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Abstract

Background/Objectives: Exercise is a front-line countermeasure used to maintain astronaut
health during long-duration spaceflight; however, reductions in metabolic health still occur.
Accordingly, we evaluated serial changes in metabolic parameters in a spaceflight analog and
evaluated the efficacy of exercise with or without the addition of low-dose testosterone treatment
on mitigating adverse metabolic changes.

Subjects/Methods: Healthy young (<50 years) men were randomly assigned to one of three
groups during 70-days of a strict, diet controlled, 6° head-down bed rest: Control (CON, n=9),
exercise plus testosterone countermeasure (TEX, n=8), or exercise countermeasure plus placebo
(PEX, n=9). Basal metabolic rate (BMR), glucose tolerance, and insulin sensitivity were measured
before, during, and after bed rest. Exercise energy expenditure and excess post-exercise oxygen
consumption (EPOC) were measured in TEX and PEX subjects during bed rest.
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Results: Leptin decreased during HDBR (Pre to BR+0 changed from 6.9 + 5.1, 5.8 + 4.2, and
47+4.11t07.9%3.6,6.5+4.6,and 4.1 3.0 ug- L™1 for CON, PEX, and TEX respectively). Bed
rest induced a decrease in BMR (Pre to BR66 changed from 1655 + 212, 1629 + 108, and 1706 +
146 to 1476 + 166, 1668 + 142, and 1603 + 132 95 kcal - day™1 + 95%Cl for CON, PEX, and TEX
respectively). Similarly, bed rest negatively affected glucose metabolism assessed by 2hr OGTT
glucose (Pre to BR66 changed from 6.29 + 0.72,5.13 + 0.72, and 5.87 + 0.73 t0 6.62 + 0.72, 5.83
+0.72, and 7.08 + 0.72 mmol - L™1 + 95%CI). Reambulation following bed rest positively affected
glucose tolerance in CON (2hr OGTT glucose at BR+12: 5.3 £0.72,6.42 £ 0.73, and 6.04 + 0.73
mmol - L= + 95%Cl). Testosterone protected against bed rest induced insulin resistance (HOMA-
IR from Pre to BR+66 changed from 1.74 + 0.54, 1.18 + 0.55, and 1.45 + 0.56 to 2.24 + 0.56, 1.47
+0.54, and 1.07 + 0.54).

Conclusion: This study confirmed that inactivity during 70 days of head-down bed rest
adversely affects metabolic health. The daily exercise countermeasures were beneficial but not
completely protective of bed rest induced decrements in metabolic health. Supplementary
countermeasures such as testosterone may provide additional benefits not provided by exercise

alone.
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1 Introduction

Exercise is the most effective countermeasure currently available against spaceflight-induced
alterations in muscle, bone, and cardiac metabolism. As skeletal muscle is a major driver of
energy metabolism, disuse of skeletal muscle directly affects substrate utilization and results
in metabolic dysregulation including insulin resistance and muscle loss [1]. Despite the
benefits of exercise, skeletal muscle deconditioning during flight is not completely prevented
and there is an interest in additional countermeasures that can be implemented to optimize
astronaut health. Head-down bed rest (HDBR) provides a unique and relevant model to
investigate physiologic and metabolic adaptations to musculoskeletal unloading in healthy
subjects while also controlling for and monitoring dietary intake. Previous bed rest studies
have demonstrated increases in plasma insulin and insulin resistance, a metabolic shift
favoring dyslipidemia, impaired microvascular function, and impaired glucose metabolism
[2-4]. As exercise is a standard countermeasure during long-duration spaceflight, bed rest
investigations that include exercise protocols are better approximations of spaceflight
conditions than bed rest alone. The addition of exercise during bed rest appears to have
varying effects on the insulin response, and the dose of exercise (intensity, frequency,
volume) necessary to offset the effects of unloading is unknown. We previously showed that
a high intensity integrated aerobic and resistance training program effectively improved
cardiorespiratory fitness (VO,peak) and maintained leg muscle size, muscle strength, and
basal metabolic rate during 14 days of HDBR [5; 6]. However, most of these studies were
limited in duration and diet was often not tightly controlled. Therefore, a need remained to
investigate the effects of exercise on decrements in metabolic health during long-duration
HDBR under strictly controlled conditions.
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In addition to optimizing nutrition and exercise routines for astronauts during long-duration
spaceflight, there is a growing interest in additional countermeasures that can be employed
to augment the existing exercise countermeasures. Testosterone has long been known to
increase muscle strength and size in athletes [7]. We previously demonstrated that even low
doses of testosterone are anabolic to muscle mass and strength in untrained, but ambulatory
older men with testosterone levels < 500 ng/dL [8-11]. However, the effectiveness of
exercise with or without a low-dose testosterone countermeasure on metabolic health in
healthy younger men during long-duration bed rest was unknown.

Recently, we evaluated the impact of 70 days of strict 6° HDBR alone, or bed rest paired
with a daily high intensity resistance and aerobic exercise program with and without a
testosterone supplement, on body composition, cardiac function, muscle strength, and the
skeletal muscle proteome [12-15]. Here we examined the impact of these changes on energy
balance, glucose tolerance, and insulin sensitivity.

2 Methods
2.1 Study Overview

This research was part of an integrated study registered with Clinical Trials.gov
(NCT00891449). Sample sizes were determined based on the primary outcomes from
several independently funded investigations involved in the bed rest study campaign
conducted between 2010 and 2014 [16]. Because of overlap in start-time between funded
investigations, subject numbers are not identical between the various reports that emanated
from this bed rest campaign [12-16]. For the parameters included in this report, data were
available from twenty-six healthy individuals that volunteered to participate in the 70-day
HDBR study. Determination of subject eligibility was based on a screening evaluation by the
NASA Johnson Space Center’s Human Test Subject Facility and Exercise Physiology &
Countermeasures Laboratory as previously described [16]. All participants were nonsmokers
and were given a detailed explanation of the experimental protocol before obtaining
informed consent and random assignment (in blocks of three) to one of three groups:
Control (CON, n=9, 38.1 £ 7.8 yr; 178.4 + 4.6 cm; 81.4 £ 7.7 k), exercise and testosterone
countermeasure (TEX, n=8, 42.3 £ 5.7 yr; 182.2 + 8.0 cm; 77.0 £ 13.9 kg), or exercise
countermeasure alone (PEX, n=9, 42.0 £ 6.5 yr; 179.4 + 4.5 cm; 75.4 £+ 6.4 kg). Assignment
to Exercise versus Exercise and Testosterone treatment was double-blinded to the subjects,
staff and investigators. The UTMB investigational drug services Pharmacy staff as well as
designated physicians and staff remained unblinded to subject treatments throughout the
study. This study was approved by both Institutional Review Boards at the Johnson Space
Center and the University of Texas Medical Branch, and all participants provided written
informed consent before the experiment.

CON subjects reported to the Flight Analog Research Unit (FARU) 14 days before the start
of HDBR and PEX and TEX subjects arrived 21 days before the start of HDBR. During the
pre-HDBR familiarization period (denoted as BR-21 through —1), exercise subjects gained
experience with the exercise equipment and trained 5 days per week. During bed rest
(denoted as BR1 through 70), subjects were confined to strict 6° HDBR for 70 days and
were continually monitored by medical and nursing staff. All subjects remained in the FARU

Life Sci Space Res (Amst). Author manuscript; available in PMC 2021 August 01.


http://Clinicaltrials.gov
https://clinicaltrials.gov/ct2/show/NCT00891449

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Downs et al.

Page 4

for 12 days after HDBR (denoted as BR+0 through +12), to perform reconditioning and
post-HDBR testing activities. All subjects participated in pre-, during-, and post-HDBR
activities that included tests of aerobic fitness and muscle size, strength, and function [12].
Daily activities such as reading, computer use, and television viewing were conducted while
subjects maintained a supine position. Hygiene activities, bathing, and urine collection also
were performed in bed while maintaining a supine position. Full body Dual-energy X-ray
absorptiometry (DXA) scans were performed before and during HDBR on a GE Lunar
iDXA system as previously reported [13].

2.2 Exercise Training

During HDBR, subjects in exercise groups performed resistance exercise 3 days per week
and aerobic exercise 6 days per week [12; 16]. Briefly, resistance exercise sessions were
performed every other day and consisted of three sets of 6-12 repetitions on each of four
exercises (supine squat, supine leg press, supine calf raise, and prone lying leg curl). The
resistance exercise and 30 minutes continuous aerobic exercise on the supine cycle
ergometer were completed on the same day and were separated by at least 4 hours.
Continuous aerobic exercise sessions targeted intensity was set at a heart rate equivalent to
80% of VOypeak achieved during the pre-bed rest peak cycle test. Interval aerobic exercise
sessions were performed supine on the stand-alone zero-gravity locomotion simulator
treadmill (sZLS), three times per week on nonresistance/continuous exercise days and
consisted of three different sessions: 6 x 2-minute stages at a heart rate equivalent to 70%,
80%, 90%, 100%, 90%, and 80% of VO,peak with 2 minutes of active rest between
intervals; 8 x 30 seconds at maximal effort with 15 seconds of active rest between intervals;
4 x 4 minutes at a heart rate equivalent to 85% VO,peak with 3 minutes of active rest
between intervals. Additional details on the exercise protocol have been previously provided
[5; 12].

2.3 Testosterone Supplementation

Placebo (saline) or testosterone enanthate injections (100 mg-week ™1, intramuscular,
alternating left vs. right gluteus maximus) were administered in 2-week intervals (i.e.,
weekly testosterone enanthate for 2 weeks, followed by 2 weeks with no treatment) for the
duration of the 70-day HDBR period [13].

2.4 Bed Rest Diet

The bed rest diet was tightly controlled, designed to maintain body weight, and consisted of
a 55% carbohydrate (4.97 + 0.30 g-kg™1), 30% fat (1.21 + 0.07 g-kg™1), and 15% protein
(1.36 + 0.08 g-kg~1) macronutrient profile. Energy requirements for exercise groups were
calculated using the Harris-Benedict equation [17] with an activity factor of 1.6 and the
thermal effect of food [18]. The CON subject energy requirements were calculated using the
Harris-Benedict equation with an activity factor of 1.4 and the thermal effect of food. An 8-
day menu cycle was used during the study; subjects consumed the research diet pre-,
during-, and post-HDBR. Subjects ate three times per day (at approximately 0700, 1200, and
1700 hours) with no snacking permitted between meals. Subjects were asked to eat all of
their food and any leftover food was weighed on a Mettler balance to determine actual
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intake. Nutrient data for all foods were obtained using Nutritionist IV (First DataBank, The
Hearst Corporation, San Bruno, CA, USA) [19].

2.5 Daily Energy Expenditure

Basal metabolic rate (BMR) was measured pre-HDBR on days —14 and -2, during-HDBR
on days 15, 28, 43, and 57, and post-HDBR on day +2 using indirect calorimetry [20].
Following a standard evening meal, subjects fasted at least 12 hours before BMR
measurement with only water permitted ad libitum thereafter. No exercise was conducted 24
hours preceding BMR assessment. On the day of testing, subjects were awakened at 0600
hours and instructed to limit their physical activity to minimal grooming and slow
movement. Body mass was measured after voiding and subjects were transported to a dimly
lit room isolated from disturbing noise. Subjects rested quietly for 10 minutes in the supine
position and were asked to breathe normally, minimize movement, and then to remain as
quiet as possible for an additional 45-minute testing period. CO, and O, were measured
using a ventilated hood (ParvoMedics Inc, Sandy, UT, USA). Heart rate (HR; Polar 810i;
Polar USA Inc, Montvale, NJ) was continuously monitored throughout the test. Basal
steady-state was defined as a minimum of 10 minutes during which the volume of oxygen
consumed (VO,), minute ventilation (VE), and respiratory quotient (RQ) did not vary by
more than 10%. Data from the first 10 minutes were excluded; thereafter, VO, and CO,
production were averaged over 30-second intervals for the 45-minute test to calculate BMR
[20].

Exercise energy expenditure and excess post-exercise oxygen consumption (EPOC) were
collected one time per week during a continuous, 2-minute interval, or 4-minute interval
aerobic exercise session as described previously [6]. Briefly, subjects were fitted with a heart
rate monitor (Polar 810i; Polar USA Inc, Montvale, NJ) and a facemask connected to a
metabolic cart (TrueOne 2400, ParvoMedics; Sandy, UT) before the start of each exercise
session. Baseline metabolic rate was established during a 10-minute pre-exercise rest period,
metabolic data were collected throughout the exercise session and for 30 minutes of post-
exercise recovery. Exercise energy expenditure was calculated from the average exercise
VO, and respiratory exchange ratio (RER) [21]. EPOC was measured for 30 minutes
following the completion of exercise. Total daily energy expenditure was calculated by
summing the energy cost of daily activities (BMR x 1.2), exercise energy expenditure
(including EPOC), and the thermal effect of food [18]. Note that the daily caloric intake was
prescribed based on the Harris-Benedict equation, as noted above, not based on the
calculated daily energy expenditure.

2.6 Oral Glucose Tolerance Test and Breath CO, Protocols

Oral glucose tolerance tests (OGTTs) were conducted on 24 of the 26 total subjects (n=8 for
each of the three groups). These tests were conducted after an overnight fast pre- (day -1),
during- (days 38 and 66), and post-HDBR (day +12). In the morning, an antecubital
intravenous line was inserted for the collection of timed blood samples. A baseline blood
sample and breath sample were collected before the start of the tests [22]. After a baseline
sample collection, subjects consumed a drink containing 75-g glucose isotopically labeled
with 150 mg [U-13Cg] glucose within 1 minute. From this point (t = 0 min), blood and
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breath samples were collected every 30 minutes for 2 hours. Baseline (reference) breath was
collected in a 1.3-L bag fitted with a one-way valve while single timed breath samples were
collected in individual 300 mL bags. For the collection of breath samples, the subjects were
instructed to breathe normally, hold their breath for 3 seconds, and then exhale completely
into the collection bag provided. Multiple breaths were collected for the baseline reference
sample. Water was allowed ad libitum throughout the 120-minute OGTT. After collection of
the final samples, the intravenous line was removed, and the subjects were fed and told to
continue their daily routine as scheduled.

2.7 Blood and Breath Sample Analysis

Fasting blood samples were collected twice before bed rest (BR-11 and BR-4), during bed
rest (BR30), and twice after bed rest (BR+0 and BR+5). Fasting leptin was measured in
duplicate using radioimmunosassay (Lenco-Millipore).

Plasma glucose and lactate concentrations were determined using a 2300 STAT Plus Glucose
analyzer. Plasma insulin concentrations were determined using an Immulite 2000
chemiluminescence immunoassay system (Siemens, Los Angeles, CA). The homeostatic
model assessment for insulin resistance (HOMA-IR) [23] and the whole-body insulin
sensitivity index (WBISI or Matsuda index) [24] were calculated using plasma glucose
(mg/DI) and insulin (uIU/mL) measurements obtained during the OGTT.

Glucose-derived breath CO, data were analyzed by measuring the ratios of 13CO, to 12C0O,
in single breath samples using an UBIT-IR300 infrared spectrophotometer (Otsuka
Electronics, Hirakata, Osaka, Japan) [22]. The UBIT-IR300 calculates the difference in
13C0, abundance from the baseline breath sample to each timed sample and expresses this
as per mille delta over baseline (%.DOB) [22].

2.8 Statistical Analysis

Statistical analyses were conducted using Stata, IC software (v14.21) and setting 2-tailed
alphato reject the null hypothesis at 0.05. Our experimental design is a mixed-factorial, with
repeated observations collected before, during, and after 70 days of bed rest among subjects
randomized to one of three different groups described above (CON, PEX, and TEX).
Multiple pre-HDBR blood (HDBR -12, -2) time points were averaged for the pre-HDBR
data point. We evaluated the effects of condition (CON, PEX, and TEX), HDBR (pre,
during, post), and their interaction effects in separate mixed-effects models per dependent
variable, with g priori simple interaction terms comparing the changes relative to pre-HDBR
among all possible pairs of condition (CON versus PEX, CON versus TEX, and PEX versus
TEX), and false discovery rate adjustments [25] within outcome for the inflated Type 1 error
risk. Each of these models included a random y-intercept to accommaodate the within-
subjects experimental design. Rigorous model assumption and outlier evaluations were
conducted before hypothesis testing, resulting in the elimination of a small number of overly
influential observations for some outcomes that we identify in the results section below.
Changes (pre/during, and pre/post) in BMR, lean mass, and fat mass were correlated using
the Somer’s d statistic [26] with appropriate adjustments for the repeated measures
experimental design (i.e., two delta scores per subject; pre versus during, and pre versus
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post). Tables and figures were prepared using Excel (Excel 2016, Microsoft), Prism (Mersion
5.02, GraphPad Software Inc.), and RStudio (Version 1.2.1335, RStudio Inc.).
3 Results

3.1 Study Adherence

3.2 Leptin

All subjects adhered strictly to the HDBR, exercise and testosterone interventions, and
nutrition procedures as described in the study outcome papers by Ploutz-Snyder et al. and
Dillon et al. [12; 13]. All men were eugonadal with baseline testosterone concentrations
averaging 531 + 194, 553 + 96, and 553 + 171 ng-dL~1 for CON (n=8), PEX (n=8), and
TEX (n=8), respectively. Circulating testosterone levels showed no changes within or
between the groups when measured one week after each administration. As addressed
previously, this likely indicates the normal response of the hypothalamic-pituitary-gonadal
(HPG) axis to return endogenous testosterone levels to a physiological baseline [13]. No
dose adjustments were made and there were no testosterone related adverse events.

Leptin, which is directly related to changes in fat mass [27], showed a significant time x
group interaction effect. Pre vs. post HDBR levels were 6.9 + 5.1 vs 7.9 + 3.6 for CON, 5.8
+4.2vs. 6.5+ 4.6 for PEX, and 4.7 + 4.1 vs. 4.1 + 3.0 ug- L™1 for TEX, although there were
no significant differences between the groups. Pre and post HDBR levels of leptin correlated
to subject total fat mass (Pearson r =0.6542, p < 0.0001, Figure 1). As previously reported,
CON and PEX subjects experienced increases in fat mass compared to the TEX subjects
from pre to post-HDBR while total body mass did not change in any of the groups during
HDBR [13]. While lean mass decreased in the CON subjects compared to both exercise
groups, improvements in body composition (gains in lean mass and maintenance in fat mass)
were observed in the TEX group [13].

3.3 Basal Metabolic Rate (BMR)

A main effect was observed for a decrease in measured BMR from pre (1662 + 201 kcal-d
1) to post-HDBR (1581 + 199 kcal-d~1); however, no group interaction was detected
(Figure 1). There was no significant main effect when BMR was normalized to lean mass.
Changes in fat mass or lean mass did not correlate to changes in BMR observed during the
70 days of HDBR (data not shown). Fasting RERs were similar in all groups pre-HDBR
(0.85 + 0.05, 0.89 + 0.04, and 0.86 + 0.05, for CON, PEX, and TEX) and remained
unaltered during HDBR (0.84 + 0.05, 0.88 + 0.05, and 0.85 + 0.06, for CON, PEX, and TEX
post-HDBR).

3.4 Metabolic Cost of Exercise and Daily Energy Balance

The average exercise intensity was not different between the PEX and TEX group for any of
the aerobic exercise intervals. Average exercise energy expenditure + EPOC was 303160
kcal for the 2-minute intervals, 314+59 kcal for the 4-minute intervals, and 390+59 kcal for
the 30-minute continuous session. Although we did not measure energy expenditure during
the resistance and 30-second interval sessions, we previously collected this data and showed
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resistance exercise averaged ~250 kcal per session and 30-second interval energy
expenditure was similar to a subjects’ metabolic cost of the 2 and 4-minute intervals [6].

Calculated average daily energy expenditure was 2532 + 421, 2851 + 234, and 2866 + 349
kcal in CON, PEX, and TEX, respectively. As prescribed, CON consumed fewer calories
during HDBR compared to the exercise groups (CON = 2551 + 328; PEX = 2776 + 102;
TEX = 2879 + 338). Calculated daily energy expenditure was remarkably similar to actual
energy intake in all groups.

3.5 Oral Glucose Tolerance Testing.

There were significant two-way interactions (group x time) for OGTT induced glucose,
OGTT induced insulin, insulin resistance, insulin sensitivity, and glucose derived CO,
during the OGTT (Table 1). Exercise prevented HDBR induced increases in OGTT induced
glucose and insulin responses when compared to CON. There were significant main effects
between CON and PEX at BR+12 for OGTT induced glucose, insulin, and lactate. In
general, post-HDBR reambulation (BR+12) induced more favorable changes in these OGTT
responses for the CON subjects compared to the exercising groups. It is likely that the
cessation of the exercise prescription in PEX and TEX subjects after completion of bed rest
contributed to this contrast between the groups and suggests that continuation of exercise
during post-bed rest recovery would have been desirable to maintain metabolic health post-
bed rest. The HOMA insulin resistance index and Matsuda index for insulin sensitivity
indicated favorable responses to TEX countermeasures during HDBR compared to CON.
Glucose derived CO; in breath increased during HDBR in CON compared to the exercise
groups (significant difference between CON and PEX at BR66). There were no significant
differences between the exercise groups (PEX vs. TEX). Combined-group and within-group
responses of blood glucose, insulin, and lactate measured at each 30-minute time point
during the 2-hour OGTTs across the study are shown in Supplementary Figures 1-3. No
correlations were observed between changes in lean mass or fat mass and measures of
glucose tolerance or insulin sensitivity (data not shown).

4 Discussion

This is the first study to provide a thorough evaluation of the effects of strict long-duration
bed rest alone, bed rest paired with a high intensity exercise countermeasure, and bed rest
paired with a combined exercise and testosterone countermeasure on energy balance and
glucose metabolism in healthy subjects. The primary results of this study 1) confirm that
confinement to HDBR, even when paired with a World Health Organization (WHO) weight-
maintaining diet and exercise, result in unfavorable changes in metabolic health, and modest
reductions in BMR of healthy subjects; and 2) demonstrate that exercise and testosterone
countermeasures help protect metabolic health of adult males during 70 days of HDBR.
These changes are consistent with the changes in body compaosition and muscle strength
previously reported [12; 13]

In this study, HDBR induced unfavorable changes in BMR and acute oral-glucose utilization
(as assessed by an OGTT breath test). These changes are in agreement with Bergouignan et
al. [3; 28] and further demonstrates that physical inactivity is detrimental to health in
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otherwise healthy individuals following a WHO weight maintaining diet. Exercise prevented
changes in OGTT induced glucose oxidation observed in CON during HDBR (i.e.
significant difference in glucose-derived CO, in breath between CON and PEX at BR66 in
Table 1). Increased glucose oxidation during an OGTT could be indicative of either
improved glucose uptake from circulation or, more likely in the case of CON, be related to
an overall decrease in the capacity for nonoxidative glucose disposal (glycogenesis) in
response to long-term inactivity [29; 30]. While the development of metabolic inflexibility
(the decreased ability for metabolism to switch between fatty acid oxidation and glucose
oxidation in response to the availability of energy sources) remains a possibility, fasting
RERs were similar in all groups indicating there were no overt HDBR-induced changes in
basal fuel utilization in any of the groups [29; 31; 32]. Conversely, the post-HDBR recovery
improvements in 2-hour OGTT glucose and insulin responses of non-exercising (CON)
subjects further illustrate the importance of habitual physical activity because such changes
during recovery from bed rest were absent in the subjects that had exercised during HDBR
(PEX and TEX).

Maintaining daily energy balance is important as it relates to metabolic health and body
composition. The calculations in our study indicate that subjects were in a state of energy
balance that allowed for weight maintenance. Importantly, diet alone and even the addition
of exercise were not completely effective in preventing gains in fat mass and decreases in
lean mass during HDBR without the addition of testosterone [13]. Although there was no
statistically significant difference between the groups, the mean decline in BMR from pre- to
post-HDBR was visual only in the CON group (Figure 1) and are consistent with losses of
lean mass during this study. Conversely, the relative increase in leptin during HDBR in the
PEX and CON groups compared to the TEX group is likely the result of gains in fat mass
[27] observed in the PEX and CON groups .

Despite the robust exercise routine followed by the PEX and TEX subjects in the present
study, the added energy expenditure was still insufficient to fully offset the effects of
physical inactivity due to confinement to HDBR. In attempt to understand specific exercise
and energy expenditure requirements to maintain metabolic health during bed rest, Dolkas
and Greenleaf investigated the effectiveness of resistance versus aerobic exercise on the
insulin and glucose response during OGTT over 2 weeks of bed rest in young healthy men
[33]. Their results showed that 1 hour of aerobic exercise was more effective than resistance
exercise on insulin response to a glucose load. These authors also predicted (by calculating
the relationships between daily energy expenditure and insulin area under the curve) daily
exercise-induced energy expenditure during bed rest needs to reach ~1000 kcal-d~1 [33] to
mitigate changes in insulin sensitivity and glucose utilization. In our study, subjects
expended significantly less than 1000 kcal/d of exercise-induced energy expenditure (~350
kcal-d=1). Additionally, other factors that are associated with bed rest such as high stress
environments, inflammation, and oxidative stress are known to negatively impact body
composition and metabolic health. Thus, there remains a need to further understand exercise
intensity and modality, as well as the potential for nutrition, hormones, or other mitigations
to optimize the benefits of countermeasures against metabolic dysregulation during
prolonged inactivity and/or unloading.
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While the proposition of testosterone treatment to promote lean mass is not new, the use of a
cycled testosterone treatment approach is novel and allows for a substantially lowered
administration of this hormone than traditional regimens. As previously reported, LBM
increased while the accretion of fat mass was prevented during HDBR in the TEX group in
response to testosterone treatment [13]. The acute dose of testosterone enanthate (100mg) as
well as the method of administration (im) used in this investigation was identical to that used
in previous studies and is commonly used during clinical treatment of hypogonadal men [8;
34; 35]. As both benefits and risks are dose-dependent, clinical testosterone regimens
typically range 75-100 mg every week (or 150-200 mg every 2 weeks, etc.) [36]. Among
the concerns with long-term and continuous testosterone treatment is the possibility of
chronically disrupting the HPG axis. These results further demonstrate that the intermittent
treatment approach was sufficient to deliver benefits on body composition (i.e. increased
LBM and reduced fat mass) and allowed for repeated drug-naive periods that minimized
disruptions of the HPG axis [22] and indicators of metabolic health (present study) in
eugonadal men. Although the precise mechanism of testosterone signaling remains obscure,
we previously identified several proteomic responses consistent with an upregulation of
hypertrophy in the TEX group [14]. The testosterone data from this investigation are
consistent with the intent of the demonstrated treatment design; are promising for its safe
use in healthy males and support the existing data on benefits for patients with metabolic
syndrome [37].

4.1 Limitations

Despite, or perhaps due to, the high level of control under which this study was conducted to
best model the conditions encountered during spaceflight, the data are limited in their
interpretation and application. First, the general population is not likely to follow a tightly
controlled WHO diet. The moderate decline in metabolic parameters observed in this study
may therefore be a testament to the importance of quality nutrition for maintenance of
overall health during long-term bed rest. A sedentary lifestyle paired with a poor diet would
likely result in greater decrements in metabolic health than we observed in our CON group.
Second, the CON subjects in this study participated in four supine VOopeak cycle tests and
nine power cycle tests (5-second supine cycle test) during HDBR. Although this was very
little activity, it is possible that even this limited stimulus prevented some of the decrements
in metabolic health previously observed with strict bed rest alone. Third, these data were
only collected in healthy males. It is not clear whether the magnitude of response would be
different in older men or women following an exercise program during bed rest, or how
women would respond to a testosterone countermeasure during bed rest or spaceflight.
Fourth, glucose derived CO, during standard OGTTs were measured using a novel non-
invasive breath test shown to correlate with conventional OGTT measurements [22]. While
promising as a noninvasive tool for distinguishing healthy adults from those with impaired
glucose tolerance, this method has not been previously validated during bed rest. Fifth, this
investigation did not examine the pharmacokinetic responses of testosterone immediately
following administration. Although standard practices were followed, it is unknown whether
individual differences in systemic drug delivery or distribution contributed to the reported
findings.
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4.2 Application of Results

Maintenance of energy balance is critical to prevent metabolic inefficiencies and prevent
losses in muscle mass and strength during spaceflight. In this study we demonstrated that
when WHO dietary recommendations with an activity factor of 1.6 are maintained, an
exercise prescription and testosterone supplementation during unloaded conditions protects
against declines in metabolic health during 70 days of bed rest. These results also indicate
that a combined exercise and testosterone countermeasure may be an effective approach to
optimize exercise time and frequency when the desired outcome is the maintenance of
metabolic health and body composition. Higher exercise induced energy expenditure may be
required to fully maintain muscle mass and metabolic health during long-duration missions
(i.e., longer than 70 days) without the added testosterone supplement. From a clinical
perspective, physical inactivity is a growing epidemic among young and otherwise healthy
individuals as only 5% of the American population is considered active as measured by
accelerometry [38]. These bed rest data confirm the negative effects of physical inactivity,
even with a well-controlled diet.

4.3 Conclusion

This study design allowed for the unique opportunity to describe a cause-and-effect
relationship between physical inactivity and the effectiveness of adding exercise during an
otherwise inactive condition on metabolic health in an extremely well-controlled
environment. This study supports the notion that confinement to bed rest, even with
adequate nutritional support, results in moderate metabolic impairments in healthy
individuals that is difficult to fully prevent by exercise alone. Exercise countermeasures will
likely prevent metabolic dysregulation during mission durations up to 70 days and these data
provide critical information to support the need for daily exercise during periods of
unloading to not only protect muscle, bone, and cardiac health, but also metabolic health.
The addition of an intermittent and low-dose testosterone supplement mitigates HDBR-
induced increases in insulin resistance. These results indicate that this may be a beneficial
supplemental countermeasure to counteract metabolic dysregulation, especially during long-
duration spaceflight beyond the time-frame studied here. Future work should aim at
understanding the specific exercise and nutritional requirements needed to maintain
metabolic health, body composition, muscle strength, and aerobic fitness in men and women
during well-controlled conditions of prolonged unloading or disuse.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Total Body Mass vs. Leptin
Total fat mass (g) vs. circulating leptin measurements (ug: L™1) before HDBR (triangle) and

after HDBR (circle). Gray area represents 95% ClI of the linear model regression for all
points (Pearson r = 0.6542, p < 0001). For visualization, groups with regression lines are
identified as follows: CON (red), PEX (green), and TEX (blue).
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Figure 2. Basal Metabolic Rate (BMR)
Measured basal metabolic rates (BMR) pre-, during, and post-HDBR. CON (red, open bars),

PEX (green, striped bars), and TEX (blue, closed bars). Measures are presented as means
and 95% CI. *Significant main effect (time) from pre to post-HDBR (/<0.05); no between-
group differences.
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Table 1.
Oral Glucose Tolerance Test
CON PEX TEX
Mean (95% CI) Mean (95% CI) Mean (95% CI)

Fasting Glucose (mmol - L™1)

Pre-BR 4.97 (475-519) 474  (451-4.96) 495  (473-5.17)

BR38 502  (4.80-524) 496  (4.74-5.18) 505  (4.83-5.27)

BR66 515  (4.93-537) 490  (4.68-5.12) 494  (4.72-5.16)

BR+12 492 (470-514) 499  (477_soyM 49  (474-519)
Fasting Insulin (uIU - L)

Pre-BR 7.93  (545-104) 571  (3.16-8.26) 657  (4.02-9.12)

BR38 860 (6.05-11.2) 6.12  (3.64-8.60) 621  (3.73-8.69)

BR66 981  (7.25-124) 681  (4.33-9.29) 475  (2.27-723)

BR+12 6.34 (3.86-8.82) b5.14  (2.66-7.62) 544  (2.96-7.92)
Fasting Lactate (mmol - L™1)

Pre-BR 151  (1.32-170) 122  (1.03-1.41) 127 (1.08-1.46)

BR38 145 (1.26-1.63) 130  (1.11-1.49) 137 (1.18-1.56)

BR66 139  (120-158) 124  (1.06-143) 122 (1.03-1.41)

BR+12 117  (099-136) 118 (gg9_137)° 107  (0.88-126)
2Hr OGTT Glucose (mmol - L™1) oxT

Pre-BR 629  (557-7.01) 513  (4.41-586) 587  (5.14-6.59)

BR38 679 (6.07-752) 621  (5.49-6.93) 679  (6.06-7.51)

BR66 662  (5.90-7.34) 583  (5.11-6.55) 708 (6.36-7.80)

BR+12 530 (458-603) 642 (569-714yMS 604  (531-6.76)
2Hr OGTT Insulin (iU - L) X7

Pre-BR  55.1 (39.5-70.6) 33.1 (18.1-48.1) 314 (16.4 - 46.4)

BR38 565 (415-715) 454  (30.4-60.4) 419  (26.9-56.9)

BR66  69.1  (53.6-847) 350  (20.0-50.0) 427 (27.2-58.3)

BR+12 352  (202-50.2) 389  (239-538)M 338  (188-488)
2Hr OGTT Lactate (mmol - L™1)

Pre-BP 146  (1.32-159) 123  (1.10-1.37) 129 (1.15-1.44)

BR38 132  (1.19-146) 128  (1.15-1.42) 132 (1.19-1.46)

BR66 140  (1.27-154) 120  (1.06-1.34) 129  (1.15-1.43)

BR+12 139  (126-153) 139 (125_15p)M 133 (119-146)
HoMA-IRSXT

Pre-BR 174  (1.20-2.29) 118  (0.63-1.74) 145  (0.89-2.01)

BR38 191  (1.35-247) 135  (0.81-1.90) 139 (0.85-1.93)

BR66 224  (1.68-2.80) 147  (0.93-2.02) 107 (053-161)°

BR+12 1.38 (0.84-193) 115 (0.61 - 1.69) 1.22 (0.68 - 1.76)
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CON PEX TEX
Mean (95% CI) Mean (95% CI) Mean (95% CI)
GxT
Matsuda
Pre-BR  4.78 (245-7.12) 7.63 (5.24 -10.0) 8.34 (5.95-10.7)
BR38 472  (2.38-7.05) 727  (4.94-961) 741 (5.07-9.75)
BR66 3.86 (1.52-6.20) 7.61 (5.27-9.94) 8.70 (6.32-11.1)
BR+12 650  (416-8.84) 7.33  (4.99-9.67) 765 (527-100)M
Glucose derived CO, (% Baseline) oxT
Pre-BR 37.2  (333-411) 370  (33.1-40.9) 326  (285-36.7)
BR38 360  (32.0-40.1) 362  (32.3-40.1) 349  (31.0-388)
BR66 460  (41.9-500) 378  (339-41.7)MS 365  (324-406)
BR+12 379  (338-419) 349  (310-388) 342  (30.3-38.1)

Values are presented as marginal means and 95% confidence intervals.

GxT. . . .
X Two-way interaction (omnibus).

MMain effect (Pre-HDBR and CON as references).

SSimpIe interaction (Pre-HDBR and CON as references). No significant interaction effects between PEX and TEX.
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