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1. INTRODUCTION:

The Collaborative Research to Optimize Warfighter Nutrition (CROWN) III project is a series of
projects that use nutrition, metabolism and human physiology research to address objectives
relevant to the nutritional health of personnel in all branches of the military as well as the American
public. Scientists at Pennington Biomedical Research Center and the Military Nutrition Division
at the U.S. Army Research Institute of Environmental Medicine are collaborating on the design,
execution and analysis of the research. The outcomes will provide the scientific basis to develop
novel nutritional programs, products and strategies that promote Warfighter health, performance
and resilience to operational stress. This project enables advances in our understanding of
operational stressors on nutritional requirements; examines effectiveness of nutritional approaches
for combating inflammation, sustaining gut health and promoting metabolic recovery; develops
better tools for assessing eating behaviors; and establishes methods that lead to healthier food
choices and overall diet quality. The body of work proposed by PBRC provides an efficient and
cost-effective approach for achieving the DOD objective of a healthy and fit fighting troop base,
ready for deployment and resilient to the stressors of duty. In order to achieve our objective, we
are conducting a series of projects that fall within the following persisting gap (topic) areas:

1. Operational Stress and Nutritional Requirements
2. Nutrition, Inflammation and Resiliency
3. Healthy Eating and Behavior

We are conducting 5 projects that are listed below: 

1. Determine the physiological and psychological effects of testosterone during severe energy
deficit and recovery

2. Determine the substrate utilization, exercise performance, and skeletal muscle response to
energy deficit and altitude acclimatization

3. Effects of energy balance and energy deficit on inflammatory response
4. Go for Green (GFG) Effectiveness
5. Development of a valid and military-appropriate survey tool for the assessment of Soldier

eating behaviors.

2. KEYWORDS:

Metabolism, nutrition, energy expenditure, readiness, performance, warfighter, resilience,
operational stress

3. ACCOMPLISHMENTS:

The major goals as defined in the statement of work involve 5 individual projects. Each of those
projects is described below along with milestones, dates of completion, and current status.

Project 1: Determine the physiological and psychological effects of testosterone during severe
energy deficit and recovery
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Specific Aim: Clinical study to assess the effects of testosterone during severe energy deficit and 
recovery 

Major Task 2: Data Analysis (months 6-24) 
Data analysis for this project began in the second quarter of year 1 and is continuing. 

Analysis of questionnaires (including 3-day food records, cognitive tests and physical activity 
logs) is in progress. 

Analysis of body composition data from DXA and brain imaging/function from fMRI has been 
completed. The primary outcome from DXA is lean body mass and fat mass and the distribution 
of these two compartments throughout the body. This year, a manuscript was accepted for 
presentation at an international conference next year and subsequent publication, and another 
manuscript was submitted for publication. 

1. Pillai SR, Lieberman HR, Rood JC, Pasiakos SP, Murray K, Shankapal P, Carmichael OT.
Constrained learning of task-related and spatially-coherent dictionaries from task fMRI
data. Medical Image Computing and Computer-Assisted Intervention (MICCAI 2021)
Workshop on Machine Learning in Clinical Neuroimaging – MLCN 2021. September 27,
2021. (Accepted)

2. Carmichael OT, Pillai SR, Murray K, Shankapal P, Caldwell J, Vartanian O, Berryman
CE, Karl JP, Harris M, Rood JC, Pasiakos SM, Lieberman HR. Effects of testosterone
administration on fMRI responses to executive function, aggressive behavior, and emotion
processing tasks during severe exercise- and diet-induced energy deficit. Neuroimage. July
2021 (Submitted)

Exercise and strength testing data from VO2 max and Biodex testing has been compiled and is in 
progress of analysis. The three main variables are strength, total endurance and peak torque. 

Major Task 3: Data Interpretation and Publishing of Results  
Milestone #1: Co-author initial manuscript on findings from clinical study (months 6-12) 
This milestone was met when the first manuscript was submitted for publication in year 2 and 
published in year 3.  

An additional manuscript was published this year, and a copy of the published manuscript is 
included in the appendix. 

1. Howard EE, Margolis LM, Berryman CE, Lieberman HR, Karl JP, Young AJ, Montano
MA, Evans WJ, Rodriguez NR, Johannsen NM, Gadde KM, Harris MN, Rood JC, Pasiakos
SM. Testosterone supplementation up-regulates androgen receptor expression and
translational capacity during severe energy deficit. Am J Physiol Endocrinol Metab. 2020
Oct 1;319(4):E678-E688. doi: 10.1152/ajpendo.00157.2020. Epub 2020 Aug 10. PubMed
PMID: 32776828. PMCID: PMC7750513.

This study presents novel data reflecting skeletal muscle molecular adaptations to supplemental 
testosterone during a severe exercise- and diet-induced energy deficit. Physically active, nonobese 
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men who received 200 mg testosterone enanthate per week (TEST) and those who received a 
placebo (PLA) had similar molecular responses to an exercise bout and protein-containing mixed 
meal. Lean mass differences appear predominantly driven by adaptations under resting fasted 
conditions. Resting androgen receptor (AR) protein content was higher and fibroblast growth 
factor-inducible 14 (Fn14), IL-6 receptor (IL-6R), and muscle ring-finger protein-1 gene 
expression was lower in TEST versus PLA during 28 days of an exercise- and diet-induced 55% 
energy deficit (ED) relative to 14 prior days of weight maintenance (WM) (P < 0.05). Changes in 
inflammatory, myogenic, and proteolytic gene expression did not differ between groups after 
exercise and recovery feeding. Mechanistic target of rapamycin (mTOR) signaling (i.e., 
translational efficiency) was also similar between groups at rest and after exercise and the mixed 
meal. Muscle total RNA content (i.e., translational capacity) increased more during ED in TEST 
than PLA (P < 0.05). These findings indicate that attenuated proteolysis at rest, possibly 
downstream of AR, Fn14, and IL-6R signaling, and increased translational capacity, not efficiency, 
may drive lean mass accretion with testosterone administration during energy deficit. Additionally, 
mTOR pathway activation did not differ between groups at rest or in response to exercise; 
however, a more positive change in skeletal muscle total RNA content at rest in TEST compared 
with PLA suggests increased translational capacity, not efficiency, drives lean mass accretion in 
response to testosterone supplementation during ED. 

Project 2:  Determine the substrate utilization, exercise performance and skeletal muscle 
response to energy deficit and altitude acclimatization (study completed prior to award) 

Specific Aim: Clinical study to assess the response to energy deficit and altitude acclimatization 

This clinical study and data collection was completed under a previous award. However, some of 
the data is being analyzed and published under this award as Major Task 1. The timeline for 
Milestone #2, Co-author initial manuscript on findings from clinical study, was months 1-12 of 
this award. This milestone was met in year 1.  

An additional manuscript was published this year, and a copy of the published article is included 
in the appendix. 

Margolis LM, Karl JP, Wilson MA, Coleman JL, Ferrando AA, Young AJ, Pasiakos SM. 
Metabolomic profiles are reflective of hypoxia-induced insulin resistance during exercise 
in healthy young adult males. Am J Physiol Regul Integr Comp Physiol. 2021 Jul 
1;321(1):R1-R11. doi: 10.1152/ajpregu.00076.2021. Epub 2021 May 5. PMID: 33949213. 

This study examined the effects of consuming supplemental carbohydrate on aerobic exercise 
performance in recreationally active, healthy, young lowlanders at high altitude (HA), before and 
following 22 days of acclimatization while in a constant state of negative energy balance. Results 
from this study show differences in circulating metabolite profiles during exercise under acute HA 
compared with sea level conditions, indicating increased glycolysis and tricarboxylic acid cycle 
activity, amino acid breakdown, oxidative stress, and fatty acid storage, and decreased fatty acid 
mobilization. Increased concentrations and inverse associations of metabolites within branched-
chain amino acids and oxidative stress pathways with exogenous glucose oxidation, glucose rate 
of disappearance, and metabolic clearance rate suggest that changes in metabolite profiles under 
acute HA conditions may be reflective of hypoxia-induced insulin resistance. These data provide 
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new insight into the potential underlying alterations in metabolic pathways that govern metabolic 
dysregulation in substrate oxidation under acute HA exposure. 

Project 3: Effects of energy balance and energy deficit on inflammatory response 

Specific Aim: Clinical study to assess the effects of severe negative energy balance on 
inflammation, iron absorption, nutritional status, skeletal muscle and whole-body metabolic 
homeostasis, cognitive, and physical performance during a 96-h simulated sustained operations 
(SUSOPS). 

Major Task 3: Data Interpretation and Publishing of Results 
The projected timeline for this major task and Milestone #4, Co-author initial manuscript on 
findings from clinical study, was months 24-36 of the award. This was completed when the first 
two manuscripts for Project 3 were published this year. Copies of the manuscripts are included 
with this report. 

1. Hennigar SR, McClung JP, Hatch-McChesney A, Allen JT, Wilson MA, Carrigan CT,
Murphy NE, Teien HK, Martini S, Gwin JA, Karl JP, Margolis LM, Pasiakos SM. Energy
deficit increases hepcidin and exacerbates declines in dietary iron absorption following
strenuous physical activity: a randomized-controlled cross-over trial. Am J Clin Nutr.
2020 Nov 12:nqaa289. doi: 10.1093/ajcn/nqaa289. Online ahead of print. PMID:
33184627.

2. Karl JP, Hatch-McChesney A, Allen JT, Fagnant HS, Radcliffe PN, Finlayson G, Gwin
JA, Margolis LM, Hennigar SR, McClung JP, Pasiakos SM. Effects of energy balance on
appetite and physiological mediators of appetite during strenuous physical activity:
secondary analysis of a randomised crossover trial. Br J Nutr. 2021 Jan 14:1-40. doi:
10.1017/S0007114521000131. Online ahead of print. PMID: 33441218.

This was a randomized, crossover, controlled-feeding trial in healthy men with sufficient iron 
status. Each trial consisted of a 72-hour simulated sustained military operation (SUSOPS) designed 
to elicit high energy expenditure, glycogen depletion, and inflammation, followed by a 7-day 
recovery period. Two SUSOPS trials were performed, during which participants were either in 
energy deficit or energy balance. The order in which participants completed the trials was 
randomly assigned and balanced. 

A major finding from this study was that 72 hours of strenuous physical activity decreased dietary 
iron absorption compared with rest in nonanemic individuals with sufficient iron status. Findings 
indicate that energy deficit during strenuous physical activity increased hepcidin and diminished 
iron absorption compared with energy balance. The increase in hepcidin with energy deficit 
suggests that the peroxisome proliferator-activated receptor gamma coactivator 1-alpha/cyclic 
adenosine monophosphate response element binding protein-H pathway of hepcidin activation 
may contribute to the observed increase in hepcidin with physical activity. While most markers of 
inflammation and muscle damage increased with physical activity regardless of energy status, 
slightly higher concentrations of C-reactive protein with energy deficit suggest a greater 
inflammatory response compared with energy balance. Likewise, the increase in ferritin with 
physical activity during energy deficit, but not energy balance, likely indicates a heightened acute 
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phase response and not an improvement in iron stores, as changes in ferritin tend to reflect changes 
in inflammatory status and C-reactive protein. 

Project 4:  Go for Green (GFG) Effectiveness 

Specific Aim: Determine the effectiveness of the Go for Green Program for changing dietary intake 
and attitudes toward nutrition for performance 

Major Task 3: Data Interpretation and Publishing of Results 
The projected timeline for this major task was months 36-48 of the award. The first two 
manuscripts were submitted for publication this year: 

1. Kleinberger CA, Bukhari AS, Moylan EM, Kirkpatrick KM, Billington JL, Armstrong NJ,
Cole RE, Deuster PA. Go for Green Nutrition Program: Translating Evidence into
Practice. J of Nutr Educ Behav. July 2021. (Resubmitted)

2. Bukhari AS, Champagne C, McGraw SM, Armstrong NJ, Moylan EM, Kleinberger C,
Kirkpatrick K, Billington JL, Deuster PA, Cole RE. The Go For Green® Worksite
Nutrition Intervention Improved Patrons’ Food Choices. J of Nutr Educ Behav. July 2021.
(Resubmitted)

One abstract for Project 4 was presented at an online conference this year, and three additional 
abstracts for Project 4 were accepted for presentation next year. A copy of the presented abstract 
is included in the appendix.  

1. Bukhari AS, Cole RE, Champagne CM, McGraw SM, Moylan E, Armstrong N. Nutrition
Interventions in Military Dining Facilities Can Enhance Diet Quality and Meal
Satisfaction. Food and Nutrition Conference and Expo, Oct 2020, virtual event.

2. McGraw SM, Bukhari AS, Armstrong NJ, Champagne CM, Kirkpatrick KM, Billington
JL, Deuster PA, Cole RE. Nutrition knowledge deficit identified among military dining
facility patrons. Military Health System Research Symposium, Aug 2021, Kissimmee, FL.
(Accepted)

3. Bukhari AS, Armstrong NJ, Champagne CM, McGraw SM, Kirkpatrick KM, Billington
JL, Deuster PA, Cole RE. Go for Green® program evaluation finds nutrition knowledge
gaps among foodservice staff. Military Health System Research Symposium, Aug 2021,
Kissimmee, FL. (Accepted)

4. Bukhari AS, Armstrong NJ, Champagne CM, McGraw SM, Moylan EM, Kleinberger CA,
Kirkpatrick KM, Billington JL, Deuster PA, Cole RE. Nutrition interventions in military
dining facilities can enhance diet quality and meal satisfaction. Military Health System
Research Symposium, Aug 2021, Kissimmee, FL. (Accepted)

A technical report also is planned. LTC Bukhari, COL Cole, the G4G team, and Dr. Champagne 
continue to discuss publications, abstracts and other deliverables from the G4G project.   
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The G4G program successfully improved access to healthy/performance-based foods and 
improved the patrons’ satisfaction and meal quality. The G4G program enabled patrons to select 
performance-based food choices. Strategies to overcome program barriers can further improve 
patrons’ diet quality. Military dining facilities are important avenues to improve diet quality and 
nutrition-related behaviors to optimize warfighters’ fueling requirements.  

Project 5:  Development of a valid and military-appropriate survey tool for the assessment 
of Soldier eating behaviors. 

Specific Aim: Develop a military-specific eating behavior survey using input from subject matter 
experts and face-to-face interviews 

Major Task 3, Data Interpretation and Publishing of Results 
Milestone #7: Co-author initial manuscript on findings from clinical study (months 36-48) 
This milestone was met when the initial manuscript was published last year. Three additional 
manuscripts were published this year, and copies are included in the appendix: 

1. Jayne JM, Karl JP, McGraw SM, O’Connor K, DiChiara AJ, Cole RE. Eating behaviors
are associated with physical fitness and body composition among US Army Soldiers. J
Nutr Educ Behav. 2021 Jun;53(6):480-488. doi: 10.1016/j.jneb.2021.01.013. Epub 2021
Mar 3. PMID: 33674236.

2. Stukenborg MJ, Deschamps BA, Jayne JM, Karl JP, McGraw SM, DiChiara AJ, Cole RE.
Exceeding body composition standards is associated with a more negative body image and
increased weight cycling in active duty U.S. soldiers. Eat Behav. 2021 May 24;42:101532.
doi: 10.1016/j.eatbeh.2021.101532. Online ahead of print. PMID: 34120036.

3. Cole RE, Jayne JM, O'Connor K, McGraw SM, Beyl R, DiChiara AJ, Karl JP.
Development and Validation of the Military Eating Behavior Survey. J Nutr Educ Behav.
2021 Jun 29;S1499-4046(21)00608-4. doi: 10.1016/j.jneb.2021.04.467. Online ahead of
print. PMID: 34215517.

An additional abstract using data from this study was accepted this year for presentation at a 
conference next year: 

Allen JT, Jayne JM, Karl JP, McGraw SM; O'Connor K, DiChiara AJ; Cole RE. Weight 
Management Behaviors Mediate the Relationship between Weight Cycling, Body Mass 
Index, and Diet Quality among US Army Soldiers. Military Health System Research 
Symposium, Aug 2021, Kissimmee, FL. (Accepted)  

This project has led to the development of the Military Eating Behavior Survey, which is a 
validated tool that can now be used by scientists to study the relationships between military 
environments and changes in eating behavior in relation to health outcomes. This survey has now 
beem used in multiple projects to assess the role of eating behavior and its association with body 
composition, physical fitness, body image, and weight change patterns. 
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What opportunities for training and professional development has the project provided?   
Nothing to report 

How were the results disseminated to communities of interest?   
Nothing to report 

What do you plan to do during the next reporting period to accomplish the goals?  

Project 1: Determine the physiological and psychological effects of testosterone during severe 
energy deficit and recovery 

Major Task 2: Data Analysis will continue. 
Major Task 3: Data Interpretation and Publishing of Results will continue. 

Project 3: Effects of energy balance and energy deficit on inflammatory response 

Major Task 3: Data Interpretation and Publishing of Results will continue.  

Project 4:  Go for Green (GFG) Effectiveness 

Major Task 3: Data Interpretation and Publishing of Results will continue. 

Project 5:  Develop a military-specific eating behavior survey 

Major Task 3: Data Interpretation and Publishing of Results will continue. 

4. IMPACT:

What was the impact on the development of the principal discipline(s) of the project?
Major findings from this project in the past year include the following:

Project 1
This study’s findings indicate that attenuated proteolysis at rest, possibly downstream of androgen
receptor, fibroblast growth factor-inducible 14, and IL-6 receptor signaling, and increased
translational capacity, not efficiency, may drive lean mass accretion with testosterone
administration during energy deficit. Additionally, mechanistic target of rapamycin pathway
activation did not differ between groups at rest or in response to exercise; however, a more positive
change in skeletal muscle total RNA content at rest in the testosterone group compared with
placebo suggests increased translational capacity, not efficiency, drives lean mass accretion in
response to testosterone supplementation during energy deficit.

Project 2
This study provided novel insight into the changes of metabolomics profiles while consuming
carbohydrate during aerobic exercise under acute high altitude (HA) exposure. While changes in
metabolomics profiles during HA are reflective of changes in substrate oxidation and mirror
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profiles of insulin resistant populations, causality cannot be determined. The information obtained 
from this analysis can be used to identify potential interventions for future investigation to 
overcome changes in metabolite profiles to improve glucose tolerance to support physical 
performance at HA. Based on the present study findings, short-term use of insulin sensitizing 
drugs, such as metformin or pioglitazone, may be appropriate with unacclimatized HA exposure 
to efficiently metabolize dietary carbohydrate. Alternatively, potential nutrition interventions such 
as antioxidant supplement L-carnitine or choline supplementation to reduce oxidative stress and 
enhance fat oxidation may improve metabolic dysregulation by increasing reliance on fatty acids 
for fuel during exercise, minimizing oxidative stress associated with insulin resistance.  

Project 3 
The results of this study suggest that interventions to maintain energy balance may be an effective 
strategy to prevent the decline in iron status with physical activity. These findings may be 
important for designing and implementing policies to prevent and treat iron deficiency in military 
personnel, endurance athletes, and potentially other populations that experience negative energy 
balance, such as in areas where malnutrition and infection are common.  

Project 4 
The G4G program successfully improved access to healthy/performance-based foods and 
improved the patrons’ satisfaction and meal quality. The G4G program enabled patrons to select 
performance-based food choices. Strategies to overcome program barriers can further improve 
patrons’ diet quality. Military dining facilities are important avenues to improve diet quality and 
nutrition-related behaviors to optimize warfighters’ fueling requirements. 

Project 5 
This project has led to the development of the Military Eating Behavior Survey, which is a 
validated tool that can now be used by scientists to study the relationships between military 
environments and changes in eating behavior in relation to health outcomes. This validated survey 
allows scientists to examine the role eating behavior plays in association with other variables such 
as body weight, body image, and physical fitness. 

What was the impact on other disciplines?   
Nothing to report 

What was the impact on technology transfer?   
Nothing to report 

What was the impact on society beyond science and technology? 
Nothing to report 

5. CHANGES/PROBLEMS:

Changes in approach and reasons for change
Nothing to report

Actual or anticipated problems or delays and actions or plans to resolve them
Nothing to report
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Changes that had a significant impact on expenditures 
Nothing to report 

Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or 
select agents 
Nothing to report 

Significant changes in use or care of human subjects 
Nothing to report 

Significant changes in use or care of vertebrate animals 
Nothing to report 

Significant changes in use of biohazards and/or select agents 
Nothing to report 

6. PRODUCTS:

• Publications, conference papers, and presentations

Journal publications.

An additional manuscript for Project 1 was published this year. Also, a manuscript was
accepted for presentation at an international conference next year and subsequent
publication, and another was submitted for publication.

An additional manuscript for Project 2 and the first two manuscripts for Project 3 also were
published in Year 4.

The first two manuscripts for Project 4 were submitted for publication this year.

Three additional manuscripts for Project 5 also were published this year.

Copies of the published manuscripts are included in the appendix.

1. Howard EE, Margolis LM, Berryman CE, Lieberman HR, Karl JP, Young AJ, Montano
MA, Evans WJ, Rodriguez NR, Johannsen NM, Gadde KM, Harris MN, Rood JC,
Pasiakos SM. Testosterone supplementation up-regulates androgen receptor expression
and translational capacity during severe energy deficit. Am J Physiol Endocrinol
Metab. 2020 Oct 1;319(4):E678-E688. doi: 10.1152/ajpendo.00157.2020. Epub 2020
Aug 10. PubMed PMID: 32776828. PMCID: PMC7750513.

2. Hennigar SR, McClung JP, Hatch-McChesney A, Allen JT, Wilson MA, Carrigan CT,
Murphy NE, Teien HK, Martini S, Gwin JA, Karl JP, Margolis LM, Pasiakos SM.
Energy deficit increases hepcidin and exacerbates declines in dietary iron absorption
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following strenuous physical activity: a randomized-controlled cross-over trial. Am J 
Clin Nutr. 2020 Nov 12:nqaa289. doi: 10.1093/ajcn/nqaa289. Online ahead of print. 
PMID: 33184627. 

3. Karl JP, Hatch-McChesney A, Allen JT, Fagnant HS, Radcliffe PN, Finlayson G,
Gwin JA, Margolis LM, Hennigar SR, McClung JP, Pasiakos SM. Effects of energy
balance on appetite and physiological mediators of appetite during strenuous physical
activity: secondary analysis of a randomised crossover trial. Br J Nutr. 2021 Jan 14:1-
40. doi: 10.1017/S0007114521000131. Online ahead of print. PMID: 33441218.

4. Jayne JM, Karl JP, McGraw SM, O’Connor K, DiChiara AJ, Cole RE. Eating behaviors
are associated with physical fitness and body composition among US Army Soldiers. J
Nutr Educ Behav. 2021 Jun;53(6):480-488. doi: 10.1016/j.jneb.2021.01.013. Epub
2021 Mar 3. PMID: 33674236.

5. Margolis LM, Karl JP, Wilson MA, Coleman JL, Ferrando AA, Young AJ, Pasiakos
SM. Metabolomic profiles are reflective of hypoxia-induced insulin resistance during
exercise in healthy young adult males. Am J Physiol Regul Integr Comp Physiol. 2021
Jul 1;321(1):R1-R11. doi: 10.1152/ajpregu.00076.2021. Epub 2021 May 5. PMID:
33949213.

6. Stukenborg MJ, Deschamps BA, Jayne JM, Karl JP, McGraw SM, DiChiara AJ, Cole
RE. Exceeding body composition standards is associated with a more negative body
image and increased weight cycling in active duty U.S. soldiers. Eat Behav. 2021 May
24;42:101532. doi: 10.1016/j.eatbeh.2021.101532. Online ahead of print. PMID:
34120036.

7. Cole RE, Jayne JM, O'Connor K, McGraw SM, Beyl R, DiChiara AJ, Karl JP.
Development and Validation of the Military Eating Behavior Survey. J Nutr Educ
Behav. 2021 Jun 29;S1499-4046(21)00608-4. doi: 10.1016/j.jneb.2021.04.467. Online
ahead of print. PMID: 34215517.

8. Pillai SR, Lieberman HR, Rood JC, Pasiakos SP, Murray K, Shankapal P, Carmichael
OT. Constrained learning of task-related and spatially-coherent dictionaries from task
fMRI data. Medical Image Computing and Computer-Assisted Intervention (MICCAI
2021) Workshop on Machine Learning in Clinical Neuroimaging – MLCN 2021.
September 27, 2021. (Accepted)

9. Carmichael OT, Pillai SR, Murray K, Shankapal P, Caldwell J, Vartanian O, Berryman
CE, Karl JP, Harris M, Rood JC, Pasiakos SM, Lieberman HR. Effects of testosterone
administration on fMRI responses to executive function, aggressive behavior, and
emotion processing tasks during severe exercise- and diet-induced energy deficit.
Neuroimage. July 2021 (Submitted)

10. Kleinberger CA, Bukhari AS, Moylan EM, Kirkpatrick KM, Billington JL, Armstrong
NJ, Cole RE, Deuster PA. Go for Green Nutrition Program: Translating Evidence
into Practice. J of Nutr Educ Behav. July 2021. (Resubmitted)
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11. Bukhari AS, Champagne C, McGraw SM, Armstrong NJ, Moylan EM, Kleinberger
C, Kirkpatrick K, Billington JL, Deuster PA, Cole RE. The Go For Green® Worksite
Nutrition Intervention Improved Patrons’ Food Choices. J of Nutr Educ Behav. July
2021. (Resubmitted)

Books or other non-periodical, one-time publications.  
Nothing to report 

Other publications, conference papers and presentations.  

One abstract for Project 4 was presented at an online conference this year, and three 
additional abstracts for Project 4 were accepted for presentation next year. An additional 
abstract for Project 5 also was accepted this year for presentation at a conference next year. 

A copy of the presented abstract is included in the appendix. 

1. Bukhari AS, Cole RE, Champagne CM, McGraw SM, Moylan E, Armstrong N.
Nutrition Interventions in Military Dining Facilities Can Enhance Diet Quality and
Meal Satisfaction. Food and Nutrition Conference and Expo, Oct 2020, virtual event.

2. McGraw SM, Bukhari AS, Armstrong NJ, Champagne CM, Kirkpatrick KM,
Billington JL, Deuster PA, Cole RE. Nutrition knowledge deficit identified among
military dining facility patrons. Military Health System Research Symposium, Aug
2021, Kissimmee, FL. (Accepted)

3. Bukhari AS, Armstrong NJ, Champagne CM, McGraw SM, Kirkpatrick KM,
Billington JL, Deuster PA, Cole RE. Go for Green® program evaluation finds nutrition
knowledge gaps among foodservice staff. Military Health System Research
Symposium, Aug 2021, Kissimmee, FL. (Accepted)

4. Bukhari AS, Armstrong NJ, Champagne CM, McGraw SM, Moylan EM, Kleinberger
CA, Kirkpatrick KM, Billington JL, Deuster PA, Cole RE. Nutrition interventions in
military dining facilities can enhance diet quality and meal satisfaction. Military Health
System Research Symposium, Aug 2021, Kissimmee, FL. (Accepted)

5. Allen JT, Jayne JM, Karl JP, McGraw SM; O'Connor K, DiChiara AJ; Cole RE. Weight
Management Behaviors Mediate the Relationship between Weight Cycling, Body Mass
Index, and Diet Quality among US Army Soldiers. Military Health System Research
Symposium, Aug 2021, Kissimmee, FL. (Accepted)

• Website(s) or other Internet site(s)
Nothing to report

• Technologies or techniques
Nothing to report
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• Inventions, patent applications, and/or licenses
Nothing to report

• Other Products
Nothing to report

7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

What individuals have worked on the project?

The projects in this award are being carried out in collaboration with scientists from the U.S. Army
Research Institute of Environmental Medicine; however, funds from this award are covering
personnel costs at Pennington Biomedical Research Center only. I have detailed the contributions
of Pennington Biomedical Research Center employees during this year:

Name: Jennifer Rood
Project Role: Principal Investigator
ORCID ID: 0000-0001-5848-2987
Nearest Person Month Worked: 5.2
Contribution to Project: She oversees/manages/coordinates the award and acts as the point of
contact for interactions with USARIEM scientists and oversee all regulatory processes. She also
serves as PI for project 1.

Name: Catherine Champagne
Project Role: Co-investigator
ORCID ID: 0000-0001-6127-1072
Nearest Person Month Worked: 3.0
Contribution to Project: She serves as the investigator for project 4.

Name: Ray Allen
Project Role: Computer support
Nearest Person Month Worked: 2.5
Contribution to Project: He provides computer support for project 4.

Name:  Bridget Conner
Project Role: medical technologist
Nearest Person Month Worked: 7.7
Contribution to Project: She provides analytical support in the clinical chemistry laboratory for
projects 1, 2, and 3. She prepares specimen collection containers, processes specimens, analyzes
biological samples, and reports results.

Name:  Valery Hymel
Project Role: research associate
Nearest Person Month Worked: 7.7
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Contribution to Project: She provides analytical support in the Mass Spectrometry Laboratory. She 
prepares specimen collection containers, processes specimens, analyzes biological samples, and 
reports results.   

Name:  Jessica Landry 
Project Role: research specialist 
Nearest Person Month Worked: 9.0 
Contribution to Project: She provides analytical support in the clinical chemistry laboratory for 
project 3. She prepares specimen collection containers and processes specimens.   

Name:  Steve Lee 
Project Role: medical technologist/lab manager 
Nearest Person Month Worked: 7.7 
Contribution to Project: He provides analytical support in the clinical chemistry laboratory for 
projects 1, 2, and 3. He prepares specimen collection containers, processes specimens, analyzes 
biological samples, and reports results.   

Name: Stacey Roussel 
Project Role: medical technologist/lab manager 
Nearest Person Month Worked: 7.7 
Contribution to Project: She provides analytical support in the clinical chemistry laboratory for 
projects 1, 2, and 3. She prepares specimen collection containers, processes specimens, analyzes 
biological samples, and reports results.   

Name:  Jonathan Savoie 
Project Role: research associate 
Nearest Person Month Worked: 7.7 
Contribution to Project: He provides analytical support in the Mass Spectrometry Laboratory. He 
prepares specimen collection containers, processes specimens, analyzes biological samples, and 
reports results.   

Name:  Tiffany Stewart 
Project Role: Co-investigator 
Nearest Person Month Worked: 1.8 
Contribution to Project: She oversees project 5 and works on the development of a military specific 
eating behavior survey. 

Name:  Jamie Tuminello 
Project Role: medical technologist 
Nearest Person Month Worked: 12.0 
Contribution to Project: She provides analytical support in the clinical chemistry laboratory for 
projects 1, 2, and 3. She prepares specimen collection containers, processes specimens, analyzes 
biological samples, and reports results.   

Name:  Dawn Turner 
Project Role: research associate 
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Nearest Person Month Worked: 1.8 
Contribution to Project: She provides visual estimation and food photography support for project 
4. 

Name:  Edie White 
Project Role: administrative assistant 
Nearest Person Month Worked: 6 
Contribution to Project: She provides administrative support for the entire award. 

Total Expenditures to Date:  $6,156,045.47 

Has there been a change in the active other support of the PD/PI(s) or senior/key personnel 
since the last reporting period?  

Nothing to report 

What other organizations were involved as partners?   

Organization Name: United States Army Research Institute of Environmental Medicine, Military 
Nutrition Division 
Location of Organization: Natick, MA 
Partner’s contribution to the project:  Collaboration (as detailed in the Statement of Work) 
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Johannsen NM, Gadde KM, Harris MN, Rood JC, Pasiakos

SM. Testosterone supplementation upregulates androgen receptor
expression and translational capacity during severe energy deficit. Am
J Physiol Endocrinol Metab 319: E678–E688, 2020. First published
August 10, 2020; doi:10.1152/ajpendo.00157.2020.—Testosterone
supplementation during energy deficit promotes whole body lean
mass accretion, but the mechanisms underlying that effect remain
unclear. To elucidate those mechanisms, skeletal muscle molecular
adaptations were assessed from muscle biopsies collected before, 1 h,
and 6 h after exercise and a mixed meal (40 g protein, 1 h postexer-
cise) following 14 days of weight maintenance (WM) and 28 days of
an exercise- and diet-induced 55% energy deficit (ED) in 50 physi-
cally active nonobese men treated with 200 mg testosterone enan-
thate/wk (TEST) or placebo (PLA) during the ED. Participants (n =
10/group) exhibiting substantial increases in leg lean mass and total
testosterone (TEST) were compared with those exhibiting decreases
in both of these measures (PLA). Resting androgen receptor (AR)
protein content was higher and fibroblast growth factor-inducible 14
(Fn14), IL-6 receptor (IL-6R), and muscle ring-finger protein-1 gene
expression was lower in TEST vs. PLA during ED relative to WM
(P < 0.05). Changes in inflammatory, myogenic, and proteolytic gene
expression did not differ between groups after exercise and recovery
feeding. Mechanistic target of rapamycin signaling (i.e., translational
efficiency) was also similar between groups at rest and after exercise
and the mixed meal. Muscle total RNA content (i.e., translational
capacity) increased more during ED in TEST than PLA (P < 0.05).
These findings indicate that attenuated proteolysis at rest, possibly
downstream of AR, Fn14, and IL-6R signaling, and increased transla-
tional capacity, not efficiency, may drive lean mass accretion with
testosterone administration during energy deficit.

androgen receptor; inflammation; muscle mass; myonuclear accre-
tion; negative energy balance; translational capacity

INTRODUCTION

The effects of testosterone administration on lean body mass
accretion are well documented (7–9) and suggest testosterone

supplementation is a viable strategy for preserving muscle mass
in populations exposed to extreme stress. United States military
personnel, in particular, endure high physical demands, sleep de-
privation, and sustained periods of severe unavoidable energy
deficit during training and combat operations. Those stressors,
especially energy deficit, may alter molecular regulation of mus-
cle mass [i.e., mechanistic target of rapamycin (mTOR)-mediated
anabolic signaling; see Ref. 35], attenuate skeletal muscle and
whole body anabolism and increase catabolism (12), and result in
lean body mass losses (4, 36, 37). Loss of lean mass under these
conditions is likely accelerated by the concomitant suppression of
endogenous testosterone synthesis (25, 29) and may therefore be
attenuated with supplemental testosterone (42, 43).
The anabolic effects of supplemental testosterone have been

attributed to androgen receptor (AR)-dependent and -independ-
ent regulation of muscle protein synthesis and breakdown (47),
and satellite cell and muscle pluripotent stem cell commitment
and differentiation (49, 51). Testosterone treatment in older men
was shown to increase skeletal muscle AR expression (23, 27).
Upregulation of anabolic signaling through the mTOR pathway
(i.e., translational efficiency; see Refs. 3 and 58) and AR-de-
pendent downregulation of ubiquitin-mediated proteolysis (64)
has also been observed in vitro following testosterone adminis-
tration in cultured rodent muscle cells. A persistent increase in
muscle protein synthesis and decrease in muscle protein break-
down would lead to muscle mass accrual over time. Further-
more, testosterone-related increases in the fusion of activated
satellite cells to existing muscle fibers has been hypothesized to
contribute to greater muscle volume (13, 52). Activation, prolif-
eration, and differentiation of normally quiescent muscle satel-
lite cells and pluripotent stem cells occur with the sequential
expression of specific myogenic regulatory factors [i.e., myo-
genic differentiation-1 (MyoD), paired box 7 (Pax7), myogenic
factor 5 (Myf5), myogenic factor 6 (Myf6), and myogenin].
Testosterone supplementation in humans increases the number
of proliferating satellite cells and expression of myogenin, indi-
cating testosterone promotes cell cycle entry and later stages of
myogenesis (51). Testosterone-mediated increases in satellite
cell number and their fusion with existing fibers may be regu-
lated through nongenomic AR-independent pathways (26) andCorrespondence: S. Pasiakos (stefan.m.pasiakos.civ@mail.mil).
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AR-dependent signaling (32, 49, 50). Additionally, the potential
anti-inflammatory effect of exogenous testosterone administra-
tion (1, 15, 54) may promote myogenesis and decrease proteoly-
sis by attenuating excessive inflammation (10, 18, 31).
To our knowledge, the molecular effects of exogenous testos-

terone administration during exercise- and diet-induced energy
deficits remain unexplored. Whether testosterone supplementa-
tion alters intramuscular signaling at rest or after exercise and
recovery feeding is also unclear. Understanding the effect of tes-
tosterone on intracellular signaling pathways regulating muscle
mass under these conditions may facilitate the development of
androgen-targeted therapies for mitigating muscle loss during
situations of severe energy deficit. Given the well-established
intramuscular anabolic, proteolytic, myogenic, and inflamma-
tory signaling responses to exercise and feeding (33, 57, 61), the
possibility exists that testosterone administration promotes lean
mass accretion by modulating these pathways under postexer-
cise and postfeeding conditions. For example, testosterone may
potentiate the synergistic effect of high-protein feeding and
exercise on stimulating rates of muscle protein synthesis by
improving the reutilization of amino acids (24). Testosterone-
mediated increases in myogenesis may also enhance the repair,
replacement, and remodeling of mechanical stress-induced mus-
cle fiber damage during postexercise recovery to facilitate mus-
cle mass maintenance (11). Therefore, the objective of this
study was to determine the effect of testosterone (200 mg testos-
terone enanthate/wk, TEST) or placebo (PLA) supplementation
during 28 days of a severe exercise- and diet-induced energy
deficit (ED;�55% deficit) on AR protein content, mTOR-medi-
ated anabolic signaling (translational efficiency), muscle total
RNA content (translational capacity), ubiquitin-mediated prote-
olysis, myogenesis, and muscle inflammation relative to a pe-
riod of weight maintenance (WM) under fasted rested
conditions and in recovery from exercise and a protein-contain-
ing meal. We hypothesized that TEST vs. PLA supplementation

would increase resting AR expression and attenuate intramuscu-
lar inflammation, resulting in greater myogenesis, enhanced effi-
ciency of anabolic signaling, and lower proteolysis at rest and
after exercise and recovery feeding during ED relative to WM.

MATERIALS AND METHODS

Participants. Participants were part of a larger proof-of-concept, sin-
gle center, randomized, double-blind, placebo-controlled trial that
assessed the effects of exogenous testosterone administration during 28
days of a severe exercise- and diet-induced energy deficit on changes in
body composition (43). Participant eligibility and recruitment details
have been reported previously (42). Briefly, 50 young (18–39 yr) physi-
cally active (�2 days/wk aerobic and/or resistance exercise) men who
met age-specific U.S. Army body composition standards (55) and had
total testosterone concentrations within the normal physiological range
(300–1,000 ng/dL) were recruited locally from the Baton Rouge, LA,
area. Data in this manuscript are presented for 20 of those 50 partici-
pants who were dichotomized into two groups characterized by
increases (TEST, n = 10) or decreases (PLA, n = 10) in both leg lean
mass and total testosterone during energy deficit. This study was
approved by the Institutional Review Board at the Pennington
Biomedical Research Center (PBRC, Baton Rouge, LA) and by the
Human Research Protection Office of the U.S. Army Medical Research
and Development Command (Ft. Detrick, Fredericksburg, MD). All
participants provided written informed consent and the study is regis-
tered with ClinicalTrials.gov as NCT02734238.

Experimental design. This study involved 14 days of weight mainte-
nance (WM) followed by 28 days of a highly controlled exercise- and
diet-induced energy deficit (ED) (Fig. 1). Skeletal muscle inflamma-
tory, myogenic, synthetic, and proteolytic signaling pathways were
assessed in vastus lateralis biopsies following WM (day 14) and ED
(day 42) at rest and after exercise and a protein-containing mixed meal.
Before WM, participants wore an accelerometer for 7 days, recorded
physical activity for 3 days, and completed a 3-day food log to assess
habitual diet and physical activity patterns. Participants subsequently
maintained their habitual physical activity during the 14-day free-living
WM phase as verified by daily activity records and accelerometry.

Weight Maintenance
Free-living, controlled eucaloric diet

Energy Deficit
Inpatient, controlled diet- and exercise-induced 55% energy deficit

14 4211

Treatment Randomization
Placebo (1 mL sesame oil/wk)
Testosterone (200 mg testosterone enanthate/wk)

390

60 min cycle 
ergometry

Mixed meal - 40 g protein, 25% daily energy intake 

0  h 1 6
Resting Post Recovery

DXA

Muscle biopsy of the
vastus lateralis 

Fasted blood sample

Day

Fig. 1. Experimental design. The current analysis was part of a larger study assessing the effects of exogenous testosterone administration on changes in body compo-
sition after a 28-day exercise- and diet-induced energy deficit (ED) designed to be 45% of total energy needs (43). Biopsies were collected at the end of weight main-
tenance (WM) and ED before (Resting) and 1 (Post) and 6 (Recovery) h after exercise (1 h cycle ergometry), with a mixed meal (40 g protein) consumed following
the first postexercise biopsy. Steady-state aerobic exercise bouts were matched between WM and ED for each participant based on power output (1246 22 W) and
total work performed (4486 77 kJ). DXA, dual-energy X-ray absorptiometry.
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Participants also began a controlled eucaloric diet providing 1.6 g
protein·kg�1·day�1, 30% energy intake from fat, and remaining calo-
ries from carbohydrates during WM. This macronutrient distribution
was maintained throughout the study. Energy requirements for WM
were individualized using the Mifflin St. Jeor Equation with an activity
factor of 1.3, as well as the 7-day accelerometer and 3-day activity log
data obtained during screening visits (42, 43). Compliance with diet
instructions during WM was verified by research dietitians and by
measuring seminude body weight daily with a calibrated digital scale
(GSE Inc. model 450; GSE Scale Systems, Novi, MI) after an overnight
fast and morning void (43). Caloric adjustments were made if necessary
to maintain body mass within62%.

Participants were admitted to an inpatient unit at PBRC at the end of
WM to begin the 28-day (days 15–42) exercise- and diet-induced ED.
They were randomized (1:1 ratio) at the beginning of this phase to
receive weekly intramuscular injections of 200 mg of testosterone
enanthate (TEST) or 1 mL of sesame oil placebo (PLA). Participants
were allocated to groups using a computer-generated randomization
plan (version 9.4; SAS Institute, Cary, NC) with a permuted-block
method (n = 4/block) and age stratification (<29 or �29 yr; see Ref.
43). The dose of testosterone administered on days 15, 21, 28, and 35
was chosen based on previous dose-response studies (9, 14, 30) to
maintain normal testosterone concentrations during the severe energy
deficit while minimizing the potential for secondary health effects (42).
As previously described (43), participants performed �3.5 sessions of
varied-intensity (40–85% of predetermined V_ O2peak) aerobic-type exer-
cise per day to increase exercise-induced energy expenditure (EIEE)
from habitual levels and elevate total daily energy expenditure (TDEE)
by 50% from WM [i.e., ED EIEE=WM EIEE + (0.5 � WM TDEE)].
The 55% energy deficit was established by setting energy intake at
45% of the elevated TDEE. TDEE was increased during ED using dis-
crete bouts of steady-state aerobic-type exercise in an effort to reflect
the aerobic-type physical work performed during strenuous military
training and operations. Exercise modalities used to increase EIEE
have been reported previously (43) and included elliptical, stationary
bike, and treadmill or outdoor walking, running, and load carriage
(weighted backpack �30% of body mass). Exercise intensity was veri-
fied biweekly using open circuit indirect calorimetry (ParvoMedics
TruOne 2400, East Sandy, UT) and adjusted when needed to maintain
the prescribed EIEE (43). Light calisthenics were also incorporated ev-
ery 3–4 days during ED to decrease the monotony of the prescribed aer-
obic exercise and better simulate field operations. Calisthenics were not
performed within 48 h of exercise testing and muscle biopsies and inte-
grated into individual exercise prescriptions to meet target energy
expenditure.

Body composition. Body composition was determined using a three-
compartment model (lean body mass, fat mass, bone mineral content)
derived from dual-energy X-ray absorptiometry (DXA; Lunar iDXA,
GE Healthcare, Madison, WI). Scans were analyzed using the Lunar
Encore software (version 13.6). Total body mass, lean body mass, and
fat mass were primary outcomes of the parent study (43) and are
reported in this manuscript for the involved participants as a change
from WM to ED. Lean body mass was calculated as total body mass
minus fat mass and bone mineral content. DXA scans were conducted
by trained personnel on days 11 and 39 after an overnight fast and
morning void using the participant positioning standards reported pre-
viously (43). Water intake was monitored, and conditions for the DXA
were controlled across time and participants.

Endocrine profile. Endocrine profiles were analyzed from fasted
blood samples collected before the first muscle biopsy procedure on
days 14 and 42 and have been presented previously for all 50 partici-
pants (43). In brief, an Immulite 2000 system (Siemens, Llanberis, UK)
was used to analyze blood samples for follicle-stimulating hormone
[FSH, analytical range of 0.1–170 mIU/mL, and intra-assay coefficient
of variation (CV) of 3.2%], luteinizing hormone (LH, 0.05–200 mIU/
mL and 3.2%), total testosterone (20–1,600 ng/dL and 8.3%), estradiol
(E2; 20–2,000 pg/mL and 6.4%), sex-hormone binding globulin

(SHBG; 0.02–180 nmol/L and 2.5%), and insulin (2–150 μIU/mL and
3.8%). Glucose (10–600 mg/dL and 2.0%) was analyzed on a Beckman
DXC 600 Pro (Brea, CA). An enzyme-linked immunoassay (ALPCO,
Salem, NH) with an analytical sensitivity of 0.09 ng/mL and intra-assay
CV of 6.65% was used to analyze IGF-I. All samples were analyzed in
duplicate. Blood was sampled between 0600 and 0900 h given the diur-
nal variation of total testosterone in young men (56). Hormone data in
the current manuscript are presented for the involved participants as a
change fromWM to ED.

Participant stratification. Changes in leg lean mass and total testos-
terone from WM to ED were positively associated for all 50 partici-
pants (r=0.541, P < 0.001, Fig. 2). These changes remained close to
zero for several individuals in both groups, however, suggesting intra-
muscular adaptations in TEST participants with substantial increases in
both total testosterone and leg lean mass, and PLA participants whose
total testosterone and leg lean mass markedly decreased, may best
explain the mechanisms driving differences in lean mass with testoster-
one vs. placebo administration during energy deficit (43). Therefore,
muscle biopsies from a subset of participants exhibiting substantial
increases in leg lean mass and total testosterone (TEST, n = 10) or
decreases in both of these measures (PLA, n = 10) were assayed to
assess phosphorylation status, total protein and gene expression. This
method of participant stratification allowed exclusion of individuals
who, for example, had large increases in total testosterone but no
change in leg lean mass during the intervention (i.e., nonresponders), as
well as those with minimal changes in both of these parameters. This
approach has been implemented previously by studies investigating dif-
ferences in high vs. low responders to resistance exercise (16, 39, 41),
which allocate participants who fall into extremes for study outcomes
(i.e., greatest increase or decrease in muscle cross-sectional area, mus-
cle mass, etc.) into subsets and evaluate group differences. Available
muscle tissue was also a consideration when selecting individuals for
analysis. A TEST participant with large increases in total testosterone
(474 ng/dL) and leg lean mass (0.70 kg) was excluded, since there was
insufficient muscle tissue for multiple muscle biopsy time points.

Experimental exercise bout and muscle biopsies. Percutaneous
muscle biopsies of the vastus lateralis were collected at rest and after a
steady-state aerobic exercise bout on day 14 of WM and following the
28-day ED on day 42. The exercise bout included 60 min of cycle ergo-
metry (Lode Excalibur Sport, Lode B.V., Groningen, the Netherlands)
with exercise intensity matched between ED and WM for each partici-
pant based on power output (1246 22 W) and total work performed
(4486 77 kJ). An absolute intensity was used to limit the confounding
effects of weight loss on relative exercise intensity and standardize the
absolute stress. Workloads for the experimental exercise bouts were
determined during the 1st wk of WM using intermittent indirect

Fig. 2. Participant stratification according to leg lean mass and total testosterone.
Changes in leg lean mass (kg) and total testosterone (ng/dL) were positively
associated for all 50 participants. A subset of individuals exhibiting marked
increases (TEST, n = 10) or decreases (PLA, n = 10) in both leg lean mass and
total testosterone were included in all analyses.
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calorimetry assessment of oxygen kinetics throughout a familiarization
ride on the cycle ergometer. A total of three muscle biopsies were col-
lected from one incision on one leg per biopsy protocol day using a 5-
mm Bergström needle with manual suction (22) and under local anes-
thesia (1% lidocaine). The biopsy needle was inserted at different
angles to separate sample sites by �5 cm and limit excessive trauma or
inflammation. Muscle biopsies were snap-frozen in liquid nitrogen and
stored at �80�C until further analysis. Muscle biopsies were collected
under fasted rested conditions (Resting) and again after the cycle ergo-
metry bout at 1 h (Post) and 6 h (Recovery) postexercise. Participants
also consumed a standardized meal after the 1-h postexercise biopsy
providing 25% of daily energy intake, 40 g of protein from animal sour-
ces, and 30% of kcal from fat (Table 1). The high protein content of the
meal (�40 g) was chosen to ensure maximal stimulation of the postex-
ercise synthetic response (59), especially since a portion of dietary pro-
tein may be oxidized for fuel rather than support protein synthesis
under energy deficit conditions (5).

mRNA expression and total RNA content. Total RNA was extracted
from �15 mg of muscle using a TRIzol/ethanol precipitation method.
The resulting RNA pellet was resuspended in 50 mL of nuclease-free
water and assessed for quality and quantity using a Nanodrop ND-2000
spectrophotometer (NanoDrop, Wilmington, DE). The muscle total
RNA concentration (mg RNA/mg muscle) was assessed to provide
insights on muscle translational capacity, since ribosomal RNA com-
prises the majority of cellular RNA (>85%; see Ref. 63). This was cal-
culated based on the total RNA yield and the weight of the analyzed
muscle sample [RNA concentration (mg/mL) � solution volume (50
mL) � muscle weight (mg)�1]. Equal amounts of total RNA (500 mg)
were reverse-transcribed into cDNA using High-Capacity cDNA RT
Kits (Applied Biosystems, Foster City, CA) and a T100 Thermal
Cycler (Bio-Rad, Hercules, CA). Transcript levels of select genes
linked to skeletal muscle inflammation [IL-6, IL-6 receptor (IL-6R),
TNF-a, TNF-a receptor (TNFa-R), TNF-like weak inducer of apopto-
sis (TWEAK), and fibroblast growth factor-inducible 14 (Fn14)], myo-
genesis [MyoD, myogenin, Pax7, Myf5, and Myf6], and protein
breakdown [muscle atrophy F-box (MAFbx) and muscle ring-finger
protein-1 (MuRF1)] were determined using commercially available
TaqMan probes (Applied Biosystems). Samples were run in 10-mL
reactions in duplicate using TaqMan fast advanced master mix with a
Step One Plus Real-Time PCR system (Applied Biosystems). Data
were normalized to the geometric mean of glucuronidase-beta (GUSB)
and tubulin beta class I (TUBB) mRNA, and fold changes were calcu-
lated using the DDCT method (45). Resting gene expression during
energy deficit was expressed as a fold change relative to WM for TEST
and PLA. Gene data were also expressed as a fold change from resting
values within each treatment (TEST and PLA) and phase (WM and
ED) to evaluate the response to exercise and feeding. There was insuffi-
cient sample for one PLA participant at Post duringWM and one TEST
participant at Resting and one PLA participant at Post during ED (n = 9
for these time points). One Fn14 and IL-6 data point for a PLA partici-
pant at Post and Recovery during WM, and at Resting during ED, were

considered outliers and removed given their values were greater than 3
SDs from the mean.

Intracellular signaling. Total protein content of AR and the relative
abundance and phosphorylation state of proteins involved in mTOR-
mediated anabolic signaling were determined using standard SDS-
PAGE and Western blot analysis. Approximately 15 mg of muscle were
homogenized in ice-cold lysis buffer with protease and phosphatase
inhibitors. Homogenized samples were snap-frozen in liquid nitrogen,
thawed on ice, and centrifuged for 15 min at 10,000 g (4�C).
Supernatant (lysate) was subsequently collected, and protein concentra-
tions were determined using a 660-nm Protein Assay (ThermoScientific,
Rockford, IL). Muscle lysates were solubilized in Laemmli buffer and
loaded in equal amounts (i.e., 15 mg/lane) in precast Tris·HCl gels (Bio-
Rad). Proteins were then separated by SDS-PAGE and transferred to
polyvinylidene fluoride membranes (Bio-Rad) that were incubated over-
night at 4�C with commercially available primary antibodies specific
to total ribosomal protein S6 (rpS6; Abcam, Cambridge, MA),
p-rpS6Ser240/244, total mTOR, p-mTORSer2448, total p70 ribosomal pro-
tein S6 kinase (p70S6K), p-p70S6KSer424/Thr421, and total AR (Cell
Signaling Technology, Danvers, MA). Labeling was performed using
horseradish peroxidase-conjugated secondary antibody (Cell Signaling
Technology), and signals were detected using a ChemiDoc XRS system
(Bio-Rad) with Image Laboratory software (Bio-Rad) following appli-
cation of chemiluminescent reagent (Pierce, Rockford, IL). Heat-shock
protein 90 (HSP90) was used to confirm that equal amounts of protein
were loaded per well. Phosphorylation status was expressed relative to
totals of each protein, and total protein content was expressed relative to
HSP90. Resting phosphorylation status and total protein content during
ED are displayed as a fold change from WM for TEST and PLA.
Protein phosphorylation status was also expressed as a fold change from
resting values within each treatment (TEST and PLA) and phase (WM
and ED) to evaluate the response to exercise and feeding. There was
insufficient sample for one TEST participant at Recovery during WM
and at Resting during ED (n = 9), one PLA participant at Resting and
Post during WM (n = 9), and two PLA participants at Post during ED
(n = 8).

Statistical analysis. Differences between TEST and PLA in the
composition of the postexercise meal and dietary intake during WM
and ED, change (ED � WM) in body composition and endocrine pro-
file, and participant characteristics were analyzed using unpaired t tests.
We were also interested in the intramuscular molecular response to
exercise and recovery feeding in TEST vs. PLA within WM and ED
phases. Mixed-model repeated-measures ANOVA was therefore used
to examine changes in phosphorylation status and mRNA expression
following exercise and a high-protein mixed meal (Resting, Post, and
Recovery) within each treatment (TEST and PLA) and phase (WM and
ED). Bonferroni adjustments were performed for multiple comparisons
if significant main effects or interactions were observed. This analysis
did not examine the effect of treatment on molecular outcomes at rest,
since the Resting time points were used as the control within each
phase. Therefore, differences between TEST and PLA for fold change
relative to WM in phosphorylation status, total protein content, and
gene expression were evaluated at Resting time points using unpaired t
tests. We have used similar methods previously to separately examine
molecular adaptations at rest and changes in the response to exercise
and recovery feeding (35). Associations between changes in Resting
AR total protein content, total RNA, Fn14, IL-6R, and MuRF1 gene
expression were examined using Pearson’s correlation. Normality was
assessed using Shapiro-Wilk tests for dependent variables, and mRNA
data were log2 transformed given several mRNA end points were not
normally distributed. These data were presented as fold change
means6SD in Figs. 3 and 4 and Table 3 for clarity. Gene and protein
data in correlations were log2 transformed and presented as such, since
negative fold change means are on a scale of 0–1 while positive data
are >1, resulting in uneven scales. All data within text, Figs. 1–5 and
Tables 1–3 are presented as means6 SD. The a level of significance
for all statistical tests was two-tailed and set at P < 0.05. Data were

Table 1. Macronutrient composition of the postexercise meal
in TEST vs. PLA at weight maintenance and energy deficit

Absolute Intake

WM ED

TEST PLA P Value TEST PLA P Value

Energy, kcal 6756 122 6406 101 0.498 3906 58 3766 45 0.545
Carbohydrate, g 816 23 756 19 0.511 296 11 266 8 0.533
Protein, g 406 0 406 0 0.821 406 0 406 0 0.780
Fat, g 236 4 216 3 0.483 136 2 136 1 0.522

Values are means6 SD. Unpaired t tests were used to compare testosterone
(TEST, n = 10) and placebo (PLA, n = 10) within weight maintenance (WM)
and energy deficit (ED) phases.
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analyzed using IBM SPSS Statistics for Windows version 26 (IBM,
Armonk, NY).

RESULTS

Participants in the TEST and PLA groups did not differ in
age (226 3 vs. 256 6 y), body mass index (256 3 vs. 236 2
kg/m2), or dietary intake during WM [energy (33.56 3.1 vs.
36.56 5.3 kcal·kg�1·day�1), carbohydrate (4.46 0.5 vs. 4.96
0.9 g·kg�1·day�1), protein (1.76 0.1 vs. 1.76 0.1 g·kg�1·
day�1), and fat (1.16 0.1 vs. 1.26 0.1 g·kg�1·day�1)] and ED
[energy (25.06 4.0 vs. 24.06 4.0 kcal·kg�1·day�1), carbohy-
drate (2.76 0.5 vs. 2.66 0.6 g·kg�1·day�1), protein (1.86 0.3
vs. 1.66 0.2 g·kg�1·day�1), and fat (0.86 0.1 vs. 0.86 0.1
g·kg�1·day�1)] (TEST vs. PLA, P> 0.05). Absolute energy and
macronutrient content of the postexercise meal were also similar
for TEST and PLA within WM and ED phases (Table 1).
Adverse events were reported previously and not different
between treatment groups (43).
Body composition and endocrine profile changes during the

28-day ED differed between groups (Table 2). Loss of total
body mass and total leg mass was less for TEST than PLA (P <
0.05). Lean body mass and leg lean mass changes were more
positive for TEST than PLA (P< 0.05). Changes in total testos-
terone, free testosterone, and E2 were more positive and changes
in FSH and LH were more negative in TEST than PLA (P <
0.05). Change in SHBG was also lower for TEST than PLA fol-
lowing ED relative to WM (P< 0.05).

Resting AR total protein content was higher for TEST than
PLA during ED relative to WM (P < 0.05, Fig. 3A). Change in
Resting total RNA was higher for TEST than PLA (P < 0.05,
Fig. 3B). Resting Fn14, IL-6R, and MuRF1 gene expression
was lower for TEST than PLA during ED relative to WM (P <
0.05, Fig. 3, C–E). Additional markers of inflammation, myo-
genesis, and proteolysis were not different between groups at
rest (Table 3). Changes in Resting AR total protein were posi-
tively associated with changes in Resting total RNA (r = 0.467,
P< 0.05, Fig. 3F), and negatively associated with Fn14 and IL-
6R (r = �0.643 and �0.616, P < 0.05, Fig. 3, G and H).
Changes in Resting IL-6R and MuRF1 were also positively
associated (r = 0.838, P< 0.05, Fig. 3I).
Fn14 was greater than Resting at Post and Recovery inde-

pendent of phase in both groups, with differences between Post
and Recovery evident only in PLA (P< 0.05, time-by-treatment
interaction; Fig. 4A). TWEAK and MAFbx were lower than
Resting and Post at Recovery independent of phase and treat-
ment (P < 0.05, time main effect, Fig. 4, B and M). TNFa-R,
IL-6R, MyoD, and Myf6 were greater than Resting at Post and
greater than Resting and Post at Recovery independent of phase
and treatment (P < 0.05, time main effect, Fig. 4, C, E, and G,
and K). IL-6R expression was also greater during ED in TEST
vs. PLA independent of time (P < 0.05, phase-by-treatment
interaction, Fig. 4E). Myf5 was greater during ED vs. WM inde-
pendent of time and treatment (P < 0.05, phase main effect),
greater than Resting at Post, and lower than Resting and Post at
Recovery independent of phase and treatment (P < 0.05, time
main effect, Fig. 4J). TNF-a was lower during ED than WM in-
dependent of time and treatment (P < 0.05, phase main effect)
and greater than Resting at Post and Recovery independent of
treatment and phase (P < 0.05, time main effect, Fig. 4D). IL-6
was greater than Resting at Post and Recovery and greater in
TEST vs. PLA at Post independent of phase (P< 0.05, time-by-
treatment interaction, Fig. 4F). MuRF1 was greater than
Resting at Post and Recovery in both groups, with lower expres-
sion at Recovery than Post in TEST, and greater expression at
Post in TEST vs. PLA independent of phase (P< 0.05, time-by-
treatment interaction, Fig. 4L). Pax7 was lower than Resting at
Post during WM and lower than Resting and Post at Recovery
during WM and ED independent of treatment (P < 0.05, time-
by-phase interaction, Fig. 4I). Myogenin was not different at
any time point (Fig. 4H).
Phosphorylation status and total protein of mTOR, p70S6K,

and rpS6 were not different during ED relative to WM under
fasted rested conditions (Fig. 3). Post and Recovery p-
mTORSer2448 and p-rpS6Ser240/244 were greater than Resting in-
dependent of treatment and phase (P < 0.05, time main effect;
Fig. 5, A and C), whereas p-p70S6KSer424/Thr421 was similar at
all time points (Fig. 5B).

DISCUSSION

The primary observation of this study is that AR protein con-
tent was higher and Fn14, IL-6R, and MuRF1 gene expression
was lower at rest in TEST compared with PLA during ED rela-
tive to WM. Levels of mTOR-mediated anabolic signaling (i.e.,
translational efficiency) did not differ between groups at any
time point; however, the greater increase in muscle total RNA
content for TEST than PLA during ED supports an enhanced
translational capacity. Molecular responses to an exercise bout

Table 2. Body composition and endocrine profile changes in
TEST and PLA following energy deficit

ED – WM, D

TEST PLA P Value

Body composition
Body mass, kg
Total �0.96 1.9 �5.16 1.4 <0.0001
Lean 3.86 1.2 �0.96 1.0 <0.0001
Fat �4.76 1.6 �4.16 1.2 0.348

Leg mass, kg
Total �0.36 0.7 �1.86 0.6 <0.0001
Lean 1.26 0.7 �0.76 0.4 <0.0001
Fat �1.56 0.4 �1.36 0.3 0.063

Trunk mass, kg
Total �0.36 1.4 �2.26 0.9 0.003
Lean 2.46 0.8 0.46 0.7 <0.0001
Fat �2.76 1.1 �2.66 1.0 0.798

Endocrine profile
TT, ng/dL 711.96 159.3 �193.46 77.8 <0.0001
FT, ng/dL 19.06 3.7 �6.06 1.7 <0.0001
FSH, mIU/mL �3.26 1.2 �0.66 1.0 0.007
E2, pg/mL 39.76 17 �9.16 8.8 <0.0001
SHBG, mg/mL 3.76 9.3 18.36 9.7 0.003
LH, mIU/L �2.86 1.0 �1.16 1.5 0.009
IGF-I, ng/mL �82.76 85.6 �120.86 77.3 0.310
Glucose, mg/dL �10.26 8.8 �8.56 14.7 0.757
Insulin, mIU/mL �7.46 8.5 �7.06 11.3 0.925
Cortisol, mg/dL 4.76 4.3 6.06 4.5 0.494

Values are means6 SD. Data were expressed as energy deficit (ED) minus
weight maintenance (WM), and differences between subjects receiving 200
mg testosterone enanthate/wk (TEST, n = 10) or placebo (PLA, n = 10) were
analyzed using unpaired t tests. TT, total testosterone; FT, free testosterone;
FSH, follicle-stimulating hormone; E2, estradiol; SHBG, sex-hormone binding
globulin; LH, luteinizing hormone.
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and high-protein mixed meal were also similar in TEST and
PLA. These novel findings suggest that, in addition to altered
translational capacity, testosterone administration during a
severe exercise- and diet-induced energy deficit attenuates pro-
teolytic gene expression at rest, possibly via upstream AR,
Fn14, and IL-6R signaling.
The anabolic effect of supplemental testosterone during

energy deficit may be mediated by AR signaling and its down-
stream effect on proteolytic activity. Higher AR total protein
content was observed at rest in TEST vs. PLA during ED relative
to WM. This is consistent with previous work showing increases
in skeletal muscle AR gene expression and protein abundance
with testosterone administration in older men (23, 27). Likewise,
castration-induced testosterone deficiency was shown to increase
muscle proteolytic gene expression in mice (48, 58), whereas
testosterone administration in C2C12 cells represses MAFbx
expression through AR-dependent signaling (64). Recent work
from Muta et al. (40) also showed that a selective AR agonist
decreased expression of MAFbx and MuRF1 in cultured C2C12

myotubes. Although MAFbx did not differ between groups at
rest, these findings are consistent with lower abundance of
Resting MuRF1 in TEST than PLA during ED relative to WM,
which may result from upstream changes in AR abundance.
Lower expression of the inflammatory markers Fn14 and IL-

6R at rest in TEST vs. PLA during ED relative to WM may also
mediate changes in proteolytic activity. Levels of Fn14 are gener-
ally low in healthy tissues, and therefore the induction of Fn14

expression is tied to TWEAK/Fn14 pathway activity (21). Fn14
expression is substantially increased under several catabolic con-
ditions in mice (i.e., denervation, starvation), leading to muscle
loss through downstream activation of MuRF1 (38, 44).
Heightened activation of this pathway following TWEAK admin-
istration to cultured myotubes similarly increased MuRF1 and
MAFbx expression (19). Likewise, inhibiting IL-6R decreased
MuRF1 but not MAFbx expression and prevented disuse-induced
muscle atrophy in mice subjected to hindlimb unloading (60).
This potential relationship between IL-6R and MuRF1 is consist-
ent with the highly associated changes in IL-6R and MuRF1
expression during ED relative to WM in the current study (r =
0.838, P < 0.0001). These data collectively indicate that greater
AR protein content and lower Fn14 and IL-6R expression at rest
in TEST vs. PLA during ED relative to WM may be tied to
decreased MuRF1 expression in these individuals.
Lower Resting Fn14 expression in TEST vs. PLA during ED

relative to WM may be regulated by AR activity. Yin et al. (62)
reported an inverse relationship between Fn14 expression and
AR signaling output (i.e., mRNA signature of AR target genes) in
a microarray data set composed of 131 primary and 19 metastatic
prostate cancer samples. Predicting androgen response elements
in Fn14 promoter regions and subsequent analyses revealed that
AR binding to the Fn14 enhancer decreased its expression (62).
An inverse association between Fn14 expression and AR protein
content in the current study supports a similar mechanism of
action in human skeletal muscle. Participants with greater

Fig. 3. Resting androgen receptor (AR) protein content (A), muscle total RNA content (B), fibroblast growth factor-inducible 14 (Fn14, C), IL-6 receptor (IL-6R, D),
and muscle ring-finger protein-1 (MuRF1, E) gene expression during energy deficit (ED) relative to weight maintenance (WM) and associations between AR, total
RNA, Fn14, IL-6R, and MuRF1 changes relative to WM (F–I) in subjects receiving 200 mg testosterone enanthate/wk (TEST) or placebo (PLA). Total AR was nor-
malized to heat shock protein 90 (HSP90), and muscle total RNA concentrations (mg RNA/mg muscle) were calculated based on muscle sample total RNA yield rela-
tive to muscle weight. Gene data were normalized to the geometric mean of GUSB and TUBB, and fold changes were calculated using the DDCT method (45).
Differences between TEST and PLA were examined at each time point using unpaired t tests, and associations were examined using Pearson’s correlation. Values
are means6 SD [TEST, n = 9 and PLA, n = 10 (n = 9 for Fn14)]. *TEST different from PLA, P< 0.05.
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changes in AR protein content also had lower IL-6R. Although a
potential mechanism underlying this relationship is less clear,
Maggio et al. (34) similarly reported an inverse association
between total testosterone and soluble IL-6R in a population of
older men, suggesting increases in testosterone may act to sup-
press production of the receptor. The possibility exists that AR-
induced attenuation of Fn14 expression and decreases in IL-6R
expression downstream of AR signaling mediate the lower
MuRF1 expression under resting fasted conditions with testoster-
one supplementation during ED relative to WM. These findings
suggest testosterone supplementation may protect muscle mass
by attenuating proteolysis at rest. It must be noted, however, that
changes in proteolytic gene expression do not always translate to
changes in protein abundance or rates of muscle protein break-
down (28), suggesting dynamic measures of proteolysis (i.e., sta-
ble isotope methodology) may be necessary to confirm this
effect.
Markers of myogenesis were not different between TEST and

PLA at rest or following exercise and recovery feeding despite
the hypothesized effect of testosterone administration on the
myogenesis. While exogenous testosterone administration in
vitro and in humans enhanced proliferation and differentiation
of myogenic progenitor cells (26, 51) and increased commit-
ment of muscle pluripotent stem cells to the myogenic lineage
(49), Englund et al. (20) recently challenged whether the conse-
quent fusion of activated satellite cells to existing muscle fibers
(i.e., myonuclear accretion) drives testosterone-induced skeletal
muscle hypertrophy. Muscle fiber cross-sectional area was
increased with testosterone administration in satellite cell-
depleted mice, suggesting muscle hypertrophy following testos-
terone administration does not require an increase in satellite

cell abundance or myonuclear accretion (20). Although it is
unclear if these findings extend to humans, our work suggests
increases in muscle mass with testosterone supplementation dur-
ing energy deficit also occur independent of changes in the
myogenesis.
Interestingly, we observed no differences in mTOR signaling

between groups at rest or in response to exercise, suggesting
changes in translation initiation had a limited role, at the
selected sampling time points, in mediating the anabolic effect
of supplemental testosterone during ED. These results are con-
trary to in vitro studies implicating the mTOR pathway in testos-
terone-induced increases in myotube hypertrophy (3, 58), as
well as literature reporting altered synthetic rates with testoster-
one administration and androgen withdrawal in humans and
mice, respectively (24, 53, 58). This apparent discrepancy may
be attributed to energy status (i.e., energy balance vs. energy
deficit) and differences in timing of biopsies and metabolic state
(i.e., fed vs. fasted). The 6-h postexercise biopsy (5 h postfeed-
ing) may have occurred too late to determine whether maximal
activation of mTOR signaling during ED differed in TEST vs.
PLA relative to WM, since peak stimulation of this pathway has
been observed 1–2 h after feeding (2, 57). Additionally, while
testosterone-mediated changes in protein synthetic rates have
been observed in humans in the postabsorptive state (24, 53),
the role of mTOR signaling in regulating protein synthesis under
these conditions remains unclear (17). Reidy et al. (46) found
that increased postabsorptive muscle protein synthesis following
resistance exercise occurred with concomitant increases in
translational capacity, whereas mTOR-dependent and -inde-
pendent regulation of translation initiation (i.e., translational ef-
ficiency) did not change. We therefore measured total RNA
content of skeletal muscle (mg RNA/mg muscle) during ED rel-
ative to WM to examine changes in translational capacity, since
ribosomal RNA comprises the majority of cellular RNA
(>85%; see Ref. 63). A more positive change in total RNA
fromWM to ED was observed in TEST vs. PLA. These findings
are consistent with work in older men demonstrating increases
in muscle total RNA content with testosterone vs. placebo
administration during a resistance exercise training program
(27). Positive associations between changes in total RNA and
AR protein content suggest alterations in translational capacity
may occur downstream of AR activity.
Testosterone treatment during ED had limited effects on

changes in molecular markers of inflammation, myogenesis, and
proteolysis following exercise and recovery feeding. Although
MuRF1 and IL-6 were greater in TEST than PLA at Post, and
Fn14 was greater at Recovery than Post in PLA but not TEST,
these treatment effects occurred independent of phase (WM or
ED) and are likely the result of baseline (WM) participant differ-
ences in the molecular response to exercise that persisted during
ED rather than an effect of the TEST vs. PLA treatment.
Increases in IL-6R expression with exercise and recovery feeding
were also greater in TEST vs. PLA during ED. However, the
physiological relevance of this finding is unclear, since there do
not appear to be related effects on other markers of inflammation,
myogenesis, or proteolysis (i.e., TWEAK, TNFa-R, TNF-a,
MyoD, myogenin, Pax7, Myf5, Myf6, and MAFbx). Greater
increases in IL-6R expression may also be a compensatory
response resulting from lower baseline IL-6R mRNA in TEST
vs. PLA. These findings collectively suggest that, despite the
hypothesized effect of testosterone on the molecular response to

Table 3. Inflammatory, myogenic, proteolytic, and anabolic
signaling under fasted rested conditions during ED relative
to WM

PLA TEST P Value

TNF-a 1.216 1.78 1.136 0.36 0.303
TNFa-R 1.006 0.90 0.806 0.34 0.550
TWEAK 0.986 0.26 0.996 0.33 0.993
IL-6 0.876 0.59 1.216 0.78 0.413
Myf5 0.666 0.24 0.726 0.41 0.963
Myf6 0.996 0.47 0.686 0.26 0.125
Myogenin 0.986 0.41 0.756 0.25 0.173
Pax7 0.546 0.21 0.576 0.18 0.519
MAFbx 0.926 0.47 0.756 0.29 0.911
p-mTORSer2448 1.096 0.80 1.276 0.77 0.613
Total mTOR 0.966 0.51 1.416 0.46 0.062
p-p70S6KSer424/Thr421 0.746 0.55 1.176 0.68 0.146
Total p70S6K 0.836 0.33 0.886 0.39 0.780
p-rpS6Ser240/244 0.896 1.09 0.736 0.29 0.655
Total rpS6 1.126 0.48 1.406 0.88 0.402

Values are fold change means6SD; n = 9 for testosterone (TEST) and n =
10 for placebo (PLA) (n = 9 for PLA IL-6). ED, energy deficit; MAFbx, mus-
cle atrophy F-box; mTOR, mechanistic target of rapamycin; Myf5, myogenic
factor 5; Myf6, myogenic factor 6; Pax7, paired box 7; p70S6K, p70 ribo-
somal protein S6 kinase; TNFa-R, TNF-a-receptor; TWEAK, TNF-like weak
inducer of apoptosis; rpS6, ribosomal protein S6; WM, weight maintenance.
ED data are expressed as a fold change relative to WM under fasted rested
conditions (Resting) in TEST and PLA. Gene data were normalized to the
geometric mean of GUSB and TUBB, and fold changes were calculated using
the DDCT method (45). Protein phosphorylation status expressed relative to
totals of each protein and total protein content normalized to heat shock pro-
tein 90. Differences between TEST and PLA were examined at each time
point using unpaired t tests.
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Fig. 4. Within [Resting (black bars), Post (gray bars), and Recovery (white bars)]- and between [weight maintenance (WM) and energy deficit (ED)]-study phase
responses to exercise and a high-protein mixed meal for fibroblast growth factor-inducible 14 (Fn14, A), TNF-like weak inducer of apoptosis (TWEAK, B), TNF-a
receptor (TNFa-R, C), TNF-a (D), IL-6 receptor (IL-6R, E), IL-6 (F), myogenic differentiation-1 (MyoD,G), myogenin (H), paired box 7 (Pax7, I), myogenic factor
5 (Myf5, J), myogenic factor 6 (Myf6, K), muscle ring-finger protein-1 (MuRF1, L), and muscle atrophy F-box (MAFbx,M) in subjects receiving 200 mg testoster-
one enanthate/wk (TEST) or placebo (PLA). Data were normalized to the geometric mean of GUSB and TUBB, and fold changes were calculated using the DDCT

method (45). Changes in gene expression were evaluated using mixed-model repeated-measure ANOVA [n = 10 except Post for PLA during WM and ED (n = 9)
and Resting for TEST during ED (n = 9); Fn14 and IL-6 Post for PLA during WM (n = 8), Recovery for PLA during WM (n = 9) and Resting for PLA during ED
(n = 9). *Different from Resting, time main effect, P < 0.05. +Different from Post, time main effect, P < 0.05. **Different from Resting, time-by-treatment interac-
tion, P < 0.05. ++Different from Post, time-by-treatment interaction, P < 0.05. #Different from WM, phase main effect, P < 0.05. ††Different from PLA, phase-by-
treatment interaction, P < 0.05. ##Different from PLA, time-by-treatment interaction, P < 0.05. ‡Different from Resting, time-by-phase interaction, P < 0.05.
^Different from Post, time-by-phase interaction, P< 0.05.

TESTOSTERONE ANDMUSCLE RESPONSE TO ENERGY DEFICIT E685

AJP-Endocrinol Metab � doi:10.1152/ajpendo.00157.2020 � www.ajpendo.org
Downloaded from journals.physiology.org/journal/ajpendo at Univ of Connecticut Hlth Ctr (132.174.250.220) on September 22, 2020.



an exercise bout and high-protein mixed meal, lean mass differ-
ences in TEST vs. PLA appear predominantly driven by adapta-
tions under resting conditions rather than changes in the acute
response to exercise and recovery feeding.
Some limitations must be acknowledged when interpreting

these findings and their potential implications. First is the
dichotomization of individuals into groups characterized by sub-
stantial increases in leg lean mass and total testosterone (TEST)

or decreases in both of these measures (PLA). The analysis was
conducted in this manner given observed differences in the ana-
bolic response to supplemental testosterone during energy defi-
cit (i.e., no change in leg lean mass or total testosterone for
some individuals) and to understand the influence of molecular
adaptations in two distinct groups of volunteers. The possibility
exists that molecular adaptations (i.e., changes in resting AR,
total RNA content, Fn14, IL-6R, and MuRF1) during ED rela-
tive to WM may have been similar in all individuals receiving
testosterone regardless of whether they were included or
excluded from the analysis. However, excluding individuals
whose leg lean mass or total testosterone did not change was
preferable to optimally evaluate potential mechanisms of testos-
terone-mediated lean mass accretion during energy deficit.
Similar approaches have been effectively used to identify intra-
cellular mechanisms underlying low vs. high muscle hyper-
trophic responses to resistance exercise training (16, 39, 41).
Our study design and muscle biopsy time points also precluded
us from examining nongenomic actions of testosterone in mus-
cle. This signaling occurs within seconds to minutes of testoster-
one administration in vitro, although the physiological relevance
is humans has not been fully elucidated. Nongenomic actions of
testosterone may influence gene expression and cellular proc-
esses, as testosterone promotes myogenesis independent of AR
via G protein-coupled receptors in L6 cells (26). Whether non-
genomic actions of testosterone contributed to changes in gene
expression observed in the current study is unknown and should
be an area of future work.
In conclusion, the current study presents novel data reflecting

skeletal muscle molecular adaptations to supplemental testoster-
one during a severe exercise- and diet-induced energy deficit.
Given the similar molecular responses to an exercise bout and
protein-containing mixed meal, lean mass differences in TEST
vs. PLA appear predominantly driven by adaptations under rest-
ing fasted conditions. Testosterone vs. placebo administration
during ED increased AR protein content and attenuated Fn14,
IL-6R, and MuRF1 gene expression at rest. These findings sug-
gest that AR, Fn14, and IL-6R signaling and subsequent altera-
tions in downstream proteolytic activity may contribute to
changes in lean mass. Additionally, mTOR pathway activation
did not differ between groups at rest or in response to exercise;
however, a more positive change in skeletal muscle total RNA
content at rest in TEST compared with PLA suggests increased
translational capacity, not efficiency, drives lean mass accretion
in response to testosterone supplementation during ED.
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Fig. 5. Within [Resting (black bars), Post (gray bars), and Recovery (white
bars)]- and between [weight maintenance (WM) and energy deficit (ED)]-study
phase responses to exercise and a high-protein mixed meal for phosphorylated
(p) mechanistic target of rapamycin (mTOR)Ser2448 (A), p-p70 ribosomal protein
S6 kinase (p70S6K)Ser424/Thr421 (B), and p-ribosomal protein S6 (rpS6)Ser240/244

(C) in subjects receiving 200 mg testosterone enanthate/wk (TEST) or placebo
(PLA). For A–C, a representative band for the target phosphorylation site is on
top and a representative band for total protein is on bottom. Protein phosphoryla-
tion status was expressed relative to totals of each protein, and changes were
examined using mixed-model repeated-measure ANOVA. [n = 10 except WM
Recovery (n = 9) and ED Resting (n = 9) for TEST and WM Resting (n = 9),
WM Post (n = 9), and ED Post (n = 8) for PLA]. *Different from Resting, time
main effect, P< 0.05.

E686 TESTOSTERONE ANDMUSCLE RESPONSE TO ENERGY DEFICIT

AJP-Endocrinol Metab � doi:10.1152/ajpendo.00157.2020 � www.ajpendo.org
Downloaded from journals.physiology.org/journal/ajpendo at Univ of Connecticut Hlth Ctr (132.174.250.220) on September 22, 2020.



DISCLOSURES

J.C.R. and K.M.G. reported that their institution received funding from the
US Department of Defense for work associated with this publication. H.R.L.
reported receiving personal fees from Pfizer, Inc., for work outside this publica-
tion. All remaining authors declare no conflicts of interest, financial or
otherwise.

AUTHOR CONTRIBUTIONS

S.M.P., C.E.B., J.P.K., H.R.L., L.M.M., A.J.Y., M.A.M., W.J.E., K.M.G.,
and J.C.R. conceived and designed research; E.E.H., N.M.J., M.N.H.,
J.C.R., S.M.P., and L.M.M. performed experiments; E.E.H., S.M.P., L.M.M., and
N.R.R. analyzed data; E.E.H., S.M.P., and L.M.M. interpreted results of experi-
ments; E.E.H. prepared figures; E.E.H., S.M.P., and L.M.M. drafted manuscript;
E.E.H., N.M.J., K.M.G., M.N.H., J.C.R., S.M.P., L.M.M., C.E.B., H.R.L., J.P.K.,
A.J.Y., M.A.M., W.J.E., and N.R.R. edited and revised manuscript; E.E.H.,
N.M.J., K.M.G., M.N.H., J.C.R., S.M.P., L.M.M., C.E.B., H.R.L., J.P.K., A.J.Y.,
M.A.M., W.J.E., and N.R.R. approved final version of manuscript.

REFERENCES

1. Altuwaijri S, Lin HK, Chuang KH, Lin WJ, Yeh S, Hanchett LA,
Rahman MM, Kang HY, Tsai MY, Zhang Y, Yang L, Chang C.

Interruption of nuclear factor kappaB signaling by the androgen receptor
facilitates 12-O-tetradecanoylphorbolacetate-induced apoptosis in andro-
gen-sensitive prostate cancer LNCaP cells. Cancer Res 63: 7106–7112,
2003.

2. Atherton PJ, Etheridge T, Watt PW, Wilkinson D, Selby A, Rankin D,
Smith K, Rennie MJ. Muscle full effect after oral protein: time-dependent
concordance and discordance between human muscle protein synthesis and
mTORC1 signaling. Am J Clin Nutr 92: 1080–1088, 2010. doi:10.3945/
ajcn.2010.29819.

3. Basualto-Alarcón C, Jorquera G, Altamirano F, Jaimovich E, Estrada
M. Testosterone signals through mTOR and androgen receptor to induce
muscle hypertrophy. Med Sci Sports Exerc 45: 1712–1720, 2013.
doi:10.1249/MSS.0b013e31828cf5f3.

4. Berryman CE, Sepowitz JJ, McClung HL, Lieberman HR, Farina EK,
McClung JP, Ferrando AA, Pasiakos SM. Supplementing an energy
adequate, higher protein diet with protein does not enhance fat-free mass
restoration after short-term severe negative energy balance. J Appl Physiol
(1985) 122: 1485–1493, 2017. doi:10.1152/japplphysiol.01039.2016.

5. Berryman CE, Young AJ, Karl JP, Kenefick RW, Margolis LM, Cole
RE, Carbone JW, Lieberman HR,Kim IY, Ferrando AA, Pasiakos SM.

Severe negative energy balance during 21 d at high altitude decreases fat-
free mass regardless of dietary protein intake: a randomized controlled trial.
FASEB J 32: 894–905, 2018. doi:10.1096/fj.201700915R.

7. Bhasin S, Storer TW, Berman N, Yarasheski KE, Clevenger B, Phillips
J, Lee WP, Bunnell TJ, Casaburi R. Testosterone replacement increases
fat-free mass and muscle size in hypogonadal men. J Clin Endocrinol
Metab 82: 407–413, 1997. doi:10.1210/jc.82.2.407.

8. Bhasin S, Storer TW, Javanbakht M, Berman N, Yarasheski KE,
Phillips J, Dike M, Sinha-Hikim I, Shen R, Hays RD, Beall G.

Testosterone replacement and resistance exercise in HIV-infected men with
weight loss and low testosterone levels. JAMA 283: 763–770, 2000.
doi:10.1001/jama.283.6.763.

9. Bhasin S, Woodhouse L, Casaburi R, Singh AB, Bhasin D, Berman N,
Chen X, Yarasheski KE, Magliano L, Dzekov C, Dzekov J, Bross R,
Phillips J, Sinha-Hikim I, Shen R, Storer TW. Testosterone dose-
response relationships in healthy young men. Am J Physiol Endocrinol
Metab 281: E1172–E1181, 2001. doi:10.1152/ajpendo.2001.281.6.E1172.

10. Bhatnagar S, Mittal A, Gupta SK, Kumar A. TWEAK causes myotube
atrophy through coordinated activation of ubiquitin-proteasome system,
autophagy, and caspases. J Cell Physiol 227: 1042–1051, 2012.
doi:10.1002/jcp.22821.

11. Burd NA, De Lisio M. Skeletal muscle remodeling: interconnections
between stem cells and protein turnover. Exerc Sport Sci Rev 45: 187–191,
2017. doi:10.1249/JES.0000000000000117.

12. Carbone JW, McClung JP, Pasiakos SM. Recent advances in the charac-
terization of skeletal muscle and whole-body protein responses to dietary
protein and exercise during negative energy balance. Adv Nutr 10: 70–79,
2019. doi:10.1093/advances/nmy087.

13. Chen Y, Zajac JD, MacLean HE. Androgen regulation of satellite cell
function. J Endocrinol 186: 21–31, 2005. doi:10.1677/joe.1.05976.

14. Coviello AD, Kaplan B, Lakshman KM, Chen T, Singh AB, Bhasin S.

Effects of graded doses of testosterone on erythropoiesis in healthy young
and older men. J Clin Endocrinol Metab 93: 914–919, 2008. doi:10.1210/
jc.2007-1692.

15. D’Agostino P,Milano S, Barbera C, Di Bella G, La Rosa M, Ferlazzo V,
Farruggio R, Miceli DM, Miele M, Castagnetta L, Cillari E. Sex hor-
mones modulate inflammatory mediators produced by macrophages. Ann
NY Acad Sci 876: 426–429, 1999. doi:10.1111/j.1749-6632.1999.tb07667.x.

16. Davidsen PK, Gallagher IJ, Hartman JW, Tarnopolsky MA, Dela F,
Helge JW, Timmons JA, Phillips SM. High responders to resistance exer-
cise training demonstrate differential regulation of skeletal muscle
microRNA expression. J Appl Physiol (1985) 110: 309–317, 2011.
doi:10.1152/japplphysiol.00901.2010.

17. Dickinson JM, Drummond MJ, Fry CS, Gundermann DM, Walker

DK, Timmerman KL, Volpi E, Rasmussen BB. Rapamycin does not
affect post-absorptive protein metabolism in human skeletal muscle.
Metabolism 62: 144–151, 2013. doi:10.1016/j.metabol.2012.07.003.

18. Dogra C, Changotra H, Mohan S, Kumar A. Tumor necrosis factor-like
weak inducer of apoptosis inhibits skeletal myogenesis through sustained
activation of nuclear factor-kappaB and degradation of MyoD protein. J
Biol Chem 281: 10327–10336, 2006. doi:10.1074/jbc.M511131200.

19. Dogra C, Changotra H, Wedhas N, Qin X, Wergedal JE, Kumar A.

TNF-related weak inducer of apoptosis (TWEAK) is a potent skeletal mus-
cle-wasting cytokine. FASEB J 21: 1857–1869, 2007. doi:10.1096/fj.06-
7537com.

20. Englund DA, Peck BD, Murach KA, Neal AC, Caldwell HA, McCarthy

JJ, Peterson CA, Dupont-Versteegden EE. Resident muscle stem cells are
not required for testosterone-induced skeletal muscle hypertrophy. Am J
Physiol Cell Physiol 317: C719–C724, 2019. doi:10.1152/ajpcell.00260.2019.

21. Enwere EK, Lacasse EC, Adam NJ, Korneluk RG. Role of the TWEAK-
Fn14-cIAP1-NF-κB signaling axis in the regulation of myogenesis and mus-
cle homeostasis. Front Immunol 5: 34, 2014. doi:10.3389/fimmu.2014.00034.

22. Evans WJ, Phinney SD, Young VR. Suction applied to a muscle biopsy
maximizes sample size.Med Sci Sports Exerc 14: 101–102, 1982.

23. Ferrando AA, Sheffield-Moore M, Yeckel CW, Gilkison C, Jiang J,
Achacosa A, Lieberman SA, Tipton K, Wolfe RR, Urban RJ.

Testosterone administration to older men improves muscle function: molec-
ular and physiological mechanisms. Am J Physiol Endocrinol Metab 282:
E601–E607, 2002. doi:10.1152/ajpendo.00362.2001.

24. Ferrando AA, Tipton KD, Doyle D, Phillips SM, Cortiella J,Wolfe RR.

Testosterone injection stimulates net protein synthesis but not tissue amino
acid transport. Am J Physiol Endocrinol Metab 275: E864–E871, 1998.
doi:10.1152/ajpendo.1998.275.5.E864.

25. Friedl KE, Moore RJ, Hoyt RW, Marchitelli LJ, Martinez-Lopez LE,
Askew EW. Endocrine markers of semistarvation in healthy lean men in a
multistressor environment. J Appl Physiol (1985) 88: 1820–1830, 2000.
doi:10.1152/jappl.2000.88.5.1820.

26. Fu R, Liu J, Fan J, Li R, Li D, Yin J, Cui S.Novel evidence that testoster-
one promotes cell proliferation and differentiation via G protein-coupled
receptors in the rat L6 skeletal muscle myoblast cell line. J Cell Physiol
227: 98–107, 2012. doi:10.1002/jcp.22710.

27. Gharahdaghi N, Rudrappa S, Brook MS, Idris I, Crossland H,
Hamrock C, Abdul Aziz MH, Kadi F, Tarum J, Greenhaff PL,
Constantin-Teodosiu D, Cegielski J, Phillips BE, Wilkinson DJ,
Szewczyk NJ, Smith K, Atherton PJ. Testosterone therapy induces molec-
ular programming augmenting physiological adaptations to resistance exer-
cise in older men. J Cachexia Sarcopenia Muscle 10: 1276–1294, 2019.
doi:10.1002/jcsm.12472.

28. Greenhaff PL, Karagounis LG, Peirce N, Simpson EJ, Hazell M,
Layfield R, Wackerhage H, Smith K, Atherton P, Selby A, Rennie MJ.

Disassociation between the effects of amino acids and insulin on signaling,
ubiquitin ligases, and protein turnover in human muscle. Am J Physiol
Endocrinol Metab 295: E595–E604, 2008. doi:10.1152/ajpendo.90411.2008.

29. Henning PC, Scofield DE, Spiering BA, Staab JS, Matheny RW Jr,
Smith MA, Bhasin S, Nindl BC. Recovery of endocrine and inflammatory
mediators following an extended energy deficit. J Clin Endocrinol Metab
99: 956–964, 2014. doi:10.1210/jc.2013-3046.

30. Lakshman KM, Kaplan B, Travison TG, Basaria S, Knapp PE, Singh
AB, LaValley MP, Mazer NA, Bhasin S. The effects of injected testoster-
one dose and age on the conversion of testosterone to estradiol and dihydro-
testosterone in young and older men. J Clin Endocrinol Metab 95: 3955–
3964, 2010. doi:10.1210/jc.2010-0102.

31. Langen RC, Van Der Velden JL, Schols AM,Kelders MC,Wouters EF,
Janssen-Heininger YM. Tumor necrosis factor-alpha inhibits myogenic

TESTOSTERONE ANDMUSCLE RESPONSE TO ENERGY DEFICIT E687

AJP-Endocrinol Metab � doi:10.1152/ajpendo.00157.2020 � www.ajpendo.org
Downloaded from journals.physiology.org/journal/ajpendo at Univ of Connecticut Hlth Ctr (132.174.250.220) on September 22, 2020.



differentiation through MyoD protein destabilization. FASEB J 18: 227–
237, 2004. doi:10.1096/fj.03-0251com.

32. Lee DK. Androgen receptor enhances myogenin expression and accelerates
differentiation. Biochem Biophys Res Commun 294: 408–413, 2002.
doi:10.1016/S0006-291X(02)00504-1.

33. Louis E, Raue U, Yang Y, Jemiolo B, Trappe S. Time course of proteo-
lytic, cytokine, and myostatin gene expression after acute exercise in human
skeletal muscle. J Appl Physiol (1985) 103: 1744–1751, 2007. doi:10.1152/
japplphysiol.00679.2007.

34. Maggio M, Basaria S, Ceda GP, Ble A, Ling SM, Bandinelli S, Valenti
G, Ferrucci L. The relationship between testosterone and molecular
markers of inflammation in older men. J Endocrinol Invest 28: 116–119,
2005.

35. Margolis LM, Carbone JW, Berryman CE, Carrigan CT, Murphy NE,
Ferrando AA, Young AJ, Pasiakos SM. Severe energy deficit at high alti-
tude inhibits skeletal muscle mTORC1-mediated anabolic signaling without
increased ubiquitin proteasome activity. FASEB J fj201800163RR, 2018.
doi:10.1096/fj.201800163RR.

36. Margolis LM, Murphy NE, Martini S, Gundersen Y, Castellani JW,
Karl JP, Carrigan CT, Teien HK, Madslien EH, Montain SJ, Pasiakos
SM. Effects of supplemental energy on protein balance during 4-d arctic
military training. Med Sci Sports Exerc 48: 1604–1612, 2016. doi:10.1249/
MSS.0000000000000944.

37. Margolis LM, Murphy NE, Martini S, Spitz MG, Thrane I, McGraw

SM, Blatny JM, Castellani JW, Rood JC, Young AJ, Montain SJ,
Gundersen Y, Pasiakos SM. Effects of winter military training on energy
balance, whole-body protein balance, muscle damage, soreness, and physi-
cal performance. Appl Physiol Nutr Metab 39: 1395–1401, 2014.
doi:10.1139/apnm-2014-0212.

38. Mittal A, Bhatnagar S, Kumar A, Lach-Trifilieff E, Wauters S, Li H,
Makonchuk DY,Glass DJ,Kumar A. The TWEAK-Fn14 system is a crit-
ical regulator of denervation-induced skeletal muscle atrophy in mice. J
Cell Biol 188: 833–849, 2010. doi:10.1083/jcb.200909117.

39. Morton RW, Sato K, Gallaugher MPB, Oikawa SY, McNicholas PD,
Fujita S, Phillips SM. Muscle androgen receptor content but not systemic
hormones is associated with resistance training-induced skeletal muscle hy-
pertrophy in healthy, young men. Front Physiol 9: 1373, 2018. doi:10.3389/
fphys.2018.01373.

40. Muta Y, Tanaka T, Hamaguchi Y, Hamanoue N, Motonaga R, Tanabe
M, Nomiyama T, Nawata H, Yanase T. Selective androgen receptor mod-
ulator, S42 has anabolic and anti-catabolic effects on cultured myotubes.
Biochem Biophys Rep 17: 177–181, 2019. doi:10.1016/j.bbrep.2019.01.006.

41. Ogasawara R, Akimoto T, Umeno T, Sawada S, Hamaoka T, Fujita S.

MicroRNA expression profiling in skeletal muscle reveals different regula-
tory patterns in high and low responders to resistance training. Physiol
Genomics 48: 320–324, 2016. doi:10.1152/physiolgenomics.00124.2015.

42. Pasiakos SM, Berryman CE, Karl JP, Lieberman HR, Orr JS,
Margolis LM, Caldwell JA, Young AJ, Montano MA, Evans WJ,
Vartanian O, Carmichael OT, Gadde KM, Harris M, Rood JC.

Physiological and psychological effects of testosterone during severe energy
deficit and recovery: a study protocol for a randomized, placebo-controlled
trial for Optimizing Performance for Soldiers (OPS). Contemp Clin Trials
58: 47–57, 2017. doi:10.1016/j.cct.2017.05.001.

43. Pasiakos SM, Berryman CE, Karl JP, Lieberman HR, Orr JS,
Margolis LM, Caldwell JA, Young AJ, Montano MA, Evans WJ,
Vartanian O, Carmichael OT, Gadde KM, Johannsen NM, Beyl RA,
Harris MN, Rood JC. Effects of testosterone supplementation on body
composition and lower-body muscle function during severe exercise- and
diet-induced energy deficit: A proof-of-concept, single centre, randomised,
double-blind, controlled trial. EBioMedicine 46: 411–422, 2019.
doi:10.1016/j.ebiom.2019.07.059.

44. Paul PK, Bhatnagar S, Mishra V, Srivastava S, Darnay BG, Choi Y,
Kumar A. The E3 ubiquitin ligase TRAF6 intercedes in starvation-induced
skeletal muscle atrophy through multiple mechanisms. Mol Cell Biol 32:
1248–1259, 2012. doi:10.1128/MCB.06351-11.

45. Pfaffl MW. A new mathematical model for relative quantification in real-
time RT-PCR. Nucleic Acids Res 29: e45, 2001. doi:10.1093/nar/29.9.e45.

46. Reidy PT, Borack MS, Markofski MM, Dickinson JM, Fry CS, Deer
RR, Volpi E, Rasmussen BB. Post-absorptive muscle protein turnover
affects resistance training hypertrophy. Eur J Appl Physiol 117: 853–866,
2017. doi:10.1007/s00421-017-3566-4.

47. Rossetti ML, Steiner JL, Gordon BS. Androgen-mediated regulation of
skeletal muscle protein balance. Mol Cell Endocrinol 447: 35–44, 2017.
doi:10.1016/j.mce.2017.02.031.

48. Serra C, Sandor NL, Jang H, Lee D, Toraldo G, Guarneri T, Wong S,
Zhang A,GuoW, Jasuja R, Bhasin S. The effects of testosterone depriva-
tion and supplementation on proteasomal and autophagy activity in the skel-
etal muscle of the male mouse: differential effects on high-androgen
responder and low-androgen responder muscle groups. Endocrinology 154:
4594–4606, 2013. doi:10.1210/en.2013-1004.

49. Singh R, Artaza JN, Taylor WE, Gonzalez-Cadavid NF, Bhasin S.

Androgens stimulate myogenic differentiation and inhibit adipogenesis in
C3H 10T1/2 pluripotent cells through an androgen receptor-mediated path-
way. Endocrinology 144: 5081–5088, 2003. doi:10.1210/en.2003-0741.

50. Singh R, Bhasin S, Braga M, Artaza JN, Pervin S, Taylor WE,
Krishnan V, Sinha SK, Rajavashisth TB, Jasuja R. Regulation of myo-
genic differentiation by androgens: cross talk between androgen receptor/
beta-catenin and follistatin/transforming growth factor-beta signaling path-
ways. Endocrinology 150: 1259–1268, 2009. doi:10.1210/en.2008-0858.

51. Sinha-Hikim I, Cornford M, Gaytan H, Lee ML, Bhasin S. Effects of
testosterone supplementation on skeletal muscle fiber hypertrophy and satel-
lite cells in community-dwelling older men. J Clin Endocrinol Metab 91:
3024–3033, 2006. doi:10.1210/jc.2006-0357.

52. Sinha-Hikim I, Roth SM, Lee MI, Bhasin S. Testosterone-induced muscle
hypertrophy is associated with an increase in satellite cell number in
healthy, young men. Am J Physiol Endocrinol Metab 285: E197–E205,
2003. doi:10.1152/ajpendo.00370.2002.

53. Urban RJ, Bodenburg YH, Gilkison C, Foxworth J, Coggan AR, Wolfe

RR, Ferrando A. Testosterone administration to elderly men increases
skeletal muscle strength and protein synthesis. Am J Physiol Endocrinol
Metab 269: E820–E826, 1995. doi:10.1152/ajpendo.1995.269.5.E820.

54. Urban RJ, Dillon EL, Choudhary S, Zhao Y, Horstman AM, Tilton
RG, Sheffield-Moore M. Translational studies in older men using testoster-
one to treat sarcopenia. Trans Am Clin Climatol Assoc 125: 27–42, 2014.

55. US Department of the Army. The Army Body Composition Program:
Army Regulation 600–9. (Online). https://api.army.mil/e2/c/downloads/
566071.pdf.

56. Welliver RC Jr, Wiser HJ, Brannigan RE, Feia K, Monga M, Köhler
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Abstract
Energy deficit is common during prolonged periods of strenuous physical activity and limited sleep, but the extent towhich appetite suppression
contributes is unclear. The aim of this randomised crossover study was to determine the effects of energy balance on appetite and physiological
mediators of appetite during a 72-h period of high physical activity energy expenditure (about 9·6MJ/d (2300 kcal/d)) and limited sleep designed
to simulate military operations (SUSOPS). Ten men consumed an energy-balanced diet while sedentary for 1 d (REST) followed by energy-bal-
anced (BAL) and energy-deficient (DEF) controlled diets during SUSOPS. Appetite ratings, gastric emptying time (GET) and appetite-mediating
hormone concentrations were measured. Energy balance was positive during BAL (18 (SD 20) %) and negative during DEF (–43 (SD 9) %).
Relative to REST, hunger, desire to eat and prospective consumption ratings were all higher during DEF (26 (SD 40) %, 56 (SD 71) %,
28 (SD 34) %, respectively) and lower during BAL (–55 (SD 25) %, −52 (SD 27) %, −54 (SD 21) %, respectively; Pcondition< 0·05). Fullness ratings
did not differ from REST during DEF, but were 65 (SD 61) % higher during BAL (Pcondition < 0·05). Regression analyses predicted hunger and
prospective consumption would be reduced and fullness increased if energy balance was maintained during SUSOPS, and energy deficits
of ≥25 % would be required to elicit increases in appetite. Between-condition differences in GET and appetite-mediating hormones identified
slowed gastric emptying, increased anorexigenic hormone concentrations and decreased fasting acylated ghrelin concentrations as potential
mechanisms of appetite suppression. Findings suggest that physiological responses that suppress appetite may deter energy balance from being
achieved during prolonged periods of strenuous activity and limited sleep.

Key words: Eating behaviour: Military: Hunger: Satiety: Exercise: Sleep deprivation

Energy deficit is common during prolonged periods of strenuous
physical activity and limited sleep such as those experienced
during military operations, disaster relief and ultra-endurance
sporting events(1–5). For example, military training exercises,
known as sustained operations, and wildland firefighting are
often characterised by multiple days of prolonged low-to-
moderate intensity exercise and limited sleep (<4 h/night)
resulting in total daily energy expenditures (TDEE) ranging from

16·7 to 29·3 MJ/d (4000 to 7000 kcal/d)(4,6–9). In military studies,
measured energy intakes rarely exceed 14·6 MJ/d (3500 kcal/d),
25–40 % of foods provided are often uneaten and energy deficits
of about 40–60 % TDEE resulting in body mass losses of about
2–4 % are common(10–18). Insufficient time, stress, environmental
factors, food preferences and unwillingness or inability to carry
enough food have all been cited as contributing factors(19).
Appetite suppression and the large volume of food required

* Corresponding author: J. Philip Karl, email james.p.karl.civ@mail.mil

Abbreviations: BAL, energy balance condition; DEF, energy deficit condition; GET, gastric emptying time; GLP, glucagon-like peptide; PAEE, physical activity
energy expenditure; PP, pancreatic polypeptide; PYY, peptide-YY; REST, pre-SUSOPS sedentary condition; SUSOPS, simulated military operations; TDEE, total
daily energy expenditure.
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to maintain energy balance may also play a role, but have
received somewhat less attention(20,21). Similarly, energy intakes
during ultra-endurance sporting events appear to plateau at
about 2·5 times BMR irrespective of TDEE resulting in energy
deficits proportional to TDEE(1,2). Thus, there appears to be an
upper limit on energy intake during sustained periods of high
physical activity which may impact the magnitude of energy
deficit. Interest in identifying factors that influence this limit is
driven by the fact that energy deficits, especially if prolonged,
are catabolic and may compromise occupational and athletic
performance(1,3,5,19,22).

Although the factors influencing energy intake during events
requiring prolonged strenuous physical activity are multi-
factorial, physiological responses that suppress appetite likely
contribute. For example, short-term (<14 d) increases in exercise
generally do not elicit compensatory increases in energy intake
sufficient to match the increase in physical activity energy
expenditure (PAEE)(23,24). That uncoupling of energy intake
and expenditure has been shown to coincide with changes in
‘episodic’ (i.e. meal-to-meal(25)) mediators of appetite to include
altered gastric emptying rate(26), increased circulating concentra-
tions of the anorexigenic (i.e. appetite-suppressing) hormones
peptide-YY (PYY), glucagon-like peptide (GLP)-1 and pancre-
atic polypeptide (PP), and decreased concentrations of the
orexigenic (i.e. appetite-stimulating) hormone ghrelin(27).
However, studies reporting appetite suppression in response
to increases in exercise have generally investigated exercise lev-
els that elicit PAEE considerably less than those typical of military
operations, wildland firefighting and ultra-endurance sporting
events. Physically active individuals also appear to be more
likely than those who are less active to adjust energy intake to
match high energy expenditures(28). Further, both body weight
loss and sleep restriction stimulate appetite(29,30). In some stud-
ies, increases in appetite with sleep restriction and weight loss
have been observed in association with increases in ghrelin
and decreases in PYY and GLP-1(31,32). Many of the same studies
also report reductions in insulin and leptin, both of which are
considered ‘adiposity’ hormones or ‘tonic’ signals(25), that are
secreted in proportion to body fat stores and act to defend body
weight homoeostasis(33). The collective effects of prolonged
strenuous physical activity, weight loss and limited sleep on
appetite and physiological mediators of appetite are therefore
unclear. An improved understanding of those effects could help
inform feeding strategies for mitigating energy deficits during
events in which high energy expenditures are sustained over
multiple days.

This study determined the effects of differences in energy
balance on appetite, appetite-mediating hormones and gastric
emptying during 72-h periods of prolonged low-to-moderate
intensity physical activity and limited sleep. These measures
were included as secondary outcomes in a randomised, cross-
over trial designed to determine the effects of energy balance
on inflammation and Fe absorption during sustained military
operations(34). The study design included providing controlled
energy-deficient and energy-balanced diets during otherwise
identical 72-h testing periods. We hypothesised that appetite
would be increased during energy deficit, but decline during
energy balance, and those responses would correspond with

changes in gastric emptying and appetite-mediating hormone
concentrations that would collectively suggest a physiologically
mediated appetite suppression under conditions of prolonged
strenuous physical activity and limited sleep.

Methods

Study population

Generally healthy, recreationally active (2–4 d/week aerobic
and/or resistance exercise), active duty male soldier volunteers,
aged 18–39 years, with self-reported weight stability (±2·2 kg)
for ≥2 months were recruited to participate in April and
September 2019. Females were not recruited due to known
sex differences in Fe metabolism and inflammation in response
to exercise (primary study outcomes(34)). Additional exclusion
criteria included unwillingness to eat the study diets, presence
of any injuries or other conditions limiting exercise capability,
cardiometabolic disease, gastrointestinal disease and anaemia.
All participants were asked to abstain from alcohol, nicotine, caf-
feine and dietary supplement use throughout study participation
and reported adhering to these instructions.

The study was conducted according to the guidelines laid
down in the Declaration of Helsinki, and all procedures were
reviewed and approved by the US Army Medical Research
andDevelopment Command Institutional ReviewBoard (appro-
val number: M-10731). Investigators adhered to the policies
regarding the protection of human research participants as
prescribed in Army Regulation 70-25, and the research was con-
ducted in adherence with the provisions of 32 CFR Part 219.
All participants provided written informed consent prior to
participation. The trial was registered on www.clinicaltrials.
gov as NCT03524690.

Study design

Full details of the study design are reported elsewhere(34). Details
relevant to the outcomes in this report are described below.

The trial used a randomised, crossover design consisting of a
baseline period, and two 72-h periods of prolonged low-to-
moderate intensity physical activity and limited sleep designed
to simulate sustained military operations (SUSOPS). Each
SUSOPS period was followed by a 7-d recovery period. Daily
schedules were identical during both SUSOPS periods, sleep
was restricted to 4 h/night (01.00–05.00 hours) and physical
activity was prescribed to increase TDEE to a target of
20·9–25·1 MJ/d (5000–6000 kcal/d) in accord with recent obser-
vations during military field training exercises(10,11). Daily physi-
cal activity during SUSOPS was divided into separate sessions
that included walking with a weighted vest and backpack (mean
weight: 33·5 (SD 0·2) kg) in the morning (64 (SD 6) min;
8·3 (SD 0·6) metabolic equivalents) and evening (122 (SD 7) min;
8·4 (SD 0·5) metabolic equivalents), a battery of military-relevant
tasks in the latemorning, and unweightedwalking/jogging in the
afternoon (94 (SD 46) min; 5·4 (SD 1·5) metabolic equivalents).
The exact duration of activity was individualised to match the
20·9–25·1 MJ/d TDEE target. Energy expenditure predictions
were calculated from measured RMR, the American College of
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Sports Medicine’s metabolic equations for steady-state exer-
cise(35), and the compendium of metabolic equivalents for physi-
cal activities(36). During SUSOPS, TDEE was measured using the
doubly labelled water method as previously described(34).

The SUSOPS periods differed in the amount of food partici-
pants were provided. During one period, participants were pro-
vided enough food to maintain energy balance, defined as
±10 % of predicted TDEE during SUSOPS (BAL). During the
other period, participants were kept in negative energy balance
by providing only the amount of food estimated to meet
45 % of predicted TDEE during SUSOPS (DEF). Diets were
designed, measured and provided by study dietitians, and
the macronutrient distributions were matched between condi-
tions (Table 1). Meal times were also matched between
conditions, but participants could request snacks at any time.
Participants could eat no more or less than the amount of food
provided, and water was allowed ad libitum. Diets were com-
posed mainly of the US Armed Services Meals, Ready-to-Eat
ration, and also included other commercially available ready-
to-eat products. Energy andmacronutrient content was analysed
using the Combat Rations Database, and Food Processor SQL
(ESHA Research, version 10.14).

The order of DEF and BAL was randomised by the
study coordinator using computer-generated randomisation.
Participants resided in the laboratory throughout SUSOPS.
During recovery periods, participants were free-living and ate
ad libitum. Three days prior to the first SUSOPS period, volun-
teers spent 1 d (06.00–18.00 hours) in the laboratory for baseline
appetite testing (REST) (see section Appetite and food prefer-
ences). Participants remained sedentary throughout the day
and consumed a provided and measured diet containing an
amount of energy predicted to maintain energy balance. This
energy intake was calculated as the product of measured RMR
and an activity factor of 1·3 to account for energy expended
during activities of daily living. The macronutrient distributions
of the diets provided during REST and both SUSOPS periods
were matched (Table 1).

Appetite and food preferences

During SUSOPS, self-reported appetite was measured daily
before and after meals, and before and after the morning exer-
cise session. During REST, measurements were collected before
and after meals, and at the same times the morning exercise ses-
sion was scheduled to begin and end during SUSOPS. Appetite
measures relied on 10 cm pen and paper visual analogue scales
which asked volunteers to rate their level of hunger, fullness,
desire to eat and the amount of food that they thought they could
eat (prospective consumption) at that moment(37). All visual ana-
logue scale responses were measured by one researcher.
Random checks on those measurements were performed by a
separate study team member, and all data were scrutinised for
data entry errors prior to analysis.

Food preferences were measured by administering the Leeds
Food Preference Questionnaire before and after lunch during
REST and the final day of each SUSOPS period. The Leeds
Food Preference Questionnaire is a computerised platform that
uses pictures of individual food items selected from a validated

database to measure three constructs encompassing different
components of food preferences and hedonics: explicit liking
(i.e. perceived hedonic impact of the food), explicit wanting
(i.e. conscious desire to consume a food) and implicit
wanting (i.e. subconsciousmotivation for a food)(38). For this test,
pictures of sixteen different foods were selected which varied in
the dimensions of fat (high and low) and taste (sweet and
savoury) (four pictures/category). Explicit liking was measured
by a visual analogue scale that captured responses to the ques-
tion ‘how pleasant would you find the taste of this food right
now.’ Explicit wanting was measured by a visual analogue scale
that captured responses to the question ‘howmuch do you want
to eat this food right now.’ Implicit wanting was measured by
showing participants two pictures and asking them to select
the food they most wanted to eat at that moment. Both frequen-
cies of selections within each food category and response time
(i.e. relative preference) were recorded. The preference for dif-
ferent food types was computed for each construct by sub-
tracting the mean scores (visual analogue scale scores or
frequency of selection and reaction time) from a comparator
group (low fat and savoury) relative to the matched reference
group (high fat and sweet, respectively).

Gastric emptying time

Gastric emptying time (GET)wasmeasured using the SmartPill™
wireless motility testing system (Covidien LLC). The system is
FDA approved, recommended by American and European
Neurogastroenterology and Motility Societies for evaluating sus-
pected gastroparesis(39), and has shown strong correlations with
gastric emptying scintigraphy(40) and manometry(41). The system
includes a SmartPill™ capsule that is ingested and transits the
digestive tract transmitting pH (range 0·5–9·0, accuracy ± 0·5
units), temperature and pressure readings every 20–40 s to a data
receiver worn by each participant.

Table 1. Energy expenditure, energy balance and dietary intake over the
72-h sustained operations (SUSOPS) period
(Mean values and standard deviations)

REST

SUSOPS

DEF BAL

Mean SD Mean SD Mean SD

Energy balance (MJ/d)† – – –8·6 3·9 2·9* 3·6
Energy balance (%)† – – –43 9 18* 20
TDEE (MJ/d)† – – 19·1 4·1 20·0 3·9
PAEE (MJ/d)† – – 9·2 3·4 10·0 3·1
Dietary intake‡
Energy (MJ/d) 10·6 1·4 10·5 0·7 22·7§ 1·6
Carbohydrate (g/d) 387 49 382 26 833§ 51
Protein (g/d) 68 8 71 3 139§ 12
Fat (g/d) 87 11 84 7 183§ 15
Carbohydrate (%) 59 1 59 1 60 1
Protein (%) 11 0·5 11 0·8 10 0·2
Fat (%) 31 1 30 1 30 1

REST, pre-SUSOPS sedentary condition; DEF, energy deficit condition; BAL, energy
balance condition; TDEE, total daily energy expenditure measured by doubly labelled
water; PAEE, physical activity energy expenditure.
* Different from DEF, P< 0·001.
† Energy expenditure measured during SUSOPS only. Between-condition compari-
sons analysed by paired-samples t test (n 9, one volunteer served as study control).

‡ Analysed by general linear model with correlated errors (n 10).
§ Different from REST and DEF, P< 0·001.
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For the test, a single SmartPill™was ingested immediately fol-
lowing breakfast during REST and on the second morning of
each SUSOPS period. After capsule ingestion, participants fol-
lowed the same activity and meal schedule as on other
SUSOPS days with no restrictions on snacking or water intake.
As such, all participants participated in the morning exercise ses-
sion within about 2 h and consumed another meal within about
5 h of ingesting the capsule. This procedure differed from
standard clinical protocols used to assess gastroparesis wherein
participants ingest the SmartPill™ with a standardised meal and
then fast for 6 h(42). However, we chose to deviate from standard
protocol to assess physiological responses that may occur within
the free living environments the study was designed to emulate.

After each capsule was passed, data from the receiver were
downloaded and analysed using MotiliGI™ software version
3.1 (Given Imaging). Gastric emptying time was defined as
the time from pill ingestion until an abrupt increase in pH of
≥3 units from a baseline gastric pH of <4 was observed(42), cor-
responding with transit from the acidic environment of the stom-
ach to the more alkaline environment of the duodenum. As the
SmartPill™ is not digestible, the pill is thought to exit the stomach
after complete expulsion of the digestible components con-
sumed during the initial test meal(41). Therefore, the method is
interpreted as an indirect measurement of gastric emptying,
and GET can be prolonged if additional eating events occur
before complete gastric emptying of the initial test meal.
Normative values for GETmeasured by the SmartPill™ in healthy
men according to standard protocol are 180–210min with the
5th and 95th percentiles spanning 90–324min(43,44).

Blood biochemistries

Circulating concentrations of insulin, leptin, acylated ghrelin,
PYY3–36, active GLP-1 and PP were measured in fasted blood
samples collected during the first and final morning of each
SUSOPS period (days 1 and 3), and on the second and fourth
mornings of the 7-d recovery periods. Non-fasting blood
samples of the same hormones, except leptin, were collected
immediately after the morning exercise session (08.30–09.30
hours) on the first and final morning of each SUSOPS period
(2·5–3 h after starting breakfast). All samples were collected by
venepuncture, processed on site, and frozen as serum or plasma
at −80°C until analysis.

For plasma acylated ghrelin measurements, blood was col-
lected into chilled Monovettes containing EDTA-K3 and 4-(2-
aminoethyl)benzenesulfonylfluoride hydrochloride (20 μl/ml
whole blood). For plasma PYY measurements, blood was col-
lected into chilled Monovettes containing EDTA-K3 and protease
inhibitor cocktail (40 μl/ml whole blood; complete, EDTA-free)
and DPPIV-inhibitor (10 μl/ml whole blood). For plasma GLP-1
measurements, blood was collected into chilled Monovettes con-
taining EDTA-K3 and protease and DPPIV-inhibitor (10 μl/ml
whole blood). Plasma aliquots for acylated ghrelin measurements
were acidified with 50 μl 1 M HCl/ml plasma prior to freezing.
Serum leptinwas determined byRIA (EMDMillipore), serum insu-
lin by automated immunoassay (Siemens Immulite 2000), serum
PP by ELISA (EMD Millipore), plasma acylated ghrelin by RIA
(EMD Millipore), plasma PYY3–36 by RIA (EMD Millipore) and

plasma active GLP-1 (GLP-17–36 amide and GLP-17–37) by ELISA
(EMD Millipore). Intra-assay CV were 4·0% for insulin, 5·0% for
leptin, 7·4% for ghrelin, 8·7% for PYY, 4·5% for GLP-1 and
4·3% for PP.

Anthropometrics and RMR

Height was measured in duplicate prior to the first SUSOPS
period using a stadiometer. Nude, fasted body weights were
measured each morning following first void during both
SUSOPS and the recovery periods using a calibrated digital scale.

RMRwas measured the week prior to the first SUSOPS period
using indirect calorimetry (True Max 2400, ParvoMedics).
Volunteers were instructed to fast for ≥8 h prior to testing and
rested in a supine position for ≥30 min prior to starting the mea-
surement. Twenty minutes of data were collected, and the final
10 min were averaged to determine RMR.

Statistical analysis

Sample size calculations used data from a laboratory study in
which the same appetite-mediating hormones measured herein
and appetite were assessed during severe short-term energy
deficit(20,45). Nine participants were estimated to be sufficient
for detecting 1·4-fold between-condition differences in fasting
hunger ratings and 1·7–3-fold between-condition differences
in circulating concentrations of all appetite-mediating hormones
except PP (for which n 14 would be needed) at α= 0·05 and
power= 0·80. Sample size calculations for GET were based on
studies reporting large effect sizes of physical activity(26) and
fasting(46) on gastric emptying. It was estimated that eight partic-
ipants would provide sufficient power to detect a large effect size
(Cohen’s d= 1·0) for between-condition differences in GET at
α= 0·05 and power= 0·80. Thirteen participants were enrolled
to ensure adequate power for primary study outcomes while
accounting for expected attrition.

Energy expenditure and energy balance data were compared
between conditions using paired t tests. All other variables were
analysed using general linear models with correlated errors and
a compound symmetry covariance structure. All models
included condition (DEF, BAL and REST when applicable), con-
dition order (DEF then BAL or BAL then DEF) and their interac-
tion as fixed factors. For outcomesmeasuredmore than once per
condition (i.e. body weight, appetite ratings, food preferences,
hormone concentrations), models included study day and, when
relevant, time of day, as fixed factors in addition to the corre-
sponding three-way (condition × day × time) and/or two-way
(condition × day, condition × time) interactions. Models
excluded the REST condition if study day was a factor in the
model, and models for hormones that were measured post-
exercise combined the time and day factors into a single factor
(time point). Additionally, to examine appetite ratings on all 3 d
of DEF and BAL relative to REST, separate models were used to
test differences on each day of SUSOPS (i.e. REST was compared
with DEF and BAL days 1, 2 and 3 in separate models). When
statistically significant main effects or interactions were
observed, post hoc testing was conducted using paired t tests
and Fisher’s least significant difference to identify differences
between conditions or over time.
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In exploratory analyses, general linear models with corre-
lated errors were used to examine associations between energy
balance (independent variable) and percentage differences in
appetite ratings from REST during DEF and BAL (dependent
variable). These models provided a regression equation
(y = ax þ b) for each appetite rating where x = energy balance
(% or MJ/d), y = percentage difference in appetite ratings from
REST, and b = the y-intercept and corresponding 95 % CI. Each
equation was then solved for y = 0 to find the x-intercept, and
CI for the x-intercept were calculated using the Taylor expan-
sion series. This analysis provided y-intercepts that represented
the predicted difference in each appetite rating relative to REST
at energy balance (i.e. energy deficit= 0), and x-intercepts that
represented the predicted magnitude of energy deficit required
to elicit increases in hunger, desire to eat and prospective
consumption and decreases in fullness (see dashed lines in
Fig. 2, for example).

All datawere examined quantitatively and graphically prior to
analysis, residual plots were evaluated to assess adherence to
model assumptions (i.e. normal distribution and homogeneity
of variance) and logarithmic or square root transformations were
used when necessary to meet model assumptions. Cohen’s f2

was calculated as a measure of effect size for general linear mod-
els used in primary analyses, and Cohen’s d was calculated as a
measure of effect size for between-condition differences at sin-
gle time points. Carryover effects were not detected for any out-
come. Statistical analyses were completed using SPSS version
24.0 (IBM). Tests were two-sided and considered statistically sig-
nificant at P≤ 0·05. Results are presented as mean values and
standard deviations or mean differences and 95 % CI in the text
unless otherwise noted.

Results

Of the thirteen male volunteers enrolled, two volunteers with-
drew for personal reasons and one withdrew due to injury.
The ten volunteers (22 (SD 5) years, BMI: 27·0 (SD 3·5) kg/m2)
who completed the study were included in this analysis. PAEE
and TDEE measured during SUSOPS did not differ between
DEF and BAL, but were less than planned due to some partici-
pants not being able to complete the prescribed exercise on all
SUSOPS days (Table 1). As a result, mean energy balance was
positive during BAL (Δbody weight= 0·6 kg (95 % CI 0·2,
1·2)). However, as planned, energy intake during DEF was
46 % of that measured during BAL, resulting in energy deficit
and body weight loss (–1·2 kg (95 % CI −1·7, −0·7)).

Appetite and food preferences

Between-condition differences in appetite ratings were evident
within the first few hours of testing (online Supplementary
Fig. S1), and mean ratings differed between BAL and DEF on
each day of SUSOPS (Fig. 1(a),(c),(e) and (g)) and online
Supplementary Table S1; Cohen’s f2= 0·89–1·19). Aside from
hunger (Pcondition × day= 0·02), mean daily appetite ratings did
not differ over time within BAL or DEF (Pcondition × day> 0·05)
though effect sizes for between-group differences were largest
on the final day of SUSOPS (online Supplementary Table S1).

When averaged across the three SUSOPS days, mean hunger,
desire to eat and prospective consumption ratings were all
higher during DEF relative to REST (mean percentage difference
(95 % CI); hunger: 26 % (95 % CI –3, 54); desire to eat: 56 % (95 %
CI 6, 107); prospective consumption: 28 % (95 % CI 4, 53)) and
lower during BAL relative to REST (hunger: –55 % (95 % CI –73,
–38); desire to eat: –52 % (95 % CI –71, –32); prospective con-
sumption: –54 % (95 % CI –68, –39)) (Fig. 1(c)–(h)). In contrast,
mean fullness ratings did not differ from REST during DEF (12 %
(95 % CI –36, 61)), but were 65 % (95 % CI 21, 109) higher than
REST during BAL (Fig. 1(a) and (b)).

When comparing changes in appetite ratings during BAL and
DEF relative to REST, the mean decreases in hunger (–12 %
(SD 31) % v. −55 % (SD 25) %, P= 0·003) and prospective con-
sumption (–17 % (SD 22) % v. −54 % (SD 21) %, P= 0·001), but
not desire to eat (–25 % (SD 30) % v. −52 % (SD 27) %,
P= 0·09), and the mean increase in fullness (10 % (SD 48) % v.
65 % (SD 61) %, P= 0·05) were less when DEF was compared
with REST relative when REST was compared with BAL, thereby
indicating a larger effect of BAL on appetite ratings. When linear
associations between percentage energy balance during
SUSOPS and percentage differences in appetite ratings from
RESTwere examined (Fig. 2 and Table 2), y-intercepts were neg-
ative for hunger and prospective consumption, but not desire
to eat, and demonstrated a tendency towards being positive
for fullness, which was statistically significant after removing
one outlier (Table 2). Thus, the regression analyses predicted
a mean suppression of hunger and prospective consumption,
and an increase in fullness had energy balance been maintained
during SUSOPS. Conversely, the energy balance during
SUSOPS at which no change in appetite would be predicted
(i.e. x-intercept) was negative for fullness, hunger and prospec-
tive consumption, representing a threshold of energy deficit
beyond which appetite would be expected to start increasing
during SUSOPS (Table 2). For example, hunger was not pre-
dicted to increase from REST until an energy deficit of 24 % or
5·4 MJ/d (1295 kcal/d) was exceeded (Table 2 and Fig. 2(b)).

Food preferences were neutral (i.e. CI for high v. low fat and
sweet v. savoury crossed zero) and generally did not differ across
study conditions (Fig. 3 and online Supplementary Table S2;
Cohen’s f2 = 0·02–0·06 for sweet v. savoury and 0·09–0·10
for high v. low fat). Exceptions were a greater perceived liking
of high-fat relative to low-fat foods (Pcondition = 0·04;
PDEFvBAL = 0·01; Cohen’s d= 0·42), and a tendency towards a
greater conscious desire for high-fat relative to low-fat foods
(Pcondition= 0·07; PDEFvBAL = 0·02; Cohen’s d= 0·49) during
DEF compared with BAL.

Gastric emptying time

GET did not differ from REST (median (interquartile range):
182 min (182)) during DEF (222 min (250); Cohen’s d= 0·16),
but was increased during BAL (612min (713)) relative to both
REST (P= 0·01; Cohen’s d= 0·96) and DEF (P= 0·05; Cohen’s d
= 1·00) (Pcondition = 0·03, Cohen’s f2 = 0·20; Fig. 4(a)). GET
exceeded 5 h, whichwas the approximate time elapsed between
pill ingestion and the lunch meal, and a generally accepted
upper limit for normal GET(43), for five participants during one
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Fig. 1. Changes in mean appetite ratings during rest and during a 72-h simulated sustained military operation under conditions of energy balance (BAL) and energy
deficit (DEF) (n 10). (a), (c), (e), (g) Boxes showmedian and interquartile range. Whiskers extend to 1·5 times the interquartile range or to minimum/maximum value if no
values within that range. Differences between BAL andDEF analysed using general linear model with correlated errors, and condition, day, time and their interactions as
fixed factors (model 1). Within a condition, boxes not sharing a letter are significantly different (P< 0·05) (Pcondition x day< 0·05). Additionally, differences between BAL,
DEF and REST analysed using separate general linear models with correlated errors for each study day, and with condition, time and their interaction included as fixed
factors (model 2). Between-condition differences are denoted using symbols. (b), (d), (f), (h) Individual changes inmean appetite ratings. Bars represent themean ratings
over all 3 d of DEF and BAL, and over the full day of REST. Lines connect data collected from the same individual. Analysed using general linear model with correlated
errors. (a)–(h) *,† Main effect of condition (P< 0·05); * different from REST (P< 0·05), † different from BAL (P< 0·05). pro. consum., Prospective consumption; REST,
baseline sedentary condition. REST; BAL; DEF.
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or more conditions (REST, n 1; DEF, n 2; BAL, n 5). In all of those
cases, GET exceeded 10 h. Although excluding those partici-
pants from the analysis attenuated between-condition
differences, GET during BAL (266 (SD 30) min) remained signifi-
cantly higher than during REST (152 (SD 54) min, P= 0·01;
Cohen’s d= 2·56) and demonstrated a tendency to be higher rel-
ative to DEF (207 (SD 40) min, P= 0·06; Cohen’s d= 1·16)
(Pcondition = 0·02, Cohen’s f2 = 0·64; Fig. 4(b)).

Appetite-mediating hormones

Condition-by-time point interactions were observed for all
appetite-mediating hormones (Fig. 5 and online Supplementary
Table S3). Fasting leptin concentrations decreased during both
BAL and DEF, but to a greater extent during DEF, resulting in
lower concentrations on the final day of SUSOPS during DEF rel-
ative to BAL (P= 0·002; Cohen’s d= 0·63). Fasting acylated ghre-
lin concentrations also decreased during DEF and were lower on
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Fig. 2. Exploratory analysis of associations between mean changes in appetite ratings from REST (baseline sedentary condition) during a 72-h simulated sustained
military operation relative to mean energy balance during the 72-h period (n 9). Solid lines connect data from the same individual. Dotted lines represent the best fit line
calculated using general linear models with correlated errors (see Table 2). Diff., difference.

Table 2. Associations between energy balance during sustained operations (SUSOPS) and changes in appetite ratings*

B 95% CI P Y-intercept 95% CI P X-intercept† 95% CI

Energy balance (%)
ΔFullness (%)‡ 0·8 0·4, 1·2 0·001 48·6 –5·2, 102·4 0·07 –61% –117, 0
ΔHunger (%) –1·1 –1·8, −0·4 0·004 –26·8 –49·0, −4·8 0·02 –24% –41, −7
ΔDesire to eat (%) –1·6 –2·4, −0·8 0·001 –15·3 –55·1, 24·6 0·41 –10% –30, 11
ΔProspective consumption (%) –1·1 –1·7, −0·5 0·003 –25·5 –45·2, −5·8 0·02 –23% –39, −8

Energy balance (MJ/d)
ΔFullness (%)§ 0·016 0·007, 0·026 0·004 49·2 –4·6, 103·0 0·07 –12·9 MJ/d –25·2, 0·04
ΔHunger (%) –0·021 –0·036, −0·006 0·01 –27·2 –48·4, −6·0 0·02 –5·4 MJ/d –9·0, −1·7
ΔDesire to eat (%) –0·033 –0·052, −0·015 0·003 –17·3 –53·7, 19·0 0·31 –2·2 MJ/d –5·9, 1·6
ΔProspective consumption (%) –0·020 –0·035, −0·006 0·01 –25·6 –44·4, −6·8 0·01 –5·4 MJ/d –8·6, −1·9

* n 9. Associations determined using general linear model with correlated errors. Independent variable was energy balance (% or MJ/d).ΔDependent variables are percentage differ-
ence of mean ratings throughout energy deficit (DEF) and energy balance (BAL) conditions relative to mean ratings during sedentary condition (REST).

† CI for x-intercepts calculated using SD derived from Taylor expansion series.
‡When one outlier removed: β= 0·8 (0·4, 1·2), P= 0·003; y-intercept= 25·1 (13·4, 36·8), P= 0·001; x-intercept=−31% (–48,−17).
§ When one outlier removed: β = 0·014 (0·004, 0·024), P= 0·01; y-intercept= 25·1 (11·9, 38·3), P= 0·002; x-intercept=−7.5 MJ/d (–11.6, −3.2).
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the final day of SUSOPS during DEF relative to BAL (P= 0·03;
Cohen’s d= 0·38). In contrast, fasting insulin, PYY, GLP-1 and
PP concentrations did not demonstrate any between-condition
differences.

Mean concentrations of all hormones measured in the non-
fasting state after exercise differed between DEF and BAL on both
the first and final days of SUSOPS (Fig. 5 and online
Supplementary Table S3). Acylated ghrelin concentrations were
higher during DEF relative to BAL on both days (Cohen’s d= 1·49
(day 1), 1·25 (day 3); P≤ 0·001). In contrast, PYY (Cohen’s d
= 0·90 (day 1), 1·10 (day 3); P≤ 0·02), GLP-1 (Cohen’s d= 1·76
(day 1), 0·76 (day 3); P≤ 0·01), PP (Cohen’s d= 0·80 (day 1),
0·50 (day 3); P≤ 0·01) and insulin (Cohen’s d= 1·03 (day 1),
1·90 (day 3); P≤ 0·001) concentrations were all lower during
DEF relative to BAL on both the first and final days of SUSOPS.

Discussion

Study results demonstrated that changes in appetite ratings
during 72-h of prolonged low-to-moderate intensity physical
activity and limited sleep simulating sustained military opera-
tions were not proportional to changes in energy balance.
Associations between energy balance and appetite ratings

predicted a mean appetite suppression at energy balance and
provided preliminary evidence of a minimum energy deficit
that may be expected independent of logistical and other
factors that limit food intake during events characterised by
prolonged periods of high physical activity and limited
sleep. Between-condition differences in GET and circulating
concentrations of appetite-mediating hormones identified
slowed gastric emptying, increased concentrations of
anorexigenic hormones and decreased acylated ghrelin con-
centrations as potential mechanisms for appetite suppres-
sion. Collectively, findings implicate a physiologically
mediated attenuation of compensatory responses in appetite
to increased PAEE as one factor contributing to the develop-
ment of energy deficit during sustained military operations
and possibly other events characterised by prolonged strenu-
ous activity and limited sleep such as wildland firefighting
and ultra-endurance sport.

The precise quantification of energy intake and expenditure
along a spectrum of energy deficit to surplus within the same
individuals is a strength of this study. The mean decrease in hun-
ger and prospective consumption, and increase in fullness
predicted to occur between the range of energy balance to about
25 % energy deficit (0 to about 5·4 MJ/d (1300 kcal/d) in this
study; see negative y- and x-intercepts in Table 2) are consistent
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with an exercise-induced appetite suppression which appears to
supersede any stimulatory effects of sleep restriction and energy
deficit on appetite. That result is consistent with laboratory ad
libitum feeding studies which have reported that progressive
increases in PAEE of up to 3·3–5·0 MJ/d (800–1200 kcal/d) over
7–14 d results in energy deficits of about 30 % (about 5·0 MJ/d
(1200 kcal/d)) without significant increases in mean daily appe-
tite ratings(47,48). The findings also align with and extend those of
studies which have concluded that energy intake does not
increase to fully compensate for acute (<1 d) or short-term
(2–14 d) increases in PAEE of lesser(23,24) or greater(2,5) magni-
tude than those experienced in this study.

Study findings extend those of previous studies conducted in
military field training exercises. For example, increases in hunger
(18 to about 40 %) that were proportionally less than the magni-
tude of energy deficit experiencedwere reported in two separate
field training studies where TDEE was high (20·9–25·1 MJ/d
(5000–6000 kcal/d)) and energy deficits were similar in magni-
tude to those imposed herein (40–55 % energy deficit over 4
d)(10,12). Those studies and others have also reported that provid-
ing additional food or beverages to augment typical ration
provisions (e.g. 3 rations/d) generally results in reduced

consumption of the typical provisions(10,12,17,49,50). Energy defi-
cits are therefore attenuated, but not prevented when supple-
mental energy is provided. Collectively, these observations
suggest that achieving energy balance while eating ad libitum
during strenuous military operations is unlikely regardless of
food availability because appetite does not increase sufficiently
tomatch the high PAEE. Rather, when food availability is not lim-
ited, an energy deficit of 25 %may approximate a minimum defi-
cit that can be expected independent of other factors limiting
appetite and/or energy intake in those environments. Notably,
recent findings suggest that an energy deficit of that magnitude
(about 5·4 MJ/d (1300 kcal/d)) could be sustained for up to 2
week before reductions in lower-body physical performance
would be expected(3); however, decrements in mood and cog-
nition may occur earlier(51,52).

The observed appetite suppression appeared to be physio-
logically mediated. In support, GET, whichwas increased during
BAL, has been inversely associated with appetite at rest, and dur-
ing and after exercise(26,53), likely due to effects on gastric disten-
tion and intestinal exposure to nutrients(54). GET did not differ
between REST and DEF, suggesting that the high physical activ-
ity may have attenuated any effects of energy deficit on slowing
GET(53) and that the slowed GET during BAL was due, in part, to
differences in diet volume. That conclusion would be consistent
with results of one meta-analysis which reported that moderate-
intensity exercise has no effect or slightly accelerates gastric
emptying, while greater food volume is associated with
slower gastric emptying during exercise(26). In addition, the
SmartPill™ used tomeasureGET generally passes from the stom-
ach only after digestible solids are emptied(41). That feature likely
explains the above-average GET and prevalence of prolonged
gastric retention of the SmartPill™ observed during BAL.
Specifically, the increased diet volume andmore frequent snack-
ing during BAL relative to DEF and REST likely prevented the
breakfast meal from completely emptying the stomach of some
participants before the subsequent snack or lunchmeal was con-
sumed. Though the testing protocol used to measure GET did
differ from clinical protocols using the SmartPill™, the approach
is more relevant to the military environments the study was
designed to emulate wherein individuals may eat meals or
snacks prior to complete gastric emptying of the previous meal.
Further, mean/median GET measured during DEF and REST,
and during BAL after excluding outliers, was within the normal
range for healthy males(43,44). Taken together, these data suggest
that the combination of higher volume meals and more frequent
or higher volume snacks likely contributed to appetite suppres-
sion at energy balance, in part, by prolonging GET.

Differences in appetite-mediating hormone concentrations
may also have contributed to appetite suppression at energy
balance. Relative to both fasting concentrations and those mea-
sured during DEF, non-fasting post-exercise insulin, PYY, GLP-1
and PP concentrations were elevated during BAL, whereas
non-fasting post-exercise acylated ghrelin concentrations were
reduced. Those differenceswere likely attributable to greater food
intake during the breakfast meal (consumed 2·5–3 h prior to the
post-exercise blood draw) during BAL, as exercise was matched
between conditions. Effects of PP, PYY and GLP-1 include pro-
moting satiety and slowing gastric emptying, whereas ghrelin
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Fig. 4. Gastric emptying time (GET) measured during rest and during a 72-h
simulated sustained military operation (SUSOPS) under conditions of energy
balance (BAL) and energy deficit (DEF). Bars represent mean GET for (a) all
available data (n 10; square root-transformed for analysis), and (b) after exclud-
ing data for n 5 who demonstrated delayed gastric emptying during ≥1 condi-
tions. Analysed using general linear model with correlated errors. *,†,‡ Main
effect of condition (P≤ 0·03). * Different from REST (P≤ 0·05). † Different from
BAL (P< 0·05). ‡ Trend for difference from BAL (P= 0·06).
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stimulates hunger and accelerates emptying(55–57). Thus, a pro-
longed postprandial elevation in circulating anorexigenic hor-
mone concentrations and suppression of acylated ghrelin
concentrations would collectively be expected to slow gastric
emptying, increase satiety and suppress hunger.

Between-group differences in fasting appetite-mediating hor-
mone responses to SUSOPS were notably different from
between-group differences in non-fasting measurements. Only
fasting acylated ghrelin and leptin differed, both decreasing
to a greater extent during DEF than BAL. While it seems
counterintuitive that the orexigenic hormone ghrelin would
decrease during energy restriction, similar responses have been
observed during severe, short-term energy deficit in other
studies(20,45,58,59), and animal studies suggest that energy depri-
vation increases neuronal ghrelin sensitivity(60,61). The larger
decrease in leptin during DEF may have also contributed to
changes in ghrelin sensitivity and appetite. Circulating leptin
concentrations are known to decrease immediately and sub-
stantially during energy deficit(62). This response alters central
nervous system sensitivity to episodic signals mediating appetite
during and between meals(33) and drives the common tendency
to regain lost body mass(63), as was observed in this study. Thus,
the relative appetite suppression observed at energy balance
and rapid weight regain following energy deficit, when consid-
ered within the context of the between-condition differences in
appetite-mediating hormones and GET, are consistent with the
concept that biological responses to perturbations in energy
balance effectively match energy intake and expenditure, but
over timescales longer than meal-to-meal or day-to-day(64,65).
These findings suggest that responses of episodic and tonic
signals mediating appetite and body weight homoeostasis are
likely to deter voluntary increases in energy intake to match
energy expenditure during short-term periods of high PAEE,
but will stimulate weight regain once energy expenditure returns
to usual levels, and highlight the importance of allowing
adequate rest and recovery to restore body mass losses.

Mitigating rather than preventing energy deficit may therefore
be a more realistic goal during periods of prolonged strenuous
activity and limited sleep. One means of achieving that goal
could include exploiting hedonic factors that influence the pref-
erence and desire for particular foods. Hedonic factors are rec-
ognised as important determinants of energy intake which can
override episodic and tonic mediators of energy balance
homoeostasis and promote overconsumption(66), and food
acceptability is a known factor influencing energy intake in mili-
tary environments(67) and ultra-endurance sport(5). For those rea-
sons, it is notable that desire to eat changed in proportion to
energy balance and volunteers demonstrated a greater prefer-
ence, albeit small, for higher fat foods during SUSOPS when
in energy deficit. Fat is less satiating per unit energy than carbo-
hydrate or protein(68) and is energy dense. Higher energy density
meals and diets consistently result in higher energy intakes, usu-
ally without affecting perceived appetite(69), and despite post-
prandial appetite-mediating hormone responses that track
energy intake(70). Higher-fat diets (50–60 % v. 30–35 %of energy)
and meals have also been shown to mitigate exercise-induced
energy deficits(71–74) and contribute to increased energy intake
in military field training environments(75). Increasing fat content

and energy density of foods (e.g. military rations) consumed dur-
ing sustained periods of prolonged low-to-moderate intensity
physical activity may therefore warrant consideration in future
research as possible strategies for attenuating energy deficit.
However, those studies will need to consider whether increasing
dietary fat content affects the ability to consume recommended
intakes of carbohydrate and protein, and any impacts on physi-
cal and cognitive performance(5,10,76).

The results of this study should be interpreted within the con-
text of several limitations. First, although the study was
adequately powered to detect between-condition differences
for all of the secondary study outcomes reported herein except
PP, the sample size was small and multiple outcomes were
assessed, which increases risk of type 1 error. As such, findings
warrant cautious interpretation and require replication in larger
cohorts. Additionally, the study was not designed to control for
all factors that may influence appetite, GET or appetite-mediating
hormone concentrations. However, any effects of those fac-
tors should have been mitigated by the standardised time
periods between eating and blood measurements, and by meas-
uring appetite at multiple time points throughout each day. A
second limitation was the mean positive energy balance during
BAL. The correlations between energy deficit and appetite rat-
ings which were used to address that limitation do strongly sug-
gest that appetite would have been suppressed had energy
balance been maintained during BAL. However, it is possible
that the relationship between energy balance and appetite is
not linear as the analysis assumed. Third, appetite ratings and
food preferences do not necessarily predict eating behaviour(37).
Allowing ad libitum food intake would have increased the
external validity of the study, but would also have precluded
assessing physiological responses across the spectrum of nega-
tive to positive energy balance. Fourth, intra-individual variabil-
ity inGETmeasured by the SmartPill™maybe high, as suggested
in one study wherein the coefficient of variability for measure-
ments made 2–4 week apart ranged from 20 to 40 %(44).
However, those values were skewed by a small sample size
and 10 % of participants whose GET measured >10 h during
one measurement. When those outliers were removed, intra-
individual differences in repeated measurements of GET aver-
aged <1 h. Notably, that value is similar to or less than the mean
between-condition differences observed after excluding five
participants with GET> 10 h from the analysis in the present
study (Fig. 4(b)). Finally, study results should not be generalised
to women as others have reported sex differences in appetite
and related physiological responses to increased exercise(77).

Reasons for undereating during events requiring prolonged
strenuous physical activity and limited sleep such as sustained
military operations and ultra-endurance sporting competitions
are multi-factorial and often include logistical constraints and
limited access to food(19). Study findings suggest that energy bal-
ance is unlikely to be achieved by ad libitum eating in these
environments, even if food availability is not constrained, due
in part to a physiologically mediated suppression of appetite.
The resulting energy deficit, if sustained, would be expected
to degrade physical performance, cognition and immunity,
and prolong recovery(3,21,22,51). Study findings therefore provide
a physiological basis for testing feeding strategies known to
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promote overconsumption during events requiring multiple
days of prolonged low-to-moderate intensity physical activity
such as sustained military operations. Such strategies may
include timing meals or snacks to allow for gastric emptying,
and providing rapidly digestible, higher-fat, energy-dense foods
and beverages.
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ABSTRACT
Objective: Examine associations between soldiers’ eating behaviors, compliance with body composition
and fitness standards, and physical performance.
Design: Cross-sectional study.

Setting: Eight Army installations.

Participants: US Army Soldiers (n = 1,591; 84% male).

Main Outcome Measures: Characteristics, eating behaviors, compliance with body composition and
physical fitness standards, and fitness level were assessed via questionnaire.
Analysis: Bivariate and multivariable logistic regression.

Results: Eating mostly at a dining facility was associated with lower odds of body composition failure (odds
ratio [OR], 0.44; 95% confidence interval [CI], 0.26−0.73); whereas, eating at a fast rate (OR, 1.51; 95%

CI, 1.05−2.17) or often/always ignoring satiety cues (OR, 2.12; 95% CI, 1.06−4.27) was associated with

higher odds of body composition failure. Eating mostly fast-food/convenience meals (OR, 1.75; 95% CI,

1.19−2.59) and eating at a fast rate (OR, 1.42; 95% CI, 1.04−1.93) was associated with higher odds of

physical fitness failure. Skipping breakfast was associated with lower odds of high physical performance

(OR, 0.41; 95% CI, 0.23−0.74); whereas, nutrition education was associated with higher odds of high

physical performance (OR, 1.02; 95% CI, 1.01−1.04).

Conclusions and Implications: As eating behaviors are modifiable, findings suggest opportunities for
improving the specificity of Army health promotion and education programs.

Key Words: military, eating behaviors, eating rate, body composition, performance (J Nutr Educ Behav.

2021;53:480−488.)
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INTRODUCTION

Specific eating behaviors such as eat-
ing rate, listening to satiety cues, and
distracted eating are associated with
body mass index (BMI).1−4 In addi-
tion, eating behaviors that promote
proper timing and nutrient intake
in relation to physical training de-
mands facilitate training adaptations
that optimize physical fitness.5 Thus,
in addition to what one eats,
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behaviors dictating how and where
one eats impacts health and physical
performance.6 Eating behaviors are
therefore highly relevant to US Army
soldiers, individuals who must be
prepared to perform at a high level
without notice, and for whom meet-
ing body composition and physical
fitness standards is a condition for
military entry and retention.1,2

For more than a decade, the US
Army has actively engaged in public
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health campaigns aiming to improve
the eating and nutrition-related be-
haviors of soldiers.7,8 New programs
currently being piloted, such as the
Holistic Health and Fitness Program
and the Healthy Army Communities
Performance Dining Card Initiative,9,10

emphasize the importance of healthy
eating behaviors to promote high
occupational performance and readi-
ness (the ability of soldiers to be
ready to perform all aspects of mili-
tary duty).6,11 The effectiveness of
these campaigns and programs is
dependent on multiple factors,
including modifying intractable eat-
ing behaviors, which may be shaped
by early military training experiences
and reinforced by the Army environ-
ment.12,13 For example, in initial mil-
itary training, recruits are integrated
into the military in a highly con-
trolled food environment that limits
access to less nutritious foods. How-
ever, in that highly controlled envi-
ronment, food access is restricted to
ehavior � Volume 53, Number 6, 2021
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designated meal times, outside food
is not allowed,14 and trainees must
eat quickly without regard to internal
hunger and satiety cues.15,16 These
and other experiences throughout a
soldiers’ military career may foster
the development of undesirable eat-
ing behaviors that have previously
been associated with high BMI and
poor diet quality in both military
and civilian populations.

Other factors relevant to soldiers’
eating behaviors are mandatory as-
sessments of compliance with body
composition and physical fitness
standards. A BMI-based screening
assessment occurs twice yearly for all
soldiers. Any soldier who exceeds the
BMI standard for their sex and age
undergoes a circumference-based
body fat assessment called the tape
test.17 If soldiers exceed the maxi-
mum allowable body fat percentage,
they are considered to have failed
body composition standards and are
then required to complete nutrition
education, are reweighed and tape
tested every 30 days, are mandated to
increase physical activity, and cannot
be promoted until they reach an
acceptable body fat percent.17 Sol-
diers who fail to reach or maintain
body composition standards can be
involuntarily discharged from ser-
vice.17 Soldiers must also pass a phys-
ical fitness test twice yearly that
assesses cardiovascular endurance
and strength.18,19 Soldiers who fail
physical fitness standards are penal-
ized similarly to those who fail body
composition standards. A soldier’s
performance and ability to meet
body composition and physical fit-
ness standards are likely influenced
by nutrition-related behaviors such
as how, what, and where one eats.

Relationships between eating be-
haviors and weight and performance
outcomes remain an understudied
area of research on military perfor-
mance and readiness. Previous stud-
ies have investigated diet quality,20

intuitive eating,21 motivations for
eating behaviors,22 and mediators of
eating behaviors23 in military popu-
lations as strategies for informing
health promotion and education pro-
grams. In addition, the adoption of
undesirable eating behaviors has
been demonstrated in recruits,12 but
the specific eating behaviors that
may contribute to failing body
composition and physical fitness
standards of fully trained soldiers
have not been thoroughly exam-
ined.24 An improved understanding
of the specific eating behaviors asso-
ciated with soldiers’ ability to meet
these standards is needed to inform
interventions aimed at promoting
soldier health and readiness.25

This cross-sectional study aimed
to (1) examine associations between
eating behaviors, soldier characteris-
tics, and failing body composition
and physical fitness standards; and
(2) identify eating behaviors and
characteristics of soldiers that dis-
criminate those who score low from
those who score high on the physical
fitness test. The authors hypothe-
sized that eating behaviors, including
the location where a soldier most fre-
quently eats, their typical eating rate,
and whether they ignored satiety
cues, would be associated with body
composition and physical fitness
standard failure, and that there
would be a difference between the
eating behaviors and characteristics
of low- and high-performing soldiers.

METHODS

Between 2016 and 2019, 1,789 sol-
diers from geographically and opera-
tionally diverse Army installations at
Fort Jackson, SC, Joint Base Lewis
−McChord, WA, Fort Riley, KS, Fort
Sam Houston, TX, Fort Carson, CO,
Joint Base Elmendorf−Richardson,
AK, Natick Soldier System Center,
MA, and Fort Campbell, KY were
briefed in person and asked to com-
plete a 100 item questionnaire to
assess eating behaviors, habits, his-
tory of compliance with body
composition and physical fitness
standards, and physical fitness assess-
ment scores, in addition to sociode-
mographic information (age, race/
ethnicity, level of education, and
marital status). Collection of race/
ethnicity followed Office of Manage-
ment and Budget guidelines,26 but
because of small numbers of volun-
teers in some categories, responses
were collapsed to 4 categories. Sol-
diers completed the questionnaire in
a conference room type setting with
researchers standing by to answer
questions. The data for this study
were gathered during a study to vali-
date a tool for understanding the
eating behaviors of soldiers (R.E.C.,
unpublished data, 2020). The ques-
tionnaire was pretested in a focus
group setting and with a group of
experienced soldiers and nutrition
experts before use in this sample and
took, on average, 40 minutes to com-
plete. Volunteers were given an
optional break to avoid survey
fatigue. A total of 1,591 soldiers, 89%
of whom ranged in age from 18 to
58 years (mean, 23.7; SD, 5.2) com-
pleted surveys after they were briefed,
were assured of the confidentiality of
their responses, and gave written
informed consent. A post hoc power
analysis using G*Power (Heinrich
Heine University D€usseldorf, www.
gpower.hhu.de, 2020) determined
the sample size to be ample for regres-
sion models with 15 predictors to
detect an odds ratio of 1.2 with 80%
probability at a significance level of
0.05. The study was approved by the
US Army Medical Research and
Development Command Institu-
tional Review Board, investigators
complied with human research poli-
cies outlined in Army Regulation
70−25, and the study was conducted
in adherence with the requirements
of 32 CFR Part 219.

Dependent Variables

Body composition and physical fitness
standards failure, physical fitness test
scores, and fitness level. Army body
composition assessment involves
measuring the circumference of the
neck, waist, and hip for women and
the neck and waist for men.17 Body
composition standards failure was
determined by a yes response to the
question, Have you ever failed the
body fat tape test?, with possible re-
sponses being yes, no, or never taken,
or tested. Those who had never taken
the tape test are those who either
never exceeded screening BMI or
who had not been in the Army long
enough to be screened. Physical fit-
ness test failure was determined by a
yes response to the question, Have
you failed a record Physical Fitness/
Readiness test since initial military
training?, with possible responses
being yes, no, or never taken, or
tested. The Army Physical Fitness
Test consists of 3 timed events: push-
ups, sit-ups, and a 2-mile run. Those
who achieve ≥90 points on each
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event (≥270 out of a possible 300
points) on the Army Physical Fitness
Test receive the US Army Physical Fit-
ness Excellence Badge.19 Low per-
formers were designated as those
who had failed physical fitness stand-
ards 1 or more times and whose most
recent US Army Physical Fitness Test
score was ≤269 points, and high per-
formers as those who never failed
physical fitness standards and whose
most recent US Army Physical Fitness
Test score was ≥270 points.
Independent Variables

Eating behaviors and soldier characteris-
tics. Where soldiers ate most of their
meals was determined by the ques-
tion, In the past 30 days, where did
most of your meals and snacks come
from?, with options that allowed the
volunteer to indicate where and how
often they had typically consumed
breakfast, lunch, dinner, and snacks.
Options included home/barracks,
field rations (eg, meals-ready-to-eat,
military dining facility, fast-food/
vending/convenience store loca-
tions), or full-service restaurants, or if
they typically skipped these meals or
snacks. How often a volunteer had
eaten while distracted was deter-
mined by the question, I ate my
meals while being distracted (eg, us-
ing phone/computer, watching TV,
driving, working). Responses were
captured by a 5-point Likert-type
scale that ranged from never to
always. The eating rate was deter-
mined by combining 2 questions
that asked volunteers how fast they
think they typically eat, with re-
sponses ranging from very slow/
extremely slow to very fast/extremely
fast. The level of hunger before meals
was determined by the prompt, Over
the past 30 days, on average, I got so
hungry that my stomach felt like a
bottomless pit, and I was hungry
between meals. Responses ranged
from never to always and were com-
bined to create a variable that re-
flected the level of hunger before
meals. How often soldiers followed
ignored satiety cues was determined
by the prompts, Over the past
30 days on average, I continued to
eat after feeling full, I cleaned my
plate regardless of feeling full, I ate
even though I wasn’t hungry, I ate so
much that after eating, I felt sick to
my stomach, and I relied on feelings
of fullness to tell me when to stop
eating. Responses ranged from never
to always and were combined to cre-
ate a variable that reflected how often
soldiers reported ignoring satiety
cues. The prompt I relied on feelings
of fullness to tell me when to stop
eating was reverse coded, so the
directionality of all responses would
agree. Nutrition education was deter-
mined by the prompt, How have you
received nutrition education, guid-
ance, or instruction during your mili-
tary career with options for selected
various types of formal (eg, a class
taught by a dietitian) or informal
nutrition education (eg, researched
nutrition on own). Body mass index
was calculated from self-reported
height and weight, which has been
found to be highly correlated
(r = 0.88) to measured BMI in a previ-
ous study in soldiers.27 Army Physical
Fitness Test score was self-reported.
The International Physical Activity
Questionnaire was used to gather
general physical activity informa-
tion.28 Time spent doing physical
activity was calculated by combining
total minutes of self-reported moder-
ate and vigorous physical activity
and reported as minutes per day.

Statistical Analysis

Data were analyzed using Stata (ver-
sion 15.1, StataCorp, College Station,
TX, 2017). Two hundred (13%) sol-
diers had missing data, with the most
common variables missing data
being: physical activity (6%), nutri-
tion education (4%), where most
meals were eaten and eating rate
(2%), and distracted eating (1%). Less
than 1% of soldiers had missing re-
sponses for body composition and
physical fitness failure, hunger level,
satiety cues, or sociodemographic
variables. No other variables used in
the analysis had missing data. Inves-
tigating patterns among missing vari-
ables revealed no differences in the
distribution between missing and
nonmissing variables such that miss-
ing data can be described as missing
completely at random. There were
289 soldiers who were new to the
Army and had not yet taken the
Army Physical Fitness Test. The char-
acteristics and eating behaviors of
low and high performers were exam-
ined using ANOVA and chi-square
statistics with post hoc testing for
between-group differences. Multivar-
iate adjusted logistic regression mod-
els were implemented to examine
associations between soldiers’ charac-
teristics, eating behaviors, failing
body composition or physical fitness
standards, and Army Physical Fitness
Test performance. Models were
adjusted for sociodemographic varia-
bles, including sex, age, rank
(enlisted vs officer), training status
(trainee vs fully trained), marital sta-
tus, education level, and race/ethnic-
ity. Initial military training soldiers
who had yet to be assessed for body
composition failure or had not taken
the Army Physical Fitness Test were
excluded from models. Regression di-
agnostics to include screening for
multicollinearity among variables
was performed. The receiver operat-
ing characteristic curve was calcu-
lated to assess model discrimination.

RESULTS

Volunteers were majority male
(84%), of a racial or ethnic minority
group (53%), single (63%), had at
least some college education (52%),
and a mean age of 24.1 years
(Table 1). These demographics are
generally representative of the Army
population.29 There were significant
differences in the eating behaviors
and characteristics of soldiers on the
basis of performance level. Referring
to significant results, high-perform-
ing soldiers ate more frequently at
home, ate less from fast-food/vend-
ing locations, and skipped breakfast
less often compared with low-per-
forming soldiers. High-performing
soldiers also reported eating while
distracted less frequently than low-
performing soldiers, were more likely
to have received formal nutrition
education, and had less obesity.

In adjusted logistic regression
models of body composition or phys-
ical fitness failure, compared with
those who reported eating most
meals at home, eating mostly in the
field or meals-ready-to-eat field ra-
tions raised the odds of body compo-
sition failure by 2.34 times (95%



Table 1. Eating Behaviors and Characteristics of Soldiers, Stratified by Performance Level

Sociodemographic, Characteristics or

Eating Behavior Variables,
Mean (SD) or %

All Soldiers
n = 1,591

Low Performers
n = 190a

High Performers
n = 328a

Difference Between High
and Low Performers (P)

Most meals eatenb

Home/barracks 35.9 31.2 40.9 0.03

Field/meals, ready-to-eat 4.8 5.4 3.7 0.38

Dining facility 32.6 26.3 27.0 0.89

Fast-food/vending/convenience 17.7 27.4 18.1 0.01

Full-service restaurant 9.0 9.7 10.3 0.85

Skipped breakfast 10.5 17.4 7.0 < 0.001

Ate while distracted

Never/rarely 32.4 18.4 25.6 0.06

Sometimes 31.7 33.7 37.8 0.35

Often/always 35.9 47.9 36.6 0.01

Eating rate

Slow 5.6 5.8 3.7 0.26

Normal 49.3 51.9 52.6 0.87

Fast 45.1 42.3 43.7 0.76

Extreme hunger before meals

Never 25.3 18.4 25.0 0.09

Sometimes 45.5 51.6 48.5 0.49

Often 29.3 30.0 26.5 0.40

Ignored satiety cues

Never/rarely 8.0 6.8 9.2 0.34

Sometimes 21.9 20.0 24.0 0.29

Often/always 70.1 73.2 66.8 0.13

Formal nutrition education 28.7 23.9 36.7 0.01

BMI, kg/m2

Underweight/normal: ≤ 24.9 44.7 31.1 49.7 < 0.001

Overweight: 25.0−29.9 42.6 44.2 45.7 0.32

Obese: ≥ 30.0 12.7 24.7 4.6 < 0.001

Physical fitness test score 256.4 (31.7) 226.0 (28.9) 287.7 (9.9) < 0.001

Physical activity, min/dc 108.6 (80.3) 100.8 (65.9) 96.9 (63.08) 0.51

Sex

Male 83.5 87.4 87.8 0.88

Female 16.5 12.6 12.2 0.88

Age, y 24.1 (5.2) 24.3 (5.2) 24.3 (5.4) 0.64

Training status

Trainee 19.4 0.5 0.6 0.90

Rank categories

Enlisted 93.3 97.9 39.6 < 0.001

Officer 6.7 2.1 60.4 < 0.001

Marital status

Single 62.7 60.0 60.7 0.94

Married 37.3 40.0 39.3 0.94

Education level

High school/GED 48.3 55.3 40.6 < 0.001

Some college 38.6 40.0 33.9 0.17

Degree 13.1 4.7 25.5 < 0.001

Race/ethnicity

Non-Hispanic White 47.4 47.1 48.5 0.76

Non-Hispanic Black 18.5 19.6 16.5 0.37

Non-Hispanic other 12.7 10.1 12.2 0.46

Hispanic 21.4 23.3 22.8 0.91

BMI indicates body mass index.
aBivariate analysis between high and low performers does not include soldiers who had not taken the fitness test or those who
are neither low nor high performers; bmost meals eaten was defined as the location where >50% of meals were eaten in the
previous 30 days; cexercise time is a combination of moderate and vigorous exercise totals.
Note: Low performers were those who had failed fitness standards 1 or more times and whose most recent Army Physical Fit-
ness Test score was ≤269 points; high performers were those who never failed fitness standards and whose most recent Army
Physical Fitness Test score was ≥270 points. Significance set at P < 0.05.
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confidence interval [CI], 1.21−4.50)
and physical fitness failure by
1.91 times (95% CI, 1.02−3.60)
(Table 2). Eating most meals at a din-
ing facility or a full-service restaurant
lowered the odds of body composi-
tion and physical fitness failure by
2.27 times (odds ratio, 0.44; 95% CI,
0.26−0.73) and 3.33 times (odds
ratio, 0.30; 95% CI, 0.13−0.66),
Table 2. Results of Logistic Regression

Fitness Standards (n = 1,223),

Sociodemographic Characteristics or
Eating Behavior Variables

Most meals eaten
Field/meals, ready-to-eat

Dining facility
Fast-food/vending/convenience
Full-service restaurant

Skipped breakfast
Ate while distracted

Sometimes

Often/always
Eating rate

Slow
Fast

Extremely hungry before meals
Sometimes
Often

Ignored satiety cues
Sometimes
Often/always

Formal nutrition education
Physical activity, mins/d
Control variables

Female
Age, y
Officer
Not a trainee

Married
Some college
Degree

Non-Hispanic Black
Non-Hispanic other
Hispanic

Constant

Note: Values are odds ratio (95% confide
body fat tape test) excluded 285 soldiers
failure (failing a physical fitness test since
and 79 with missing data; high Army Phys
most recent fitness test score was ≥270 p
195 who did not know their score, and 14
statistic for body composition, fitness test
referent group was eating at home/barrack
extremely hungry, never ignoring satiety
White. The level of significance was 95% c
respectively, and eating most meals
from fast-food or vending locations
raised odds of physical fitness failure
by 1.75 times (95% CI, 1.19−2.59).
Often/always ignoring satiety cues
raised the odds of body composition
failure by 2.12 times (95% CI, 1.06
−4.27), and eating at a fast rate raised
the odds of failing body composition
and physical fitness standards by
Models of Failing Body Composition Sta

or High Physical Fitness Test Performanc

Body Composition
Standards Failure

Physic
Test

2.34 (1.21−4.50) 1.91 (1

0.44 (0.26−0.73) 1.31 (0
0.89 (0.57−1.39) 1.75 (1
0.30 (0.13−0.66) 1.34 (0

1.44 (0.86−2.40) 1.47 (0

0.68 (0.43−1.07) 1.30 (0

0.93 (0.59−1.46) 1.47 (0

0.53 (0.23−1.21) 1.20 (0
1.51 (1.05−2.17) 1.42 (1

0.95 (0.63−1.43) 1.29 (0
0.64 (0.39−1.04) 1.24 (0

1.27 (0.59−2.74) 0.76 (0
2.12 (1.06−4.27) 0.79 (0

1.02 (0.99−1.04) 1.00 (0
1.00 (0.99−1.01) 1.00 (0

1.97 (1.23−3.13) 1.30 (0
0.22 (0.06−0.73) 1.04 (1
0.81 (0.72−0.92) 0.28 (0
1.37 (0.69−2.74) 1.49 (0

1.02 (0.70−1.50) 1.22 (0
0.81 (0.55−1.18) 0.84 (0
0.62 (0.29−1.34) 0.29 (0

1.43 (0.88−2.33) 1.09 (0
0.93 (0.52−1.65) 0.82 (0
1.53 (1.00−2.35) 1.07 (0

0.81 (0.66−0.98) 0.03 (0

nce interval). Model sample size is as follow
who had never been tested for body compos
initial military training) excluded 289 who h
ical Fitness Test performance (those who n
oints) excluded 289 soldiers who had neve
3 who had missing data. The area under the
failure, and high fitness test performance wa
s, never skipping breakfast, never eating wh
cues, men, enlisted soldiers, recruits, singl
onfidence intervals corresponding to P < 0.0
1.51 times (95% CI, 1.05−2.17) and
1.42 times (95% CI, 1.04−1.93),
respectively. Those who skipped
breakfast had 2.43 lower odds of re-
porting high physical fitness perfor-
mance (0.41; 95% CI, 0.23−0.74),
but having formal nutrition raised
the odds of reporting a high physical
fitness performance by 1.02 times
(95% CI, 1.01−1.04).
ndards (n = 1,160), Failing Physical

e (n = 964)

al Fitness
Failure

High Fitness
Test Performance

.02−3.60) 0.88 (0.40−1.97)

.86−1.98) 1.04 (0.69−1.57)

.19−2.59) 0.87 (0.56−1.32)

.78−2.30) 0.83 (0.48−1.45)

.95−2.27) 0.41 (0.23−0.74)

.87−1.92) 1.09 (0.73−1.61)

.99−2.19) 0.80 (0.53−1.19)

.62−2.31) 0.85 (0.46−1.59)

.04−1.93) 1.01 (0.73−1.40)

.89−1.86) 1.16 (0.81−1.60)

.82−1.87) 1.05 (0.68−1.06)

.43−1.35) 0.58 (0.31−1.06)

.47−1.33) 0.61 (0.35−1.05)

.99−1.02) 1.02 (1.01−1.04)

.99−1.01) 1.07 (0.99−1.08)

.84−2.02) 0.63 (0.38−1.03)

.00−1.07) 0.98 (0.94−1.01)

.08−0.95) 4.27 (1.87−9.74)

.63−3.50) 4.91 (1.05−9.83)

.87−1.71) 1.13 (0.79−1.62)

.61−1.17) 1.32 (0.93−1.88)

.13−0.65) 1.76 (0.86−3.59)

.72−1.65) 1.34 (0.86−2.10)

.51−1.32) 0.97 (0.61−1.61)

.74−1.54) 1.32 (0.90−1.95)

.01−0.15) 0.17 (0.02−1.30)

s: body composition failure (failing the
ition and 146 with missing data; fitness
ad never taken the physical fitness test
ever failed fitness standards and whose
r taken the Army Physical Fitness Test,
receiver operating characteristic curve

s 0.78, 0.71, and 0.69, respectively. The
ile distracted, normal eating rate, never
e, high school education, non-Hispanic
5.
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DISCUSSION

This study aimed to identify eating
behaviors of soldiers associated with
the ability to meet Army body com-
position and physical fitness stand-
ards and that discriminate soldiers
with high physical fitness from those
with lower physical fitness. No indi-
vidual eating behavior was associated
with all of those outcomes. However,
the location where most meals were
consumed, eating rate, ignoring
internal satiety cues, and skipping
breakfast were associated with 1 or
more outcomes. These behaviors
may therefore be targets for behav-
ioral interventions aiming to im-
prove soldier body composition and
physical fitness.

No statistically significant differ-
ence was found between the amount
of time spent doing physical activity
reported by low- and high-perform-
ing soldiers, but the results of this
study suggest that other behaviors
may play a role in physical fitness. In
particular, eating behaviors may con-
tribute, as high performing relative
to low-performing soldiers reported
engaging more frequently in positive
nutrition behaviors such as eating
fewer fast-food/convenience meals,
not eating while distracted, eating
breakfast, not allowing themselves to
get extremely hungry before meals,
and not ignoring satiety cues.

Notably, formal nutrition educa-
tion was associated with slightly
higher odds of high physical fitness
test performance and was reported
by a greater percentage of high-per-
forming soldiers than low-perform-
ing soldiers. This finding could
indicate that Army programs aiming
to provide more contact with regis-
tered dietitians may be an effective
strategy for educating soldiers on per-
formance nutrition concepts.9 For
example, the Joint Position State-
ment on Nutrition and Athletic Per-
formance by the American College of
Sports Medicine and the Academy of
Nutrition and Dietetics emphasizes
the role of meal timing for perfor-
mance and body composition.5

Among athletes in civilian settings,
nutrition educations programs have
been effective in improving nutrition
benchmarks.30 Similar to athletes,
soldiers must always be physically
prepared to perform and may receive
a dual benefit from nutrition educa-
tion that underscores the importance
of meal timing for performance.

The location where most meals
were consumed was associated with
both body composition and physical
fitness standards failure. Compared
with soldiers who mostly ate at
home, soldiers who ate most meals
at a dining facility, and those eating
primarily at full-service restaurants
demonstrated lowered odds of
failing body composition standards.
Although dining facilities have been
criticized for serving unappealing
and unhealthy foods,31 when com-
pared with fast-food/convenience
options, dining facilities provide a
better variety of fresh fruits and vege-
tables as well as lower-fat options
and reasonable portion sizes.32 Din-
ing facilities are also an effective
venue for delivering nutrition educa-
tion and interventions. In support,
several studies have demonstrated
reduced fat32 and energy intakes,33

and improved diet quality among
service members following the imple-
mentation of dining facility-based
nutrition interventions.34 These
studies showed point-of-sale nutri-
tion labeling, increased variety, and
availability of fruits and vegetables,
limited fried foods, and increased
lean protein options to be effective
strategies to improve dietary intake
among soldiers.32−34 As 74% of sol-
diers who are located on an Army
installation consume at least 1 meal
per day at a dining facility,33 these
findings reinforce the importance of
these facilities as a source of high
quality, nutritious meal offerings
that may help sustain military readi-
ness. Ultimately, where a soldier
chooses to eat is influenced by his or
her irregular schedule and long work
hours, combined with a food envi-
ronment on most military installa-
tions that features fast and
convenience type foods.31 These
findings support the notion that the
overall military food environment
should include less fast-food/conve-
nience type food offerings or should
perhaps explore options to increase
the nutrition of those food offerings
while promoting military dining
facilities as a source of healthy nutri-
tion. This concept is being explored
in initiatives that aim to increase the
availability of healthy options on
posts while providing quality nutri-
tion within dining facilities.35,36

In this sample, 45% of soldiers re-
ported a fast eating rate, which is
higher than the 25% to 31% preva-
lence reported in civilian popula-
tions,37−39 and notable because
eating at a fast relative to moderate
rate was associated with 51% and
42% higher odds of failing body com-
position and physical fitness stand-
ards, respectively. These findings are
consistent with studies in both mili-
tary and civilian populations that
have linked eating fast to higher
BMI.4,12 Findings are also consistent
with previous studies suggesting that
Army training may facilitate the
development of eating behaviors
that contribute to undesirable weight
and performance outcomes among
soldiers.12,13,16 For example, to keep
recruits on strict training schedules,
soldiers in the initial military train-
ing environment must consume
large portions of food quickly with-
out regard to internal hunger or sati-
ety cues.12,40 This experience may
foster the development of undesir-
able behaviors that are retained
throughout adulthood13 and are not
conducive to healthy weight man-
agement and optimal performance.3

Military training and work envi-
ronments that encourage fast eating
may also reduce the ability of indi-
viduals to recognize satiety cues.41

For example, reliance on satiety cues
to stop eating when full has been
shown to significantly decline during
initial military training, as eating rate
significantly increased during the
same period.12 In this study, the au-
thors found that soldiers who often
or always ignore satiety cues have
more than 2 times the odds of failing
body composition standards, com-
pared with soldiers who report never
ignoring satiety cues. Although not
directly examined in this study, these
findings are consistent with those in
civilian populations, demonstrating
that the combination of fast eating
and ignoring internal satiety cues
may additively influence undesirable
body weight and body composition
outcomes.42 Conversely, studies have
shown that intuitive eating or
increasing reliance on physiologic
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hunger and satiety cues43 are effec-
tive weight management strategies in
a variety of populations.21,43 Thus,
the results for the present study iden-
tify eating rate and attention to inter-
nal satiety cues as potential targets
for behavioral modification to pro-
mote compliance with military body
composition and physical fitness
standards.

When soldiers train in austere en-
vironments, field rations, typically
meals-ready-to-eat, are supplied with
limited or no supplementation with
fresh fruits and vegetables. This study
found that compared with soldiers
who ate most meals at home, con-
suming primarily meals-ready-to-eat
was associated with increased odds of
failing body composition and physi-
cal fitness standards. Meals-ready-to-
eat are designed for the specific pur-
pose of short-term provision of ade-
quate energy and nutrients to all
service members operating in envi-
ronments in which high energy ex-
penditures are common.44,45 As such,
although meals-ready-to-eat are of
high nutritional quality,46 they are
also energy-dense and are distributed
to each soldier regardless of individ-
ual energy needs. Energy density is
positively associated with overeating
and higher BMI in civilian popula-
tions47; therefore, the present find-
ings suggest using meals-ready-to-eat
for as short a period as possible may
help avoid undesirable effects.

The strengths of this study were
the large, diverse sample that
included soldiers from multiple loca-
tions across the US. A limitation of
this study is the cross-sectional
design that does not demonstrate
causality in the relationship between
eating behaviors and study out-
comes. Furthermore, all data were
gathered using questionnaires and,
therefore, may be subject to self-re-
porting bias, such as from reluctance
to report body composition failure. It
is also possible that misclassification
bias could have occurred if soldiers
did not correctly recall their physical
fitness test scores. However, a previ-
ous study on the validity of self-
report physical fitness test data
among soldiers found a high correla-
tion (r = 0.78−0.98) between self-re-
ported and measured scores on the
same physical fitness test used in this
study, which suggests that soldiers
can recall their physical fitness test
scores accurately.27 In addition, this
study was conducted in a sample of
young military personnel, limiting
the generalizability of findings to the
general public, although findings
may have generalizability to colle-
giate athletes or similar populations.

IMPLICATIONS FOR

RESEARCH AND PRACTICE

The findings of this study provide
new information relevant to health
practitioners and leaders who are in a
position to influence the nutrition
behaviors of military personnel and
athletes and are relevant to inform-
ing initiatives and programs that aim
to improve the eating behaviors and
nutrition environment for sol-
diers.9,10 Specifically, this study iden-
tified eating location, eating rate,
and attention to internal satiety cues
as potentially modifiable eating be-
haviors that are associated with out-
comes of critical importance to the
health and readiness of soldiers.
Notably, key aspects of Army eating
environment behaviors associated
with body composition and physical
fitness test failure are modifiable.
These aspects include the amount of
time allowed for eating during initial
military training and the availability
of fast-food operations on military
installations, among others. Because
of the difficulty in reversing behav-
iors once established,13 and in both
losing weight and sustaining weight
loss,48 lifestyle and behavioral modi-
fications that consistently and persis-
tently promote behaviors that deter
weight gain are highly desirable from
a public health perspective in both
the general and specialized popula-
tions, such as the military. Thus,
these findings identify opportunities
to improve the specificity of Army
health promotion programs as well
as the Army eating environments to
promote the development of eating
behaviors that support health, per-
formance, and readiness.
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Metabolomic profiles are reflective of hypoxia-induced insulin resistance during
exercise in healthy young adult males
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Abstract

Hypoxia-induced insulin resistance appears to suppress exogenous glucose oxidation during metabolically matched aerobic
exercise during acute (<8 h) high-altitude (HA) exposure. However, a better understanding of this metabolic dysregulation is
needed to identify interventions to mitigate these effects. The objective of this study was to determine if differences in metabo-
lomic profiles during exercise at sea level (SL) and HA are reflective of hypoxia-induced insulin resistance. Native lowlanders (n =
8 males) consumed 145g (1.8 g/min) of glucose while performing 80-min of metabolically matched treadmill exercise at SL
(757mmHg) and HA (460mmHg) after 5-h exposure. Exogenous glucose oxidation and glucose turnover were determined using
indirect calorimetry and dual tracer technique ([13C]glucose and [6,6-2H2]glucose). Metabolite profiles were analyzed in serum as
change (D), calculated by subtracting postprandial/exercised state SL (DSL) and HA (DHA) from fasted, rested conditions at SL.
Compared with SL, exogenous glucose oxidation, glucose rate of disappearance, and glucose metabolic clearance rate (MCR)
were lower (P < 0.05) during exercise at HA. One hundred and eighteen metabolites differed between DSL and DHA (P < 0.05,
Q<0.10). Differences in metabolites indicated increased glycolysis, tricarboxylic acid cycle, amino acid catabolism, oxidative
stress, and fatty acid storage, and decreased fatty acid mobilization for DHA. Branched-chain amino acids and oxidative stress
metabolites, D3-methyl-2-oxobutyrate (r = �0.738) and Dc-glutamylalanine (r = �0.810), were inversely associated (P < 0.05) with
Dexogenous glucose oxidation. D3-Hydroxyisobutyrate (r = �0.762) and D2-hydroxybutyrate/2-hydroxyisobutyrate (r = �0.738)
were inversely associated (P < 0.05) with glucose MCR. Coupling global metabolomics and glucose kinetic data suggest that
the underlying cause for diminished exogenous glucose oxidative capacity during aerobic exercise is acute hypoxia-mediated
peripheral insulin resistance.

branched-chain amino acids; fatty acids; glycogenolysis; high altitude; substrate oxidation

INTRODUCTION

Acute high-altitude (HA) exposure (<8h) suppresses exog-
enous glucose oxidation during steady-state aerobic exercise
compared with metabolically matched exercise at sea level
(SL) (1–4). In two separate studies (1, 4), our laboratory
observed that consuming exogenous glucose during meta-
bolically matched, steady-state aerobic exercise was associ-
ated with higher concentrations of circulating glucose and
insulin, and lower rates of exogenous glucose oxidation dur-
ing acute HA exposure compared with SL. Furthermore, glu-
cose rate of disappearance (Rd) and metabolic clearance rate
(MCR), kinetic measures indicative of glucose uptake and

utilization (5, 6), were both lower at HA compared with SL
(1). Collectively, these metabolic dysregulations suggest that
acute hypoxia elicits peripheral insulin resistance in healthy
exercising adults (7). Although our glucose kinetics and cir-
culating glucose and insulin responses suggest impaired in-
sulin sensitivity as a potential mechanism contributing to
the reduction in exogenous glucose oxidation, a better
understanding of this metabolic dysregulation is required to
identify interventions to mitigate these effects of acute HA
exposure.

Nontargeted metabolomics analysis is a methodological
approach that may provide greater insight into metabolic
alterations that manifest when exogenous glucose oxidation
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is impaired at HA. This approach provides a comprehensive
and sensitive analysis, allowing for the simultaneous mea-
surement of hundreds to thousands of metabolites which
can capture changes in whole body metabolism (8, 9).
Metabolite profiling may provide greater insight into hy-
poxia-induced insulin resistance as a mechanism resulting
in changes in metabolic pathways associated with impaired
substrate oxidation, mobilization, and storage. Recent inves-
tigations have used metabolite profiling to gain a greater
understanding into metabolic alterations with altitude accli-
matization of �14days (10, 11). This approach has also been
effectively used to characterize metabolic dysregulation
between healthy individuals and those with insulin resist-
ance or type 2 diabetes (12–14). In addition, individual
metabolites of branched-chain amino acid (BCAA) metabo-
lism and oxidative stress have been identified as markers of
these disease states (12–14). Identifying similar patterns
in healthy adults during aerobic exercise at HA would
strengthen evidence of hypoxia-induced insulin resistance
and aid in identifying potential therapeutic targets.

The objective of this study was to assess the effects of
acute HA exposure on changes in global metabolomic pro-
files during aerobic exercise while consuming carbohydrate.
We hypothesized that metabolomic profiles would differ
between SL and HA, and that these differences would be re-
flective of hypoxia-induced insulin resistance. In addition,
metabolites that differ between SL and HA will be associated
with reductions in exogenous glucose oxidation rate, glucose
Rd, andMCR at HA compared with SL.

METHODS AND MATERIALS

Participants

Participants in this study were a part of a larger random-
ized crossover study that examined the impact of acute HA
(hyperbaric hypoxia) on exogenous glucose oxidation and
glucose turnover during metabolically matched, steady-state
aerobic exercise compared with SL (1). Eight healthy, recrea-
tionally active men (age: 23±2 yr) completed the study.
Individuals were excluded from participation if they had any
metabolic, cardiovascular, or gastrointestinal disorders,
prior diagnosis of high-altitude pulmonary edema or high-
altitude cerebral edema, evidence of apnea or other sleeping
disorders, presence of asthma or respiratory tract infection
(<1mo of data collection), taking medications that interferes
with oxygen delivery, anemia (HCT< 38% and Hgb< 12.5 g/
dL), sickle cell anemia/trait, born at altitudes >2,100m, liv-
ing at altitudes >1,200m, were smokers, refused to abstain
from alcohol, smokeless tobacco, and dietary supplement
use during the study, had musculoskeletal injury that com-
promised ability to exercise, or donated blood with 8wk of
beginning the study. All data collection took place at the
United States Army Research Institute of Environmental
Medicine (USARIEM, Natick, MA), during November and
December 2018. This study was approved by the Institutional
Review Board at the US Army Medical Research and
Development Command (MRDC, Fort Detrick, MD; www.
clinicaltrials.gov; NCT03851744).

Height (Seritex, Inc., Carlstadt, NJ), body mass (WB-110A,
Tanita, Tokyo, Japan), and body composition (dual energy

X-ray absorptiometry, DPX-IQ, GE Lunar Corporation,
Madison, WI), were used to characterize the participants
(body mass: 83±9kg, height: 178± 7cm, body mass index:
26± 3kg/m2, fat mass: 21± 5kg, fat-free mass: 63± 5kg). Peak
oxygen uptake (V_ O2peak) was assessed during a progressive
intensity, treadmill (Trackmaster TMX425C, Newton, KA)
running exercise test using an indirect, open circuit respira-
tory system (True Max 2400, Parvo Medics, Sandy, UT) to
prescribe exercise intensities. Participants completed assess-
ments of V_ O2peak under SL (4.3 ±0.2 L/min) and HA (2.9±0.2
L/min) conditions.

Study Design

As previously described (1), to normalize the effects of diet
and exercise on endogenous carbohydrate stores before the
experiments, 48 h before testing, participants completed a
glycogen depletion protocol by cycling (Lode, BV, The
Netherlands) at various intensities until failure (15), and
were then fed a controlled diet (5.9±0.2 g/kg/day carbohy-
drate, 1.2 ±0.1 g/kg/day protein, and 1.0±0.1 g/kg/day fat)
before each study arm. At the conclusion of the normaliza-
tion phase, participants reported to the hypobaric chamber
after a 10-h overnight fast to complete the trial under SL
(757mmHg) and HA (460mmHg) conditions. To match our
previous work (16), participants rested quietly while exposed
to SL or HA conditions for 5 h, and then they completed 80
min of metabolically matched, steady-state exercise on a
treadmill, while consuming 145g of glucose (1.8g/min).
Glucose turnover was assessed using 6-6-[2H2]glucose tracer
methodologies. Indirect calorimetry and breath sampling for
13C/12C expired in CO2 were used to determine carbohydrate
and fat oxidation during exercise at SL and HA. Blood sam-
ples for metabolomics analysis were collected 20min before
exercise under resting, fasted conditions at SL, and after
40min of aerobic exercise at both SL and HA conditions.
After a minimum 7-day washout period, participants
returned to the laboratory to complete the second arm of the
investigation. Treatment (SL vs. HA) order was randomized
using a randomnumbers generator to avoid order bias.

Steady-State Treadmill Exercise

After 48h of controlled feeding and exercise, participants
reported to the hypobaric chamber after a 10-h overnight
fast to complete the trial under SL (757± 10mmHg) or HA
(459±2mmHg) conditions. To match our previous work (4),
participants sat quietly while exposed to SL or HA conditions
for 5 h. They then completed 80min of steady-state exercise
on a treadmill, while consuming 145g of glucose (1.8 g/min)
enriched with 200mg [13C]glucose (Cambridge Isotope
Laboratory, Andover, MA). Treadmill speed (3.7±0.3mph)
and grade (2%±0%) were matched between conditions to
match the absolute exercise intensity between SL (V_ O2: 1.66±
0.14 L/min, 329±28kcal) and HA (V_ O2: 1.59±0.10 L/min,
320± 19kcal). Glucose turnover was assessed using a primed
(82.2μmol/kg), continuous (0.78μmol/kg/min) infusion of 6-
6-[2H2]glucose, provided 2 h before and throughout exercise.
Participants ingested 58g carbohydrate immediately before
exercise, followed by consumption of 29g carbohydrate at
20, 40, and 60min during exercise. The carbohydrate drink
was prepared by the Combat Feeding Directorate (Natick,
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MA), containing corn-derived dextrose (CERELOSE, Ingredion,
Westchester, IL). Nutrient content was confirmed using gas
chromatography (Covance Laboratories, Inc., Madison, WI).
Indirect calorimetry and breath sampling for 13C/12C expired in
CO2 were used to determine carbohydrate and fat oxidation
during exercise at SL andHA.

Exogenous Glucose Oxidation and Turnover

As previously reported (1), exogenous glucose oxidation
during metabolically matched, steady-state aerobic exercise
was calculated using equations by Peronnet et al. (17) under
SL and HA conditions. The Steele equation (18) with modifi-
cations for nonsteady state was used to calculate glucose Rd

andMCR under SL andHA conditions. The differences in ex-
ogenous glucose oxidation, Rd, and MCR between SL and HA
conditions were used in the current analysis to determine
associations of these primary outcome measures of the par-
ent study tometabolite concentrations during exercise.

Metabolomics

Serum samples for metabolomics analysis were collected
by antecubital intravenous draw at 20min before exercise
under resting, fasted at SL, and after 40min of aerobic exer-
cise while consuming carbohydrate at SL and HA conditions.
Samples were centrifuged at 3,000 rpm at 4�C for 10min.
Serum was then stored at �80�C until analysis. Samples were
analyzed using four separate methods: two separate reverse
phase (RP)/ultrahigh performance liquid chromatography-
tandemmass spectroscopy (UPLC-MS/MS)methods with posi-
tive ion mode electrospray ionization (ESI), a RP/UPLC-MS/
MS method with negative ion mode ESI, and a hydrophilic
interaction (HILIC)/UPLCMS/MS method with negative ion
mode ESI (Metabolon Inc., Morrisville, NC). Technical repli-
cates, blanks, internal standards, and several recovery stand-
ards were analyzed with experimental samples for quality
control. Raw data were extracted, peaks identified, and quality
control processed using proprietary hardware and software.
The relative quantitation values are based on integrated peak
areas (area under the curve). All samples were analyzed on an
equivalency basis based on volume.

Metabolites were identified by automated comparison of
the ion features in the experimental samples to a references
library of chemical standard entries that included retention
time, molecular weight (m/z), preferred adducts, and in-
source fragments as well as associated MS spectra, and were
curated by visual inspection for quality control using soft-
ware developed at Metabolon (Metabolon, Inc.) (19, 20). The
level of identification for the majority of the compounds
detectedmeets the highest standard of metabolite identifica-
tion according to the Metabolomics Standards Initiative (21).
Several types of controls were analyzed in concert with the
experimental samples. A pooled matrix sample was gener-
ated by taking a small volume of each experimental sample
to serve as a technical replicate throughout the dataset.
Extracted water samples served as process blanks. A cocktail
of quality control standards that would interfere with the
measurement of endogenous compounds was spiked into ev-
ery analyzed sample to allow instrument performance moni-
toring and aided chromatographic alignment. Instrument
variability was determined by calculating the median

relative standard deviation (RSD) for the standards that were
added to each sample before injection into the mass spec-
trometers. Overall process variability was determined by cal-
culating the median RSD for all endogenous metabolites
(i.e., noninstrument standards) present in 100% of the
pooledmatrix samples.

Statistical Analysis

Sample size calculations were based on primary study out-
come of exogenous glucose oxidation, which has been previ-
ously reported (1). Analyses were completed using R v4.0.3,
SPSS v26 (IBM Analytics; Armonk, NY), ArrayStudio
(Omicsoft, Corp.; Cary, NC), and MetaboAnalyst v.5.0 (22).
Before analysis of metabolomics data, any missing values
were imputed using the minimum observed peak area for
each compound. Peak area for eachmetabolite was then nor-
malized to set the mean equal to 0, and log10 transformed to
meet model assumptions. Metabolites were analyzed as
change (D), calculated by subtracting peak area during post-
prandial/exercised state SL (DSL) and HA (DHA) from peak
area during fasted, rested conditions at SL.

Orthogonal projections to latent structures discriminant
analysis, hierarchical clustering of Euclidean distances, and
pattern hunter analysis were conducted using MetaboAnalyst
v.5.0 (22) to assess the effect of condition (DSL vs. DHA) on
changes in global metabolite profiles. Paired t test was also
used to determine differences between DSL and DHA.
Statistically significant differences were then associated with
between-condition differences (D) in exogenous glucose oxi-
dation, glucose Rd, and MCR using Spearman’s correlation
coefficient. To account for multiple comparisons, the
Benjamini–Hochberg method was used to estimate false dis-
covery rate (Q value). Statistical significance was set at P <
0.05 andQ<0.10.

RESULTS

As previously reported (1), exogenous glucose oxidation
was 0.09±0.09 g/min lower (P< 0.05), Glucose Rd was 1.66±
1.69mg/kg/min lower, and MCR was 3.11± 3.00mg/kg/min
lower (P < 0.05) during metabolically matched, steady-state
exercise at HA compared with SL.

Metabolomics analysis measured 1,162 metabolites. Of
those, 952 could be identified. Orthogonal projections to
latent structures discriminant analysis demonstrated a clear
separation in metabolite profiles by condition (Fig. 1).
Hierarchical clustering and pattern search analysis identi-
fied multiple metabolites that clustered together and were
most strongly associated with differences between condi-
tions (Fig. 2,A and B). In total, 188 metabolites demonstrated
significant (P < 0.05, Q<0.10) differences between DSL and
DHA (Supplemental Table S1; see https://doi.org/10.6084/
m9.figshare.14597352). Of those significant metabolites, 8%
were within glycolysis and tricarboxylic acid (TCA) cycle
pathways, 39% were within amino acid metabolism path-
ways, 2% were oxidative stress pathways, and 15% were
within fatty acidmetabolism pathways.

Within the glycolysis pathway, increases in lactate and py-
ruvate were higher in DHA compared with DSL (Fig. 3, A and
B). Increases in the TCA cycle metabolites malate, fumarate,
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citrate, aconitate (cis or trans), and a-ketoglutarate were also
higher (P< 0.05, Q<0.10) for DHA compared with DSL (Fig. 3,
C–G). Conversely, increases in succinate were lower (P < 0.05,
Q<0.10) for DHA compared with DSL, and larger decreases
(P < 0.05, Q<0.10) in succinylcarnitine were observed for
DHA compared with DSL (Fig. 3,H and I).

Decreases in branched-chain amino acids (BCAA), leucine,
isoleucine, and valine, were greater (P < 0.05, Q<0.10) for
DHA compared with DSL (Fig. 4, A–C). Downstream BCAA
metabolites, 3-hydroxyisobutyrate, 3-methyl-2-oxobutyrate,
and 4-methyl-2-oxopentanoate, were higher (P < 0.05,
Q<0.10) for DHA compared with DSL (Fig. 4, D–F). DValine
was positively associated with Dexogenous glucose oxidation
(P < 0.05, r=0.786) and Dglucose Rd (P < 0.05, r=0.786; Fig.
4,G andH). D3-Hydroxyisobutyrate and D3-methyl-2-oxobu-
tyrate were inversely associated with DMCR (P < 0.05, r =
�0.762) and Dexogenous glucose oxidation (P < 0.05, r =
�0.738), respectively (Fig. 4, I and J). Within other pathways
of amino acid metabolism, larger reductions in multiple his-
tidine and urea cycle-related metabolites were observed for
DHA compared with DSL (Table 1).

Changes in c-glutamylalanine and 2-hydroxybutyrate/2-
hydroxyisobutyrate, both markers of oxidative stress, were
higher (P < 0.05, Q<0.10) for DHA compared with DSL (Fig.
5, A and B). D2-Hydroxybutyrate/2-hydroxyisobutyrate was
inversely associated with DMCR (P < 0.05, r = �0.738; Fig.
5C). Dc-Glutamylalanine was inversely associated with
Dexogenous glucose oxidation (P < 0.05, r = �0.810) and
Dglucose Rd (P< 0.05, r =�0.881; Fig. 5,D and E).

Changes in several fatty acid-related metabolites were dif-
ferent (P < 0.05, Q<0.10) between DHA compared with DSL
(Table 2). Decreases inmultiple carnitine and cholinemetab-
olites were greater (P < 0.05, Q<0.10) for DHA compared
with DSL. In contrast, increase in malonate, a metabolite in
the fatty acid synthesis pathway, was higher (P < 0.05,
Q<0.10) for DHA compared with DSL.

DISCUSSION

Themain finding of this study was that acute HA exposure
altered circulating metabolomics profiles during metabol-
ically matched, steady-state aerobic exercise compared with
SL conditions. Significant differences were observed in
metabolites within sub-pathways of glycolysis, TCA cycle,
BCAA metabolism, oxidative stress, and fatty acid metabo-
lism. Changes in several of these metabolites were associated
with decreases in exogenous glucose oxidation, glucose Rd,
and MCR at HA, suggesting that changes in activity within
these metabolic pathways under acute HA conditions may
mediate hypoxia-induced insulin resistance.

The primary outcome from the parent study (1) was that
exogenous glucose oxidation was reduced during aerobic
exercise under acute HA conditions compared with SL.
Accompanying lower rates of exogenous glucose oxidation
were increased circulating glucose and insulin concentra-
tions and reductions in glucose Rd and MCR (1). These shifts
in glucose kinetics are characteristic of insulin resistance (7)
and suggest that reductions in peripheral glucose uptake
may be a primary factor contributing to lower rates of exoge-
nous glucose oxidation at HA. We thus hypothesized that the
observed dysregulations in glucose metabolism were the
result of hypoxia-induced insulin resistance. Using nontar-
geted metabolomics analysis in this secondary investigation
demonstrated greater increases in metabolites indicative of
oxidative stress, c-glutamylalanine, and 2-hydroxybutyrate/
2-hydroxyisobutyrate, during exercise at HA relative to SL,
which were associated with larger declines in exogenous glu-
cose oxidation, MCR, and glucose Rd. Increased oxidative
stress is common during unacclimitized high-altitude expo-
sure, potentially due to decreased oxygen pressure resulting
in elevated free radical production and reductions in plasma
antioxidant capacity (23, 24). Higher concentrations of these
metabolites have also been observed in individuals with type
2 diabetes and insulin resistance (25, 26).

Increased oxidative stress in the current study may be
associated with hypoxia-induced lipid accumulation under
HA compared with SL conditions (27, 28). Lower concentra-
tions of choline and acyl choline metabolites, carnitine, and
higher concentrations of malonate under HA conditions
indicate decreased fatty acid mobilization and fatty acid
transport into the mitochondria, and increased fatty
acid synthesis (29, 30). Low choline availability impairs fatty
acid b-oxidation and results in mitochondrial dysfunction
increasing oxidative stress (28, 31). Low carnitine and high
acyl carnitine concentrations also increase oxidative stress
and have been linked to insulin resistant populations (32,
33). Accumulation of acyl carnitines with hypoxia exposure
has been reported in human (34) and rodent models (35),
with the latter also reporting concurrent reductions in fat ox-
idation. Declines in the rate fat oxidation with HA exposure

Figure 1. Orthogonal projections to latent structures discriminant analysis
score plot for all metabolite features samples based on subject (n = 8) and
condition [sea level (SL) and high altitude (HA)]. Circles represent individu-
als participants under each experimental condition.
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were reported in our parent study (1) and may have been
the result of hypoxia-induced reductions in carnitine,
which is essential for transporting long-chain fatty acids
into the mitochondria for b-oxidation. Interestingly,

supplementation of L-carnitine during hypoxia exposure
functions as an antioxidant, reduced oxidative stress, and
improved physical performance in rats (36, 37). Whether L-
carnitine supplementation with acute HA exposure in

Figure 2. A: heatmap of hierarchical cluster analysis of the 50 metabolites with the lowestQ values between changes in sea level (DSL) and high altitude
(DHA). B: pathfinder analysis of the 25 metabolites most highly associated with differences between DSL and DHA.
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Figure 3. Box plots of difference from resting, fasted conditions at sea level (SL) in glycolysis (A and B), and tricarboxylic acid (TCA) metabolites (C–I) during
exercise at SL and high altitude (HA). �Significantly different from SL, P< 0.05,Q<0.10. Exact P andQ values are reported in Supplemental Table S1.
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humans can reduce oxidative stress to mitigate hypoxia-
induced insulin resistance, and improve exercise perform-
ance is unclear.

Several BCAA metabolites that had a greater increase for
DHA compared with DSL have also been previously associ-
ated with type 2 diabetes and insulin resistance (12). Higher
concentrations of the BCAA metabolites 3-hydroxyiso-

butyrate, 3-methyl-2-oxobutyrate, and 4-methyl-2-oxopenta-
noate are associated with insulin resistance and type 2 diabe-
tes in both human and mouse models (13, 38–40). In
agreement with previous animal and human diseased state
studies, our results demonstrate that greater increases in 3-
hydroxyisobutyrate and 3-methyl-2-oxobutyrate were
associated with lower MCR, an indicator of glucose uptake
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Figure 4. Box plots of difference from resting, fasted conditions at sea level (SL) in branched-chain amino acids (BCAA) metabolites (A–F) during exercise
at SL and high altitude (HA). �Significantly different from SL, P < 0.05, Q<0.10. Exact P and Q values are reported in Supplemental Table S1. Significant
associations in delta (HA-SL) BCAAmetabolites to delta exogenous glucose oxidation, metabolic clearance rate (MCR), and glucose Rd (G–J).
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into peripheral tissue, and exogenous glucose oxidation,
respectively.

Hypoxia-mediated changes in BCAA metabolites may, in
part, be due to increased glycogenolysis and reductions in
endogenous glucose stores during acute HA exposure. Our
laboratory (1) and others (41–43) have shown endogenous
glucose oxidation is higher and fat oxidation is lower during
metabolically matched aerobic exercise under acute HA
compared with SL. Increased glycogenolysis was reflected in
the current study with higher increases in glycolysis metabo-
lites pyruvate and lactate at HA. Higher pyruvate with HA

exposure may explain the larger increase in TCA cycle
metabolites during HA. However, concomitant increases in
lactate production under the hypoxic conditions suggest
increased anaerobic glycolysis. Higher pyruvate and lactate
at HA may be due to increased hypoxia inducible factor 1a
(HIF-1a) upregulating PDK1 via deactivation of PDH, pre-
venting the conversion of pyruvate to acetyl-CoA (44).
Increases in TCA cycle metabolites under HA conditions
may instead reflect alternate carbon flow for oxidation (45).
It is unlikely that increases in TCA metabolites are derived
from fatty acids, as both fat oxidation and related fatty acid

1 2 3
-10

-5

0

5

ΔM
C

R
(m

g/
kg

/m
in

)

1 2 3 4 5
-0.4

-0.3

-0.2

-0.1

0.0

0.1

ΔGamma-glutamylalanine (log10)

ΔE
xo

ge
no

us
G

lu
co

se
O

xi
da

tio
n

(g
/m

in
)

1 2 3 4 5-15

-10

-5

0

5

ΔGamma-glutamylalanine (log10)

ΔG
lu

co
se

R
D

(m
g/

kg
/m

in
)

SL HA
-2

-1

0

1

2

3

Δ
G

am
m

a-
gl

ut
am

yl
al

an
in

e
(lo

g1
0)

SL HA
-2

-1

0

1

2

Δ2
-h

yd
ro

xy
bu

ty
ra

te
/2

-h
yd

ro
xy

iso
bu

ty
ra

te
(lo

g1
0)A B C

D E

Figure 5. Box plots of difference from resting, fasted conditions at sea level (SL) in oxidative stress metabolites (A and B) during exercise at SL and high
altitude (HA). �Significantly different from SL, P < 0.05, Q<0.10. Exact P and Q values are reported in Supplemental Table S1. Significant associations in
delta (HA-SL) oxidative stress metabolites to delta exogenous glucose oxidation, metabolic clearance rate (MCR), and glucose Rd (C–E).

Table 1. Histidine and urea cycle metabolites

Subpathway Metabolite DSea Level DHigh Altitude P Value Q Value

Histidine metabolism 1-Methyl-5-imidazoleacetate 0.30 (�0.20, 0.79) �0.76 (�1.55, 0.03) 0.001965 0.034
1-Methyl-5-imidazolelactate 0.23 (�0.27, 0.73) �1.00 (�1.96, �0.04) 0.004776 0.048741
1-Methylhistamine 0.62 (0.09, 1.16) �0.68 (�1.23, �0.13) 0.000161 0.01762
3-Methylhistidine �0.52 (�0.95, �0.09) �1.81 (�2.22, �1.40) 2.40 E�05 0.010267
Histidine �0.56 (�0.81, �0.31) �1.56 (�2.36, �0.76) 0.009504 0.07169
N-acetylhistidine 0.13 (�0.35, 0.61) �0.74 (�1.34, �0.15) 0.004244 0.044842

Urea cycle metabolism 2-Oxoarginine 0.28 (�0.22, 0.77) �0.97 (�1.41, �0.54) 0.001858 0.03393
Argininate 0.07 (�0.43, 0.56) �1.16 (�1.70, �0.63) 0.000257 0.01762
Arginine �0.72 (�1.16, �0.29) �1.87 (�2.55, �1.19) 0.001006 0.025854
Citrulline �0.90 (�1.50, �0.29) �2.06 (�2.47, �1.64) 0.000376 0.01762
Dimethylarginine (ADMA þ SDMA) �0.18 (�0.98, 0.62) �1.75 (�2.27, �1.23) 0.001237 0.026432
Homoarginine �0.41 (�1.10, 0.28) �1.79 (�2.42, �1.16) 0.000442 0.01762
N-acetylarginine �0.36 (�1.23, 0.52) �1.20 (�1.93, �0.48) 0.006469 0.056118
Ornithine �0.43 (�1.31, 0.44) �1.47 (�2.22, �0.72) 0.001856 0.03393

Values mean (95% confidence interval) log10, presented as the delta during postprandial/exercise under sea level and high-altitude
conditions minus fasted, rested sea level conditions. Main effect of condition for all metabolites; P < 0.05 and Q<0.10.
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metabolites were reduced at HA. Greater decreases in leu-
cine, isoleucine, and valine, with increases of downstream
BCAA metabolites at HA may indicate increased reliance on
BCAA carbon skeletons for energy production via the TCA
cycle (46). Similar alterations in glycolysis, TCA, and BCAA
metabolite profiles have been reported during ascent to
Everest base camp (47) and following 4days of exposure to
hypobaric hypoxia at 5,300m (34). Low energy or glycogen
availability may increase the reliance of BCAA for substrate
to be used for energy production and maintenance of glu-
cose homeostasis (48, 49). Leucine and isoleucine can be
broken down and converted to acetyl-CoA to enter the TCA
cycle for energy production (46, 50). Acetyl-CoA then enters
the TCA through its conversion to citrate, which aligns with
higher concentrations of citrate at HA compared with SL in
the current study.

Despite increases in the majority of TCA metabolites, suc-
cinate decreased to a greater extent during aerobic exercise
at HA compared with SL. Lower succinate may be reflective
of changes in BCAA metabolites. Unlike leucine and isoleu-
cine, valine enters the TCA cycle through conversion to suc-
cinyl-CoA, which in turn is converted to succinate (46).
Increase in 3-hydroxyisobutyrate, a valine metabolite, dur-
ing exercise at HA may suggest impaired conversion of this
metabolite to enter the TCA cycle to be used for energy. The
subsequent higher increase in fumurate within the TCA
cycle at HA may have resulted from the conversion of urea
cycle metabolites for energy use (51). This increased reliance
on urea and other amino acid metabolites for oxidative pur-
poses may be a marker of negative net protein balance dur-
ing acute hypoxia exposure. Our laboratory (52) has
previously reported that reductions in plasma urea and histi-
dine metabolites occur concurrently with negative net pro-
tein balance following 4days of �55% activity-induced
energy deficit. Reductions in concentrations of these metab-
olites have also been reported with decreased dietary protein
intake (53), which results in negative protein balance. Taken
together, these findings suggest that increased reliance on
amino acids for oxidative purposesmay, in part, help explain
declines in mechanistic target of rapamycin complex 1 ana-
bolic signaling (54), negative net protein balance (55, 56),
and reductions in muscle mass (55–57) that occur in unac-
climatized lowlanders sojourning at HA.

Our current study provides novel insight into the changes
of metabolomics profiles while consuming carbohydrate
during aerobic exercise under acute HA exposure. However,
several limitations should be acknowledged. A sample size
of eight for the parent study was generated based on antici-
pated differences of �14±8g/40min exercise in exogenous
glucose oxidation at HA compared with SL (1). This sample
size was appropriate to address the primary outcome of dif-
ferences in substrate oxidation and glucose turnover
between SL andHA conditions; however, it is relatively small
for metabolomics analysis. Though relatively small, other
studies of similar sample size, n = 14 (7 men, 7 women) and
n = 10 (6 men and 4 women) have effectively used metabolo-
mics analysis to characterized metabolic alterations after 16
(10), 3, and 14days (11) of hypoxia exposure. In addition, in
the current study, the alterations in metabolomic profiles
largely align with the results from the substrate oxidation in
the parent study (1). Agreement between indirect calorime-
try/isotope and metabolomic datasets, along with larger dif-
ferences in effects between study conditions, enhances the
physiological relevance and likely validity of the results.
Furthermore, to account for the small sample size we
assessed our data as deltas during exercise under acute high
altitude and sea level conditions from our control resting/
fasted sample collected under sea level conditions. This
approach not only allowed us to isolate the effects of the
exercise response between the two conditions, but also lim-
ited the number of data points being compared which
enhance our statistical power. Similarly, the use of a cross-
over study designed enhanced the statistical power of our
work by allowing each participant to act as their own control.
It should also be noted that the results of our study should
be taken in the context of our current study design. Our
study exposed male participants to conditions equal to an
altitude 4,300m for �8h. Only males were included in this
investigation so outcome measures from the parent study
could be appropriately compared with our previous work,
which only had male participants. Sex-based differences in
substrate oxidation during exercise at SLmay result in differ-
ences in response to change in substrate oxidation at HA
between men and women. Variant results may be observed
using female participants, different severities of altitude,
andmore prolonged exposures.

Table 2. Fatty acid metabolites

Subpathway Metabolite DSea Level DHigh Altitude P Value Q Value

Carnitine Metabolism Carnitine �0.19 (�0.74, 0.35) �1.06 (�1.89, 0.23) 0.007039 0.058157
Deoxycarnitine �0.16 (�1.01, 0.69) �0.76 (�1.55, 0.03) 0.006051 0.053835

Fatty acid metabolism
(acyl carnitine, hydroxy) (S)-3-Hydroxybutyrylcarnitine 0.34 (�0.17, 0.84) 1.45 (0.54, 2.37) 0.016166 0.096671

Fatty acid metabolism
(acyl choline) Arachidonoylcholine �1.21 (�1.67, �0.74) �1.97 (�2.43, �1.52) 0.000187 0.01762

Docosahexaenoylcholine �1.07 (�1.56, �0.57) �1.85 (�2.28, �1.41) 0.000287 0.01762
Eicosapentaenoylcholine �1.09 (�1.69, �0.50) �1.65 (�2.37, �0.92) 0.002779 0.036451

Fatty acid synthesis Malonate �0.91 (�1.81, �0.01) 1.01 (0.35, 1.67) 4.47 E�05 0.010267
Fatty acid, dicarboxylate 3-Carboxy-4-methyl-5-pentyl-2-

furanpropionate (3-CMPFP)
�0.16 (�0.74, 0.43) �1.46 (�2.22, �0.70) 0.002219 0.035351

Octadecanedioate (C18) �0.28 (�1.00, 0.44) 0.51 (�0.24, 1.27) 0.010877 0.076246
Phospholipid metabolism Choline �0.22 (�0.96, 0.51) �1.63 (�2.49, �0.77) 0.002523 0.035729

Values mean (95% confidence interval) log10, presented as the delta during postprandial/exercise under sea level and high-altitude
conditions minus fasted, rested sea level conditions. Main effect of condition for all metabolites; P < 0.05 and Q<0.10.
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It is important to state that while changes in metabolo-
mics profiles during HA are reflective of changes in substrate
oxidation and mirror profiles of insulin resistant popula-
tions, causality cannot be determined. The information
obtained from this analysis can be used to identify potential
interventions for future investigation to overcome changes
in metabolite profiles to improve glucose tolerance to sup-
port physical performance at HA. Based on the present study
findings, short-term use of insulin sensitizing drugs, such as
metformin or pioglitazone, may be appropriate with unac-
climatized HA exposure to efficiently metabolize dietary car-
bohydrate. Alternatively, potential nutrition interventions
such as antioxidant supplement L-carnitine or choline sup-
plementation to reduce oxidative stress and enhance fat oxi-
dation may improve metabolic dysregulation by increasing
reliance on fatty acids for fuel during exercise, minimizing
oxidative stress associated with insulin resistance.

In conclusion, results from this study show differences in
circulating metabolite profiles during exercise under acute
HA compared with SL conditions, indicating increased gly-
colysis and TCA cycle activity, amino acid breakdown, oxida-
tive stress, and fatty acid storage, and decreased fatty acid
mobilization. Increased concentrations and inverse associa-
tions of metabolites within BCAA and oxidative stress path-
ways with exogenous glucose oxidation, glucose Rd, and
MCR suggest that changes in metabolite profiles under acute
HA conditions may be reflective of hypoxia-induced insulin
resistance. These data provide new insight into the potential
underlying alterations in metabolic pathways that govern
metabolic dysregulation in substrate oxidation under acute
HA exposure.

SUPPLEMENTAL DATA

Supplemental Table S1: doi.org/10.6084/m9.figshare.14597352.
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Nutrition interventions in military dining facilities can enhance diet quality and meal satisfaction
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A B S T R A C T
Objective: Determine the effectiveness of the Go for Green® (GG) 
nutrition program to improve diet quality and meal satisfaction of US 
Army soldiers. GG® incorporates strategic food placement, new 
recipes, and color-coded nutrition labels.

Methods: Of  study participants who consumed at least one 
meal,  ( M, .±. years,  pre;  post - GG® program) 
consumed  daily meals at a military dining facility in a time-series 
study.  Questionnaires and food photography estimations provided 
data on demographics, diet quality (Healthy Eating Index – HEI ) 
and meal satisfaction. Independent t-test, Mann Whitney U, or 
chi-square were conducted using SPSS version  to assess changes 
pre/post (alpha set at p<.). 

Results: Diet quality (pre/post HEI scores, Mean ± SD) improved from 
. ± . to . ± ., p<.; attributed predominantly to  of  
HEI constructs (. pts whole grains, . pts seafood/plant proteins 
and . pts refined grains, all p<.). When any combination of  
meals were assessed, fatty acids increased by . pts (p=.). More 
patrons agreed that main dishes were healthy/performance-based 
( pre;  post; p<.), vegetarian options were available ( 
pre;  post; p=.), and they used nutrition labels to choose 
performance foods ( pre;  post; p=.).

Conclusions: GG® program successfully improved access to 
healthy/performance-based foods and improved the patron’s 
satisfaction and meal quality

Learning Objective: Describe a strategy to improve and evaluate 
meal quality and satisfaction in a cafeteria-style environment.

O B J E C T I V E S  A N D
S T U D Y  D E S I G N
Determine the effectiveness of the GG® . program to 
increase/improve garrison dining facility (DFAC) patrons

M E T H O D S
» Of  study participants who consumed at least one meal, 

( M, .±. years,  pre;  post - GG® program) consumed
 daily meals at a military dining facility in a time-series study.

» Questionnaires and food photography estimations provided data
on demographics, diet quality (Healthy Eating Index – HEI )
and meal satisfaction.

» Independent t-test, Mann Whitney U, or chi-square were
conducted using SPSS version  to assess changes pre/post (alpha
set at p<.).

C O N C L U S I O N S
» GG® program successfully improved access to healthy/

performance-based foods and improved the patron’s satisfaction
and meal quality.

I M P L I C A T I O N S
» Military dining facilities are important avenues to improve diet

quality and nutrition-related behaviors to optimize warfighters
fueling requirements.

R E S U L T S
» Diet quality (pre/post HEI scores, Mean ± SD) improved from . ±

. to . ± ., p<.

» Improvements in to  of  HEI constructs (. pts whole grains, .
pts seafood/plant proteins and . pts refined grains, all p<.).

» When any combination of  meals were assessed, fatty acids
increased by . pts (p=.).

» More patrons agreed on following improvements:

− Main dishes were healthy/performance-based ( pre;
 post; p<.)

− Vegetarian options were available ( pre;  post; 
p=.)

− They used nutrition labels to choose performance foods 
( pre;  post; p=.).

Go for Green 2.0 (G4G®) is a multifaceted Department of Defense 
dining facility program, designed to improve the nutritional fitness of 
service members and increasing access to high-performance foods.

R E S U L T S

K E Y  F I N D I N G S
» GG® was successful in improving the meal quality and either

maintained or improved meal satisfaction

» GG® was successful in enabling patrons to select
performance-based food choices.

» Several barriers were identified; strategies could be developed to
mitigate challenges.F O O D  P H O T O G R A P H Y

Ø Design: Time series. New participants recruited pre
and post GG®.

Ø Locations: Wolf DFAC at Ft. Carson and Freeman Café
at Ft. Hood.

Ø Subjects: Military patrons consuming meals at study
location DFACs.
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Table 1. Demographic Characteristics

Variables
Pre 

(n=63)
Post

(n=37)
P-value

Age (years) 22.7±3.2 22.5±3.2 0.643

Gender (% Male) 92% 92% 0.976

Education 0.802

Some HS/HS 60% 62%

Post HS to AAS 35% 35%

BS or Grad 5% 3%

Rank 0.016*

E1-E4 95% 87%

E5-E7 2% 14%

BMI 25.3±2.9 25.0±3.0 0.41

Physical Readiness Rating 0.74

Good-Best Shape 76% 73%

Neither Good Nor Bad 21% 24%

Not Good- Worst Shape 3% 3%
* p <0.05 pre- post intervention

Table 2. Diet Quality – HEI-2015 Score

HEI-2015 Domains & Total 
Score (points)

Control DFAC Patron Intake

Max Points 
Available

Pre 
(n=63)

Mean (SD)

Post
(n=37)

Mean (SD)
Change  P-value

Total Fruit 5 3.4 (1.8) 3.4 (1.9) No change 0.88

Whole Fruit 5 3.8 (1.9) 2.7 (2.2) Decreased 0.06

Total Vegetables 5 3.8 (1.2) 4.3 (1.0) Improved 0.10

Greens and Beans 5 2.8 (1.8) 3.1 (1.9) Improved 0.28

Whole Grains* 10 0.3 (0.9) 3.9 (2.9) Improved 0.00*

Dairy 10 6.8 (2.9) 6.7 (2.9) No change 0.76

Total Protein Foods 5 4.8 (0.4) 4.9 (0.1) Improved 0.09

Seafood and Plant Proteins* 5 2.0 (2.1) 3.2 (2.1) Improved 0.01*

Fatty Acids 10 5.8 (2.5) 6.8 (2.3) Improved 0.09

Refined Grains* 10 7.6 (2.6) 9.5 (1.6) Improved 0.00*

Sodium 10 2.1 (2.4) 2.2 (2.4) Improved 0.85

Added Sugars 10 7.2 (2.9) 8.0 (2.6) Improved 0.19

Saturated Fats 10 5.3 (2.8) 5.3 (2.7) No change 0.68

HEI Total Score 100 55.68 (9.5) 64.1 (8.8) Improved <0.001*
* Significant change, p <0.05
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HEI, Healthy Eating Index
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Figure 1. HEI-2015 Overall Score Change
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Nutrition interventions in military dining facilities can enhance diet quality and meal 
satisfaction 

Authors: Bukhari AS1, Cole RE2, Champagne CM3, McGraw SM1, Moylan E4, Armstrong N1 
1US Army Research Institute of Environmental Medicine, Natick, MA 
2US Military-Baylor University Graduate Program in Nutrition, Medical Center of Excellence 
Joint Base San Antonio-Fort Sam Houston, TX  
3Pennington Biomedical Research Center, Baton Rouge, LA 
4Uniformed Services University, Bethesda, MD 
 

Objective: Determine the effectiveness of the Go for Green® (G4G) nutrition program to 
improve diet quality and meal satisfaction of US Army soldiers. G4G® incorporates strategic 
food placement, new recipes, and color-coded nutrition labels. 

Methods: Of 179 study participants who consumed at least one meal, 100 (92% M, 22.6±3.2 
years, 63 pre; 37 post - G4G program) consumed 3 daily meals at a military dining facility in a 
time-series study.  Questionnaires and food photography estimations provided data on 
demographics, diet quality (Healthy Eating Index – HEI 2015) and meal satisfaction. 
Independent t-test, Mann Whitney U, or chi-square were conducted using SPSS version 26 to 
assess changes pre/post (alpha set at p<0.05).  

Results: Diet quality (pre/post HEI scores, Mean ± SD) improved from 55.7 ± 9.5 to 64.1 ± 8.8, 
p <0.001; attributed predominantly to 3 of 13 HEI constructs (3.6 pts whole grains, 1.1 pts 
seafood/plant proteins and 1.9 pts refined grains, all p<0.05). When any combination of 3 meals 
were assessed, fatty acids increased by 1.2 pts (p=0.038). More patrons agreed that main dishes 
were healthy/performance-based (32% pre; 57% post; p<0.001), vegetarian options were 
available (25% pre; 38% post; p=0.023), and they used nutrition labels to choose performance 
foods (38% pre; 54% post; p=0.039). 

Conclusions: G4G program successfully improved access to healthy/performance-based foods 
and improved the patron’s satisfaction and meal quality.  

Implications: Military dining facilities are important avenues to improve diet quality and 
nutrition-related behaviors to optimize warfighters fueling requirements.  

Disclosure: The views expressed in this abstract are those of the authors and do not reflect the 
official policy of the Department of Army, Department of Defense, or the U.S. Government. 
 

Funding: US Army Medical Research & Development Command, Military Operational 
Medicine Research. 

Leaning Objective: Describe a strategy to improve and evaluate meal quality and satisfaction in 
a cafeteria-style environment. 
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