however, previous studies
have shown that it is a valid and reliable method(38,39). In addi-
tion, we did not measure the lipid profile of our participants,

which may have revealed important cardiometabolic changes
after our WER intervention. Another limitation of our methods
was the use of self-reported dietary intake (via food records),
which has been shown to be vulnerable to social desirability bias
with underreporting of energy intake and overreporting of fruit
and vegetable intake(40).

From a practical application standpoint, it appears, at least
within the limits of the present study, that the consumption of
eggs absent of yolk during chronic RT would result in similar
body composition and functional outcomes as WE of equal
protein value. Our data suggest that EW or WE may be used
interchangeably for the dietary support of RT-induced muscular
hypertrophy when total protein intake is maintained. However,
the effects of long-term consumption of three WE per d on
cardiometabolic health outcomes in our study cohort are
unknown. Therefore, future research warrants the evaluation
of cardiometabolic health parameters in resistance-trained
men following chronic WE consumption.
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