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Abstract: Background: The effects of combining resistance training (RT) and concurrent training
(CT; resistance + endurance training) with varied protein doses on bone measures remain poorly
understood. Hence, we conducted a comparison of the impacts of two high-protein diets (1.6 or
3.2 g kg−1 d−1) over 16 weeks in resistance-trained males, either with CT or RT alone. Methods:
A total of forty-eight males, all of whom were resistance-trained, had the following demographics:
26.6 ± 6 years, body mass index: 25.6 ± 2.9 kg m−2 administered either 3.2 g kg−1 d−1 protein
(CT2; n = 12; RT2; n = 12) or 1.6 g kg−1 d−1 protein (CT1; n = 12; RT1; n = 12) during 16 weeks
(four sessions·w−1). Bone parameters were assessed pre- and post-intervention. Results: There was
no significant interaction between the intervention group and time for the legs, arms, ribs, or pelvis
area BMC and BMD (p > 0.05). For the BMD of the pelvis and the BMC of the right ribs, however,
there were significant time effects noted (p < 0.05). Furthermore, there was a significant interaction
between the intervention group and time in the lumbar and thoracic spines, with a particular time
effect noted for the thoracic spine region (p < 0.05). The regional differences in skeletal responses to
the intervention are highlighted by these data. Conclusion: Our findings show that the intake of two
high-protein diets combined with RT and CT during 16 weeks had no adverse effects on bone tissue
parameters. While these findings indicate that protein intake between 2 and 3 times the current RDI
does not promote bone demineralization when consumed in conjunction with exercise, future studies
investigating the long-term effects of chronic high protein intake on bone tissue health are warranted.

Keywords: concurrent exercise; resistance training; protein availability; bone health; nutrition

1. Introduction

Resistance training (RT) has been proven to be the optimal training modality for
enhancing anabolic-related changes, such as muscular strength, power, and endurance,
among trained adults [1]. In contrast, it has been shown that endurance training (ET) may
facilitate enhancements in VO2max with augmented cardiovascular health and function, as
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well as increased skeletal muscle oxidative capacity [2]. Given that the training adaptations
of ET and RT differ substantially and can be influenced by factors such as the type, intensity,
and volume of exercise, it seems logical to incorporate both modalities into a unified
training program to optimize anabolic, metabolic, and oxidative adaptation responses
simultaneously. Concurrent training (CT) is often defined as the integration of RT and
ET within a single training regimen. Prior research has shown that the use of CT has the
potential to enhance several aspects of physical performance, including muscular strength,
anaerobic power, aerobic capacity, and maximum velocity contraction responses [3–5].

Developing and maintaining skeletal muscle mass and function is also pivotal to bone
strength and mineral density [6]. Bone mineral density (BMD) is a measure of the amount of
bone mineral content (BMC) per unit of area. It is used to assess the strength and quality of
bone tissue, serving as an indicator of its ability to undergo structural remodeling [7]. There
is strong evidence indicating that engaging in physical activity throughout early adulthood
has a beneficial impact on the accumulation of bone and the enhancement of maximum
bone mass during the third decade of life [8]. Mechanical loading is generally believed to
exert a crucial effect on bone [9,10]. Previous studies have shown that skeletal muscle tissue
seems to influence bone health [11,12] and factors produced by muscle contractions [12,13].
Gravity-derived loads (impact training) and muscle-derived loads such as RT have both
produced positive effects on bone in young women [14]. Therefore, modifying the mode,
duration, and intensity of physical activity may serve as a viable strategy to enhance the
bone health of athletes [15]. However, which source of loading supplies the most effective
stimulus, gravitational impact loads or muscle forces, is equivocal [16]. Marques et al.
(2011) demonstrated that eight months of RT was more effective than ET and yielded
favorable changes in BMD and muscle strength [17]. ET is also used to treat osteoporosis
because it has a low risk for fractures due to its low intensity coupled with the metabolic
stimulus necessary for bone synthesis. Prior research has emphasized that RT is among the
most efficacious non-pharmacological approaches to enhance (BMD) [18–20]. RT has been
shown to promote bone formation and improve BMD and bone structure in children and
adolescents [21–23]. The most significant skeletal advantages of RT have been achieved
by gradually increasing the resistance over time, using a high magnitude of mechanical
load (approximately 80% to 85% of the 1-repetition maximum [RM]), performing exercises
at least twice a week, and targeting large muscles that cross the hip and spine [24]. It
has been suggested that RT, or strength training, which includes high muscle and joint
compressive forces, may have a more noteworthy positive influence on bone mass than
other sorts of activities (e.g., running, swimming) [25]. Collectively, RT on its own or
when combined with other therapies may be optimal for safeguarding against bone loss or
perhaps enhancing BMD in both the lumbar spine and femoral neck [24].

There has been a notable emphasis on the impact of dietary protein on the fully
developed skeletal system. This attention has been driven, at least in part, by a growing
interest in nonpharmacological methods for preserving skeletal health into adulthood and
later stages of life [26]. BMD, a primary determinant of bone strength, seems to exhibit a
positive correlation with the intake of protein [27]. However, athletes who adhere to a high-
protein diet may face the possible long-term consequences of promoting demineralization
of the bone, which might have detrimental effects on bone health [15]. Multiple meta-
analyses have sought to resolve the ongoing debate over the effectiveness of dietary protein
intake on adult bone health. Darling et al. (2009) found no effect of higher protein intake
on fracture outcomes [28], while the more recent study by Wu et al. (2015) found slight
beneficial associations between high versus low intake on hip fracture risk [29]. Shams-
White et al. (2017) reported a beneficial relationship between high (1.4 g kg−1 d−1) versus
low (0.8 g kg−1 d−1) protein intake and BMD and BMC for nearly all bone sites; however,
statistical significance was present only at the lumbar spine [26]. Contrary to long-held
beliefs, these systematic reviews indicate that consuming increased amounts of dietary
protein does not have any negative effects on bone health [26,28,29]. Considering the
effects of a combination of chronic exercise training combined with a high-protein diet
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on the parameters of bone health are not entirely known, we compared the effects of two
high-protein diets (1.6 or 3.2 g kg−1 d−1) during 16 weeks of either CT or RT alone on bone
parameters in resistance-trained males. We hypothesized whether RT or CT combined with
high-protein diets would affect bone parameters in resistance-trained males.

2. Methods
2.1. Participants

The current investigation enlisted a sample of 48 male participants who were young,
healthy, and engaged in RT. The same participant cohort was used in a previous publica-
tion that investigated the effects of different high protein intakes on body composition,
muscular strength and performance, and markers of liver and kidney [30]. These individu-
als were between the ages of 18 and 36 and were recruited via the use of advertising on
various social media platforms. This research and testing protocols were communicated to
interested participants via either telephonic or in-person sessions held at nearby fitness fa-
cilities. Participants were instructed to complete a health and fitness history questionnaire,
providing information about their previous training background, specifically engaging
in three sessions per week for a minimum of one year of RT experience (with three to
four sessions per week). Additionally, participants were required to report sleeping for a
duration of seven to eight hours within a 24 h day, abstaining from the use of steroids or
any illegal substances known to enhance muscle size for the past year, consuming less than
~1.6 g kg−1 d−1 of protein, and being free from any musculoskeletal disorders. Participants
who met the aforementioned criteria provided both written and verbal consent to partici-
pate in this study. Furthermore, as part of the permission process, participants were pro-
vided with a medical history questionnaire, and they were requested to revisit the research
site to complete this study procedures. The procedure underwent a thorough evaluation by
the Institutional Human Subject Committee and the Ethics Committee of the University
of Isfahan (IR.UI.REC.1400.098) and was conducted in strict adherence to the principles
outlined in the Declaration of Helsinki. The present research has been duly filed with the
Iranian Registry of Clinical Trials with the registration number IRCT20191204045612N2.

2.2. Study Design

As previously published [30], following the collection of baseline measures, par-
ticipants underwent a familiarization process with this research tests and procedures.
Subsequently, they were randomized to one of four groups using the use of an online
resource, namely www.randomizer.org (accessed on 30 January 2022): CT + 1.6 g kg−1 d−1

of protein (CT1; n = 12), CT + 3.2 g kg−1 d−1 of protein (CT2; n = 12), RT + 1.6 g kg−1 d−1

of protein (RT1; n = 12), or RT + 3.2 g kg−1 d−1 of protein (RT2; n = 12). The initial planned
duration of this research was six months; however, in response to the global outbreak of
the Coronavirus Disease 2019 (COVID-19) pandemic, we made a voluntary decision to
conclude this study after 16 weeks. Consequently, data were gathered at the first assess-
ment and the 18th week (after 16 weeks of the intervention) at the same time of day, with a
time difference of −1 h. The participants had two initial testing sessions: during the first
session, questionnaires were filled out, while during the second session, measurements of
bone parameters were conducted. Following the completion of these assessments, study
participants engaged in an initial consultation with the researcher’s dietician. This meeting
served as an opportunity to discuss their individual dietary preferences as well as establish
specific protein and calorie consumption goals in preparation for the commencement of
their respective training programs. All operations specified were executed in a strictly
sequential manner for all time measurements.

2.3. Anthropometry and Bone Parameters

In this study, participants were instructed to assume a supine position on the dual-
energy X-ray absorptiometry (DXA) examination table, wearing shorts, for a duration
of roughly 7 min. During this time, a low dosage of radiation was used to conduct a

www.randomizer.org


Nutrients 2024, 16, 325 4 of 17

comprehensive scan of their complete body. The DXA scans were performed by a single
technician using the Hologic APEX software, version 4.5.3.2, which includes the image
comparison mode for serial evaluation to measure area, BMC, and BMD for the left arm,
right arm, left ribs, right ribs, T spine, L spine, pelvis, left leg, and right leg. The scans were
completed following the manufacturer’s requirements for calibration and testing protocols,
as outlined in previously published research [31].

2.4. Resistance Training

The participants included in the two RT groups engaged in a structured exercise
regimen consisting of four sessions per week. These sessions were conducted on certain
days, namely Saturday, Monday, Wednesday, and Thursday. The training program followed
a linear periodization approach and included two sessions targeting the upper body and
two sessions targeting the lower body each week. Additionally, all sessions were monitored
to ensure proper execution and adherence to the prescribed training program. Before each
resistance training (RT) session, the participants engaged in a warm-up routine consisting
of both general and specific activities. The general warm-up lasted for 10 min and involved
either slow running on a treadmill at a speed of 3–5 km or using an elliptical machine at a
level of 5–10. Following the general warm-up, participants performed a specific warm-up
for 5 min. This specific warm-up included exercises such as medicine ball twists (1 set of
10 repetitions), medicine ball wood chops (1 set of 10 repetitions), straddled toe touches
(2 sets of 5 repetitions), dynamic quadriceps stretches (1 set of 5 repetitions), and medicine
ball squats (1 set of 5–8 repetitions).

Subsequently, the participants engaged in an upper-body RT regimen comprising
seven exercises (chest press, lateral pulldown, standing barbell shoulder press, stand-
ing shoulder shrugs, bicep curl, triceps press down, and abdominal crunch) executed
twice per week. The lower-body RT program, comprised of six exercises (seated leg curl,
45-degree leg press, back squats, barbell hip thrusts, back extension, and calf raises), was
also performed twice per week. For weeks 1–4, participants completed three sets of twelve
repetitions at 75% of their 1-RM; for weeks 5–8, three sets of ten repetitions at 80% of their
1-RM; for weeks 9–12, four sets of eight repetitions at 85% of their 1-RM; and for weeks
13–16, four sets of six repetitions at 90% of their 1-RM. The duration of rest intervals be-
tween sets and exercises did not exceed two minutes [32]. The periodized RT program was
based on our previous work [32] and following recommendations by the National Strength
and Conditioning Association [33]. Verbal encouragement and comments were provided
to the participants both during and after each set. The training data for each participant
were recorded, ensuring that the training intensity was optimized throughout each session
and that participants effectively adopted progressive overload in a personalized manner.
In addition, study personnel supervised all training throughout this study.

2.5. Concurrent Training

The participants in both CT groups engaged in a total of four sessions each week,
namely on Saturday, Monday, Wednesday, and Thursday. Each session consisted of RT
carried out at the start, followed by ET, as per the prescribed exercise order sequence [34]
to minimize possible interferences in muscle anabolism. Before each CT session, the
participants engaged in a warm-up routine consisting of both general and specific activities.
The general warm-up involved 5 min of slow running on a treadmill or using an elliptical
machine at a speed of 3–5 km. The specific warm-up activities lasted for 5 min and
included exercises such as medicine ball twists (10 repetitions), medicine ball wood chops
(10 repetitions), straddled toe touches (2 sets of 5 repetitions), dynamic quadriceps stretches
(1 set of 5 repetitions), and medicine ball squats (1 set of 5–8 repetitions). The participants
then engaged in the same RT program as previously stated. The participants engaged in
endurance cycle training on ergometers immediately after completing RT. The training
consisted of a combination of hill simulation rides with different intensities (ranging from
25 to 110 MAP), moderate-intensity continuous training at 50% MAP, moderate-intensity



Nutrients 2024, 16, 325 5 of 17

interval training (MICT) at 70% MAP, and high-intensity interval training (HIIT) at 100%
MAP. At 40% MAP, moderate-intensity intervals were separated by a 60 s recovery period
in order to determine whether the work-to-rest ratio was 2.5:1 or 5:1. Work-to-rest ratios
of 1:5, 1:2, or 1:1 were determined by separating high-intensity intervals with 20 to 60 s
recovery periods conducted at 40% MAP. Every cycling session commenced with a 3–5 min
warm-up period at or below 50 W. In order to implement progressive overload, the number
of intervals and relative intensity of the burden were altered continuously.

2.6. Training Volume

The RT volume was determined using the specified formula for each session and
reported on a weekly basis [35].

1. RT volume = [repetitions (n) × sets (n) × load or selected weight (kg)].
2. The volume of ET was determined using the following formula: Total ET volume:

[work + rest].
3. Work: [Intensity × maximum aerobic power (MAP) × (set × duration [as noted in the

training protocol] × 0.06)].
4. Rest: [Intensity × MAP × (set × duration [as noted in the training protocol] × 0.06)].
5. Intensity: percent of MAP; Set: number of repetitions of each session; Duration: spent

time (minutes); 0.06: Convert watts to kilojoules

2.7. Diet

This study participants were instructed to record their food intake for a total of
six consecutive 24 h periods. These periods included four weekdays that were not con-
secutive and two non-consecutive weekend days. The purpose of this data collection was
to assess the participants’ typical protein consumption patterns. In order to facilitate the
attainment of their desired protein intake (i.e., 1.6 or 3.2 g kg−1 d−1), participants consumed
a 40 g of isolated whey protein (Wisser Nutrition, Isfahan, Iran) beverage upon cessation
of every training session that comprised the following nutrition profile per scoop (28 g):
calories, 110; total fat, 0.5 g; saturated and trans-fat; sugars and dietary fiber, 0 g; sodium,
50 mg; potassium, 112 mg; total carbohydrate, 2 g; protein, 24 g. The remaining amounts
of protein were received from dietary sources, and the habitual consumption of protein
remained consistent across all groups during the intervention.

The decision to include the protein group with a daily intake of 1.6 g kg−1 d−1 was
justified by the findings of Morton et al. (2018), who suggested that this specific quantity
of protein intake would optimize improvements in fat-free mass (FFM) after RT [36].
Since there is presently no research examining the impact of protein availability above
2–2.2 g kg−1 d−1 on training adaptation responses with CT, our objective was to establish a
distinct disparity in protein intake across the groups. Therefore, we decided to increase the
initial dose of 1.6 g kg−1 d−1 to 3.2 g kg−1 d−1 for the high protein group being compared.
We also made sure that this higher amount could be safely tolerated. Antonio and his
colleagues have previously shown that this quantity (~2.51–3.32 g kg−1 d−1) does not have
any detrimental impact on indicators of liver and renal function [37].

The participants engaged in regular consultations with a certified dietitian every
two weeks. During these consultations, they received instructions on how to meet their
protein and energy requirements. Specifically, they were advised to distribute their protein
intake throughout the day across 4–7 meals, with each meal containing 20–40 g of protein.
This approach aims to optimize muscle protein synthesis (MPS) [38,39]. This research
included monitoring the macronutrient composition, with particular emphasis on total
energy intake (TEI) and protein intake. It has been recommended that individuals maintain
their carbohydrate and fat consumption within the Acceptable Macronutrient Distribution
Range, which suggests a range of 45–65% of total energy intake for carbohydrates and
20–35% of total energy intake for fats. The participants were instructed to maintain a state of
positive energy balance to mitigate any possible disruptions to anabolic adaptations caused
by energetic stress [40,41]. Participants in this research maintained daily food records using



Nutrients 2024, 16, 325 6 of 17

mobile phone apps. Those with iPhones used the Easy Diet Diary software, version 6.0.28,
developed by Xyris Software Pty Ltd. (Australia), while those with Android-based devices
used the My Fitness Pal app, version 24.2.0, developed by MyFitnessPal Inc. (USA). The
dietary intake data were analyzed using Diet Analysis Plus, version 10, from Cengage. This
was carried out to guarantee consistency in the food database utilized for all studies.

2.8. Statistical Analysis

The sample size was determined using PASS.15 software, which employed an F test,
repeated measures, and within-between interaction ANOVA. The analysis indicated that
40 participants were required to detect a medium effect (Cohen’s f = 0.25) with a significance
level of α = 0.05 and 80% power for detecting changes in bone parameters following an
exercise training intervention [42,43]. Prior to conducting statistical analysis, the normality
of the distribution of all variables was assessed using the Shapiro–Wilk test. No missing
values were observed at any time point. The mean (SD) was used to reflect the baseline
characteristics between groups at PRE. The effects of training and dietary interventions
on dependent variables were examined using a two × four analysis of variance (ANOVA)
with repeated measurements. This analysis used the factors of time (pre-test vs. post-test)
and group (CT1 vs. CT2 vs. RT1 vs. RT2) to assess the variations between the treatments
over time. When the group-by-time interaction was significant, we used Bonferroni post
hoc analysis to determine between-group differences. All analyses and figure production
were performed using GraphPad Prism (version 8.4.3).

3. Results
3.1. Participant Characteristics

A total of 112 individuals underwent assessments to determine their eligibility. Twenty-
eight of them failed to satisfy the established criteria for inclusion, while 36 individuals
expressed a lack of interest in participating after the first interview. One participant from
each group withdrew from this research, citing reasons such as scheduling constraints, lack
of interest, COVID-19, or musculoskeletal injury. Lastly, 44 participants remained for the
final analysis. There were no statistically significant differences seen between the groups in
terms of baseline characteristics (Table 1).

Table 1. Baseline characteristics of the participants.

CT1 CT2 RT1 RT2

Measure

Anthropometry and training experience

Age (year) 27 ± 6 25 ± 7 26 ± 6 28 ± 5

Height (cm) 178 ± 5 179 ± 8 180 ± 7 182 ± 6

Body mass (kg) 83.8 ± 10.6 81.6 ± 10.7 82.1 ± 9.1 85.2 ± 10.9

BMI (kg.m−2) 26.3 ± 3.4 25.2 ± 3.1 25.1 ± 2.3 25.7 ± 2.9

Training experience (year) 3.7 ± 2.2 4.6 ± 2.6 3.5 ± 1.7 4.8 ± 2.4

Bone parameters

Left Arm Area (cm2) 231.5 ± 18.7 238.2 ± 36.6 233.6 ± 25.8 239.9 ± 36.5

Left Arm BMC (g) 228.1 ± 43.6 218.3 ± 42.3 213.9 ± 32.7 225.2 ± 50.7
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Table 1. Cont.

CT1 CT2 RT1 RT2

Left Arm BMD (g/cm2) 0.98 ± 0.12 0.91 ± 0.08 0.91 ± 0.06 0.93 ± 0.08

Right Arm Area (cm2) 243.2 ± 17.03 243.4 ± 31.8 240.1 ± 24.1 247.7 ± 36

Right Arm BMC (g) 226.4 ± 23.4 220.5 ± 37.7 216.18 ± 34 228.3 ± 50.2

Right Arm BMD (g/cm2) 0.93 ± 0.06 0.90 ± 0.07 0.89 ± 0.08 0.91 ± 0.08

Left Ribs Area (cm2) 133.9 ± 8.7 138.7 ± 18.2 137.5 ± 17.4 138.5 ± 27.1

Left Ribs BMC (g) 116.6 ± 13.2 115.2 ± 25.6 113.6 ± 21.7 114.7 ± 29.2

Left Ribs BMD (g/cm2) 0.87 ± 0.07 0.82 ± 0.10 0.82 ± 0.08 0.82 ± 0.09

Right Ribs Area (cm2) 128.8 ± 17.8 138.3 ± 18.4 131.8 ± 18.4 137.5 ± 20.7

Right Ribs BMC (g) 114.8 ± 14.5 114.6 ± 18.9 111.6 ± 24 116 ± 20

Right Ribs BMD (g/cm2) 0.89 ± 0.06 0.82 ± 0.07 0.84 ± 0.09 0.84 ± 0.08

Thoracic Spine Area (cm2) 146.1 ± 11.2 144.1 ± 14.2 141.5 ± 11.3 156.8 ± 19.2

Thoracic Spine BMC (g) 163.6 ± 21.1 147.9 ± 20.4 148.7 ± 29.5 160.2 ± 46.5

Thoracic Spine BMD (g/cm2) 1.11 ± 0.10 1.02 ± 0.10 1.04 ± 0.14 1.01 ± 0.20

Lumbar Spine Area (cm2) 64.1 ± 3.9 64.6 ± 7.6 66.6 ± 6 68.3 ± 8.7

Lumbar Spine BMC (g) 76.9 ± 11.1 73.2 ± 12.4 76.4 ± 19.4 76.6 ± 21.6

Lumbar Spine BMD (g/cm2) 1.19 ± 0.12 1.13 ± 0.13 1.13 ± 0.21 1.10 ± 0.20

Pelvis Area (cm2) 265.9 ± 51.1 272.4 ± 27.7 275.8 ± 46.9 264.9 ± 42.7

Pelvis BMC (g) 360.1 ± 79.6 341.2 ± 44.2 349.1 ± 89.5 322.7 ± 65.1

Pelvis BMD (g/cm2) 1.35 ± 0.11 1.25 ± 0.13 1.25 ± 0.18 1.21 ± 0.08

Left Leg Area (cm2) 418.3 ± 38.6 416.3 ± 43.7 417.7 ± 39.7 423.2 ± 63.1

Left Leg BMC (g) 669.9 ± 89.2 629.7 ± 96.3 642.5 ± 122.3 610 ± 102.5

Left Leg BMD (g/cm2) 1.59 ± 0.12 1.51 ± 0.14 1.52 ± 0.18 1.43 ± 10

Right Leg Area (cm2) 404.2 ± 43.9 401.3 ± 39.6 408.6 ± 47.7 401.4 ± 54.9

Right Leg BMC (g) 646.1 ± 93.8 610.1 ± 75.8 630.1 ± 132.1 599.1 ± 137

Right Leg BMD (g/cm2) 1.59 ± 0.15 1.52 ± 0.12 1.52 ± 0.17 1.48 ± 0.17

Values are presented as mean ± standard deviation. Abbreviations: BMC, bone mineral content; BMD, bone
mineral density; CT1, concurrent training + 1.6 g kg−1 d−1; CT2, concurrent training + 3.2 g kg−1 d−1; RT1,
resistance training + 1.6 g kg−1 d−1; RT2, resistance training + 3.2 g kg−1 d−1.

3.2. Bone Parameters
3.2.1. Upper Body

Changes in bone parameters of the upper body throughout the intervention are shown
in Figure 1. There was no group × time interaction (p > 0.05) for the left and right arm and
ribs for area, BMC, and BMD (p values are shown in each figure). There was a significant
time effect for right rib BMC (p = 0.0224).
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Figure 1. Effects of resistance or concurrent training in combination with high-protein diets on
upper-body bone parameters. n = 11 per group; error bars represent 95% confidence interval
(CI). CT1, concurrent training + 1.6 g kg−1 d−1; CT2, concurrent training + 3.2 g kg−1 d−1; RT1,
resistance training + 1.6 g kg−1 d−1; RT2, resistance training + 3.2 g kg−1 d−1; T, time effect; T × G,
time × group interaction; BMC, bone mineral content; BMD, bone mineral density.
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3.2.2. Thoracic Spine and Lumbar

Changes in bone parameters of the lumbar and thoracic spine throughout the interven-
tion are shown in Figure 2. There was a group × time interaction (p > 0.05) for the lumbar
and thoracic spine areas, BMC, and BMD (p values shown in each figure). However, there
was a significant time effect for the thoracic spine area (p = 0.0411).
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Figure 2. Effects of resistance or concurrent training in combination with high protein diets on
Thoracic spine and Lumbar bone parameters. n = 11 per group; error bars represent 95% confidence
interval (CI). CT1, concurrent training + 1.6 g kg−1 d−1; CT2, concurrent training + 3.2 g kg−1 d−1;
RT1, resistance training + 1.6 g kg−1 d−1; RT2, resistance training + 3.2 g kg−1 d−1; T, time effect;
T × G, time × group interaction; BMC, bone mineral content; BMD, bone mineral density.

3.2.3. Lower Body

Changes in bone parameters of the lower body throughout the intervention are shown
in Figure 3. There was no group × time interaction (p > 0.05) for the pelvis, left and right
leg for the area, BMC, and BMD (p values are shown in each figure). There was a significant
time effect for Pelvis BMD (p = 0.0093).
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Figure 3. Effects of resistance or concurrent training in combination with high-protein diets on
lower body bone parameters. n = 11 per group; error bars represent 95% confidence interval (CI).
CT1, concurrent training + 1.6 g kg−1 d−1; CT2, concurrent training + 3.2 g kg−1 d−1; RT1, resis-
tance training + 1.6 g kg−1 d−1; RT2, resistance training + 3.2 g kg−1 d−1; T, time effect; T × G,
time × group interaction; BMC, bone mineral content; BMD, bone mineral density.
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4. Discussion

Our findings add to the existing body of research by demonstrating that high-protein
diets (1.6 or 3.2 g kg−1 d−1), when consumed over 16 weeks combined with RT or CT,
do not negatively affect whole-body bone parameters in resistance-trained males. This
supports the notion that high-protein diets can be safely incorporated into the dietary
regimens of athletes without compromising bone health. These results contribute to the
understanding of the complex interplay between dietary protein intake, exercise, and
bone health, emphasizing the importance of tailored nutritional and training strategies for
optimizing bone health in this specific population.

RT may have different effects on different types of bone tissue and different sites of the
skeleton, depending on the magnitude, direction, and frequency of the strain applied [24,44].
Regarding the effectiveness of RT, previous studies reported different results depending
on different variables. According to the National Strength and Conditioning Association
(NSCA), intervention studies are less clear as to whether RT programs result in increases in
bone mass [44]. There were no observed differences in Bone (re)modeling markers (BMM)
between control participants and female athletes engaged in high-impact sports [45], rhyth-
mic gymnasts [46], and male master runners and speed/power athletes [47]. However,
these studies indicated that bone microarchitecture, also known as BMD, was affected by
exercise. This implies that changes in bone mass or microarchitecture may not always be
accurately reflected by BMMs [48]. Other studies indicated that non-impact sports, such
as swimming, do not show an effect on improving BMD [49,50]. However, studies that
incorporated swimming to reverse the pattern of bone loss caused by the lack of mechanical
stimuli showed efficacy in increasing BMD after swimming [23,49,51]. Remarkably, previ-
ous research has shown that a 12-week RT program did not improve bone formation or
prevent bone breakdown in young adult women. Similarly, maintaining a high-protein diet
for 10 days in these women had no impact on bone metabolism [52]. While the results of
these studies were consistent with our results, the meta-analysis and systematic review by
Ponzano et al. (2021) showed that progressive RT alone or in combination with other inter-
ventions may improve BMD in individuals at risk of fracture [53]. However, progressive RT
interventions or exercise adaptations appear to be more substantial and effective for older
or less physically fit adults [54–56]. For example, a trial on healthy women with an average
age of ~55 years who performed progressive, resistive back-strengthening exercises showed
benefits on BMD after 10 years of follow-up compared to the control group [57]. Another
study using the same high-intensity exercise intervention and RT in physically inactive,
healthy young adult women with below-average bone mass reported similar findings [14].
Thus, participant age appears to be a significant factor in the capacity of exercise to induce
any positive effects on bone mass.

Several different possible pathways related to the effectiveness of RT on bone can
be investigated. Bone tissue is significantly affected by strain, which is the deformation
(bending) of bone caused by mechanical forces such as muscular contractions [58]. When
bone tissue is strained, it rapidly stimulates bone cells to begin bone modeling, which
involves the production of protein molecules that are deposited in the spaces between bone
cells (59). These protein molecules increase the strength and density of the bone tissue, mak-
ing it more resistant to fracture and osteoporosis [59]. Exercise influences bone responses
through various metabolic signals, including reactive oxygen/nitrogen species [60], pH
alterations [61], and the availability of serum calcium [62]. While some modeling may
occur, it appears that remodeling is the primary mechanism through which the bone re-
sponds to exercise-induced mechanical or metabolic stimuli [63,64]. Another factor is the
connection between bone and muscle [65–67]. Muscle tissue can affect bone health through
the action of factors derived from muscle [13,68–70]. In particular, myostatin can regulate
the activity of osteoclasts and bone destruction, and exercise can inhibit it [69]. In contrast,
many other myokines, such as transforming growth factor-β, follistatin, insulin-like growth
factor-I, fibroblast growth factor-2, osteoglycin, FAM5C, irisin, interleukin-6, leukemia
inhibitory factor, IL-7, IL-15, monocyte chemoattractant protein-1, ciliary neurotrophic



Nutrients 2024, 16, 325 12 of 17

factor, osteonectin, and matrix metalloproteinase 2, that are regulated by exercise, can
affect bone metabolism [69,70]. Myokines play a number of physiological functions, such
as regulation of glucose metabolism, vascularization, and bone metabolism [71]. Muscle,
being the largest organ in the body, releases myokines into the bloodstream that regulate
the endocrine system of distant organs like bone [69].

As mentioned earlier, exercise plays a crucial role in maintaining BMC and BMD.
Nevertheless, it is important to consider that there is little understanding of the impact
of a concurrent regimen of chronic exercise training and a high-protein diet on several
aspects related to bone health. Our current work demonstrated that a high-protein diet
(3.2 g kg−1 d−1) had no adverse effects on bone minerals in resistance-trained men. Our
findings align with recent studies that dismiss the notion of proteins’ negative effect on
bone mass [26,72]. However, our results seem to contradict other research highlighting the
positive influence of exercise on bone mass [73,74]. Similar to our results, Antonio et al.
(2018) conducted a 6-month investigation that showed a high-protein diet (>2.2 g kg−1 d−1)
had no adverse effects on BMD in exercise-trained women [75]. Studies that examine the
association between protein intake and bone health parameters are limited and equivocal.
For instance, there is evidence that protein helps keep bones healthy, as evidenced by
Rizzoli et al. (2018), Dolan and Sale (2019), Langsetmo et al. (2018), and Darling et al.
(2019) [27,76–78]. The effects of protein supplements along with exercise on bone health
in different groups of people, such as apparently healthy men and women [79], healthy
young adults [80], overweight and obese premenopausal women [81], and women after
menopause [82], have been evaluated. These studies reported no change [80], a possible in-
crease in both bone formation and breakdown [79], or only increased bone formation [81,82].
Nevertheless, the previous two trials administered other nutrients with protein, such as
calcium [81] or CHO/calcium/vitamin D [82], making it impossible to isolate the specific
impact of protein alone. A meta-analysis by Darling et al. (2009) did not find any effect of
protein intake on the risk of breaking bones [28]; however, a more recent meta-analysis by
Wu et al. (2015) showed a small decrease in hip fractures [29]. Early evidence indicated
that a high-protein diet could potentially diminish BMD [83]. Also, research shows that a
sufficient intake of protein is essential for the synthesis and maintenance of bone tissue, as
well as for triggering the action of insulin-like growth factor 1, which enhances calcium
assimilation and promotes bone growth. Nevertheless, the metabolic process of dietary
sulfur amino acids, predominantly derived from animal protein, can result in heightened
physiological acidity. This may have long-term adverse effects on bone health. Cereal
foods, likewise, comprise dietary phytate, which is composed of phosphate. Phosphate
consumption has been identified as a potential contributor to elevated physiological acid-
ity. Consequently, cereal products may generate an equivalent amount of acid as animal
proteins containing sulfur amino acids [84]. However, evolving research has provided
a counter perspective, suggesting the beneficial effects of protein on bone tissue [85,86].
In the current investigation, despite the fact that the participants were assigned to two
high-protein diets, we did not find any adverse impacts on bone tissue. Even in the group
consuming 3.2 g kg−1 d−1 of protein, there was no observed decrease in BMD, although
it is important to consider the effect of exercise along with two high-protein diets. The
molecular mechanism(s) underpinning the effects of protein intake on bone health are
complex and not yet fully elucidated. Consuming a substantial amount of protein has
several beneficial benefits for both the skeletal and muscular systems. These effects include
the provision of essential components for the development and maintenance of bone struc-
ture, as well as the augmentation of IGF-1 levels, which facilitates bone formation [87,88],
lowering parathyroid hormone, which makes bones lose calcium and helps the body absorb
more calcium from food [87,89], and keeping and improving muscle mass and strength [80].
Research conducted during the last decade has consistently shown that the temporary
increase in protein consumption does not have detrimental effects on calcium equilibrium
and skeletal well-being [80,87] and that consuming more protein for a long time is linked
to higher bone density [90–92]. Nevertheless, there is a lack of consensus among many



Nutrients 2024, 16, 325 13 of 17

studies about this matter [93], maybe due to other dietary components [94]. However, it
seems that the positive impacts of consuming a high-protein diet tend to counterbalance or
surpass the negative impacts of increased urinary calcium excretion on bone health [6].

Ultimately, it is essential to acknowledge that these rationales are conjectural, and
it is imperative to ascertain the specific elements that are responsible for the absence of
discernible alterations in bone tissue. Participants’ age, sex, fitness level, and baseline
bone mass can all influence the response to exercise interventions. Studies involving
different populations, such as postmenopausal women, older adults, or athletes, may yield
diverse results due to variations in hormonal profiles, bone turnover rates, and initial bone
parameters. Also, differences in exercise protocols, such as the choice of RT exercises, load
progression, rest intervals, or the inclusion of weight-bearing activities, may contribute to
conflicting findings along with intervention duration. In this regard, bone remodeling is a
slow process, and shorter intervention periods may not be sufficient to detect significant
changes in bone density. Measurement techniques should also be considered. Variations in
the methods used to assess bone mass, such as DXA, peripheral quantitative computed
tomography (pQCT), or quantitative ultrasound, can contribute to discrepancies. Different
measurement sites (e.g., spine, hip, and forearm) may also yield varying results. Despite
rigorous study design and adherence to the established training and diet protocols, the
anticipated correlation between the applied diets or training types and changes in bone
parameters was not observed. These findings indicate that, within the conditions of this
study, neither the high-protein diets nor the type of training significantly influenced bone
parameters in our sample of resistance-trained males. It is important to acknowledge that
the absence of substantial findings does not necessarily indicate the absence of a correlation
between diet, exercise type, and bone health in resistance-trained men. Instead, it suggests
that the specific parameters of our study may have been inadequate for uncovering such
an impact. Our findings should be interpreted in the context of the existing literature,
which has demonstrated varying effects of diet and exercise on bone health in different
populations and under different circumstances. Future research should consider increasing
the length of intervention or using more sensitive measures of bone health (such as plasma
bone turnover biomarkers) to further explore this topic.

5. Conclusions

Despite the absence of significant findings, our study is deemed to provide a valuable
contribution to the existing body of research in this field. This is achieved via the inclusion
of an additional data point and the provision of insights into methodological issues that
might guide future studies. Ultimately, the investigation into comprehending the intricate
interplay of diet, physical activity, and skeletal/bone well-being persists as an ongoing
and formidable area of scientific investigation. Our work emphasizes the need for more
exploration and urges the scientific community to persist in studying these associations
using rigorous and creative methodologies.
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Pilaczyńska-Szcześniak, Ł. Bone mineral density and bone turnover in male masters athletes aged 40–64. Aging Male 2010, 13,
133–141. [CrossRef] [PubMed]

48. Dolan, E.; Varley, I.; Ackerman, K.E.; Pereira, R.M.R.; Elliott-Sale, K.J.; Sale, C. The Bone Metabolic Response to Exercise and
Nutrition. Exerc. Sport Sci. Rev. 2020, 48, 49–58. [CrossRef]

49. Gómez-Bruton, A.; Gónzalez-Agüero, A.; Gómez-Cabello, A.; Casajús, J.A.; Vicente-Rodríguez, G. Is Bone Tissue Really Affected
by Swimming? A Systematic Review. PLoS ONE 2013, 8, e70119. [CrossRef]

50. Paliologo, T.; Shimano, R.C.; Shimano, A.C.; Macedo, A.P.; Falcai, M.J.; Issa, J.P.M. Effects of swimming associated with risedronate
in osteopenic bones: An experimental study with ovariectomized rats. Micron 2015, 78, 40–44. [CrossRef] [PubMed]

51. Ju, Y.-I.; Sone, T.; Ohnaru, K.; Tanaka, K.; Fukunaga, M. Effect of swimming exercise on three-dimensional trabecular bone
microarchitecture in ovariectomized rats. J. Appl. Physiol. 2015, 119, 990–997. [CrossRef]

52. Mullins, N.M.; Sinning, W.E. Effects of resistance training and protein supplementation on bone turnover in young adult women.
Nutr. Metab. 2005, 2, 19. [CrossRef]

53. Ponzano, M.; Rodrigues, I.B.; Hosseini, Z.; Ashe, M.C.; A Butt, D.; Chilibeck, P.D.; Stapleton, J.; Thabane, L.; Wark, J.D.;
Giangregorio, L.M. Progressive resistance training for improving health-related outcomes in people at risk of fracture: A
systematic review and meta-analysis of randomized controlled trials. Phys. Ther. 2021, 101, pzaa221. [CrossRef] [PubMed]

54. Fiatarone, M.A.; O’Neill, E.F.; Ryan, N.D.; Clements, K.M.; Solares, G.R.; Nelson, M.E.; Roberts, S.B.; Kehayias, J.J.; Lipsitz, L.A.;
Evans, W.J. Exercise Training and Nutritional Supplementation for Physical Frailty in Very Elderly People. N. Engl. J. Med. 1994,
330, 1769–1775. [CrossRef] [PubMed]

55. Seynnes, O.; Fiatarone Singh, M.A.; Hue, O.; Pras, P.; Legros, P.; Bernard, P.L. Physiological and Functional Responses to
Low-Moderate Versus High-Intensity Progressive Resistance Training in Frail Elders. J. Gerontol. Ser. A 2004, 59, M503–M509.
[CrossRef] [PubMed]

56. Paterson, D.H.; Jones, G.R.; Rice, C.L. Ageing and physical activity: Evidence to develop exercise recommendations for older
adults. Appl. Physiol. Nutr. Metab. 2007, 32, S69–S108. [CrossRef]

57. Sinaki, M.; Itoi, E.; Wahner, H.; Wollan, P.; Gelzcer, R.; Mullan, B.; Collins, D.; Hodgson, S. Stronger back muscles reduce the
incidence of vertebral fractures: A prospective 10 year follow-up of postmenopausal women. Bone 2002, 30, 836–841. [CrossRef]

58. Hart, N.H.; Nimphius, S.; Rantalainen, T.; Ireland, A.; Siafarikas, A.; Newton, R.U. Mechanical basis of bone strength: Influence of
bone material, bone structure and muscle action. J. Musculoskelet. Neuronal Interact. 2017, 17, 114–139.

59. Iolascon, G.; Resmini, G.; Tarantino, U. Mechanobiology of bone. Aging Clin. Exp. Res. 2013, 25, 3–7. [CrossRef]
60. Ha, H.; Kwak, H.B.; Lee, S.W.; Jin, H.M.; Kim, H.-M.; Kim, H.-H.; Lee, Z.H. Reactive oxygen species mediate RANK signaling in

osteoclasts. Exp. Cell Res. 2004, 301, 119–127. [CrossRef] [PubMed]
61. Krieger, N.S.; Frick, K.K.; Bushinsky, D.A. Mechanism of acid-induced bone resorption. Curr. Opin. Nephrol. Hypertens. 2004, 13,

423–436. [CrossRef]
62. Kohrt, W.M.; Wherry, S.J.; Wolfe, P.; Sherk, V.D.; Wellington, T.; Swanson, C.M.; Weaver, C.M.; Boxer, R.S. Maintenance of Serum

Ionized Calcium During Exercise Attenuates Parathyroid Hormone and Bone Resorption Responses. J. Bone Miner. Res. 2018, 33,
1326–1334. [CrossRef]

63. Robling, A.G.; Castillo, A.B.; Turner, C.H. Biomechanical and molecular regulation of bone remodeling. Annu. Rev. Biomed. Eng.
2006, 8, 455–498. [CrossRef] [PubMed]

64. Hadjidakis, D.J.; Androulakis, I.I. Bone Remodeling. Ann. N. Y. Acad. Sci. 2006, 1092, 385–396. [CrossRef]
65. Gentil, P.; Lima, R.M.; Jacó de Oliveira, R.; Pereira, R.W.; Reis, V.M. Association Between Femoral Neck Bone Mineral Density and

Lower Limb Fat-Free Mass in Postmenopausal Women. J. Clin. Densitom. 2007, 10, 174–178. [CrossRef] [PubMed]
66. Whiteford, J.; Ackland, T.R.; Dhaliwal, S.S.; James, A.P.; Woodhouse, J.J.; Price, R.; Prince, R.L.; Kerr, D.A. Effects of a 1-year

randomized controlled trial of resistance training on lower limb bone and muscle structure and function in older men. Osteoporos.
Int. 2010, 21, 1529–1536. [CrossRef] [PubMed]

67. Woo, J.; Hong, A.; Lau, E.; Lynn, H. A randomised controlled trial of Tai Chi and resistance exercise on bone health, muscle
strength and balance in community-living elderly people. Age Ageing 2007, 36, 262–268. [CrossRef] [PubMed]

68. Karsenty, G.; Mera, P. Molecular bases of the crosstalk between bone and muscle. Bone 2018, 115, 43–49. [CrossRef]
69. Kaji, H. Effects of myokines on bone. Bonekey Rep. 2016, 5, 826. [CrossRef]
70. Lombardi, G.; Sanchis-Gomar, F.; Perego, S.; Sansoni, V.; Banfi, G. Implications of exercise-induced adipo-myokines in bone

metabolism. Endocrine 2016, 54, 284–305. [CrossRef]
71. Pedersen, B.K.; Åkerström, T.C.A.; Nielsen, A.R.; Fischer, C.P. Role of myokines in exercise and metabolism. J. Appl. Physiol. 2007,

103, 1093–1098. [CrossRef]
72. Sahni, S.; Mangano, K.M.; Hannan, M.T.; Kiel, D.P.; McLean, R.R. Higher Protein Intake Is Associated with Higher Lean Mass and

Quadriceps Muscle Strength in Adult Men and Women. J. Nutr. 2015, 145, 1569–1575. [CrossRef]
73. Bielemann, R.M.; Martinez-Mesa, J.; Gigante, D.P. Physical activity during life course and bone mass: A systematic review of

methods and findings from cohort studies with young adults. BMC Musculoskelet. Disord. 2013, 14, 77. [CrossRef] [PubMed]

https://doi.org/10.1210/jc.2009-2382
https://doi.org/10.3109/13685531003657776
https://www.ncbi.nlm.nih.gov/pubmed/20210695
https://doi.org/10.1249/JES.0000000000000215
https://doi.org/10.1371/journal.pone.0070119
https://doi.org/10.1016/j.micron.2015.07.002
https://www.ncbi.nlm.nih.gov/pubmed/26210684
https://doi.org/10.1152/japplphysiol.00147.2015
https://doi.org/10.1186/1743-7075-2-19
https://doi.org/10.1093/ptj/pzaa221
https://www.ncbi.nlm.nih.gov/pubmed/33367736
https://doi.org/10.1056/NEJM199406233302501
https://www.ncbi.nlm.nih.gov/pubmed/8190152
https://doi.org/10.1093/gerona/59.5.M503
https://www.ncbi.nlm.nih.gov/pubmed/15123761
https://doi.org/10.1139/H07-111
https://doi.org/10.1016/S8756-3282(02)00739-1
https://doi.org/10.1007/s40520-013-0101-2
https://doi.org/10.1016/j.yexcr.2004.07.035
https://www.ncbi.nlm.nih.gov/pubmed/15530848
https://doi.org/10.1097/01.mnh.0000133975.32559.6b
https://doi.org/10.1002/jbmr.3428
https://doi.org/10.1146/annurev.bioeng.8.061505.095721
https://www.ncbi.nlm.nih.gov/pubmed/16834564
https://doi.org/10.1196/annals.1365.035
https://doi.org/10.1016/j.jocd.2007.01.004
https://www.ncbi.nlm.nih.gov/pubmed/17485035
https://doi.org/10.1007/s00198-009-1132-6
https://www.ncbi.nlm.nih.gov/pubmed/20091404
https://doi.org/10.1093/ageing/afm005
https://www.ncbi.nlm.nih.gov/pubmed/17356003
https://doi.org/10.1016/j.bone.2017.04.006
https://doi.org/10.1038/bonekey.2016.48
https://doi.org/10.1007/s12020-015-0834-0
https://doi.org/10.1152/japplphysiol.00080.2007
https://doi.org/10.3945/jn.114.204925
https://doi.org/10.1186/1471-2474-14-77
https://www.ncbi.nlm.nih.gov/pubmed/23497066


Nutrients 2024, 16, 325 17 of 17

74. Nichols, D.; Sanborn, C.; Love, A. Resistance training and bone mineral density in adolescent females. J. Pediatr. 2001, 139,
494–500. [CrossRef] [PubMed]

75. Antonio, J.; Ellerbroek, A.; Carson, C. The Effects of a High-Protein Diet on Bone Mineral Density in Exercise-Trained Women: A
1-Year Investigation. J. Funct. Morphol. Kinesiol. 2018, 3, 62. [CrossRef] [PubMed]

76. Dolan, E.; Sale, C. Protein and bone health across the lifespan. Proc. Nutr. Soc. 2019, 78, 45–55. [CrossRef] [PubMed]
77. Langsetmo, L.; Shikany, J.M.; Burghardt, A.J.; Cawthon, P.M.; Orwoll, E.S.; Cauley, J.A.; Taylor, B.C.; Schousboe, J.T.; Bauer, D.C.;

Vo, T.N.; et al. High dairy protein intake is associated with greater bone strength parameters at the distal radius and tibia in older
men: A cross-sectional study. Osteoporos. Int. 2018, 29, 69–77. [CrossRef]

78. Darling, A.L.; Manders, R.J.F.; Sahni, S.; Zhu, K.; Hewitt, C.E.; Prince, R.L.; Millward, D.J.; Lanham-New, S.A. Dietary protein
and bone health across the life-course: An updated systematic review and meta-analysis over 40 years. Osteoporos. Int. 2019, 30,
741–761. [CrossRef] [PubMed]

79. Ballard, T.L.; Clapper, J.A.; Specker, B.L.; Binkley, T.L.; Vukovich, M.D. Effect of protein supplementation during a 6-mo strength
and conditioning program on insulin-like growth factor I and markers of bone turnover in young adults. Am. J. Clin. Nutr. 2005,
81, 1442–1448. [CrossRef]

80. Cao, J.J.; Pasiakos, S.M.; Margolis, L.M.; Sauter, E.R.; Whigham, L.D.; McClung, J.P.; Young, A.J.; Combs, G.F., Jr. Calcium
homeostasis and bone metabolic responses to high-protein diets during energy deficit in healthy young adults: A randomized
controlled trial. Am. J. Clin. Nutr. 2014, 99, 400–407. [CrossRef] [PubMed]

81. Josse, A.R.; Atkinson, S.A.; Tarnopolsky, M.A.; Phillips, S.M. Diets Higher in Dairy Foods and Dietary Protein Support Bone
Health during Diet- and Exercise-Induced Weight Loss in Overweight and Obese Premenopausal Women. J. Clin. Endocrinol.
Metab. 2012, 97, 251–260. [CrossRef]

82. Holm, L.; Olesen, J.L.; Matsumoto, K.; Doi, T.; Mizuno, M.; Alsted, T.J.; Mackey, A.L.; Schwarz, P.; Kjaer, M. Protein-containing
nutrient supplementation following strength training enhances the effect on muscle mass, strength, and bone formation in
postmenopausal women. J. Appl. Physiol. 2008, 105, 274–281. [CrossRef]

83. Ginty, F. Dietary protein and bone health. Proc. Nutr. Soc. 2003, 62, 867–876. [CrossRef]
84. Darling, A.L.; Millward, D.J.; Lanham-New, S.A. Dietary protein and bone health: Towards a synthesised view. Proc. Nutr. Soc.

2021, 80, 165–172. [CrossRef] [PubMed]
85. Wallace, T.C.; Frankenfeld, C.L. Dietary Protein Intake above the Current RDA and Bone Health: A Systematic Review and

Meta-Analysis. J. Am. Coll. Nutr. 2017, 36, 481–496. [CrossRef] [PubMed]
86. Rizzoli, R. Dairy products, yogurts, and bone health. Am. J. Clin. Nutr. 2014, 99 (Suppl. S5), 1256s–1262s. [CrossRef]
87. Cao, J.J.; Johnson, L.K.; Hunt, J.R. A Diet High in Meat Protein and Potential Renal Acid Load Increases Fractional Calcium

Absorption and Urinary Calcium Excretion without Affecting Markers of Bone Resorption or Formation in Postmenopausal
Women. J. Nutr. 2011, 141, 391–397. [CrossRef]

88. Sukumar, D.; Ambia-Sobhan, H.; Zurfluh, R.; Schlussel, Y.; Stahl, T.J.; Gordon, C.L.; Shapses, S.A. Areal and volumetric bone
mineral density and geometry at two levels of protein intake during caloric restriction: A randomized, controlled trial. J. Bone
Miner. Res. 2011, 26, 1339–1348. [CrossRef]

89. Kerstetter, J.E.; O’Brien, K.O.; Insogna, K.L. Dietary protein, calcium metabolism, and skeletal homeostasis revisited. Am. J. Clin.
Nutr. 2003, 78, 584S–592S. [CrossRef]

90. Promislow, J.H.E.; Goodman-Gruen, D.; Slymen, D.J.; Barrett-Connor, E. Protein Consumption and Bone Mineral Density in the
Elderly: The Rancho Bernardo Study. Am. J. Epidemiol. 2002, 155, 636–644. [CrossRef]

91. Alexy, U.; Remer, T.; Manz, F.; Neu, C.M.; Schoenau, E. Long-term protein intake and dietary potential renal acid load are
associated with bone modeling and remodeling at the proximal radius in healthy children. Am. J. Clin. Nutr. 2005, 82, 1107–1114.
[CrossRef]

92. Hannan, M.T.; Tucker, K.L.; Dawson-Hughes, B.; Cupples, L.A.; Felson, D.T.; Kiel, D.P. Effect of Dietary Protein on Bone Loss in
Elderly Men and Women: The Framingham Osteoporosis Study. J. Bone Miner. Res. 2000, 15, 2504–2512. [CrossRef]

93. Sellmeyer, D.E.; Stone, K.L.; Sebastian, A.; Cummings, S.R. A high ratio of dietary animal to vegetable protein increases the rate
of bone loss and the risk of fracture in postmenopausal women. Am. J. Clin. Nutr. 2001, 73, 118–122. [CrossRef] [PubMed]

94. Remer, T.; Krupp, D.; Shi, L. Dietary protein’s and dietary acid load’s influence on bone health. Crit. Rev. Food Sci. Nutr. 2014, 54,
1140–1150. [CrossRef] [PubMed]

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/10.1067/mpd.2001.116698
https://www.ncbi.nlm.nih.gov/pubmed/11598594
https://doi.org/10.3390/jfmk3040062
https://www.ncbi.nlm.nih.gov/pubmed/33466990
https://doi.org/10.1017/S0029665118001180
https://www.ncbi.nlm.nih.gov/pubmed/30095063
https://doi.org/10.1007/s00198-017-4261-3
https://doi.org/10.1007/s00198-019-04933-8
https://www.ncbi.nlm.nih.gov/pubmed/30903209
https://doi.org/10.1093/ajcn/81.6.1442
https://doi.org/10.3945/ajcn.113.073809
https://www.ncbi.nlm.nih.gov/pubmed/24284444
https://doi.org/10.1210/jc.2011-2165
https://doi.org/10.1152/japplphysiol.00935.2007
https://doi.org/10.1079/PNS2003307
https://doi.org/10.1017/S0029665120007909
https://www.ncbi.nlm.nih.gov/pubmed/33183359
https://doi.org/10.1080/07315724.2017.1322924
https://www.ncbi.nlm.nih.gov/pubmed/28686536
https://doi.org/10.3945/ajcn.113.073056
https://doi.org/10.3945/jn.110.129361
https://doi.org/10.1002/jbmr.318
https://doi.org/10.1093/ajcn/78.3.584S
https://doi.org/10.1093/aje/155.7.636
https://doi.org/10.1093/ajcn/82.5.1107
https://doi.org/10.1359/jbmr.2000.15.12.2504
https://doi.org/10.1093/ajcn/73.1.118
https://www.ncbi.nlm.nih.gov/pubmed/11124760
https://doi.org/10.1080/10408398.2011.627519
https://www.ncbi.nlm.nih.gov/pubmed/24499146

	Introduction 
	Methods 
	Participants 
	Study Design 
	Anthropometry and Bone Parameters 
	Resistance Training 
	Concurrent Training 
	Training Volume 
	Diet 
	Statistical Analysis 

	Results 
	Participant Characteristics 
	Bone Parameters 
	Upper Body 
	Thoracic Spine and Lumbar 
	Lower Body 


	Discussion 
	Conclusions 
	References

