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Abstract
This study was a randomised, double-blind, placebo-controlled cross-over trial examining the effects of β-hydroxy β-methylbutyrate free acid
(HMB-FA) supplementation on muscle protein breakdown, cortisol, testosterone and resting energy expenditure (REE) during acute fasting.
Conditions consisted of supplementation with 3 g/d HMB-FA or placebo during a 3-d meat-free diet followed by a 24-h fast. Urine was
collected before and during the 24-h fast for analysis of 3-methylhistidine:creatinine ratio (3MH:CR). Salivary cortisol, testosterone, their ratio
(T:C), and the cortisol awakening response were assessed. ANOVA was used to analyse all dependent variables, and linear mixed models
were used to confirm the absence of carryover effects. Eleven participants (six females, five males) completed the study. Urinary HMB
concentrations confirmed compliance with supplementation. 3MH:CR was unaffected by fasting and supplementation, but the cortisol
awakening response differed between conditions. In both conditions, cortisol increased from awakening to 30min post-awakening (P= 0·01).
Cortisol was reduced from 30 to 45min post-awakening with HMB-FA (−32%, d= − 1·0, P= 0·04), but not placebo (PL) (−6%, d= − 0·2,
P= 0·14). In males, T:C increased from 0 to 24 h of fasting with HMB-FA (+162%, d= 3·0, P= 0·001), but not placebo (+13%, d= 0·4, P= 0·60),
due to reductions in cortisol. REE was higher at 24 h of fasting than 16 h of fasting independent of supplementation (+4·0%, d= 0·3, P= 0·04).
In conclusion, HMB-FA may affect cortisol responses, but not myofibrillar proteolysis, during acute 24-h fasting.

Key words: β-Hydroxy β-methylbutyrate: Intermittent fasting: Fasting

Intentional reductions in energy intake are frequently imple-
mented by the general population and athletes alike, typically for
the goal of body fat loss. One important consideration associated
with such hypoenergetic dietary conditions is the potential loss of
lean body mass(1). Not only is lean mass critical for functional
ability and athletic performance, but reductions in lean mass may
drive overeating and promote regain of fat mass following weight
loss(2). In addition, maintaining lean mass could contribute to
superior maintenance of energy expenditure due to its contribu-
tion to RMR(3). Therefore, optimal fat loss programmes should
promote maximal retention of lean body mass.
Dietary recommendations for fat loss typically involve daily

energy restriction, meaning that a normal eating schedule and
frequency is followed but smaller portions and less energy are
consumed at each meal(4). However, an alternative method of
reducing food consumption has gained popularity over the past
decade. This method, termed intermittent fasting (IF), employs
repeated short-term fasts in an effort to reduce food con-
sumption, modify body composition and improve overall
health(5). These short-term fasts are longer than a typical over-
night fast, but are typically no longer than 24 h in duration. An
increasing body of research indicates that IF is effective for fat

mass reduction, although some forms of IF may not be superior
to traditional energetic restriction for long-term weight loss
maintenance(5–7).

In addition to traditional concerns of retaining lean body
mass during hypoenergetic conditions, IF programmes imple-
ment fasting periods that necessitate periods of 12–24 h without
dietary amino acid-induced stimulation of muscle protein
synthesis. During this time, it is expected that muscle protein
breakdown exceeds muscle protein synthetic activity, produ-
cing a negative protein balance in skeletal muscle(8). Skeletal
muscle tissue may be broken down in short-term fasting in
order to provide amino acid substrate for hepatic gluconeo-
genesis(9). Despite these concerns, we have previously
demonstrated that resistance training can prevent the loss of
lean body mass during IF programmes utilising 16- to 20-h
fasting periods for 8 weeks(10,11). However, known difficulties
meeting physical activity recommendations in the general
population necessitate the exploration of non-exercise strate-
gies to ameliorate a potential loss of skeletal muscle tissue
during fat loss programmes such as IF(12).

One potential candidate is supplementation with the leucine
metabolite β-hydroxy β-methylbutryate (HMB). HMB has been
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demonstrated to decrease proteolysis through modulation of
the ubiquitin-proteasome and caspase protease systems in
environments conducive to muscle loss(13–15). It has also been
examined in the contexts of reducing muscle damage(16,17) and
myofibrillar proteolysis(18). However, there are currently no
reports examining the effects of HMB during short-term fasts,
such as those employed during IF, in humans. These fasting
periods elicit a unique metabolic state in which substrate utili-
sation and energy expenditure may be altered(5,19). Due to
HMB’s demonstrated ability to reduce proteolysis, it could
potentially promote retention of skeletal muscle mass during IF
programmes.
Therefore, the primary aim of the present investigation was to

examine whether HMB free acid (HMB-FA) alters a marker of
muscle protein breakdown and select anabolic/catabolic
hormones (i.e. cortisol and testosterone) during an acute 24-h
fast. Secondary aims were to evaluate the hormonal and energy
expenditure responses to a 24-h fast in order to inform future IF
research. It was hypothesised that HMB-FA supplementation
would lead to a reduction in myofibrillar proteolysis, as
measured by 3-methylhistidine:creatinine ratio (3MH:CR). In
addition, it was hypothesised that lower cortisol concentrations
would be observed with HMB-FA relative to placebo, with
reductions in testosterone in both conditions due to acute
energy deprivation(20), leading to a higher testosterone:cortisol
ratio (T:C) with HMB-FA supplementation. Finally, based on
previous investigations reporting increases in resting energy
expenditure (REE) after 24 to 48 h of fasting(21–24), it was
hypothesised that REE would increase during the fasting period,
independent of supplementation.

Methods

Overview

In a randomised, double-blind, placebo-controlled cross-over
design, participants completed two conditions. Each condition
consisted of a 3-d meat-free diet followed by a single 24-h fast
(Fig. 1). During each 4-d condition, participants consumed
three dietary supplement packets per day. Each packet con-
tained either 1 g of β-hydroxy-β-methylbutyrate in FA form or
placebo. Urine was collected for 8 h before the fast, as well as
throughout the fast, for the analysis of 3MH, CR and HMB.

Saliva was collected at the beginning and end of the fast for
assessment of cortisol and testosterone. The cortisol awakening
response (CAR) on the day of the fast was also assessed. Par-
ticipants were provided with meat-free food items for the 3 d
before the fast and reported to the laboratory after 16 h of
fasting. Participants remained in the laboratory under observa-
tion from 16 to 24 h of fasting, during which sample collection
and REE assessments took place. After a washout period of
3–10 d, the second condition was completed.

Participants

To be eligible for participation, individuals were required to
meet the following criteria: 18–50 years of age, generally heal-
thy (defined as no history of diabetes, CVD, or other acute or
chronic health condition that could potentially be impacted by
an acute 24-h fast), regular breakfast consumer (defined as
consuming >200 kcal (837 kJ) before 10.00 hours on at least 5 d/
week), weight stable (defined as no weight changes >5 kg in
the past 3 months), non-smoker, not pregnant and no known
allergies to food items used in the study.

Consent and baseline session

This study was conducted according to the guidelines laid
down in the Declaration of Helsinki and all procedures invol-
ving human participants were approved by the Texas Tech
University institutional review board (IRB00000276). Written
informed consent was obtained from all participants. Baseline
assessment of REE was conducted via indirect calorimetry
(TrueOne 2400; ParvoMedics) for prescription of dietary intake,
and body composition was estimated via multi-frequency
bioelectrical impedance analysis (mBCA 514; Seca).

Meat-free diet

Before each 24-h fast, participants were required to follow a
meat-free diet and consume the provided supplements for 3 d.
The meat-free diet was necessary to ensure that urinary 3MH
content was due to protein degradation within body tissues
rather than dietary content(18,25,26). Energetic intake was pre-
scribed based on baseline REE assessments, using an activity
factor of 1·5, and participants were instructed to consume the

Day 1 Day 2 Day 3 Day 4

16-h REE 24-h REE

Meat-free diet Fasting

Urine 1 Urine 2 Urine 3 Urine 4

Fig. 1. Study design. In a randomised, placebo-controlled cross-over design, two conditions were completed: β-Hydroxy β-methylbutyrate (HMB) supplementation and
placebo. Each condition lasted 4 d. During a 3-d meat-free diet, participants consumed three supplement packets/d, each containing 1 g of HMB free acid or placebo
( ). Beginning in the morning of 3rd day of consuming a standardised meat-free diet, participants collected their urine for 32 h, broken up into four 8-h collections.
Urine was analysed for 3-methylhistidine, HMB and creatinine. Participants began a 24-h fasting period in the evening of the 3rd day of the meat-free diet. At five points
during the 24-h fast, participants provided saliva samples for analysis of cortisol and testosterone ( ). From 16 to 24 h of fasting, participants remained under
researcher supervision. Resting energy expenditure (REE) was assessed at 16 and 24 h of fasting. After completion of the first condition, participants entered
a washout period of 3–10 d before completing the second condition.
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prescribed amount of energy and remain weight stable during
this period. In order to promote compliance with the assigned
diet, participants were provided with a selection of meat-free
meals and snacks. Although the majority of food was provided
by research personnel, participants were also allowed to con-
sume their own meat-free items provided that they recorded all
intake and remained within the energy intake requirements.
Dietary records were reviewed by study personnel and ana-
lysed using manual entry of nutrition information from food
labels, as well as data from the US Department of Agriculture
SuperTracker tool(27).

Supplementation

Beginning on the 1st day of the meat-free diet, participants were
instructed to consume one packet of the provided dietary
supplement three times per d with food (i.e. at breakfast, lunch
and dinner). Each serving of HMB-FA and placebo was
provided in identical white sachet packaging. The HMB-FA
supplement (marketed as BetaTor®; Metabolic Technologies)
contained Litesse® polydextrose, β-hydroxy β-methylbutyrate
FA, reverse osmosis water, debittering agent, orange flavour,
stevia extract, potassium carbonate and potassium sorbate.
Each serving of the placebo contained a similar amount of
Litesse® polydextrose, reverse osmosis water, maize syrup,
debittering agent, orange flavouring, stevia extract, citric acid,
potassium sorbate and xanthine gum powder. To assess com-
pliance, urine was analysed for the concentration of HMB.

Fasting period

In each condition, the 24-h fasting period began in the evening
on the 3rd day of the meat-free diet. All fasting periods began
between 16.00 and 19.00 hours and terminated at the same time
the following day. Participants were instructed to consume all
food items for the 3rd day of the meat-free diet before the
beginning of the fasting period. They were also asked to
minimise physical activity and perform no exercise on the 3rd
day of the meat-free diet or during the fasting period. Partici-
pants slept in their own homes and were unsupervised from
0 to 16 h of fasting (i.e. the evening after beginning the fast and
overnight). However, participants reported to the laboratory
upon waking and remained there under direct supervision of
study personnel from 16 to 24 h of fasting. Participants were
asked not to consume water after waking until they were pro-
vided water in the laboratory. Male participants were provided
up to 1·5 litres of water during the period corresponding to 16
to 20 h of fasting, and an additional up to 1·5 litres during 20 to
24 h. Females were provided with up to 1·0 litre during each of
these periods. During the first 24-h fast, the actual amount of
water consumed during each 4-h period of time was recorded,
and this precise amount of water was provided during the
second 24-h fast.

Urine collection and analysis

Four consecutive 8-h urine collections took place: the final
8 h of the meat-free diet, 0–8 h of fasting, 8–16 h of fasting and
16–24 h of fasting. Participants were provided with clearly

marked urine collection containers that specified which
days and times each container should be used. The first three
urine collections were performed by the participant outside
of the laboratory, and the final urine collection took place in
the laboratory. Participants were instructed to keep the urine
collection containers in a refrigerator at all times when not in
use until the containers were returned to study investigators.

Upon delivery to the laboratory by the participant, each urine
collection was measured for total volume and mixed. Aliquots
were obtained from each collection container and stored at
− 80°C until shipment (i.e. 0–2 months). At the conclusion of the
study, urine samples were shipped on dry ice for analysis at a
Clinical Laboratory Improvement Amendments certified
laboratory (Heartland Assays Inc.). Urinary HMB was analysed
by GC/MS as previously described(28). Urine 3MH was deter-
mined by previously described GC–MS methods(29). In brief,
internal standard, 3-methyl-(methyl-2H3)-histidine (d3-3MH), is
added to urine, acidified and absorbed onto cation exchange
columns. It is then eluted from columns, dried and derivatised
with MTBSTFA (Regis Technologies Inc.) for GC/MS. 3MH is
monitored at 238·2 amu and 3-methyl-(methyl-2H3)-histidine
(d3-3MH) at 241·2 amu. CR was measured using a colorimetric
assay kit (Cayman Chemical).

Saliva collection and analysis

Each participant was familiarised with the saliva collection
procedures at the baseline visit. Saliva collection took place
using the passive drool method, with allows for saliva to be
transferred from the mouth to a small vial according to manu-
facturer recommendations(30). Five saliva samples were col-
lected during each condition. The first and last sample were
collected at the beginning and end of the 24-h fast, respectively.
The sample at the beginning of the 24-h fast was collected by
the participant in his or her home, and the sample at the end of
the fast was collected under researcher supervision. Each par-
ticipant was contacted by the principal investigator in the hours
leading up to the at-home collections in order to confirm the
exact time the samples should be collected. The time of sample
collection was also recorded by study participants using a col-
lection log provided by the researchers. An additional three
saliva samples were collected the morning after the beginning
of the fast. These samples were collected at 0, 30 and 45min
after waking and allowed for the evaluation of the CAR (i.e. the
characteristic sharp increase then decrease in cortisol con-
centrations upon waking(31)). The importance of collecting the
saliva sample exactly as instructed was strongly emphasised to
research participants. Participants were provided with paper
signs to place by their bed and were instructed to set alarms for
all three saliva collections in the morning. The actual time of
sample collection was recorded by the research participant, and
saliva samples were stored in the freezer until delivery to
the laboratory.

Upon delivery to the laboratory, each vial of saliva was stored
at −80°C until shipment (i.e. 0–2 months after collection).
Samples were packaged according to recommended proce-
dures and shipped to a saliva testing facility for analysis (Sali-
metrics LLC Saliva Lab). Samples were assayed in duplicate

β-Hydroxy β-methylbutyrate and acute fasting 519

https://doi.org/10.1017/S0007114517003907  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114517003907


using the Salimetrics high sensitivity enzyme immunoassay kits
for cortisol and testosterone, without modifications to the
manufacturers’ protocol. The average CV for all samples tested
was 5·6% for cortisol and 7·2% for testosterone, which meets
the manufacturer’s criteria for accuracy and repeatability in
salivary bioscience. Sample test volume was 25 μl of saliva
per determination. The cortisol assay has a lower limit of sen-
sitivity of 0·007 μg/dl (0·0193 nmol/l), standard curve range
from 0·012 to 3·0 μg/dl (0·331 to 82·67 nmol/l). The testosterone
assay has a lower limit of sensitivity of<1·0 pg/ml. The rela-
tionship between serum and salivary concentrations of cortisol
and testosterone have been previously described(32–35), and
salivary testosterone exhibits a stronger correlation to serum
free testosterone than total testosterone(36). The manufacturer-
reported serum-saliva correlations for cortisol and testosterone
are 0·91 and 0·96, respectively(37,38).

Resting energy expenditure

During each condition, REE was assessed at 16 and 24 h of
fasting. The indirect calorimeter was calibrated before each
assessment according to manufacturer recommendations.
Assessment procedures were based on the recommendations of
Compher et al.(39). Participants rested in the supine position in a
dimly lit room for the duration of testing. The temperature in the
room was approximately 23°C, and participants were provided
a blanket if desired. The initial 5min of each test were dis-
carded, and the test continued until the CV for VO2 and VCO2

was ≤7% over a period of 5 consecutive minutes. The average
CV for REE in all tests was 3·1%.

Washout period

After completing the first condition, participants entered a
washout period of 3–10 d before completing the second con-
dition. The variable duration between conditions was necessary
due to participant availability. Participants were instructed to
maintain their normal lifestyle and attempt to remain weight
stable during the washout period.

Statistical analysis

To estimate the required sample size, an a priori power analysis
was performed for using 3MH as the dependent variable of
interest (G*Power version 3.1.9.2). An effect size was estimated
from information contained in a previous study of HMB
supplementation and 3MH excretion(18). Using effect sizes of
0·3–0·35, an α error probability of 0·05, and power of 0·8, it was
estimated that ten to twelve participants were needed to detect
changes in 3MH.
Data were examined for potential outliers via studentised

residuals, and normality of data were assessed using the
Shapiro–Wilk test. Residuals ≥± 3 were considered outliers. No
outliers were present for testosterone, cortisol, T:C, REE or RQ.
One outlier was present for 3MH:CR. The analyses were per-
formed with and without this participant’s urinary data, and the
outcome did not differ (i.e. the lack of statistical significance did
not change). REE, RQ and T:C were normally distributed, but
some violations of normality were present for 3MH:CR,

testosterone and cortisol. Therefore, log10 transformations were
applied to the data, which resolved the initial violations of
normality. Results from the analyses with the raw and trans-
formed data were compared. No differences in the results for
3MH:CR, testosterone, or cortisol were present. Therefore, the
results of the raw data analyses are presented for ease of
interpretation. 3MH:CR was analysed using 2× 4 (condition×
time) ANOVA with repeated measures.

Due to known sex differences in concentrations and
responses of the hormones of interest(40), testosterone, cortisol
and T:C were analysed using three-way mixed ANOVA with
condition and time specified as within-subjects factors and sex
as the between-subjects factor. To evaluate the CAR, two ana-
lyses were performed. First, a three-way mixed ANOVA was
performed using cortisol concentrations immediately upon
waking, 30min after waking, and 45min after waking. In
addition, the AUC was calculated using the trapezoid method.
CAR AUC was analysed using two-way mixed ANOVA. REE and
RQ were analysed using two-way ANOVA with repeated mea-
sures. To follow-up significant interactions in these analyses,
two-way ANOVA with repeated measures, one-way ANOVA,
paired or independent samples t tests, and pairwise compar-
isons were used as appropriate. Average dietary intake over the
3 d before the fast was compared via paired samples t tests. To
examine compliance with the supplementation assignments,
urinary HMB concentrations between conditions were com-
pared via two-way ANOVA. Statistical significance was set at
P≤ 0·05. Cohen’s d effect sizes were calculated for major
dependent variables.

Due to the cross-over design, carryover effects were eval-
uated via a linear mixed model for each dependent variable of
interest (3MH:CR, cortisol, testosterone, CAR AUC, REE and
RQ). The condition, sequence, carryover, and time point
were specified as fixed effects and the participant nested within
the sequence was specified as a random effect, as recom-
mended(41). There were no statistically significant carryover
effects for any major dependent variable (3MH:CR: P= 0·24,
24-h cortisol: P= 0·69, CAR: P= 0·09, CAR AUC: P= 0·08,
testosterone: P= 0·71, T:C: P= 0·98, REE: P= 0·14 and RQ:
P= 0·52).

Results

Participant characteristics are presented in Table 1. All partici-
pants were compliant with the meat-free diet based on inter-
view and diet records. During the 3 d before the fast, there were

Table 1. Participant characteristics
(Mean values and standard deviations)

Females (n 6) Males (n 5) Total (n 11)

Mean SD Mean SD Mean SD

Age (years) 22·5 2·2 31·2 6·8 26·4 6·3
BMI (kg/m2) 27·5 8·4 26·0 4·0 26·8 6·4
Body fat (%) 31·5 13·3 20·7 7·4 26·6 11·9
Height (cm) 163·9 3·0 178·4 3·0 170·5 8·1
Weight (kg) 74·0 22·3 82·9 10·5 78·0 17·7
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no significant differences between conditions for dietary intake
(average daily intake: 9406 (SD 2402) kJ (2248 (SD 574) kcal),
75 (SD 26) g fat, 315 (SD 80) g carbohydrate and 79 (SD 31) g
protein). Urinary HMB concentrations were significantly greater
in the HMB-FA condition (12 555 (SD 14 542) nmol/ml; range:
2244–28 202) than the PL condition (281 (SD 183) nmol/ml;
range: 23–470; P= 0·002), indicating compliance with the sup-
plementation protocol.
Changes in 3MH:CR during the fast were not statistically

significant and were unaffected by HMB supplementation
(Table 2). In the HMB-FA condition, most participants experi-
enced changes in 3MH:CR between −4 and +26%, although
three individual participants had larger increases (+94, 138 and
314%). In the PL condition, most participants experienced
changes in 3MH:CR between −24 and +33%, although one

participant had a decrease of 74% and two had larger increases
(+216 and 307%).

A significant time by sex interaction was present for cortisol
concentrations at the beginning and end of the fast (P= 0·01),
but no significant differences between conditions were present.
Cortisol was higher in males than females at the beginning of
the 24-h fast (P= 0·05), but did not differ at 24 h of fasting
(P= 0·20). In addition, cortisol exhibited apparently disparate,
although not statistically significant, responses in males and
females (Fig 2(a) and (c)). A condition by time interaction was
present for the CAR (P= 0·03; Fig. 2(b)). In both conditions,
cortisol increased from waking to 30min post-waking (PL:
+60%, d= 1·4, P= 0·01; HMB-FA: +33%, d= 0·8, P= 0·01).
Cortisol was reduced from 30 to 45min after waking in HMB-FA
(−32%, d= − 1·0, P= 0·04), but not PL (−6%, d= − 0·2,

Table 2. 3-Methylhistidine:creatine (3MH:CR) ratio during fasting*
(Mean values and 95% confidence intervals)

Meat-free diet 0–8 h fasting 8–16 h fasting 16–24 h fasting

Mean 95% CI Mean 95% CI Mean 95% CI Mean 95% CI Condition × time (P) Condition (P) Time (P)

3MH:CR (nmol/mg)
HMB-FA 124·5 104·6, 144·4 183·8 80·5, 287·1 145·0 104·7, 185·2 157·3 123·9, 190·6 0·59 0·35 0·29
PL 124·2 99·0, 149·4 166·7 99·8, 233·6 121·0 99·5, 142·4 152·9 97·1, 208·7

HMB-FA, β-hydroxy β-methylbutyrate free acid; PL, placebo.
* Data were analysed using two-way ANOVA with repeated measures.
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Fig. 2. Cortisol responses. Cortisol was evaluated at the beginning and end of the 24-h fast, as well as part of the cortisol awakening response (i.e. samples taken upon
waking and 30 and 45min after waking). (a) A three-way mixed ANOVA revealed the presence of a significant time×sex interaction for cortisol concentrations at
0 ( ) and 24h ( ) of fasting (P=0·01). Follow-up via paired samples t tests revealed non-significant increases of cortisol in females (+50%; d=0·9, P=0·08) and decreases
of cortisol in males (−54%, d= −0·9, P=0·09). (b) A three-way mixed ANOVA revealed the presence of a significant condition by time interaction for the cortisol awakening
response (P=0·03). Follow-up analysis indicated that cortisol increased significantly from waking to 30min post-waking in both conditions (P=0·01 for both). However,
cortisol was reduced from 30 to 45min after waking in β-hydroxy β-methylbutyrate free acid (HMB-FA, ) (−32%, d= −1·0, P=0·04), but remained elevated in the
placebo (PL, ) condition (−6%, d= −0·2, P=0·14). (c) Mean and individual cortisol responses between 0 and 24h of fasting are displayed. F, female; M, male; c: ,
HMB-FA; , PL. Values are means and standard deviations represented by vertical bars. * P=0·05 (comparison with 0h). † 0·05<P<0·10 (comparison with 0h). ‡ P=0·01
in both conditions (comparison with 0min). § P<0·05 in PL condition only (comparison with 0min). To convert cortisol in μg/dl to nmol/l, multiply by 27·59.
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P= 0·14). However, no condition by sex interaction or condi-
tion effects were seen for CAR AUC (P= 0·75 and P= 0·82,
respectively). No significant changes in testosterone were seen
during the fast in either condition (Table 3).
A significant three-way interaction was present for T:C

(P= 0·009). Follow-up indicated that a simple two-way inter-
action (condition by time) was present in males (P= 0·05), but
not females (P= 0·20). Paired samples t tests revealed that the
T:C increased from 0 to 24 h of fasting in the HMB-FA condition
(+162%, d= 3·0, P= 0·001), but not the PL condition (+13%;
d= 0·4, P= 0·60; Fig. 3(a)). Although T:C was 48·3% lower on
average in HMB-FA than PL at the beginning of the fast, this was
not statistically significant (P= 0·12). In addition, the difference
between HMB-FA and PL at 24 h of fasting was not significant
(P= 0·21) although T:C in HMB-FA was 19·9% higher than PL
on average. Individual responses in T:C are shown in Figs. 3
(b)–(e).
No differences between HMB-FA and PL were seen for

indirect calorimetry measures. However, a time main effect was
present for REE, indicating that it was higher at 24 h of
fasting than 16 h (+4·0%, d= 0·3, P= 0·04). The magnitude of
change was 293 kJ/d (70 kcal/d) on average, but individual
changes ranged from −4·5 to +17% (−91 to +320 kcal/d). RQ did
not change from 16 to 24 h of fasting (RQ= 0·79 and 0·80;
P= 0·55).

Discussion

The primary purpose of this investigation was to evaluate the
impact of HMB-FA on muscle protein breakdown, cortisol and
testosterone during acute fasting. The major findings were that
neither fasting nor HMB-FA alter myofibrillar protein degrada-
tion during the first 24 h of fasting, as indicated by urinary 3MH:
CR, but HMB-FA influences the CAR in both sexes and T:C in
males. The lack of increase in 3MH:CR observed in the present
study prevents a conclusion concerning the effects of HMB
during fasting durations that elicit increased muscle catabolism.
Early literature indicated that protein catabolism did not
increase until the 3rd day of fasting(42), but more recent inves-
tigations have reported increased whole body or skeletal mus-
cle proteolysis after 30 to 72 h of fasting(9,43–46). In contrast to
these early fasting periods, it has long been known that muscle
protein is well-conserved during longer-term fasting in order to
prevent wasting and functional impairment(42,47,48). Indeed, by
7 d of fasting, whole body proteolysis is lower than after only
12 h of fasting(49). However, the temporal changes in protein
balance during fasts of the duration often employed in IF pro-
grammes (i.e. ≤24 h) have not been fully elucidated. Giesecke
et al.(50) reported that 24-h 3MH excretion increased on the 2nd
day of fasting in 6 non-obese males and females. However, all
urine from each 24-h period was combined, precluding an
appropriate determination of whether 3MH began to increase
during the later hours of the 1st day of fasting. In addition, 3MH
excretion was not expressed relative to CR or muscle mass, as is
recommended(51). Other investigations of 3MH excretion during
fasting have either failed to exert sufficient control of the
antecedent diet or neglected to evaluate changes in excretion
during the first 24 h of fasting(26,52,53). Although the results of the Ta
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present study indicate that myofibrillar protein degradation is
not significantly elevated after 24 h of fasting, it is possible that
more advanced techniques, such as analysis of the absolute
breakdown rate within skeletal muscle(54), could have revealed
changes.
In the present investigation, the T:C increased with HMB-FA

supplementation, but not placebo, during 24 h of fasting in
males. However, this result should be viewed critically.
Although not statistically significant, T:C was 48% lower in the
HMB-FA condition at the commencement of the fast. Although
the cause of this depression is not readily apparent, the
significant increase in T:C during the fast is likely due to
the relatively lower starting point as compared with placebo.

In addition, although T:C was approximately 20% higher with
HMB-FA than placebo at the end of the fast, the difference
between conditions was not statistically significant. Finally, it
should be noted that the increase of T:C was driven by greater
reductions in cortisol rather than increases in testosterone. The
differential effects on T:C could be interpreted as an indication
of a greater shift towards the catabolic actions of cortisol in the
absence of HMB-FA supplementation; however, the substantive
physiological impact of this change is highly questionable. T:C
has previously been used as an indicator of anabolic/catabolic
balance(55), although the physiological roles of these hormones
are multifaceted(56,57). Limited information is available con-
cerning the modulation of T:C in dietary programmes incor-
porating fasting, although one investigation found that this
ratio did not change during Ramadan IF in middle-distance
runners(58). The majority of previous research has indicated that
HMB supplementation does not reduce cortisol levels in the
context of acute(59) or chronic(60–64) exercise, although some
investigations have indicated that HMB-FA may reduce cortisol
concentrations relative to placebo during a resistance training
programme(65,66). However, prior investigations have not
reported the effects of HMB in the context of acute fasting.

An examination of the CAR revealed a more rapid decline in
cortisol after peak morning concentrations with HMB-FA than
PL in both sexes. However, no difference in the AUC for cortisol
was observed. The CAR is used to assess the function of the
hypothalamus–pituitary–adrenal (HPA) axis by integrating cir-
cadian rhythms upon waking with a reactivity index (i.e. the
response to the stress of awakening)(31). Abnormal activity of
the HPA axis results in alterations of its end product, cortisol,
and can lead to a variety of adverse effects on body composi-
tion and health(67). Importantly, the CAR is believed to be dis-
tinct from other cortisol measures taken throughout the day,
indicating that it provides additional information beyond these
measurements(31). Although we observed modification of the
CAR in response to HMB-FA supplementation, the tangible
importance of this acute hormonal change is uncertain.

Previous reports have indicated that alterations of metabolic
rate may occur during fasts that extend beyond a typical over-
night duration. Relative to an overnight fast, increases in REE of
3·6–13% have been reported after 36–48 h of fasting(21–24). In
addition, Klein et al.(23) reported that REE did not change from
12 to 18 h of fasting, but increased by 5·9% from 18 to 24 h of
fasting in young adult males. Furthermore, they reported that
over the course of a 72-h fast, the greatest increases in lipolysis
and fat oxidation occurred between 18 and 24 h of fasting. In
the present study, we report that REE increased by 4·0% from
16 to 24 h of fasting in males and females. The body of evidence
describing acute elevations in REE and alterations in lipid
kinetics between 16 and 24 h of fasting may provide a theore-
tical rationale for IF programmes whose fasts extend to 24 h in
duration(5). Furthermore, Wijngaarden et al. reported altered
expression of over 900 genes in skeletal muscle after 24 h of
fasting(68), indicating that major molecular responses occur over
this duration of food deprivation.

The present investigation has several limitations. The
responses to acute food deprivation in those unaccustomed to
fasting may be different than those who are habituated to this
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Fig. 3. Testosterone:cortisol (T:C) ratio responses. The T:C ratio was
determined at the beginning and end of the 24-h fast and analysed using
three-way mixed ANOVA. (a) A three-way interaction was present for T:C
(P= 0·009). Follow-up via two-way ANOVA with repeated measures indicated
that a condition by time interaction was present in males (P= 0·05), but not
females (P= 0·20). In males, the T:C ratio increased from 0 ( ) to 24 h ( ) of
fasting in the hydroxy β-methylbutyrate free acid (HMB-FA) condition (+162%,
d= 3·0, P= 0·001) but not in the placebo (PL) condition (+13%; d= 0·4,
P= 0·60). The difference in T:C between HMB-FA and PL was not statistically
significant at the beginning (P= 0·12) or end (P= 0·21) of the fast. Individual
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style of eating. As such, the results of this investigation should
be interpreted with caution when considering regular incor-
poration of fasts, such as in IF programmes. In addition, our
sample size was relatively small and the participants had a
broad range of body types. It is possible that a larger sample
size would allow for detection of differences based on body
size or adiposity. Although some sex differences were detected,
it is possible that greater numbers would allow for more thor-
ough evaluation of these potential differences for each depen-
dent variable. While 3MH:CR is generally accepted as a
surrogate measure of myofibrillar proteolysis, more direct
measures are available. As such, it is possible that fasting or
HMB-FA supplementation exerted effects on catabolic pro-
cesses in muscle that we were unable to detect. Alternatively, it
is possible that the short duration of HMB-FA supplementation
was insufficient to exert measurable effects on skeletal muscle.
Although the period from 16 to 24 h of fasting was highly
controlled, our study did rely on some aspects of self-report
outside of this time period. Future research should clarify the
metabolic events in the early stages of fasting (≤24 h), which
may provide a stronger theoretical rationale for an optimal
fasting duration in IF programmes, as well as evaluating whe-
ther dietary supplementation holds promise for modulating
muscle processes in a way that could enhance the benefits of IF.
Finally, due to evidence that HMB may promote insulin resis-
tance in rodent models(69,70), the impact of this supplement on
insulin sensitivity and glucose handling in fasting humans
should be considered in future research.
In conclusion, HMB-FA supplementation did not alter myo-

fibrillar proteolysis during the first 24 h of fasting in the present
study. However, supplementation did modify the CAR in both
sexes and the T:C in males. REE increased from 16 to 24 h of
fasting regardless of supplementation. These results should be
confirmed and expanded upon in future research in order to
inform IF interventions to optimise body composition and
health.

Acknowledgements

The authors would like to acknowledge John Rathmacher,
Supriya Gaitonde, Danielle Hardin, Victor Uribe, Austin Martin
and Tyler Cook for their assistance with various aspects of this
study. They would also like to acknowledge the participants for
their dedication and effort.
Metabolic Technologies Inc. (MTI) provided the dietary

supplements for this study and paid for the urinary analysis at
Heartland Assays Inc., a subsidiary of MTI. Before this research
project, a formal research agreement was established between
Texas Tech University and MTI. MTI provided a small con-
tribution to the study design by recommending the duration of
meat-free diet and urine collection schedule. MTI played no
other role in the study design and had no role in the data
analysis, decision to publish or preparation of the manuscript
for publication.
G. M. T. designed the study and obtained support for the

research, oversaw all data acquisition, performed all statistical
analyses and wrote the manuscript. A. H. G., A. J. G., M. I. V.
and A. G. C. made substantial contributions to data acquisition

and aided in revision of the manuscript. All authors read and
approved the final version of the submitted manuscript.

The authors declare that there are no conflicts of interest.

References

1. Dulloo AG, Jacquet J, Miles-Chan JL, et al. (2017) Passive
and active roles of fat-free mass in the control of energy
intake and body composition regulation. Eur J Clin Nutr 71,
353–357.

2. Dulloo AG (2017) Collateral fattening: when a deficit in lean
body mass drives overeating. Obesity 25, 277–279.

3. Ravussin E, Burnand B, Schutz Y, et al. (1982) Twenty-four-
hour energy expenditure and resting metabolic rate in obese,
moderately obese, and control subjects. Am J Clin Nutr 35,
566–573.

4. Varady KA (2011) Intermittent versus daily calorie restriction:
which diet regimen is more effective for weight loss? Obes Rev
12, e593–e601.

5. Tinsley GM & Bounty PML (2015) Effects of intermittent fast-
ing on body composition and clinical health markers
in humans. Nutr Rev 73, 661–674.

6. Trepanowski JF, Kroeger CM, Barnosky A, et al. (2017) Effect of
alternate-day fasting on weight loss, weight maintenance, and
cardioprotection among metabolically healthy obese adults: a
randomized clinical trial. JAMA Intern Med 177, 930–938.

7. Tinsley GM & Horne BD (2018) Intermittent fasting and
cardiovascular disease: current evidence and unresolved
questions. Future Cardiol 14, 47–54.

8. Rennie MJ, Edwards RHT, Halliday D, et al. (1982)
Muscle protein synthesis measured by stable isotope techni-
ques in man: the effects of feeding and fasting. Clin Sci
63, 519.

9. Tsalikian E, Howard C, Gerich JE, et al. (1984) Increased
leucine flux in short-term fasted human subjects: evidence for
increased proteolysis. Am J Physiol 247, E323–E327.

10. Moro T, Tinsley G, Bianco A, et al. (2016) Effects of eight
weeks of time-restricted feeding (16/8) on basal metabolism,
maximal strength, body composition, inflammation, and car-
diovascular risk factors in resistance-trained males. J Transl
Med 14, 290.

11. Tinsley GM, Forsse JS, Butler NK, et al. (2017) Time-restricted
feeding in young men performing resistance training:
a randomized controlled trial. Eur J Sport Sci 17, 200–207.

12. Lee IM, Shiroma EJ, Lobelo F, et al. (2012) Effect of physical
inactivity on major non-communicable diseases worldwide:
an analysis of burden of disease and life expectancy. Lancet
380, 219–229.

13. Smith HJ, Mukerji P & Tisdale MJ (2005) Attenuation of
proteasome-induced proteolysis in skeletal muscle by {beta}-
hydroxy-{beta}-methylbutyrate in cancer-induced muscle loss.
Cancer Res 65, 277–283.

14. Holecek M, Muthny T, Kovarik M, et al. (2009) Effect of beta-
hydroxy-beta-methylbutyrate (HMB) on protein metabolism
in whole body and in selected tissues. Food Chem Toxicol 47,
255–259.

15. Hao Y, Jackson JR, Wang Y, et al. (2011) beta-Hydroxy-beta-
methylbutyrate reduces myonuclear apoptosis during recov-
ery from hind limb suspension-induced muscle fiber atrophy
in aged rats. Am J Physiol Regul Integr Comp Physiol 301,
R701–R715.

16. Shirato M, Tsuchiya Y, Sato T, et al. (2016) Effects of com-
bined β-hydroxy-β-methylbutyrate (HMB) and whey protein
ingestion on symptoms of eccentric exercise-induced
muscle damage. J Int Soc Sports Nutr 13, 7.

524 G. M. Tinsley et al.

https://doi.org/10.1017/S0007114517003907  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114517003907


17. Wilson JM, Kim JS, Lee SR, et al. (2009) Acute and timing effects
of beta-hydroxy-beta-methylbutyrate (HMB) on indirect markers
of skeletal muscle damage. Nutr Metab (Lond) 6, 6.

18. Nissen S, Sharp R, Ray M, et al. (1996) Effect of leucine metabolite
β-hydroxy-β-methylbutyrate on muscle metabolism during
resistance-exercise training. J Appl Physiol 81, 2095–2104.

19. Soeters MR, Soeters PB, Schooneman MG, et al. (2012)
Adaptive reciprocity of lipid and glucose metabolism in
human short-term starvation. Am J Physiol 303, E1397–E1407.

20. Rojdmark S (1987) Influence of short-term fasting
on the pituitary–testicular axis in normal men. Hormone Res
25, 140–146.

21. Zauner C, Schneeweiss B, Kranz A, et al. (2000) Resting
energy expenditure in short-term starvation is increased as a
result of an increase in serum norepinephrine. Am J Clin Nutr
71, 1511–1515.

22. Mansell PI, Fellows IW & Macdonald IA (1990) Enhanced
thermogenic response to epinephrine after 48-h starvation
in humans. Am J Physiol 258, R87–R93.

23. Klein S, Sakurai Y, Romijn JA, et al. (1993) Progressive
alterations in lipid and glucose metabolism during short-term
fasting in young adult men. Am J Physiol 265, E801–E806.

24. Norrelund H, Nair KS, Jorgensen JO, et al. (2001) The protein-
retaining effects of growth hormone during fasting involve
inhibition of muscle-protein breakdown. Diabetes 50, 96–104.

25. Elia M, Carter A, Bacon S, et al. (1980) The effect of
3-methylhistidine in food on its urinary excretion in man. Clin
Sci 59, 509–511.

26. Elia M, Carter A, Bacon S, et al. (1981) Clinical usefulness of
urinary 3-methylhistidine excretion in indicating muscle pro-
tein breakdown. Br Med J 282, 351–354.

27. US Department of Agriculture (2016) SuperTracker.
Washington, DC: US Department of Agriculture.

28. Nissen S, Van Koevering M & Webb D (1990) Analysis of beta-
hydroxy-beta-methyl butyrate in plasma by gas chromato-
graphy and mass spectrometry. Anal Biochem 188, 17–19.

29. Rathmacher JA, Link GA, Flakoll PJ, et al. (1992) Gas chro-
matographic/mass spectrometric analysis of stable isotopes of
3-methylhistidine in biological fluids: application to plasma
kinetics in vivo. Biol Mass Spectrom 21, 560–566.

30. Salimetrics (2015) Saliva Collection Handbook. Carlsbad, CA:
Salimetrics.

31. Stalder T, Kirschbaum C, Kudielka BM, et al. (2016) Assess-
ment of the cortisol awakening response: Expert consensus
guidelines. Psychoneuroendocrinology 63, 414–432.

32. Dorn LD, Lucke JF, Loucks TL, et al. (2007) Salivary cortisol
reflects serum cortisol: analysis of circadian profiles. Ann Clin
Biochem 44, 281–284.

33. Vining RF, McGinley RA, Maksvytis JJ, et al. (1983) Salivary
cortisol: a better measure of adrenal cortical function than
serum cortisol. Ann Clin Biochem 20, 329–335.

34. Vining RF & McGinley RA (1987) The measurement of hor-
mones in saliva: possibilities and pitfalls. J Steroid Biochem
27, 81–94.

35. Nahoul K, Rao LV & Scholler R (1986) Saliva testosterone time-
course response to hCG in adult normal men. Comparison
with plasma levels. J Steroid Biochem 24, 1011–1015.

36. Vittek J, L’Hommedieu DG, Gordon GG, et al. (1985) Direct
radioimmunoassay (RIA) of salivary testosterone: correlation
with free and total serum testosterone. Life Sci 37, 711–716.

37. Salimetrics L (2017) Testosterone testing in saliva & salivary
testosterone research. https://www.salimetrics.com/biomarker/
testosterone, (accessed March 2017).

38. Salimetrics L (2017) Cortisol levels in saliva & salivary cortisol
research - salimetrics. https://www.salimetrics.com/biomarker/
cortisol (accessed March 2017).

39. Compher C, Frankenfield D, Keim N, et al. (2006) Best practice
methods to apply to measurement of resting metabolic rate in
adults: a systematic review. J Am Diet Assoc 106, 881–903.

40. Paris JJ, Franco C, Sodano R, et al. (2010) Sex differences in
salivary cortisol in response to acute stressors among healthy
participants, in recreational or pathological gamblers, and in
those with posttraumatic stress disorder. Hormones Behav 57,
35–45.

41. IBM (2017) Using linear mixed models to analyze a crossover
trial. IBM Knowledge Center. https://www.ibm.com/support/
knowledgecenter/SSLVMB_23.0.0/spss/tutorials/mixed_groc_
intro.html (accessed June 2017).

42. Benedict FG, Goodall HW, Ash JE, et al. (1915) A Study of
Prolonged Fasting. Washington, DC: Carnegie Institution of
Washington.

43. Nair KS, Woolf PD, Welle SL, et al. (1987) Leucine, glucose,
and energy metabolism after 3 days of fasting in healthy
human subjects. Am J Clin Nutr 46, 557–562.

44. Pozefsky T, Tancredi RG, Moxley RT, et al. (1976) Effects of
brief starvation on muscle amino acid metabolism in
nonobese man. J Clin Invest 57, 444–449.

45. Fryburg DA, Barrett EJ, Louard RJ, et al. (1990) Effect of star-
vation on human muscle protein metabolism and its response
to insulin. Am J Physiol 259, E477–E482.

46. Vendelbo MH, Moller AB, Christensen B, et al. (2014) Fasting
increases human skeletal muscle net phenylalanine release
and this is associated with decreased mTOR signaling. PLOS
ONE 9, e102031.

47. Cahill GF Jr (1970) Starvation in man. N Engl J Med 282, 668–675.
48. Saudek CD & Felig P (1976) The metabolic events of starva-

tion. Am J Med 60, 117–126.
49. Henson LC & Heber D (1983) Whole body protein breakdown

rates and hormonal adaptation in fasted obese subjects. J Clin
Endocrinol Metab 57, 316–319.

50. Giesecke K, Magnusson I, Ahlberg M, et al. (1989) Protein
and amino acid metabolism during early starvation as reflec-
ted by excretion of urea and methylhistidines. Metabolism 38,
1196–1200.

51. Seashore JH, Huszar G & Davis EM (1981) Urinary 3-methyl-
histidine/creatinine ratio as a clinical tool: Correlation
between 3-methylhistidine excretion and metabolic and
clinical states in healthy and stressed premature infants.
Metabolism 30, 959–969.

52. Young VR, Haverberg LN, Bilmazes C, et al. (1973) Potential
use of 3-methylhistidine excretion as an index of progressive
reduction in muscle protein catabolism during starvation.
Metabolism 22, 1429–1436.

53. Lowry SF, Horowitz GD, Jeevanandam M, et al. (1985) Whole-
body protein breakdown and 3-methylhistidine excretion
during brief fasting, starvation, and intravenous repletion in
man. Ann Surg 202, 21–27.

54. Hector AJ, McGlory C, Damas F, et al. (2018) Pronounced
energy restriction with elevated protein intake results in no
change in proteolysis and reductions in skeletal muscle protein
synthesis that are mitigated by resistance exercise. FASEB J 32,
265–275.

55. Urhausen A, Gabriel H & Kindermann W (1995) Blood
hormones as markers of training stress and overtraining. Sports
Med 20, 251–276.

56. Lee DY, Kim E & Choi MH (2015) Technical and clinical
aspects of cortisol as a biochemical marker of chronic stress.
BMB Rep 48, 209–216.

57. Kelly DM & Jones TH (2013) Testosterone: a metabolic hor-
mone in health and disease. The J Endocrinol 217, R25–R45.

58. Chennaoui M, Desgorces F, Drogou C, et al. (2009) Effects of
Ramadan fasting on physical performance and metabolic,

β-Hydroxy β-methylbutyrate and acute fasting 525

https://doi.org/10.1017/S0007114517003907  Published online by Cam
bridge U

niversity Press

https://www.salimetrics.com/biomarker/testosterone
https://www.salimetrics.com/biomarker/testosterone
https://www.salimetrics.com/biomarker/cortisol
https://www.salimetrics.com/biomarker/cortisol
https://www.ibm.com/support/knowledgecenter/SSLVMB_23.0.0/spss/tutorials/mixed_groc_intro.html
https://www.ibm.com/support/knowledgecenter/SSLVMB_23.0.0/spss/tutorials/mixed_groc_intro.html
https://www.ibm.com/support/knowledgecenter/SSLVMB_23.0.0/spss/tutorials/mixed_groc_intro.html
https://doi.org/10.1017/S0007114517003907


hormonal, and inflammatory parameters in middle-distance
runners. Appl Physiol Nutr Metab 34, 587–594.

59. Wilson JM, Lowery RP, Joy JM, et al. (2013) β-Hydroxy-β-
methylbutyrate free acid reduces markers of exercise-induced
muscle damage and improves recovery in resistance-
trained men. Br J Nutr 110, 538–544.

60. Durkalec-Michalski K & Jeszka J (2016) The effect of β-hydroxy-
β-methylbutyrate on aerobic capacity and body composition in
trained athletes. J Strength Cond Res 30, 2617–2626.

61. Portal S, Zadik Z, Rabinowitz J, et al. (2011) The effect of HMB
supplementation on body composition, fitness, hormonal and
inflammatory mediators in elite adolescent volleyball players:
a prospective randomized, double-blind, placebo-controlled
study. Eur J Appl Physiol 111, 2261–2269.

62. Hoffman JR, Cooper J, Wendell M, et al. (2004) Effects of beta-
hydroxy beta-methylbutyrate on power performance and
indices of muscle damage and stress during high-intensity
training. J Strength Cond Res 18, 747–752.

63. Durkalec-Michalski K & Jeszka J (2015) The efficacy of a beta-
hydroxy-beta-methylbutyrate supplementation on physical
capacity, body composition and biochemical markers in elite
rowers: a randomised, double-blind, placebo-controlled
crossover study. J Int Soc Sports Nutr 12, 31.

64. Crowe MJ, O’Connor DM & Lukins JE (2003) The effects of
beta-hydroxy-beta-methylbutyrate (HMB) and HMB/creatine

supplementation on indices of health in highly trained ath-
letes. Int J Sport Nutr Exerc Metab 13, 184–197.

65. Wilson JM, Lowery RP, Joy JM, et al. (2014) The effects of
12 weeks of beta-hydroxy-beta-methylbutyrate free acid
supplementation on muscle mass, strength, and power in
resistance-trained individuals: a randomized, double-blind,
placebo-controlled study. Eur J Appl Physiol 114, 1217–1227.

66. Asadi A, Arazi H & Suzuki K (2017) Effects of β-hydroxy-
β-methylbutyrate-free acid supplementation on strength,
power and hormonal adaptations following resistance train-
ing. Nutrients 9, 1316.

67. Chrousos GP (2009) Stress and disorders of the stress system.
Nat Rev Endocrinol 5, 374–381.

68. Wijngaarden MA, Bakker LE, van der Zon GC, et al. (2014)
Regulation of skeletal muscle energy/nutrient-sensing pathways
during metabolic adaptation to fasting in healthy humans. Am J
Physiol Endocrinol Metab 307, E885–E895.

69. Yonamine CY, Teixeira SS, Campello RS, et al. (2014) Beta
hydroxy beta methylbutyrate supplementation impairs
peripheral insulin sensitivity in healthy sedentary Wistar rats.
Acta Physiologica 212, 62–74.

70. Nunes EA, Goncalves-Neto LM, Ferreira FB, et al. (2013)
Glucose intolerance induced by glucocorticoid excess is further
impaired by co-administration with beta-hydroxy-beta-
methylbutyrate in rats. Appl Physiol Nutr Metab 38, 1137–1146.

526 G. M. Tinsley et al.

https://doi.org/10.1017/S0007114517003907  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114517003907

	&#x03B2;-Hydroxy &#x03B2;-methylbutyrate free acid alters cortisol responses, but not myofibrillar proteolysis, during a 24-h�fast
	Methods
	Overview
	Participants
	Consent and baseline session
	Meat-free diet

	Fig. 1Study design. In a randomised, placebo-controlled cross-over design, two conditions were completed: &#x03B2;-Hydroxy &#x03B2;-methylbutyrate (HMB) supplementation and placebo. Each condition lasted 4&znbsp;d. During a 3-d meat-free diet, participant
	Supplementation
	Fasting period
	Urine collection and analysis
	Saliva collection and analysis
	Resting energy expenditure
	Washout period
	Statistical analysis

	Results
	Table 1Participant characteristics(Mean values and standard deviations)
	Table 23-Methylhistidine:creatine (3MH:CR) ratio during fasting&#x002A;(Mean values and 95&znbsp;&#x0025; confidence intervals)
	Fig. 2Cortisol responses. Cortisol was evaluated at the beginning and end of the 24-h fast, as well as part of the cortisol awakening response (i.�e. samples taken upon waking and 30 and 45&znbsp;min after waking). (a) A three-way mixed ANOVA revealed the
	Discussion
	Table 3Hormonal responses to fasting&#x2020;(Mean values and 95&znbsp;&#x0025; confidence intervals)
	Fig. 3Testosterone:cortisol (T:C) ratio responses. The T:C ratio was determined at the beginning and end of the 24-h fast and analysed using three-way mixed ANOVA. (a) A three-way interaction was present for T:C (P�&#x003D;�0&#x00B7;009). Follow-up via tw
	Acknowledgements
	ACKNOWLEDGEMENTS
	References


