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Abstract: Maintaining adequate daily protein intake is important to maintain muscle mass throughout
the lifespan. In this regard, the overnight period has been identified as a window of opportunity
to increase protein intake in the elderly. However, it is unknown whether pre-sleep protein intake
affects next-morning appetite and, consequently, protein intake. Therefore, the purpose of the current
study was to investigate the effects of a pre-sleep protein drink on next-morning appetite, energy
intake and metabolism. Twelve older individuals (eight males, four females; age: 71.3 + 4.2 years)
took part in a single-blind randomised cross-over study. After a standardised dinner, participants
consumed either a 40-g protein drink, isocaloric maltodextrin drink, or placebo water control before
bedtime. Next-morning appetite, energy intake, resting metabolic rate (RMR), respiratory exchange
rate (RER), and plasma acylated ghrelin, leptin, glucose, and insulin concentrations were assessed. No
between-group differences were observed for appetite and energy intake at breakfast. Furthermore,
RMR, RER, and assessed blood markers were not significantly different between any of the treatment
groups. Pre-sleep protein intake does not affect next-morning appetite and energy intake and is
therefore a viable strategy to increase daily protein intake in an older population.

Keywords: pre-sleep protein; sarcopenia; ageing

1. Introduction

Age-related declines in skeletal muscle mass (sarcopenia) and strength (dynapenia) are positively
associated with functional dependency, frailty, falls, metabolic disease, and early death [1-5]. Sarcopenia
progression is underpinned by aspects of primary chronological ageing or secondary ageing (i.e.,
biological factors including nutrition and inactivity). Factors related to secondary ageing such as
inactivity [6], a reduced energy/protein intake [7] and the presence of chronic low-grade inflammation [8]
can be targeted and either slowed or reversed through interventions. The rapid global expansion in the
number of older individuals is expected to present an unprecedented burden for national healthcare
systems [9,10]. Indeed, in the UK alone, costs associated with sarcopenia are currently estimated to be
in excess of £2.5 bn per annum [11]. Hence, the development and/or refinement of strategies to mitigate
sarcopenia is of the utmost importance for healthy population ageing and socio-economic prosperity.

The maintenance of skeletal muscle mass hinges on the fine balance between rates of muscle
protein synthesis (MPS) and breakdown (MPB). In younger individuals, dietary amino acid provision
alone or in close proximity to resistance exercise has the ability to increase MPS and suppress MPB,
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leading to skeletal muscle accretion over time. This anabolic response to dietary protein is, however,
blunted in older compared with younger individuals, such that a greater protein dose is needed to
elicit a similar muscle anabolic response. A retrospective study by Moore and colleagues revealed
that maximal stimulation of MPS occurred at 0.24 g-kg body mass™ and 0.40 g-kg body mass~! in
young and older individuals, respectively [12]. Based on these per meal protein intakes, it has been
suggested that the current recommended dietary allowance (RDA) for protein of 0.8 g-kg™!-day~! is
suboptimal for the maintenance of skeletal muscle mass with advancing age. However, increasing
protein intakes up to 1.2-2.0 g-kg!-day~! has been shown to reduce long-term lean mass loss in
the elderly [13], and has been shown to have no negative side-effects on health outcomes such as
kidney function [14]. Oftentimes the overnight period is overlooked as a window of opportunity to
increase protein intake. Recently, it was shown that pre-sleep protein ingestion in older individuals is
successfully digested, absorbed and incorporated in de novo protein synthesis during the overnight
period [15]. Thus, the overnight period, which under normal circumstances is linked to postabsorptive
muscle catabolism, could be used to maximise muscle anabolism with important implications in
sarcopenia [16,17]. In addition to the potential for overnight muscle anabolism, pre-sleep protein
ingestion has been reported to increase next morning resting metabolic rate (RMR) and fat oxidation,
potentially conferring beneficial changes in body composition over time [18].

At present, the effect of pre-sleep protein ingestion on next morning appetite and metabolic health
parameters in older individuals is unclear. Protein consumption has been suggested to induce feelings
of satiety which can lead to a reduced caloric intake during subsequent meals [19,20]. However, in
young and older individuals next-morning appetite, as assessed through the visual analogue scale,
was not affected by pre-sleep protein ingestion [15,21]. Besides protein’s potential satiating effect,
protein consumption can increase RMR which is positively associated with the size of a self-determined
meal [22]. As older individuals exhibit reductions in appetite due to alterations in physiological
(impaired sensory perception and chewing capability), psychosocial (loneliness), and orexigenic
and anorexigenic hormonal factors (ghrelin, leptin) [23-25], it is imperative to understand whether
ingestion of a large dose of pre-sleep protein would further impact next-morning protein/energy
intake. If pre-sleep protein consumption attenuates appetite and, consequently, energy/protein intake
at breakfast the next morning, it might render pre-sleep protein ingestion counterproductive, as this
could possibly hinder skeletal muscle maintenance.

Therefore, the aim of the present study was to determine whether a pre-sleep casein protein
beverage would influence next-morning indices of appetite, energy intake and metabolism in older
individuals compared with an energy-matched, protein-free drink and a noncaloric placebo drink. We
hypothesized that pre-sleep casein protein and an energy-matched carbohydrate drink would increase
feelings of satiety in the immediate post-prandial period compared with a non-energetic placebo but
would not adversely affect next morning indices of appetite, ad libitum energy intake, or metabolic
parameters in older individuals.

2. Materials and Methods

2.1. Participants

Twelve healthy older participants (8 male) (age: 71.3 + 4.2 yrs; body mass: 71.1 + 13.4 kg; BMI:
23.7 + 3.4) were recruited from the local Birmingham (UK) community. Participants were excluded
from study participation if they performed regular structured training more than three times a week,
smoked, had Type I/II diabetes, or any medical condition that could cause discomfort in response
to food ingestion. Furthermore, participants were excluded if they presented an eating disorder,
allergy or food intolerance to any of the ingredients present in the pre-sleep beverages, standardised
dinners or ad libitum breakfast. Participants provided written informed consent and general health
questionnaires before the start of any experimental trials. Ethical approval for the present study was
granted by the University of Birmingham School of Sport, Exercise and Rehabilitation Science Research
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Ethics Committee (ERN_18-1221) and the study was completed in accordance with the Declaration
of Helsinki.

2.2. Study Design

Following a preliminary visit to assess participants’ study eligibility, anthropometric characteristics,
physical function and dietary habits, participants underwent 3 experimental trial visits in a randomized
single-blind crossover fashion. Participants were randomized using the randomization.com website,
creating random and balanced permutations of treatments for each subject. The evening prior to each
experimental trial visit participants were provided with a standardised dinner and pre-sleep treatment
beverage. The following morning participants attended the laboratories at the School of Sport, Exercise
and Rehabilitation Sciences at 07:00 to undergo RMR measurements followed by multiple blood
sampling and the consumption of an ad libitum breakfast. Subjective measurements of appetite were
carried out the evening prior and during the experimental trial visit. Experimental trials were identical,
apart from the pre-sleep treatment beverage and separated by 7-10 days. All study visits took place at
the School of Sport, Exercise and Rehabilitation Sciences of the University of Birmingham. An overview
of the experimental design is provided in Figure 1.
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Figure 1. Timeline of an experimental visit.
2.3. Preliminary Visit

Participants met with the principal researcher prior to study enrolment to discuss the study
procedures and confirm eligibility. Participants were asked to complete a general health questionnaire
and food preference form. Following this, participants’ height, body mass and BMI were obtained.
A short physical performance battery (SPPB) [26] was completed to ensure participants’ basic levels of
physical independence and gave scores (1-4) for balance, gait speed and leg strength. To assess habitual
dietary intake, participants were asked to complete a 3-day weighed food diary to be completed.

2.4. Experimental Visits

2.4.1. Standardization of Evening Meal

A standardised dinner (50% CHO, 32% FAT, 18% PROT) was provided to be consumed the evening
prior to each experimental visit. Energy provision was manipulated based upon the obtained food
diaries to match the participant’s habitual energy intake during dinner. Food diaries were analysed
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using Dietplan (Dietplan 7, Forestfield Software Ltd., Horsham, UK) and macronutrient breakdown
was determined.

2.4.2. Pre-Sleep Beverages

Participants were asked to consume 1 of 3 pre-sleep treatment beverages in a randomised cross-over
fashion at 22:00 the evening prior to each experimental trial visit. Beverages consisted of either water
(WP), 48 g of casein protein powder (MyProtein, Northwich, UK) providing a 40 g protein-dose (CP),
or 42 g of maltodextrin powder (MyProtein, Northwich, UK) isocaloric to the casein drink (MD).
Participants were given a shaker to take home and instructed to mix the casein or maltodextrin powder
with 400 mL of water. Non-caloric vanilla flavouring (MyProtein, Northwich, UK) was added to
the treatment beverages to improve palatability. A 40-g casein protein-dose was chosen based upon
previous research findings demonstrating its ability to effectively stimulate overnight MPS in older
adults [15]. The nutritional content of each treatment beverage is presented in Table 1.

Table 1. Nutritional content of bedtime beverages. (CP: Casein Protein, MD: Maltodextrin, WP:

Water Placebo).
Energy (kcal) Carbohydrate (g) Protein (g) Fat (g)
CP 168 1.92 40 0.72
MD 168 42 0 0
WP 0 0 0 0

2.4.3. Subjective Measurement of Appetite and Sleep Quality

Feelings of appetite and thirst were assessed using a 100 mm visual analogue scale (VAS) covering
12 questions regarding hunger, fullness, desire to eat and thirst. Each question was accompanied by
two opposing statements interspersed by a 100 mm horizontal line. Participants were instructed to
mark the 100 mm VAS at the point most accurately representing their current feeling. The distance
between the mark and beginning of the 100 mm VAS was measured to determine a score between 0
and 100. For comparison, a baseline VAS for pre-sleep appetite and sleep quality in the absence of a
pre-sleep beverage was performed in the week leading up to the first experimental trial. During each
experimental trial visit, an appetite VAS was completed at the following 12 consecutive time points:
immediately before, after and 30 min after pre-sleep treatment beverage consumption, upon waking,
upon arrival at the laboratory, post-RMR measurement, pre-breakfast, immediately post-breakfast,
30 min post-breakfast, pre-lunch, pre-dinner and finally pre-bedtime. VAS’s are shown to have high
validity and reproducibility in the measurement of subjective appetite [27]. As the focus of the current
investigation was hunger and desire to eat, only the first 4 questions of the VAS relating to these domains
were included for analysis. VAS scores for appetite were split into two time-frames; pre-treatment
(22:00) to pre-breakfast (08:50), and post-breakfast (09:50) to pre-sleep. Therefore, two baseline values
were used in the statistical analyses, i.e., the pre-treatment value (22:00) and post-breakfast value
(09:05). These timeframes are referred to as time-frame 1 and time-frame 2, respectively, throughout
the manuscript.

Sleep quality was determined using the Leeds Sleep Evaluation Questionnaire (LSEQ) [28],
consisting of 10 questions split into four domains (getting to sleep, quality of sleep, waking from
sleep and behaviour following wakefulness). A 100 mm VAS was used to determine the response
to each question, and an average score was calculated for each domain. Participants completed one
baseline LSEQ upon waking in the week leading up to the experimental trial, and on the morning of
the experimental trial.
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2.4.4. Resting Metabolic Rate Measurement

Participants rested supine for 30 min in a supine position on a bed in a quiet, temperature regulated
(22-24 °C), dim lit room. Expired gasses were collected over the final 20 min of the measurement
period using a mouthpiece attached to a Douglas bag. A calibrated gas analyser was used to determine
the percentage of O; and CO; in the expired air. Volume and temperature of expired air was assessed
using a dry gas meter, and barometric pressure of the laboratory determined in which gas analysis
was taking place. Participants were instructed to lie as still as possible, breathe normally, remain
quiet and stay awake. The Weir formula [29] was used to calculate RMR and accordingly, resting
energy expenditure.

2.4.5. Ad Libitum Breakfast and Assessment of Energy Intake

An ad libitum breakfast was provided to participants during each experimental visit. To determine
energy intake and macronutrient composition, all breakfast items were weighed before and after
consumption, and analysed using Dietplan software (Dietplan 7, Forestfield software Ltd., UK).
Participants were seated in a comfortable, quiet environment and instructed to eat as much or as little
as they desired. The breakfast provided consisted of the following components: water, Kellogg’s
cornflakes, Sainsbury’s medium white bread, Sainsbury’s raspberry jam, Sainsbury’s semi-skimmed
milk (all Sainsbury’s Stores Ltd.), Clover margarine, and yoghurt (Danone Activia). Participants were
unaware that their food consumption was being measured in order to avoid any confounding factors

2.4.6. Blood Sampling and Analyses

Venous blood samples were obtained from an antecubital forearm vein at each experimental trial
visit immediately before, immediately post and 30 min post ad libitum breakfast consumption. Ten ml
blood samples were obtained and decanted evenly between serum-separator and EDTA vacutainers
(BD, Oxford, UK), centrifuged at 3000 RPM for 10 min at 4 °C, and stored at —80 °C. Plasma glucose
concentrations were analysed in duplicate using an RX Daytona™ analyser. Plasma acylated ghrelin
and plasma leptin were analysed using commercially available enzyme-linked immunosorbent assays
(ghrelin: Bertin Pharma, Montigny le Bretonneux, France; leptin: Mercodia AB, Uppsala, Sweden),
following the manufacturer’s instructions. Samples were batch analysed and samples from each
participant were analysed on the same plate. The intra-and inter-assay coefficient of variation for
acylated ghrelin and leptin were <5% and 10%, respectively. Plasma insulin concentrations were
determined using a commercially available enzyme-linked immunosorbent assay according to the
manufacturer’s instructions (R&D Systems Inc., Minneapolis, MN, USA). All plasma analyses results
are presented for 7 = 9 as some blood samples were missing for 3 participants due to cannula issues.

2.5. Statistics

All statistical analyses were completed using Graphpad Prism (Version 8.3). One-way repeated
measures ANOVAs were conducted to examine differences in RER, RMR, subjective ratings of sleep
quality, relative energy intake at breakfast and markers of insulin resistance. Two-way repeated
measures ANOVAs assessed interactions between time-point and condition for subjective hunger
scores and blood plasma analyses following consumption of breakfast. Pearson’s correlational analysis
was performed to determine whether pre-breakfast ratings of hunger correlated with actual energy
intake at breakfast. Tukey post-hoc analysis was conducted to identify specific differences where a
main effect or interaction was found. Alpha level was set to p < 0.05. All data are reported as mean +
standard error and error bars on figures are indicative of standard error of man.
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3. Results

3.1. Appetite and Sleep Quality

Throughout time-frames 1 and 2, no between group differences were found for all four questions.
During time-frame 1, hunger (Figure 2A) was significantly elevated from baseline at 08.50 in all three
groups (p < 0.02 for all three groups), at 08:30 in MD (p = 0.016) and WP (p = 0.002), and at 08:00
in WP (p = 0.002). Satisfaction (Figure 2B) was significantly decreased from baseline values at 08:30
(p = 0.039) and 08:50 (p = 0.009) in CP, at 08:00 (p = 0.0038) and 08:50 (p = 0.009) in MD, and at 08:00
(p < 0.001), 08:30 (p < 0.001) and 08:50 (p < 0.001) in WP. Fullness (Figure 2C) was significantly lower
compared with baseline values for CP, MD, and WP at 8:00, 08:30, and 08:50 (p < 0.029 for all), whilst
significantly increased at 22:15 (p = 0.029) and 22:30 (p = 0.048) in CP only. The desire to eat (Figure 2D)
was increased from baseline at 08:00, 08:30, and 08:50 in both MD and WP (p < 0.02 for all), whilst only
increased at 08:30 (p = 0.009) and 08:50 (p = 0.002) in CP. During time-frame 2, values at pre-lunch
and pre-dinner for all three groups were significantly different from their respective baseline values at
09.05h for all questions (p < 0.004 for all). Satisfaction and fullness were, respectively, increased at
09.35h (p = 0.044) and decreased (p = 0.0499) from baseline values in CP only.
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Figure 2. Subjective ratings of hunger (A), satisfaction (B), fullness (C) and desire to eat (D) obtained
via the 100 mm visual analogue scale. Arrows represent the consumption of the pre-sleep treatment
beverage and ad libitum breakfast, respectively. Data are presented as means + SEM. No between-group
significance was apparent, within group differences are stated in the results Section 3.1.

Sleep quality, as assessed by the four LSEQ domains, was not affected by any of the treatment
beverages (GTS: p = 0.963, QOS: p = 0.926, WES: p = 0.156, BFW: p = 0.883). Furthermore, baseline
sleep quality and sleep quality prior to any of the experimental visits did not differ, suggesting that
consumption of a pre-sleep beverage did not impact sleep quality. Sleep quality data was uploaded as
a supplementary file (Supplementary Table S1).
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3.2. Energy Intake and Metabolic Measurements

Absolute total energy intake at breakfast was not different across the treatment groups (Figure 3A),
with a similar response for relative carbohydrate, fat and protein intake (Figure 3B). No differences
were observed between the relative protein, carbohydrate and fat intake of the experimental ad
libitum breakfast and habitual breakfast consumption, assessed by the 3-day weighed food diaries
(Supplementary Table S2). Furthermore, no significant relationship between the subjective ratings of
hunger before the experimental breakfast and subsequent energy intake at breakfast were observed in
any of the experimental conditions (CP: r = —0.129, p = 0.689; MD: r = —0.099, p = 0.759; WP: r = —0.119,
p = 0.712.). No significant differences between groups were observed for RMR (p = 0.348) and RER
(p = 0.874) (Figure 3C,D).
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Figure 3. (A) Absolute total energy intake and (B) relative macronutrient intake at the ad libitum
breakfast. (C) resting metabolic rate (RMR) and (D) respiratory exchange ratio (RER) as measured by
indirect calorimetry. O represent individual values within each experimental trial, subject numbers are
placed adjacent to the corresponding circle. Figures represent mean values with SEM.

3.3. Glucose, Insulin, Ghrelin and Leptin Response

No overall and time-point specific between-group differences were observed for any of the plasma
analyses (Figure 4). Glucose was significantly elevated from pre to 30 min post (p = 0.023) and from
immediately post to 30 min post (p = 0.04) breakfast consumption in MD only. Insulin concentrations at
30 min post breakfast consumption were significantly increased from pre (p < 0.001) and immediately
post breakfast (p < 0.043) consumption values in all three groups. Plasma insulin concentrations
in MD were elevated immediately post compared with pre breakfast values (p = 0.006). Acylated
plasma ghrelin concentrations were decreased 30 min after breakfast consumption compared with
baseline values in CP (p = 0.038). In MD acylated plasma ghrelin concentrations significantly decreased
from immediately post to 30 min post breakfast consumption (p = 0.012), whilst acylated plasma
ghrelin concentrations in WP were lower 30 min post compared with pre (p = 0.029) and immediately
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post (p = 0.012) breakfast values. No significant within group differences were found for plasma
leptin concentrations.
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Figure 4. (A) Plasma glucose, (B) plasma insulin, (C) plasma acylated ghrelin and (D) plasma leptin
concentrations immediately pre, post and 30 min post ad libitum breakfast consumption. Significance
was set at p < 0.05. * Indicates significantly different from pre, T indicates significantly different from
post. Values are represented as mean with SEM.

4. Discussion

Adequate dietary protein intake with age is important to maintain skeletal muscle mass. The
present study comprehensively investigated the effects of a pre-sleep protein beverage containing 40 g
of casein protein on next-morning appetite levels. In our hands, a pre-sleep protein beverage did not
negatively affect next-morning appetite as determined by the consumption of an ad libitum breakfast,
visual analogue scales, and plasma ghrelin, leptin, insulin and glucose concentrations. Furthermore,
no differences were found in RMR and RER measurements the morning after consuming any of the
pre-sleep treatment beverages. Therefore, the consumption of a pre-sleep protein beverage could be a
viable strategy to maintain or increase protein intake without inferring negative effects on next-day
calorie consumption.

Protein nutrition is key to maintain muscle mass and attenuate the progression towards
sarcopenia [30]. The favourable changes induced by dietary protein intake in older individuals
reach beyond those observed on muscle mass [7] and body composition [31] and include reductions in
plasma triacylglycerols, total cholesterol, very low-density lipoproteins and hepatic lipid content [32].
This raises a clear case for protein consumption to be above the current RDA of 0.8 g-kg~!-day~! in older
individuals to maintain overall health. Recently, the overnight period has been identified as a potential
time-frame to increase protein intake. Indeed, several studies in both young and older individuals
have shown the ability of an overnight nasogastric or pre-sleep protein feed to induce an increased
MPS response during an otherwise catabolic period [21,33,34]. Nevertheless, promoting a pre-sleep
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feeding strategy would be detrimental to muscle maintenance if it were to decrease next-morning
appetite and consequently protein intake. The present study thoroughly investigated appetite feelings
the day following the consumption of a bedtime protein beverage and found no adverse effects on
next-morning appetite when compared with a water placebo or isocaloric maltodextrin drink. Our
results confirm earlier suggestions from Kouw and colleagues [34] and Madzima et al. [35] showing no
effects of a pre-sleep protein drink on next morning indices of appetite. Studies that have reported a
satiating effect of protein on next morning appetite might have been influenced by the macronutrient
composition of the pre-sleep treatment, or the timing and mode of protein delivery. In this regard,
Ormsbee et al. [36] found that when chocolate milk is consumed before bedtime, next morning appetite
is reduced in young females. Furthermore, Groen et al. [33] showed reductions in next-morning
appetite in elderly men following intragastric administration of 40 g of casein during sleep. The
presence or absence of a satiating effect inflicted by protein consumption is likely determined by
the amount of time elapsed between pre-sleep protein consumption and next-morning measures of
appetite. It is therefore not surprising that these feelings of fullness with protein intake typically occur
during the acute postprandial period [37-39]. Further evidence supporting the lack of a satiating
protein effect in the current study can be found in the absence of a significant between-group difference
in total energy and relative macronutrient consumption during the ad libitum breakfast, similar to
observations in younger individuals in the study of Lay et al. [40]. Finally, energy intake tended to
be higher in response to habitual breakfast intake as opposed to the trial breakfast, which might be
a consequence of the relatively limited number of foods served at the trial breakfast. To overcome
this hurdle, future investigations should include a wider variety of foods to match personal dietary
preferences. It is important to note that the present study utilised visual analogue scales to assess
subjective feelings of hunger and appetite, which might not correlate with energy intake [41]. This is
reflected in our inability to find a correlation between pre-breakfast hunger ratings and subsequent
energy intake, in spite of no between-group differences between these variables. Future research
should ensure actual energy intake is assessed alongside appetite for the entirety of the following day
after pre-sleep protein ingestion, not just breakfast, as one is not necessarily indicative of the other.

Sleep is a key aspect in maintaining a healthy lifestyle. Not only does sleep play an important part
in regulating our internal molecular mechanisms (e.g., hormone release), it also drives our circadian
rhythms, and consequently whole-body metabolism [42]. It has been shown previously that a disrupted
or irregular sleep pattern can lead to obesity and insulin resistance [43,44]. Factors contributing to
these disrupted sleep patterns are multifactorial and include dietary habits [45]. In this regard, a
study by Crispim and colleagues revealed a negative relationship between nocturnal food intake and
sleep quality in healthy individuals [46]. In the present study sleep quality was assessed using the
LSEQ, and was not significantly different between any of the treatment groups and from baseline
(pre-intervention) measurements, suggesting no effect of the pre-sleep beverage on overall sleep quality
(Supplementary Table S1). Nevertheless, multiple participants anecdotally reported a disturbed sleep
after consuming one of the provided treatment beverages. The amount of liquid (400 mL) consumed
before bed-time led to increased urination at night. These anecdotal reports inferring sleep disruption
could be associated with a deviation from habitual dietary routines. A study by Adam [47] elegantly
showed that individuals who habitually ate before bedtime showed a decreased sleep quality when
consuming non-caloric capsules instead. The opposite held true too, individuals who were accustomed
to abstaining from any pre-sleep food intake became more sleep deprived when drinking milk before
bedtime. The authors concluded that a departure from a person’s habitual evening food intake would
impair subsequent sleep. Therefore, the question remains whether these anecdotal reports of increased
urination during the night, would have persisted and impacted upon overall sleep quality if a pre-sleep
beverage were to be provided chronically.

Feelings of hunger are strongly dictated by the interplay of several hormones, most notably insulin,
leptin and ghrelin. Insulin is secreted by the pancreatic beta cells and plays a role in glucose metabolism,
leptin is secreted by adipose tissue and is a satiety factor, whilst ghrelin is primarily secreted by the
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stomach and duodenum and is an orexigenic ligand [48]. As amino acids are believed to suppress
feelings of hunger, we measured plasma leptin, acylated ghrelin, glucose, and insulin concentrations
before, after and 30 min after the ad libitum breakfast consumption, and whether these parameters
would be affected by the pre-sleep treatment beverage. It is well-established that a pre-prandial
increase in circulatory ghrelin concentrations is observed before meal-consumption [49]. In the present
study, no between-group differences were observed in pre-breakfast concentrations of plasma acylated
ghrelin, leptin, or any of the other measured blood markers. These observations strongly suggest that
the pre-sleep beverage did not affect any of the hunger related hormones (pre-breakfast). It is therefore
not surprising that calorie intake at breakfast was equal between treatment groups. Plasma acylated
ghrelin concentrations were decreased from either pre-breakfast values in CP and WP or immediately
post-breakfast values in MD. This finding is in line with other research showing a postprandial
nadir in plasma ghrelin concentrations 60 min after consuming a mixed-macronutrient meal [50].
Plasma insulin concentrations were increased 30 min after breakfast consumption in the present study;,
irrespective of treatment group, which is supported by previous findings [51,52]. Furthermore, an
inverse relationship between insulin and ghrelin levels has previously been reported. A study by
Saad et al. [53] demonstrated that an insulin infusion led to suppressed ghrelin concentrations up to
15 min after cessation of the infusion. This inverse relationship between plasma insulin and acylated
ghrelin levels was also observed in the present study. Plasma leptin concentrations did not change
in our study, which is likely due to the relatively short time-frame over which blood samples were
collected. A study by Romon and colleagues [54] showed a rise in leptin concentrations four hours
after meal-consumption. Further research is required to fully elucidate the acute postprandial effects
of a pre-sleep protein beverage on the regulation of appetite hormones, and how this relates to feelings
of satiety. This could inform the optimal dose and timing of a pre-sleep protein beverage without
affecting next-morning appetite.

Protein and energy content of a meal have been shown to influence food-induced
thermogenesis [55]. In the present study, we anticipated to see an effect of the pre-sleep protein,
and possibly carbohydrate, beverage on RMR and RER. However, we were unable to detect any
differences between treatment groups for the aforementioned variables. Studies investigating the
effects of a pre-sleep snack on next-morning RMR measurements are equivocal, with some showing an
increase [36] and others no effect [40,56,57]. Discrepancies in these findings are likely related to the
elapsed time between pre-sleep snack consumption and RMR measurement, with shorter time-frames
increasing the likelihood of finding an effect. Indeed, a study conducted by Ormsbee and colleagues
in young female runners found an increase in next-morning RMR when 335 mL of chocolate milk
(containing 12 g of protein and 30 g of CHO) was consumed 30 min before bedtime and ~7h before
the RMR measurement [36]. In contrast, a study by Lay and colleagues failed to observe an increase
in RMR when a pre-sleep snack was consumed ~10 h earlier in mildly overweight young men [40].
These findings were confirmed by Kinsey et al, who reported no increase in RMR ~8 h post bedtime
snack consumption in obese young men [56]. The absence of any changes in next-morning RMR
is not surprising as previous metabolic ward investigations have demonstrated that diet-induced
thermogenesis returns to basal values within six hours of consuming a pre-sleep snack [58]. Finally,
sleep quality and sleep duration can impact RMR, with shorter sleeping times leading to a decrease
in RMR [59]. As sleep quality was unaffected by the treatment beverage, this likely did not impact
RMR measurements. Besides RMR, next-morning substrate utilisation (RER) was assessed in the
present study, and was not affected by the pre-sleep treatment beverage. The absence of any effect
on RER is conceivably a consequence of unaltered insulin concentrations between groups. Substrate
utilisation is strongly dictated by circulatory insulin levels, with elevated insulin concentrations shifting
substrate utilisation towards carbohydrate oxidation [60]. In this regard, a study by Pennings et al. [61]
has previously shown that casein ingestion resulted in a lower insulinemic response compared with
whey protein and casein hydrolysate. This decreased insulinemic response could shift fuel utilization
towards increased fat oxidation rates and explain the results observed by Madzima and colleagues
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demonstrating increased RER values when whey protein or carbohydrates were consumed pre-sleep
compared with a placebo control [18]. It could hence be speculated that casein ingestion would lead to
lower plasma insulin concentrations compared with the isocaloric carbohydrate drink. Nevertheless,
next-morning plasma glucose and insulin concentrations were similar between treatments. This is to
be expected as insulin and glucose levels return to baseline levels ~2 h after an oral glucose tolerance
test [62]. Therefore, the comparable plasma insulin concentrations between treatments likely underlies
the similar RER values.

5. Conclusions

The results of the present study suggest that 40 g of casein protein ingested as a beverage prior to
sleep, does not adversely affect sleep quality or next-morning indices of appetite, energy intake or
metabolism in older individuals. As such, the implementation of pre-sleep protein strategies to increase
daily protein consumption in older individuals is a viable option and should not elicit reductions in
energy (and subsequently protein) intake at breakfast time or other meals the following day. Future
research should look to expand these findings by investigating different food forms of pre-sleep protein
snack (liquid vs. solid), as well as assessing energy and protein intake, appetite, and activity throughout
the entirety of the day following experimental visits to determine whether pre-sleep protein has any
effect on whole-day behaviours. Furthermore, based upon the above and previous evidence of the
acute efficacy of a pre-sleep protein snack on muscle anabolism, more longitudinal studies should
explore whether bedtime protein consumption could attenuate the sarcopenic progression.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/1/90/s1,
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Author Contributions: S.M., B.S., L.B. designed the study. S.M., B.S., M.P. and P.M. carried out the experimental
trials and performed the data analyses. S.M., B.S. and L.B. performed the statistical analysis of the data. S.M., B.S.
and L.B. wrote the manuscript together. S.M., B.S. and L.B. are the guarantors of this work and take responsibility
for the integrity and accuracy of the data analysis. All authors have read and agreed to the published version of
the manuscript.

Funding: The study was supported by internal funds from The University of Birmingham.
Acknowledgments: The authors would like to thank all the participants for their time and effort.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Landi, F,; Liperoti, R.; Fusco, D.; Mastropaolo, S.; Quattrociocchi, D.; Proia, A.; Tosato, M.; Bernabei, R.;
Onder, G. Sarcopenia and mortality among older nursing home residents. J. Am. Med. Dir. Assoc. 2012, 13,
121-126. [CrossRef] [PubMed]

2. Dufour, A.B.; Hannan, M.T.; Murabito, ] M.; Kiel, D.P.; McLean, R.R. Sarcopenia definitions considering body
size and fat mass are associated with mobility limitations: The framingham study. J. Gerontol. A Biol. Sci.
Med. Sci. 2013, 68, 168-174. [CrossRef] [PubMed]

3. Xue, Q.L.; Walston, ].D.; Fried, L.P.; Beamer, B.A. Prediction of risk of falling, physical disability, and frailty
by rate of decline in grip strength: The women’s health and aging study. Arch. Intern. Med. 2011, 171,
1119-1121. [CrossRef] [PubMed]

4. Lee, J.; Hong, Y.P; Shin, H.].; Lee, W. Associations of sarcopenia and sarcopenic obesity with metabolic
syndrome considering both muscle mass and muscle strength. J. Prev. Med. Public Health 2016, 49, 35-44.
[CrossRef] [PubMed]

5. Landi, F; Liperoti, R.; Russo, A.; Giovannini, S.; Tosato, M.; Capoluongo, E.; Bernabei, R.; Onder, G.
Sarcopenia as a risk factor for falls in elderly individuals: Results from the ilsirente study. Clin. Nutr. 2012,
31, 652-658. [CrossRef] [PubMed]

6. Mijnarends, D.M.; Koster, A.; Schols, ].M.; Meijers, ].M.; Halfens, R.J.; Gudnason, V.; Eiriksdottir, G.;
Siggeirsdottir, K.; Sigurdsson, S.; Jonsson, P.V.; et al. Physical activity and incidence of sarcopenia:
The population-based AGES—Reykjavik Study. Age Ageing 2016, 45, 614-620. [CrossRef]


http://www.mdpi.com/2072-6643/12/1/90/s1
http://dx.doi.org/10.1016/j.jamda.2011.07.004
http://www.ncbi.nlm.nih.gov/pubmed/21856243
http://dx.doi.org/10.1093/gerona/gls109
http://www.ncbi.nlm.nih.gov/pubmed/22503991
http://dx.doi.org/10.1001/archinternmed.2011.252
http://www.ncbi.nlm.nih.gov/pubmed/21709116
http://dx.doi.org/10.3961/jpmph.15.055
http://www.ncbi.nlm.nih.gov/pubmed/26841883
http://dx.doi.org/10.1016/j.clnu.2012.02.007
http://www.ncbi.nlm.nih.gov/pubmed/22414775
http://dx.doi.org/10.1093/ageing/afw090

Nutrients 2020, 12, 90 12 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Houston, D.K.; Nicklas, B.J.; Ding, ]J.; Harris, T.B.; Tylavsky, FA.; Newman, A.B.; Lee, ].S.; Sahyoun, N.R.;
Visser, M.; Kritchevsky, S.B.; et al. Dietary protein intake is associated with lean mass change in older,
community-dwelling adults: The Health, Aging, and Body Composition (Health ABC) study. Am. J. Clin.
Nutr. 2008, 87, 150-155. [CrossRef]

Wahlin-Larsson, B.; Wilkinson, D.J.; Strandberg, E.; Hosford-Donovan, A.; Atherton, PJ.; Kadi, F. Mechanistic
links underlying the impact of c-reactive protein on muscle mass in elderly. Cell. Physiol. Biochem. 2017, 44,
267-278. [CrossRef]

Ethgen, O.; Beaudart, C.; Buckinx, F; Bruyere, O.; Reginster, ].Y. The future prevalence of sarcopenia in
Europe: A claim for public health action. Calcif. Tissue Int. 2017, 100, 229-234. [CrossRef]

Janssen, I.; Shepard, D.S.; Katzmarzyk, P.T.; Roubenoff, R. The healthcare costs of sarcopenia in the United
States. J. Am. Geriatr. Soc. 2004, 52, 80-85. [CrossRef]

Pinedo-Villanueva, R.; Westbury, L.D.; Syddall, H.E.; Sanchez-Santos, M.T.; Dennison, E.M.; Robinson, S.M.;
Cooper, C. Health care costs associated with muscle weakness: A UK population-based estimate. Calcif.
Tissue Int. 2019, 104, 137-144. [CrossRef] [PubMed]

Moore, D.R.; Churchward-Venne, T.A.; Witard, O.; Breen, L.; Burd, N.A.; Tipton, K.D.; Phillips, S.M. Protein
ingestion to stimulate myofibrillar protein synthesis requires greater relative protein intakes in healthy older
versus younger men. J. Gerontol. A Biol. Sci. Med. Sci. 2015, 70, 57-62. [CrossRef] [PubMed]

Bauer, J.; Biolo, G.; Cederholm, T.; Cesari, M.; Cruz-Jentoft, A.J.; Morley, ].E.; Phillips, S.; Sieber, C.; Stehle, P.;
Teta, D.; et al. Evidence-based recommendations for optimal dietary protein intake in older people: A position
paper from the prot-age study group. J. Am. Med. Dir. Assoc. 2013, 14, 542-559. [CrossRef] [PubMed]
Devries, M.C,; Sithamparapillai, A.; Brimble, K.S.; Banfield, L.; Morton, R.W.; Phillips, S.M. Changes in kidney
function do not differ between healthy adults consuming higher- compared with lower- or normal-protein
diets: A systematic review and meta-analysis. J. Nutr. 2018, 148, 1760-1775. [CrossRef] [PubMed]

Kouw, LW.; Holwerda, A.M.; Trommelen, J.; Kramer, LE; Bastiaanse, J.; Halson, S.L.; Wodzig, WK.;
Verdijk, L.B.; van Loon, L.J. Protein ingestion before sleep increases overnight muscle protein synthesis rates
in healthy older men: A randomized controlled trial. J. Nutr. 2017, 147, 2252-2261. [CrossRef] [PubMed]
Trommelen, J.; van Loon, L.J. Pre-sleep protein ingestion to improve the skeletal muscle adaptive response to
exercise training. Nutrients 2016, 8, 763. [CrossRef] [PubMed]

Snijders, T.; Trommelen, J.; Kouw, LIW.K,; Holwerda, A.M.; Verdijk, L.B.; van Loon, L.J.C. The impact of
pre-sleep protein ingestion on the skeletal muscle adaptive response to exercise in humans: An update. Front.
Nutr. 2019, 6, 17. [CrossRef]

Madzima, T.A.; Panton, L.B.; Fretti, S.K.; Kinsey, A.W.; Ormsbee, M.J. Night-time consumption of protein or
carbohydrate results in increased morning resting energy expenditure in active college-aged men. Br. ]. Nutr.
2014, 111, 71-77. [CrossRef]

Luhovyy, B.L.; Akhavan, T.; Anderson, G.H. Whey proteins in the regulation of food intake and satiety. J.
Am. Coll. Nutr. 2007, 26, 7045-712S. [CrossRef]

Anderson, G.H.; Moore, S.E. Dietary proteins in the regulation of food intake and body weight in humans. J.
Nutr. 2004, 134, 974S5-979S. [CrossRef]

Trommelen, J.; Kouw, LW.K.; Holwerda, A.M.; Snijders, T.; Halson, S.L.; Rollo, I.; Verdijk, L.B.; van Loon, L.].C.
Presleep dietary protein-derived amino acids are incorporated in myofibrillar protein during postexercise
overnight recovery. Am. J. Physiol. Endocrinol. Metab. 2018, 314, E457-E467. [CrossRef] [PubMed]
Caudwell, P; Finlayson, G.; Gibbons, C.; Hopkins, M.; King, N.; Naslund, E.; Blundell, ].E. Resting metabolic
rate is associated with hunger, self-determined meal size, and daily energy intake and may represent a
marker for appetite. Am. J. Clin. Nutr. 2013, 97, 7-14. [CrossRef] [PubMed]

Giezenaar, C.; Chapman, I.; Luscombe-Marsh, N.; Feinle-Bisset, C.; Horowitz, M.; Soenen, S. Ageing is
associated with decreases in appetite and energy intake—A meta-analysis in healthy adults. Nutrients 2016,
8, 28. [CrossRef] [PubMed]

Pilgrim, A.L.; Robinson, S.M.; Sayer, A.A.; Roberts, H.C. An overview of appetite decline in older people.
Nurs. Older People 2015, 27, 29-35. [CrossRef]

Atalayer, D.; Astbury, N.M. Anorexia of aging and gut hormones. Aging Dis. 2013, 4, 264-275. [CrossRef]


http://dx.doi.org/10.1093/ajcn/87.1.150
http://dx.doi.org/10.1159/000484679
http://dx.doi.org/10.1007/s00223-016-0220-9
http://dx.doi.org/10.1111/j.1532-5415.2004.52014.x
http://dx.doi.org/10.1007/s00223-018-0478-1
http://www.ncbi.nlm.nih.gov/pubmed/30244338
http://dx.doi.org/10.1093/gerona/glu103
http://www.ncbi.nlm.nih.gov/pubmed/25056502
http://dx.doi.org/10.1016/j.jamda.2013.05.021
http://www.ncbi.nlm.nih.gov/pubmed/23867520
http://dx.doi.org/10.1093/jn/nxy197
http://www.ncbi.nlm.nih.gov/pubmed/30383278
http://dx.doi.org/10.3945/jn.117.254532
http://www.ncbi.nlm.nih.gov/pubmed/28855419
http://dx.doi.org/10.3390/nu8120763
http://www.ncbi.nlm.nih.gov/pubmed/27916799
http://dx.doi.org/10.3389/fnut.2019.00017
http://dx.doi.org/10.1017/S000711451300192X
http://dx.doi.org/10.1080/07315724.2007.10719651
http://dx.doi.org/10.1093/jn/134.4.974S
http://dx.doi.org/10.1152/ajpendo.00273.2016
http://www.ncbi.nlm.nih.gov/pubmed/28536184
http://dx.doi.org/10.3945/ajcn.111.029975
http://www.ncbi.nlm.nih.gov/pubmed/23193010
http://dx.doi.org/10.3390/nu8010028
http://www.ncbi.nlm.nih.gov/pubmed/26751475
http://dx.doi.org/10.7748/nop.27.5.29.e697
http://dx.doi.org/10.14336/AD.2013.0400264

Nutrients 2020, 12, 90 13 of 14

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Guralnik, ].M.; Simonsick, E.M.; Ferrucci, L.; Glynn, R.J.; Berkman, L.E; Blazer, D.G.; Scherr, P.A.; Wallace, R.B.
A short physical performance battery assessing lower extremity function: Association with self-reported
disability and prediction of mortality and nursing home admission. ]. Gerontol. 1994, 49, M85-M94.
[CrossRef]

Flint, A.; Raben, A ; Blundell, ].E.; Astrup, A. Reproducibility, power and validity of visual analogue scales
in assessment of appetite sensations in single test meal studies. Int. J. Obes. Relat. Metab. Disord. 2000, 24,
38-48. [CrossRef]

Parrott, A.C.; Hindmarch, I. Factor analysis of a sleep evaluation questionnaire. Psychol. Med. 1978, 8,
325-329. [CrossRef]

Weir, ].B. New methods for calculating metabolic rate with special reference to protein metabolism. J. Physiol.
1949, 109, 1-9. [CrossRef]

Cruz-Jentoft, A.].; Landi, F; Schneider, S.M.; Zuniga, C.; Arai, H.; Boirie, Y.; Chen, L.K,; Fielding, R.A;
Martin, F.C.; Michel, ].P; et al. Prevalence of and interventions for sarcopenia in ageing adults: A systematic
review. Report of the international sarcopenia initiative (EWGSOP and IWGS). Age Ageing 2014, 43, 748-759.
[CrossRef]

Borsheim, E.; Bui, Q.U.; Tissier, S.; Kobayashi, H.; Ferrando, A.A.; Wolfe, R.R. Effect of amino acid
supplementation on muscle mass, strength and physical function in elderly. Clin. Nutr. 2008, 27, 189-195.
[CrossRef] [PubMed]

Borsheim, E.; Bui, Q.U.; Tissier, S.; Cree, M.G.; Ronsen, O.; Morio, B.; Ferrando, A.A.; Kobayashi, H.;
Newcomer, B.R.; Wolfe, R.R. Amino acid supplementation decreases plasma and liver triacylglycerols in
elderly. Nutrition 2009, 25, 281-288. [CrossRef] [PubMed]

Groen, B.B.; Res, PT.; Pennings, B.; Hertle, E.; Senden, ].M.; Saris, W.H.; van Loon, L.J. Intragastric protein
administration stimulates overnight muscle protein synthesis in elderly men. Am. ]. Physiol. Endocrinol.
Metab. 2012, 302, E52-E60. [CrossRef] [PubMed]

Kramer, LE,; Verdijk, L.B.; Hamer, HM.; Verlaan, S.; Luiking, Y.C.; Kouw, IW.K,; Senden, ].M.; van
Kranenburg, J.; Gijsen, A.P.; Bierau, J.; et al. Both basal and post-prandial muscle protein synthesis rates,
following the ingestion of a leucine-enriched whey protein supplement, are not impaired in sarcopenic older
males. Clin. Nutr. 2017, 36, 1440-1449. [CrossRef] [PubMed]

Madzima, T.A.; Melanson, ].T.; Black, ].R.; Nepocatych, S. Pre-sleep consumption of casein and whey protein:
Effects on morning metabolism and resistance exercise performance in active women. Nutrients 2018, 10,
1273. [CrossRef] [PubMed]

Ormsbee, M.].; Gorman, K.A.; Miller, E.A ; Baur, D.A.; Eckel, L.A.; Contreras, R.J.; Panton, L.B.; Spicer, M.T.
Nighttime feeding likely alters morning metabolism but not exercise performance in female athletes. Appl.
Physiol. Nutr. Metab. 2016, 41, 719-727. [CrossRef] [PubMed]

Bowen, J.; Noakes, M.; Trenerry, C.; Clifton, PM. Energy intake, ghrelin, and cholecystokinin after different
carbohydrate and protein preloads in overweight men. J. Clin. Endocrinol. Metab. 2006, 91, 1477-1483.
[CrossRef]

Latner, J.D.; Schwartz, M. The effects of a high-carbohydrate, high-protein or balanced lunch upon later food
intake and hunger ratings. Appetite 1999, 33, 119-128. [CrossRef]

Sharafi, M.; Alamdari, N.; Wilson, M.; Leidy, H.J.; Glynn, E.L. Effect of a high-protein, high-fiber beverage
preload on subjective appetite ratings and subsequent ad libitum energy intake in overweight men and
women: A randomized, double-blind placebo-controlled, crossover study. Curr. Dev. Nutr. 2018, 2, nzy022.
[CrossRef]

Lay, A.-H.H.; Crabtree, D.R.; Campbell, T.G.; Dreczkowski, G.M.; Galloway, S.D.R.; Tipton, K.D.; Witard, O.C.
A bedtime milk snack does not impact rmr, substrate utilisation and appetite the following morning in
mildly overweight males. Br. J. Nutr. 2018, 119, 1355-1365. [CrossRef]

Holt, G.M.; Owen, L]; Till, S.; Cheng, Y.; Grant, V.A; Harden, C.J.; Corfe, B.M. Systematic literature review
shows that appetite rating does not predict energy intake. Crit. Rev. Food Sci. Nutr. 2017, 57, 3577-3582.
[CrossRef] [PubMed]

Gabriel, B.M.; Zierath, ].R. Circadian rhythms and exercise-re-setting the clock in metabolic disease. Nat. Rev.
Endocrinol. 2019, 15, 197-206. [CrossRef] [PubMed]


http://dx.doi.org/10.1093/geronj/49.2.M85
http://dx.doi.org/10.1038/sj.ijo.0801083
http://dx.doi.org/10.1017/S0033291700014379
http://dx.doi.org/10.1113/jphysiol.1949.sp004363
http://dx.doi.org/10.1093/ageing/afu115
http://dx.doi.org/10.1016/j.clnu.2008.01.001
http://www.ncbi.nlm.nih.gov/pubmed/18294740
http://dx.doi.org/10.1016/j.nut.2008.09.001
http://www.ncbi.nlm.nih.gov/pubmed/19041223
http://dx.doi.org/10.1152/ajpendo.00321.2011
http://www.ncbi.nlm.nih.gov/pubmed/21917635
http://dx.doi.org/10.1016/j.clnu.2016.09.023
http://www.ncbi.nlm.nih.gov/pubmed/27743615
http://dx.doi.org/10.3390/nu10091273
http://www.ncbi.nlm.nih.gov/pubmed/30201853
http://dx.doi.org/10.1139/apnm-2015-0526
http://www.ncbi.nlm.nih.gov/pubmed/27329516
http://dx.doi.org/10.1210/jc.2005-1856
http://dx.doi.org/10.1006/appe.1999.0237
http://dx.doi.org/10.1093/cdn/nzy022
http://dx.doi.org/10.1017/S0007114518001058
http://dx.doi.org/10.1080/10408398.2016.1246414
http://www.ncbi.nlm.nih.gov/pubmed/27736161
http://dx.doi.org/10.1038/s41574-018-0150-x
http://www.ncbi.nlm.nih.gov/pubmed/30655625

Nutrients 2020, 12, 90 14 of 14

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Vetter, C.; Dashti, H.S.; Lane, ].M.; Anderson, S.G.; Schernhammer, E.S.; Rutter, M.K.; Saxena, R.; Scheer, E.
Night shift work, genetic risk, and type 2 diabetes in the UK biobank. Diabetes Care 2018, 41, 762-769.
[CrossRef] [PubMed]

Bescos, R.; Boden, M.].; Jackson, M.L.; Trewin, A.].; Marin, E.C.; Levinger, I.; Garnham, A.; Hiam, D.S.;
Falcao-Tebas, F; Conte, F.; et al. Four days of simulated shift work reduces insulin sensitivity in humans.
Acta Physiol. (Oxf. Engl.) 2018, 223, e13039. [CrossRef]

Potter, G.D.; Skene, D.J.; Arendyt, |.; Cade, ].E.; Grant, PJ.; Hardie, L.J. Circadian rhythm and sleep disruption:
Causes, metabolic consequences, and countermeasures. Endocr. Rev. 2016, 37, 584-608. [CrossRef]
Crispim, C.A.; Zimberg, I.Z.; dos Reis, B.G.; Diniz, R M.; Tufik, S.; de Mello, M.T. Relationship between food
intake and sleep pattern in healthy individuals. J. Clin. Sleep Med. 2011, 7, 659-664. [CrossRef]

Adam, K. Dietary habits and sleep after bedtime food drinks. Sleep 1980, 3, 47-58. [CrossRef]

Williams, J.; Mobarhan, S. A critical interaction: Leptin and ghrelin. Nutr. Rev. 2003, 61, 391-393. [CrossRef]
Shiiya, T.; Nakazato, M.; Mizuta, M.; Date, Y.; Mondal, M.S.; Tanaka, M.; Nozoe, S.; Hosoda, H.; Kangawa, K,;
Matsukura, S. Plasma ghrelin levels in lean and obese humans and the effect of glucose on ghrelin secretion.
J. Clin. Endocrinol. Metab. 2002, 87, 240-244. [CrossRef]

Monteleone, P.; Bencivenga, R.; Longobardi, N.; Serritella, C.; Maj, M. Differential responses of circulating
ghrelin to high-fat or high-carbohydrate meal in healthy women. ]. Clin. Endocrinol. Metab. 2003, 88,
5510-5514. [CrossRef]

Smeuninx, B.; McKendry, J.; Wilson, D.; Martin, U.; Breen, L. Age-related anabolic resistance of myofibrillar
protein synthesis is exacerbated in obese inactive individuals. J. Clin. Endocrinol. Metab. 2017, 102, 3535-3545.
[CrossRef] [PubMed]

Polonsky, K.S.; Given, B.D.; Van Cauter, E. Twenty-four-hour profiles and pulsatile patterns of insulin
secretion in normal and obese subjects. J. Clin. Invest. 1988, 81, 442—448. [CrossRef] [PubMed]

Saad, M.F,; Bernaba, B.; Hwu, C.M,; Jinagouda, S.; Fahmi, S.; Kogosov, E.; Boyadjian, R. Insulin regulates
plasma ghrelin concentration. J. Clin. Endocrinol. Metab. 2002, 87, 3997-4000. [CrossRef] [PubMed]
Romon, M.; Lebel, P,; Velly, C.; Marecaux, N.; Fruchart, J.C.; Dallongeville, J. Leptin response to carbohydrate
or fat meal and association with subsequent satiety and energy intake. Am. J. Physiol. 1999, 277, E855-E861.
[CrossRef]

Halton, T.L.; Hu, E.B. The effects of high protein diets on thermogenesis, satiety and weight loss: A critical
review. J. Am. Coll. Nutr. 2004, 23, 373-385. [CrossRef]

Kinsey, A.W.; Cappadona, S.R.; Panton, L.B.; Allman, B.R.; Contreras, R.J.; Hickner, R.C.; Ormsbee, M.]J. The
effect of casein protein prior to sleep on fat metabolism in obese men. Nutrients 2016, 8, 452. [CrossRef]
Leyh, S.M.; Willingham, B.D.; Baur, D.A.; Panton, L.B.; Ormsbee, M.]. Pre-sleep protein in casein supplement
or whole-food form has no impact on resting energy expenditure or hunger in women. Br. J. Nutr. 2018, 120,
988-994. [CrossRef]

Westerterp, K.R. Diet induced thermogenesis. Nutr. Metab. (Lond.) 2004, 1, 5. [CrossRef]

Spaeth, A.M.; Dinges, D.F,; Goel, N. Resting metabolic rate varies by race and by sleep duration. Obesity
(Silver Spring) 2015, 23, 2349-2356. [CrossRef]

Campbell, PJ.; Carlson, M.G.; Hill, ].O.; Nurjhan, N. Regulation of free fatty acid metabolism by insulin in
humans: Role of lipolysis and reesterification. Am. J. Physiol. 1992, 263, E1063-E1069. [CrossRef]
Pennings, B.; Boirie, Y.; Senden, ].M.; Gijsen, A.P.; Kuipers, H.; van Loon, L.J. Whey protein stimulates
postprandial muscle protein accretion more effectively than do casein and casein hydrolysate in older men.
Am. [. Clin. Nutr. 2011, 93, 997-1005. [CrossRef] [PubMed]

Taylor, H.L.; Wu, C.L.; Chen, Y.C.; Wang, P.G.; Gonzalez, ].T.; Betts, ].A. Post-exercise carbohydrate-energy
replacement attenuates insulin sensitivity and glucose tolerance the following morning in healthy adults.
Nutrients 2018, 10, 123. [CrossRef] [PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.2337/dc17-1933
http://www.ncbi.nlm.nih.gov/pubmed/29440150
http://dx.doi.org/10.1111/apha.13039
http://dx.doi.org/10.1210/er.2016-1083
http://dx.doi.org/10.5664/jcsm.1476
http://dx.doi.org/10.1093/sleep/3.1.47
http://dx.doi.org/10.1301/nr.2003.nov.391-393
http://dx.doi.org/10.1210/jcem.87.1.8129
http://dx.doi.org/10.1210/jc.2003-030797
http://dx.doi.org/10.1210/jc.2017-00869
http://www.ncbi.nlm.nih.gov/pubmed/28911148
http://dx.doi.org/10.1172/JCI113339
http://www.ncbi.nlm.nih.gov/pubmed/3276730
http://dx.doi.org/10.1210/jcem.87.8.8879
http://www.ncbi.nlm.nih.gov/pubmed/12161550
http://dx.doi.org/10.1152/ajpendo.1999.277.5.E855
http://dx.doi.org/10.1080/07315724.2004.10719381
http://dx.doi.org/10.3390/nu8080452
http://dx.doi.org/10.1017/S0007114518002416
http://dx.doi.org/10.1186/1743-7075-1-5
http://dx.doi.org/10.1002/oby.21198
http://dx.doi.org/10.1152/ajpendo.1992.263.6.E1063
http://dx.doi.org/10.3945/ajcn.110.008102
http://www.ncbi.nlm.nih.gov/pubmed/21367943
http://dx.doi.org/10.3390/nu10020123
http://www.ncbi.nlm.nih.gov/pubmed/29370143
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Participants 
	Study Design 
	Preliminary Visit 
	Experimental Visits 
	Standardization of Evening Meal 
	Pre-Sleep Beverages 
	Subjective Measurement of Appetite and Sleep Quality 
	Resting Metabolic Rate Measurement 
	Ad Libitum Breakfast and Assessment of Energy Intake 
	Blood Sampling and Analyses 

	Statistics 

	Results 
	Appetite and Sleep Quality 
	Energy Intake and Metabolic Measurements 
	Glucose, Insulin, Ghrelin and Leptin Response 

	Discussion 
	Conclusions 
	References

