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ABSTRACT 

 

Background: Nighttime eating, particularly before bed, has received considerable media 

attention in recent years. The common thought was to avoid caloric intake post-dinner and pre-

sleep due to worries of weight gain and a negative impact on cardiometabolic health.  It appears 

that minimizing nighttime caloric intake by providing a structured low calorie option with a high 

satiating value (e.g., greater protien content) may alter the risk for overcomsumption and long-

term weight gain. Indeed, recent work from our laboratory and others have demonstrated that 

low-calorie, nighttime snacking options consisting primarily of protein may be beneficial. To 

date, no studies have investigated the impact of casein intake before bed on overnight and next 

morning fat metabolism in obese men. Purpose: To determine if casein protein (CAS) consumed 

at night before sleep will alter overnight subcutaneous abdominal adipose tissue (SCAAT) 

lipolysis, and next morning whole-body fat oxidation and appetite in overweight and obese men 

compared to a non-caloric placebo (PLA). Methods: Twelve overweight and obese men 

participated in this randomized, cross-over, double-blind and placebo-controlled study. 

Participants came to the laboratory at baseline and twice during each of the treatment periods 

with CAS and PLA. Each treatment period consisted of one visit in the evening and another the 

next morning. Participants consumed CAS or PLA and overnight lipolysis was measured with 

microdialysis, a minimally invasive method used to monitor SCAAT interstitial glycerol 

concentrations. The next morning fat oxidation and metabolism (indirect calorimetry), and 

appetite (visual analog scales for hunger, satiety, and desire to eat) were measured. Results: 

There were no significant differences in overnight SCAAT interstitial glycerol concentrations 

(CAS, 175.0 ± 26.5; PLA, 184.8 ± 20.7 μmol/L; p =0.77), fat oxidation (CAS, 0.76 ± 0.01; PLA, 

0.76 ± 0.01; p =0.75), metabolic rate (CAS, 2126 ± 111; PLA, 2145 ± 106 kcals/day; p =0.94) or 

any markers of appetite between CAS and PLA.  However, the participants in the present study 

were hyperinsulinemic (fasting insulin > 30 μUL), which may have masked any potential 

differences in the dependent variables. Conclusion: Despite common concern for eating at night 

before bed, it appears that casein protein had no impact on overnight lipolysis or whole-body fat 

oxidation and therefore does not appear to have any negative effects compared to a non-caloric 

placebo in obese men. (ClinicalTrials.gov NCT02211391)  
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

Nighttime eating, particularly before bed, has received considerable media attention in 

recent years. The common thought was to avoid caloric intake post-dinner and pre-sleep due to 

worries of weight gain and a negative impact on cardiometabolic health. While some data from 

animal studies appear to support this notion (6), not all studies concur (141). Interestingly, in 

human trials, extremely limited data exist to support a negative health impact of nighttime eating 

other than evidence in populations of shift workers (33) and those with the nighttime eating 

syndrome (154). In the absence of these populations, much of the human data regarding 

nighttime eating stem from epidemiological data (5, 47) on adult men and women consuming 

large mixed meals. Interestingly, a recently published review on the health impact of nighttime 

eating suggests that our understanding of this topic may need to be modifed based not only on 

the classification of nighttime eating with regard to caloric intake, but also the content and 

quality of the calories consumed during this time (77).  

Over the  past few years, studies have examined the potential for low calorie (~150 kcals) 

nighttime feeding options to alter the propensity for increased cardiometabolic risk and 

unfavorable body composition however the findings vary. For instance, a two week crossover 

study in normal-weight women reported a small but significant increases in cholesterol  and 

decreases in 24 hour fat oxidation when an additional ~200 kcal low protein, high fat and 

carbohydrate snack (protein-:fat-:carbohydrate ratio of 5:50:45) was consumed at night 

compared to during the day for two weeks (59). In contrast, a four week study in overweight and 

obese adults demonstrated that changing the composition of the nighttime snack to favor higher 

protein and less fat may elicit better health outcomes as a reduction in  total daily caloric intake 

and moderate weight loss were reported (148). Taken together, it appears that minimizing 

nighttime caloric intake by providing a structured low calorie option with a high satiating value 

(e.g., greater protien content) may alter the risk for overcomsumption and long-term weight gain.  

Indeed, recent work from our laboratory (42, 76, 96, 116) and others (52, 125, 148) indicate that 

low-calorie, nighttime snacking options consisting primarily of protein may be beneficial if the 
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circumstances are favorable, that is, when daily caloric intake is spread throughout the day as 

opposed to soley during the night.  

Casein, a slow-digesting protein (21, 34), has been designated as one of the best bedtime 

snack options due its slow digestion and prolonged amino acid release into circulation thereby 

promoting anabolism throughout the night. Indeed, increased muscle protein synthesis has been 

reported in both normal-weight, young and older men when casein was provided at night, as 

opposed to a non-nutritive placebo (52, 125).  We have investigated the effects of different 

proteins (casein vs. whey) and macronutrients (protein and carbohydrates) consumed within 30 

minutes of going to bed in active men and overweight and obese women. In active men it was 

revealed that regardless of macronutrient type, consuming nutrients (140-150 kcals) before bed 

rather than going to bed on an empty stomach increased next morning metabolism. This study 

also reported that next morning substrate utilization indicative of fat oxidation was not different 

between a non-caloric placebo and casein, but was lower relative to placebo when whey or 

carbohydrates were consumed (96).  

Consuming nutrients at night prior to sleep has also been shown to influence next 

morning metabolic hormone responses and appetite (52, 76, 96, 116). Casein administration 

during sleep increased morning insulin levels and reduced feelings of hunger in elderly men 

when compared to a non-nutritive placebo (52).  Likewise, our findings in sedentary overweight 

and obese women  found a reduced desire to eat, greater feelings of satiety, and an increase in 

insulin the next morning regardless of macronutrient type (76).  The acute effect on insulin in our 

obese women was ameliorated by the addition of exercise training for four weeks (116). The 

effect of nighttime protein intake on next morning appetite and hormone responses has yet to be 

investigated in obese men. 

While the factors contributing to obesity are multifactorial, impairments in the processes 

involved in fat breakdown and mobilization (lipolysis) may affect peripheral fat oxidation and 

exacerbate this metabolic condition. In fact, blunted responses to stimulated lipolysis, determined 

by subcutaneous abdominal adipose tissue (SCAAT) glycerol, at rest (72) and following exercise 

(115) have been reported in obese adults compared to their lean counterparts. Consistent with 

this, it is possible that diet induced alterations in lipolysis and fat oxidation may  also contribute 

to the development or maintenance of obesity. Studies have shown that high carbohydrate snacks 

reduce fat oxidation (99), while high protein snacks have been documented to elicit 
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improvements in fat oxidation compared to carbohydrates (2, 79). It is possible that these 

substrate utilization changes may be mediated by changes in lipolysis (39, 40). During the 

overnight period, upper body subcutaneous fat contributes most to circulating free fatty acid in 

lean (70) and upper body obese individuals (waist to hip ratio > 0.85) (101). As the predominate 

supplier of free fatty acids, it is plausible that the rate of lipolysis from upper body fat depots 

(i.e., SCAAT), may influence substrate utilization and metabolism.  

While next morning metabolism has been shown to be higher after nighttime casein 

intake compared to a placebo (96), whether acute changes in overnight lipolysis are responsible 

for this effect is unknown. It is plausible that casein’s slow digestion and absorption blunts 

postprandial insulin responses (2, 119) thereby promoting greater lipolysis and subsequent fat 

use during sleep and into the next morning. Microdialysis is a minimally invasive and portable 

method used to monitor SCAAT lipolysis and presents a novel way to understand to how 

nutrients consumed before bed influence overnight lipolytic responses in ambulatory individuals.  

Conversely, effectively monitoring metabolism and substrate utilization during sleep is 

problematic in the absence of a respiratory chamber as other methods (i.e., mouthpiece and nose 

plug or ventilated hood) may interfere with comfort and quality of sleep.  However, it is possible 

that subsequent measurement of SCAAT lipolysis during the overnight period by microdialysis 

and next morning whole body metabolism and substrate utilization by indirect calorimetry would 

provide insight to the mechanisms by which casein influences fat metabolism during sleep and 

the following morning. In obese populations it is speculated that casein intake prior to sleep 

might inhibit overnight lipolysis from upper body regions as elevated levels of insulin (potent 

suppressor of lipolysis) have been observed in the morning following bedtime protein and 

carbohydrate intake in sedentary obese women (76). However, in overweight men casein 

reportedly increased acute fat oxidation more than other proteins when consumed in the morning, 

but insulin was not measured (93). These inconsistent findings  along with previous opinion on 

nighttime eating and its potential link to obesity reveal the need to investigate potential 

mechanisms for the various metabolic changes that occur as a result of nighttime eating of casein 

in obese populations.  To date, the impact of casein intake before bed on overnight fat lipolysis 

and next morning oxidation on obese men is unknown. 
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1.2 Purpose 

 
Therefore, the purpose of the proposed study is to determine if casein protein (CAS) 

consumed at night before sleep will alter overnight subcutaneous abdominal adipose tissue 

(SCAAT) lipolysis, and next morning whole-body fat oxidation and appetite in overweight and 

obese men compared to a non-caloric placebo (PLA).    

 

1.3 Specific Aims and Research Hypotheses 

  

1.3.1 Specific Aim 1  

To determine the extent to which the ingestion of 30 g of CAS protein, ingested at least 

two hours after the last meal of day but no more than 30 minutes before going to bed, affects 

overnight SCAAT lipolysis compared to a non-caloric PLA. This aim will be tested by using the 

microdialysis technique to continuously monitor interstitial glycerol concentrations as a marker 

of lipolysis.  

 

1.3.2 Hypothesis for Specific Aim 1 

It is hypothesized that CAS and PLA will have similar affects on overnight SCAAT 

lipolysis.   

 

1.3.3 Specific Aim 2 

To determine the extent to which the ingestion of 30 g of CAS protein, ingested at least 

two hours after the last meal of day but no more than 30 minutes before going to bed, increases 

whole body fat oxidation the following morning compared to a non-caloric PLA. This aim will 

be tested by measuring gas exchange to determine substrate oxidation via the dilution technique 

and open-circuit indirect calorimeter (ParvoMedics TrueOne 2400 metabolic cart, Sandy, UT) 

using the ventilated hood technique (91) the morning following  nighttime intake of CAS and 

PLA. 
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1.3.4 Hypothesis for Specific Aim 2 

Our previous work has demonstrated that next morning fat oxidation was not different 

between placebo and casein trials in active men (96). Thus, it is hypothesized that CAS and PLA 

will have similar effects on next morning whole body fat oxidation. 

 

1.3.5 Specific Aim 3 

The present study will also examine changes in appetite and cardiometabolic markers 

(insulin and glucose to determine the level of  insulin resistance) the following morning, as our 

previous work in this area has demonstrated changes in appetite and insulin levels in response to 

nighttime  protein intake (76) in obese women. This aim will be tested by administering visual 

analog scales for appetite and obtaining blood samples in the morning following nighttime intake 

of CAS and PLA.  

 

1.3.6 Hypothesis for Specific Aim 3 

CAS will result in greater appetite suppression, but will increase insulin levels with a 

conconmitant increase in insulin resistance the following morning compared to  PLA. 

 

1.4 Assumptions 

1. All participants will consume their respective supplements at least two hours after the last 

meal of day but no more than 30 minutes before going to bed. 

2. All research personnel will accurately record all measurements and assessments. 

3. All laboratory equipment will yield accurate measurements over the course of repeated 

testing. 

4. All participants will follow the instructions given to them regarding supplement 

consumption and honestly and accurately report their adherence to the supplementation 

when prompted to do so. 

5. Caloric intake on the day of the each microdialysis visit will be standardized by providing 

each participant with a supply of EnsurePlus® equal to their caloric energy needs based 

on their resting metabolism results at baseline. With the exception of the additional 120 
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kcals provided by the protein supplement, caloric intake will be matched between 

treatments.  

1.5 Delimitations 

1. All participants will have a body mass index (BMI) ≥ 25 kg/m2 and body fat percent ≥ 

25% measured by dual energy X-ray absorptiometry 

2. All participants will maintain their habitual dietary and physical activity habits to 

minimize any influence on the dependent variables. 

3. All participants will be eligible for this study as determined by pre-screenings given by 

phone or email. 

1.6 Limitations 

 

1. Only overweight and obese men will be included in the present study and therefore 

results obtained may not be generalized to overweight and obese women and non-obese 

populations. 

 

2. The protein content (30 g) is identical but the caloric content is lower in the present study 

as compared to the supplements we used in our previous studies on this topic. The 

differences in caloric content are due to the presence of trace amounts of other 

macronutrients in our previous studies whereas the supplement used in the present study 

consists solely of casein. 

  

3. Visceral obesity can lead to a diminished free fatty acid (FFA) utilization by muscle 

during fasting (31), which may influence resting metabolic rate (RMR) the next morning 

and may change our metabolism findings for nighttime eating vs. active men 

 

4. It is impossible to obtain direct measures of metabolic function in human visceral fat. 

However, simultaneous measurement of SCAAT lipolysis by microdialysis and whole 

body metabolism by indirect calorimetry may provide some insight to the influence of 

nighttime macronutrient choices on fat metabolism.   
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5. Although unlikely, it is possible that interstitial glycerol concentrations may be a 

combination of both hormone sensitive lipase (HSL) and lipoprotein lipase (LPL)-

stimulated lipolysis. 

 

6. Increased influx of postabsorptive amino acids to the liver in obesity may be involved in 

increased gluconeogenesis and hence increased hepatic glucose output (30). 

 

7. Overnight lipolysis will be determined by one overnight sample rather than taking 

samples at various intervals throughout the night during sleep. 

 

8. Participants were instructed to consume only water, EnsurePlus®, and their nighttime 

supplements the day of their evening visits but it is possible that they may not be fully 

compliant and consume other foods during this time.  
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CHAPTER 2 

REVIEW OF LITERATURE 

The purpose of this review is to provide an understanding of fat metabolism, the factors 

that regulate lipolysis and the influence of obesity on these processes. The review will also 

discuss the factors that have contributed to current opinions on nighttime eating and evidence-

based outcomes on the effect of low calorie, nutrient dense nighttime feeding options.  

 

2.1 Regulation of Fat Metabolism 

 
The physiology and metabolism of adipose tissue in humans is complex and ever 

changing based on new research findings.  An overview of fat metabolism in normal physiology 

followed by alterations found in obesity will be discussed.  It is important to note that although 

one aspect is being presented here, macronutrient metabolism is an integrative process involving 

many organ systems.  

 

2.1.1 Fat Synthesis and Storage  

Fat is stored predominately in adipose tissue as triacylglycerol (TAG) and with minimal 

storage in skeletal muscle (71) and, in severe cases (41), the liver. TAGs are formed when three 

fatty acid molecules are esterified with a glycerol 3-phosphate molecule. Sources of TAGs for fat 

deposition come from dietary intake (exogenous sources) and de novo lipogenesis (endogenous 

sources) (82). TAGs circulate in plasma as lipoproteins and these lipoproteins are dependent 

upon the TAG source. TAGs from exogenous sources are transported in circulation in 

chylomicrons from the intestines while endogenous TAGs are transported in very low-density 

lipoproteins (VLDL) from the liver. Both chylomicrons and VLDLs released into circulation are 

transported to adipocytes (fat cells) and myocytes (muscle cells). However, these particles are 

unable to cross the capillary endothelium to enter target tissues and therefore must be hydrolyzed 

into non-esterified fatty acids (NEFA) and glycerol. The enzyme responsible for this 

extracellular lipolysis is lipoprotein lipase (LPL), which is synthesized and secreted by 

adipocytes and muscle cells and stored within capillaries of peripheral tissues. Once released 

from TAG by LPL, NEFAs are free to move through the endothelial lining to peripheral tissues 
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for storage or remain circulating in blood bound, with the majority bound to albumin, a transport 

protein (80). 

Once NEFAs enter adipocytes, they can be re-esterified to re-form TAG. In contrast, free 

glycerol cannot be reutilized to an appreciable extent by adipocytes or muscle cells as glycerol 

kinase, the enzyme required to utilize glycerol, is not active in these tissues. Glycerol kinase is 

responsible for the phosphorylation of glycerol to glycerol 3-phosphate, which enables its re-

esterification with NEFA to form TAGs. In the liver, however, glycerol kinase is active and can 

regenerate glycerol 3-phosphate, needed for TAG synthesis. However, although adipocytes lack 

glycerol kinase, glycerol 3-phosphate can be also be regenerated in adipose tissue from 

intermediates in carbohydrate metabolism in the presence of insulin. Specifically, insulin 

promotes the translocation glucose transporters (GLUT4) to the cell membrane, which facilitates 

glucose uptake and subsequent glycolysis within adipocytes. Glycerol 3-phosphate is regenerated 

from glycolysis by the reduction of dihydroxyacetone phosphate (DHAP, a glycolysis 

intermediate) in a reversible reaction catalyzed by glycerol 3-phosphate dehydrogenase. 

Therefore, the re-esterification of TAG occurs in adipocytes using this mechanism. Of note, 

because circulating free glycerol cannot be reutilized in adipose tissue and muscle, circulating 

glycerol concentrations have been used as an in-vivo marker of local lipolysis (63, 115, 117). 

De novo lipogenesis occurs primarily in the liver when non-lipid macronutrients, 

primarily carbohydrates, are consumed in excess of the body’s needs (107, 108). During this 

process, acetyl CoA is used as an initial substrate and must be transported from the 

mitochondrial matrix to the cytosol. The CoA portion of acetyl CoA cannot cross the inner 

mitochondrial membrane so the acetyl portion crosses this membrane as part of citrate. Once 

across the inner membrane, acetyl CoA is regenerated from citrate in the cytosol. The presence 

of citrate in the cytosol is an allosteric activator of acetyl CoA carboxylase, the enzyme that 

catalyzes the conversion of acetyl CoA to malonyl CoA. After the production of malonyl CoA, 

the rate limiting step in fatty acid synthesis, the process of fatty acid elongation proceeds in 

sequential steps until a 16-carbon fatty acid molecule (palmitate) is produced. Palmitate is the 

final product of fatty acid synthesis and acts as precursor molecule for longer chained (>16 

carbons) fatty acids. Interestingly, increased glucose availability at rest can increase citrate and 

malonyl CoA concentrations (14) indicating a potential for lipogenesis. New fatty acids from de 
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novo lipogenesis esterify with glycerol phosphate to form TAGs and are released into circulation 

from the liver as VLDLs. 

 

2.1.2 Fat Lipolysis (Mobilization) and Oxidation 

The mobilization (breakdown) of fatty acids from TAG in adipocytes involves the action 

of three intracellular enzymes: adipose triglyceride lipase (ATGL), hormone sensitive lipase 

(HSL), and monoacylglycerol lipase (MGL) (80). The independent actions of these enzymes are 

as follows: ATGL and HSL can initiate TAG hydrolysis to form diacylglycerol (DAG), HSL acts 

as a DAG lipase that converts DAG to monoacylglycerol (MAG), and MGL completes this 

intracellular lipolysis by releasing the last fatty acid from the glycerol molecule. The activity of 

HSL is the rate-limiting step in lipolysis as this is the only DAG lipase in adipocytes. It has been 

suggested that ATGL plays a role in basal lipolysis whereas HSL is important for catecholamine 

induced lipolysis (80). 

Recall that LPL is also an enzyme responsible for hydrolyzing TAG. Although both LPL 

and HSL are lipolytic enzymes, LPL-dependent lipolysis (extracellular) hydrolyzes TAG to 

make NEFA available for energy storage while the HSL-dependent lipolysis (intracellular) 

makes NEFA available for energy production. Thus, these enzymes work in reverse of one 

another. HSL is active when phosphorylated by cyclic AMP/GMP (cAMP or cGMP)-dependent 

protein kinases and, as indicated in the name, its activity is dependent on the specific hormonal 

milieu. Catecholamines and insulin are the primary regulators of lipolysis, however, several 

other hormones including, but not limited to, natriuretic peptides, growth hormone, glucagon, 

and cortisol can alter the lipolytic effect (71).  

Following HSL-dependent lipolysis, NEFA and glycerol, the latter transported from 

across the cell membrane by aquaporin-7 (80), are released into circulation where NEFA bind to 

albumin for transport to peripheral tissues, predominately muscle, where they undergo 

mitochondrial beta oxidation, but also to the liver where they are re-esterified to form TAG. To 

undergo oxidation, NEFA must be activated by cytosolic CoA and transported from the cytosol 

to mitochondrial matrix. However, as was the case for fatty acid synthesis, the CoA portion of 

the activated NEFA cannot cross the inner mitochondrial membrane. The NEFA crosses this 

membrane by way of an enzyme called carnitine palmitoyltransferase. Once across the inner 

membrane, the NEFA rejoins with CoA and undergoes beta-oxidation, a cyclic process where 
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carbon atoms are cleaved from the fatty acid chain in pairs to form acetyl CoA and eventually 

nicotineamide-adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH2), which 

are both electron carriers. The cycle continues until the entire fatty acid chain has been cleaved. 

Each acetyl CoA cleaved from NEFA enters the tricarboxylic acid cycle (TCA) cycle thereby 

increasing the amount of NADH and FADH2 produced along with direct ATP synthesis. These 

electron carriers are oxidized in the electron transport chain whereby the transport of electrons to 

oxygen is coupled with phosphorylation of ADP to ATP thus the final products of oxidative 

phosphorylation are ATP, water, and heat. 

 

2.2 Regulation of Lipolysis 

2.2.1 Hormones 

It has been demonstrated that lipolytic regulation varies by fat depot (56, 101) and that 

SCAAT is the major supplier of NEFA to systemic circulation (56, 70, 101). Moreover, during 

fasting (e.g., during the overnight period) much of the glycerol released from adipose tissue into 

circulation comes from upper body fat depots and from intracellular HSL-induced lipolysis 

(79%) while extracellular LPL-induced lipolysis (21%) also contributes to the interstitial pool 

(44). Therefore, the factors that influence lipolysis in SCAAT will be discussed and, when 

appropriate, depot specific differences will be noted. Consistent with this, obesity is associated 

with increased intramuscular TAG storage, as NEFA overflow from adipose tissue, as a result of 

increased fat mass, can lead to ectopic fat deposition in muscle tissue and promote insulin 

resistance (55). Because of this, an understanding of the factors that regulate fat mobilization in 

both adipose tissue and skeletal muscle in normal physiology and alterations as a result of 

obesity are necessary. As such, a summary of the factors influencing fat and skeletal muscle 

lipolysis has been provided in Figure 1A and B, respectively (71).  

Catecholamines and insulin are the primary regulators of lipolysis (85) but several other 

factors known to affect lipolysis include natriuretic peptides (17), growth hormone (132), 

glucagon (106), cortisol (37), testosterone (35), thyroid hormones (98) and certain inflammatory 

markers (46). The primary lipolytic regulators (catecholamines, insulin, natriuretic peptides, and 

growth hormone) will be discussed here. 
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2.2.1.1 Catecholamines 

Catecholamines play a major role in lipolysis and regulate the lipolytic response by 

interacting with both stimulatory and inhibitory adrenergic receptors. Norepinephrine (NE) is 

synthesized and stored in sympathetic nerve endings and is also produced in the chromaffin cells 

of adrenal medulla from its precursor amino acid tyrosine. Much of the NE produced in the 

adrenal medulla is methylated to form epinephrine (80% epinephrine, 20% NE). NE and 

epinephrine, mediate their effects through G-protein coupled alpha (α) and beta (β) adrenergic 

receptors (72). The β1 and β2 adrenergic receptors are coupled to stimulatory G-protein coupled 

receptors in which binding activates adenylate cyclase. This activation leads to increased cAMP 

and concomitant activation of protein kinase A (PKA) and subsequent phosphorylation and 

activation of HSL. Thus, the β-adrenergic receptors are lipolytic. In contrast, the antilipolytic α2-

adrenergic receptors are mediated through inhibitory G-protein coupled receptors resulting in 

decreased cAMP activity and inhibition of HSL. The presence of adrenergic receptors appear to 

vary by fat depot as a greater number of the antilipolytic α2 -receptors are present in SCAAT 

while the lipolytic β-receptors predominate in visceral adipose tissue (15). The relative 

concentration of catecholamines and receptor density will determine the overall lipolytic 

response, which can also vary by gender and body composition (described below).  

 In contrast to adipose tissue, catecholamine induced-lipolytic actions in skeletal muscle 

appear to be mediated solely through the β2 receptors (Figure 1B), as local perfusion of β1 

receptor agonist does not appear to influence glycerol concentrations (57). Both catecholamines 

and muscle contractions (i.e., exercise) lead to HSL phosphorylation and the combination of 

these effects appears to be additive to increasing lipolysis (84). The α receptors do not have a 

significant role in skeletal muscle lipolysis directly but they do influence the regulation of 

nutritive blood flow to the muscle. 

 

2.2.1.2 Insulin 

In response to elevated glucose and other nutrients in the blood (e.g. after a meal), insulin 

is secreted from the β-cells of the pancreas. Insulin binds to its receptor, which activates the 

receptor’s intrinsic tyrosine kinases activity causing autophosphorylation of tyrosine residues 

leading to tyrosine mediated phosphorylation on various intracellular substrates including insulin 

receptor substrates (IRS). IRS are coupled with additional protein kinase systems that regulate 
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the other protein kinases and phosphatases that elicit the anabolic actions of insulin.  It is 

important to note that phosphorylation of IRS on serine residues (as opposed to the tyrosine 

residues) elicits inhibitory insulin actions (54). Several mechanisms have been proposed, but in 

adipose tissue it has been suggested that NEFAs promote protein kinase C activation which leads 

to serine phosphorylation of IRS thus blocking tyrosine phosphorylation and promoting insulin 

resistance (54). 

IRS phosphorylation leads to the activation of the phosphatidyl inositol kinase-3 

(PI3K)/protein kinase B (PKB) pathways. Specific to lipolysis, the activation of PI3K/PKB 

pathways leads to the phosphorylation and activation of phosphodiesterase 3B (PDE3B), which 

is responsible for degrading cAMP leading to the inactivation of PKA and HSL (85). In contrast, 

LPL (extracellular lipolytic enzyme) activity is upregulated by insulin thus favoring NEFA 

synthesis and storage following the ingestion of food. The presence of insulin also promotes 

glucose uptake by increasing the translocation of glucose transporters (GLUT 4 in adipose tissue 

and skeletal muscle, GLUT 2 in liver) to the cell membrane to allow glucose entry. The 

inhibitory effects of insulin on lipolysis vary by fat depot as more pronounced inhibition has 

been found in SCAAT than visceral fat depots (22, 153).  

 

2.2.1.3 Natriuretic Peptides  

Atrial natriuretic peptide (ANP) is secreted from cardiac myocytes in response to atrial 

wall distension. Pertaining to lipolysis, ANP acts through type A natriuretic peptide receptors 

(NPR-A) in which binding stimulates guanylyl cyclase activity (similar to adenylate cyclase) 

leading to an increase in intracellular cGMP (similar to cAMP) and subsequent activation of 

protein kinase G (PKG) which can also activate HSL (71, 81). Natriuretic peptide-induced 

lipolysis works through a mechanism independent of the catecholamine pathways (71). In 

normal-weight men, ANP-infusions at physiological doses (6.25, 12.5, and 25 ng/kg/min) 

increase lipolysis (as assessed by in situ microdialysis) in SCAAT but not skeletal muscle. This 

suggests that ANP-induced lipolysis is absent in skeletal muscle (17). This study also reported 

increased lipid oxidation and subsequent carbohydrate oxidation but no change in overall energy 

expenditure in normal-weight men (17). 
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2.2.1.4 Growth Hormone 

Growth hormone (GH) secretion from the anterior pituitary is regulated by the interplay 

between hypothalamic growth-hormone-releasing hormone (GHRH, stimulatory) and 

somatostatin (inhibitory). GH secretion follows a circadian release and is secreted in a pulsatile 

fashion throughout the day with peak concentration occurring at night within the first 2 h of sleep 

(132). GH elicits both catabolic and anabolic effects. GH stimulates lipolysis (25, 132) and fat 

oxidation while sparing glucose and protein (25, 135), but the direct mechanisms of lipolytic 

stimulation are unclear. Evidence of GH stimulating HSL activity (36) and inhibiting LPL 

activity (127) have been reported, however, whether this mechanism is cAMP-mediated is 

unknown. Interestingly, inhibiting the nocturnal surge of GH does not affect whole body 

lipolysis but inhibits SCAAT lipolysis in normal-weight adults and this effect may be a result of 

HSL suppression in that depot (132). The anabolic effects of GH are mediated by insulin-like 

growth factor (IGF-1), which is secreted from the liver in response to GH stimulation. These 

anabolic effects promote amino acid uptake by peripheral tissues and increased muscle protein 

synthesis (111). Some evidence suggests that IGF-1 reduces the expression of genes involved in 

muscle protein degradation that likely contributes to its anabolic effects (131). The combined 

effects of GH and IGF-1 have a significant impact on body composition as these hormones 

appear to decrease body fat and fat mass (103) and increase lean body mass (16). 

 

2.2.2 Gender 

It is well known that gender differences exist in fat distribution as men tend to store more 

body fat in the upper body while women store more fat in the lower body. Men tend to have a 

greater number of antilipolytic α2 receptors in SCAAT while women have greater concentration 

of these receptors in gluteal fat depots (147). Interestingly, upper body fat storage is not limited 

to men as women have been shown to display this phenotype as well (31, 92). When matched for 

percent body fat, it has been reported that women display greater basal (14 h fast) lipolysis (as 

indicated by glycerol rate of appearance in plasma) when expressed relative to bodyweight, fat 

mass and fat free mass (109). The greater lipolytic effect in women may be mediated by insulin 

as lower plasma concentrations are typically measured in women (109). Likewise, other studies 

have shown that those with upper body obesity (waist to hip ratio (WHR) > 0.85) tend to have 

greater fasting insulin concentrations compared to those with lower body obesity (WHR <0.80) 
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(69, 92), which is a plausible explanation for differences in lipolytic rates between genders. 

However, it possible that WHR may not be the best method to determine lipolytic rates as noted 

by those with large hips and waistlines, where the WHR may be normal despite the high level of 

fat in the abdominal depot. 

 

2.2.3 Blood Flow 

Local changes in blood flow regulate the mobilization of substrates from SCAAT.  

Specifically, reduced blood flow will decrease NEFA and glycerol mobilization away from 

SCAAT and artificially increase measured SCAAT glycerol concentrations. Thus, elevated 

interstitial glycerol concentrations could easily be mistaken for increased lipolysis if changes in 

blood flow are not accounted for.  

Vasoconstriction reduces blood flow and is mediated through α-adrenergic receptors 

while vasodilation increases blood flow and is mediated through β-adrenergic receptors. It has 

been demonstrated that nitric oxide, a vasodilatory molecule, and α-adrenergic receptors regulate 

fasting adipose tissue blood flow (ATBF), while β-receptors regulate postprandial ATBF (9). 

During fasting, blocking α-adrenergic receptors with phentolamine (non-selective α-blocker) and 

yohimbine (α2-adrenergic blocker) and blocking nitric oxide production with NG-monomethyl-L 

arginine (L-NMMA) lead to increased ATBF while propranolol (β-blocker) had no effect. On the 

contrary, the increased postprandial ATBF in response to oral glucose was blunted by 

propranolol, L-NMMA, and increased by yohimbine (9). Taken together this suggests that the α-

receptors primarily regulate blood flow during fasting (independent of nitric oxide) while 

postprandially both α and β receptors and nitric oxide are responsible for its regulation. 

 

2.3 Regulation of Lipolysis in Obesity 

Obesity is associated with impairments in whole body and SCAAT catecholamine-

induced lipolysis (20, 72, 78) and these impairments occur at various levels throughout the 

lipolytic process. For example, obese men display a greater number of anti-lipolytic α2 receptors 

in SCAAT compared to lean men (104). Similarly, a reduced expression of β2 receptors in 

SCAAT of upper body obese women has also been reported (126). The differences in adrenergic 

receptor density in SCAAT may also contribute to a reduced fasting, postprandial (142), and β-

adrenergic stimulated (19) ATBF observed in obesity. In skeletal muscle, blunted β2–induced 
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lipolysis and blood flow (22) have been observed in obese compared to lean (20). As insulin is a 

potent antilipolytic agent, the differences in circulating concentrations between obese and non-

obese individuals cannot be ignored. Several studies have shown greater fasting plasma insulin 

concentrations in obese men (109) and women (66, 144) compared to lean controls.  In addition, 

those with upper body obesity appear to have higher circulating insulin concentrations than those 

with lower body obesity (69, 92). 

 

 

 
 

Figure 1. Regulation of Lipolysis in A) Adipose Tissue and B) Skeletal Muscle (71).  ADR, 
adrenoreceptor; GC, guanylyl cyclase; AC, adenylate cyclase; NPRA, natriuretic peptides 
receptor type A; cGMP, cyclic guanylate monophosphate; PKA, protein kinase A; PKC, protein 
kinase C; PKG, protein kinase G; HSL, hormone sensitive lipase; HSL-P, phosphorylated HSL; 
IR, insulin receptor; IRS, insulin-like receptor substrates; PI3K, phosphatidyl inositol kinase-3; 
PDE3B, phosphodiesterase 3B; cAMP, cyclic adenosine monophosphate; P, perilipin; ATGL, 
adipose triglyceride lipase; TAG, triacylglycerols; ; DAG, diacylglycerol; MAG, 
monoacylglycerol; FA, fatty acid; AQP7, aquaporin 7; AFABP,  adipocyte fatty acid binding 
protein; Gs, stimulatory G-proteins; Gi, inhibitory G-protein. Ca+2, intracellular calcium; 
IMTAG, intramuscular triacylglycerols; ADRP, adipocyte differentiation-related protein fatty 
acid binding protein; AMPK, adenosine monophosphate activated protein kinase. 

 
 

2.4 Measuring In-vivo Lipolysis, Recovery and Blood Flow 

Directly assessing the metabolic function of visceral fat is not possible in humans due to 

its anatomical location. However, simultaneous measurement of SCAAT lipolysis by 

microdialysis and whole body metabolism by indirect calorimetry can provide some insight to 

the influence of macronutrient choices on fat metabolism. SCAAT is the predominate supplier of 
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NEFAs to circulation (56, 70) and the rate of lipolysis from this depot may influence fat 

oxidation and metabolic rate. 

While several techniques have been used to assess tissue metabolism (Table 1), the focus 

here will be on in-situ microdialysis to assess interstitial glycerol concentrations (63, 115, 117). 

The microdialysis technique is a minimally invasive technique used to continuously monitor 

analytes present in the interstitial fluid of various organs and tissues. After the microdialysis 

probe is inserted into the tissue it is attached to a small portable pump designed to provide a 

continuous flow of solution at a specified flow rate to perfuse fluid into the probe (perfusate). 

This fluid enters through the inlet tubing of the probe while the outlet tubing is attached to vials 

allowing for the collection of fluid leaving the probe (dialysate). The microdialysis probe mimics 

the action of a capillary and dialysis occurs by the diffusion of molecules or analytes (i.e. 

glycerol) from the interstitial fluid (where a higher concentration is present) across the probe 

membrane and into the dialysate (where a lower concentration is present) (Figure 2) (63). 

 
Table 1. Comparison of techniques used to assess tissue metabolism (63) 

Technique PROs CONs 

Tissue Biopsy 
• Allows for measurement of enzymes 

content and activity, energy state, 
and fuel stores 

• Limited sample collection per 
participant per day; provides 
snapshot of metabolism; no 
information on blood flow  

Arteriovenous 
balance 

• Monitors blood flow and metabolism 
over a limb 

• Venous samples reflect the 
metabolism of many tissues, not 
specific to one tissue 

Magnetic 
Resonance Imaging  

• Measures blood flow and 
metabolism in a single muscle 

• Expensive and limited availability 
limiting their applicability 

Microdialysis 

• Measures metabolism and blood 
flow in a localized region of a tissue 

• Allows for continuous and 
simultaneous monitoring of 
interstitial molecules within a tissue 

 

 

The concentration of a substance present in the dialysate is only a fraction of its 

concentration in the interstitial fluid; however the true interstitial concentration of a substance 

can be obtained when the relative recovery of the probe is known. The relative recovery (i.e., 

probe efficiency or extraction fraction) is the proportional difference in the concentration of a 

substance between its area of high concentration (e.g., interstitial fluid) and lowest concentration 
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(e.g., dialysate sample) (134). Knowledge of the relative recovery is not only important for the 

estimation of interstitial concentrations but also to identify appropriate perfusion rates to obtain 

detectable sample concentrations during specified collection periods. The following methods 

have been used to assess in-vivo recoveries of substances: in-vitro method, internal standard 

method, zero-flow method, and difference method.  

With in-vitro methods the external (beaker) concentration of two substances (i.e., 

substance not metabolized by the tissue of interest and the analyte of interest) are known and the 

probe relative recovery at a specified flow rate for these substances is determined.  In the same 

manner, the in-vivo recovery for the substance not metabolized by the tissue of interest (e.g., 

ethanol in adipose tissue) can be determined by including a known concentration this substance 

in the perfusate and measuring its dialysate concentration. It is assumed that the relationship 

between in vitro relative recoveries of two substances is the same as their in vivo relative 

recoveries (121). Therefore, as long as the characteristics of the microdialysis probe used in both 

experiments are identical, the relationship between the in-vitro recoveries of the two substances 

can be used to calculate the in-vivo recovery of the analyte of interest (i.e., glycerol) when the in-

vivo recovery of the substance not metabolized by the tissue of interest (i.e., ethanol) is known. 

While this method is often used, one of the assumptions associated with this method is that the 

diffusion of a substance in a solution is similar to its diffusion in the tissue which is not always 

the case (83, 134).  

For the internal standard method, in-vivo recovery is determined by the loss of the 

internal standard that was added to the perfusate (e.g., a radio-labeled version of the analyte of 

interest) when measured in the dialysate. This method assumes that the perfusion of the internal 

standard across of the probe membrane is not effected by the amount of unlabeled analyte 

present in the interstitial fluid and diffuses across the membrane in a similar manner (134). This 

assumption requires support from in-vitro studies to ensure that perfusion and diffusion 

characteristics are similar between the internal standard and analyte if interest. In-vivo recoveries 

would then be calculated in a similar manner to the in-vitro method whereby the relationship 

between the in-vitro relative recoveries of internal standard and the analyte of interest are the 

same as their in-vivo relative recoveries when the in-vivo recovery for the internal standard is 

known (83).    



19 
  

The zero-flow rate method is based on the assumption that at a flow rate of zero the 

dialysate concentration of a substance is equal to its interstitial concentration because they are in 

equilibrium. The dialysate concentrations of glycerol are plotted against their respective flow 

rates (e.g., theoretical example dialysate concentration =100 μmol/L at 0.3 μl/min and 120 

μmol/L at 2.0 μl/min where x = the flow rate and y= the glycerol concentration in the following 

equation: y=mx+b) and by linear regression the true interstitial concentration at zero flow is 

calculated (83). Specifically, the equation of the line that intersects both of these points is 

extrapolated to zero to determine the concentration at zero flow. The in-vivo recovery rate is then 

calculated as the ratio between the dialysate concentration at a given perfusion rate (i.e., 2.0 

μl/min) divided by the estimated interstitial glycerol concentrations at zero flow. 

The difference method (also called no-net-flux method) involves perfusing the 

microdialysis probe with several known concentrations of the analyte of interest (i.e., glycerol) 

and determining the difference between its concentration in the dialysate and perfusate. This 

difference (net change) is then plotted as a function of the initial (starting) perfusion 

concentration and the slope of the linear regression equation indicates the proportional difference 

between dialysate and interstitial concentrations of the analyte and is therefore used as the in-

vivo recovery. In this method the net change in analyte concentrations are assumed to result from 

the gain or loss of the analyte by diffusion across the probe membrane which is dependent on the 

interstitial concentration (i.e. gain of the analyte is due to a lower perfusate concentration relative 

to the interstitial concentration). 

While both the dialysate concentration and in-vivo recoveries of the analytes of interest 

are necessary for the determination of the interstitial concentrations, it is also apparent that the 

dialysate concentrations of each analyte are dependent on blood flow in the area surrounding the 

probe. It has been suggested that blood flow during microdialysis experiments can be monitored 

by including ethanol in the perfusate solution (61, 62). Since ethanol is not metabolized in 

adipose tissue to any significant extent it can readily diffuse across the probe membrane. Its 

removal from the probe site would then be a result of microcirculatory blood flow in the area 

surrounding the probe membrane (62). The ratio of ethanol in the dialysate (outflow) to its 

concentration in the perfusate (inflow) is inversely related to blood flow in the areas surrounding 

the probe (i.e. higher outflow:inflow ratio equals lower blood flow and vice versa) (62). Ethanol 

concentrations are expressed as outflow/inflow (Ethanoldialysate /Ethanolperfusate)  (62) as opposed 
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to inflow/outflow (61) because at low dialysate ethanol concentrations the inflow/outflow ratio 

would overestimate the increase in ethanol lost by diffusion. 

 

 
Figure 2. Microdialysis Probe Design (Figure adapted from Hickner and Ormsbee) 

 
 

2.5 Macronutrient Type and Obesity 

Studies in overweight and obese adults demonstrated that replacing a portion of dietary 

carbohydrate with protein promotes fat loss, lean mass deposition, and weight loss (1, 8, 79, 87, 

112). The majority of data showing benefits of increased protein intake in obesity have been 

observed in the presence of hypocaloric diets (45, 79, 88) which will inevitably result in reduced 

body fat and weight loss; however, this practice seldom results in the behavior modifications 

necessary for long-term weight maintenance. Thus, studies demonstrating positive responses to 

higher protein intake under conditions of energy balance are more appropriate. In fact, Arciero 

and colleagues (7) reported that 12 weeks of an ad libitum high protein diet (40% protein, 30% 

carbohydrate, 30% fat) significantly reduced total energy intake (pre, 2136 ±  267 kcals/day vs. 

post, 1739 ± 152 kcals/day; mean ± SE ), abdominal fat (pre, 42.0 ±  2.2% vs. post, 40.3 ± 

2.3%), waist circumference (pre, 102.2 ± 5.8 cm vs. post, 94.3 ± 4.8 cm), body weight (pre, 94.5 

±  6.5 kg vs. post, 89.3 ± 5.9 kg) and BMI (pre, 33.3 ± 2.2 kg/m2 vs. post, 31.5 ± 2.2 kg/m2) from 

baseline in overweight/obese adults (7). In another study, during a four-week energy balance 

phase overweight and obese adults on high protein (HP) diets (35% protein, 45% carbohydrate, 

20% fat) consumed as three (HP3) or six meals (HP6) per day had reductions in percent body fat 
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(HP3: 34.4 ± 2.3 vs. 32.5 ± 2.4%; HP6: 37.2 ± 2.1 vs. 35.0 ± 2.4%; mean ± SE), total fat mass 

(HP3: 27.3 ± 2.1 vs. 25.4  ± 2.2 kg; HP6: 29.4 ± 3.0 vs. 27.5 ± 3.2 kg) and abdominal fat mass 

(HP3: 3.7  ± 0.3 vs. 3.4 ± 0.3 kg; HP6: 3.7 ± 0.5 vs. 3.3 ± 0.5) (10). More importantly, these 

changes were observed despite a lack of significant changes in body weight. Moreover, for the 

group consuming a traditional high carbohydrate diet (TD) consumed as three meals (TD3, 15% 

protein, 60% carbohydrate, 25% fat), no significant changes in body composition were reported 

during the energy balance phase (8).  

Mechanisms contributing to the fat loss with high protein consumption in obese 

populations include, but are not limited to, increased satiety (12, 149) which may or may not be 

mediated by appetite hormones (149), greater diet induced thermogenesis (150), improved 

glycemic control and insulin sensitivity (7, 118), and enhanced fat oxidation (79). Pertaining to 

the latter, it is possible that enhanced fat oxidation in response to increased protein intake may be 

mediated by changes in lipolysis. Circulating glycerol concentrations in plasma and local 

interstitial levels in adipose tissue (as measured by microdialysis) respond to stimuli in a similar 

manner despite being 30-40 fold higher in the interstitium (97). It has been shown that 

postprandial glycerol responses, a marker of lipolysis, are influenced by macronutrient 

composition. In fact, a study in obese participants revealed that acute intake of a carbohydrate-

rich (79.7% carbohydrate, 12.4% protein, 7.9% fat) and protein-rich meal (0% carbohydrate, 

83% protein, 17% fat) reduced postprandial plasma glycerol levels compared to baseline (pre-

meal). However, the protein-rich meal led to significantly less glycerol suppression that was also 

of shorter duration than that of the carbohydrate rich meal (40). Others have shown greater 

postprandial fat oxidation (protein meal, 12.5 ± 0.9 g/6h vs. carbohydrate meal, 7.9 ± 1.5 g/6h; p 

= 0.004) in both lean and obese women consuming a high protein liquid meal (400 kcal, 30% 

protein, 40% carbohydrate, 30% fat) compared to an isoenergetic high carbohydrate meal (400 

kcal, 15 % protein, 55% carbohydrate, 30% fat) (79). As whole body fat oxidation is dependent 

on the rate of lipolysis, it possible that protein-induced effects on lipolysis (i.e. protein increases 

and/or attenuates the suppression of lipolysis) compared to that of carbohydrate-induced effects 

on lipolysis may be one mechanism contributing to increased fat oxidation in response to 

protein-rich meals (2, 3, 65, 93). 
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2.6 Dietary Protein 

The present study explored the effect of a single dietary protein (casein) consumed at 

night on overnight lipolysis and subsequent morning fat oxidation compared to a non-caloric 

placebo. However, the rationale for using casein cannot be fully understood without comparison 

to other popularly consumed commercially available dietary proteins. Specifically, the milk 

proteins, whey and casein, and the plant protein soy will be discussed. Each of these proteins are 

considered “complete” as they contain all nine of the essential amino acids (histidine, threonine, 

tryptophan, phenylalanine, lysine, methionine, isoleucine, leucine, and valine), which are not 

synthesized in the body and, therefore, must be obtained from the diet. Although complete 

proteins, whey, casein, and soy differ in their digestion and absorption rates and amino acid 

profiles, which impacts their metabolic fate (21, 23). Furthermore, different forms of these 

proteins also exist (i.e. concentrate, isolate, hydrolysate) and affect their digestibility or the 

proportion of protein that is ultimately absorbed. 

Whey accounts for 20% of the protein in milk and, when purified, exists commercially as 

concentrate, isolate, or hydrolysate. Concentrates are naturally occurring and contain less protein 

and varying amounts of lactose and fats. With isolates, the lactose and fat have been removed 

through processing; hence isolates contain a higher composition of protein compared to 

concentrates. Concentrates and isolates can both be hydrolyzed to smaller molecules, which 

make their absorption more rapid (156). Whey protein has been termed a “fast” protein because 

it is acid soluble and quickly digested and absorbed as indicated by a rapid postprandial 

appearance of plasma amino acids following consumption (21). The rapid postprandial 

appearance in amino acids following whey intake is associated with an increase in protein 

synthesis but does not appear to alter protein degradation (21). 

Casein is the other milk protein making up the remaining 80% protein content of milk. 

The common forms of casein protein available are micellar casein, naturally occurring in milk, 

and caseinates, from manufacturing. Compared to whey protein, micellar casein has been termed 

a “slow” protein because the acidic environment in the stomach causes it to clot, forming protein 

globules that slow gastric emptying and prolongs postprandial plasma amino acid appearance 

(21). The delay in amino acid appearance following casein intake is associated with an increase 

in protein synthesis, but to a lesser extent than whey, and a marked inhibition of protein 

degradation. In contrast to micellar casein, caseinates are said to be acid soluble and its 
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absorption may be similar to that of whey (120). The postprandial plasma amino acid appearance 

in response to 30 g of casein has been reported to last for 6 to 7 h in overweight adults (24) and 

normal weight men (21). Casein also elicits greater postprandial protein deposition compared to 

whey, which is likely a result of its ability to attenuate protein degradation (21, 34).  

Soy protein comes from soybeans, which naturally contain isoflavones that possess 

antioxidant properties (130). Commercially, soy protein is primarily available as an isolate, with 

a large majority of the isoflavones removed through processing. Compared to the milk protein, 

soy protein has a different amino acid composition and lower branched-chain amino acid content 

but is considered an “intermediate” protein as it is digested slower than whey but faster than 

casein (23). Furthermore, the metabolic fate of soy protein differs from milk proteins. The latter 

are diverted to muscle protein synthesis, whereas soy is incorporated in liver protein synthesis 

(23). 

 

2.7 Muscle Protein Turnover 

Muscle protein balance is a function of protein turnover, which is the relationship 

between muscle protein synthesis and protein degradation. When MPS exceeds MPD the result is 

muscle hypertrophy and while the reverse results in muscle wasting. Detailed reviews on the 

processes involved in MPS and MPD can be found elsewhere (50, 123). Briefly, the mammalian 

target of rapamycin (mTOR) pathway is a key regulator of muscle protein synthesis, whereas the 

ubiquitin proteasome system and lysosomal proteolysis regulate muscle protein degradation. The 

activation of the mTOR, pathway induces phosphorylation of eukaryotic initiation factor 4E 

binding protein (eIF4EBP) and p70 ribosomal S6 kinase (p70S6K). Phosphorylation of 4EBP 

dissociates it from eukaryotic initiation factor 4E (eIF4E), allowing eIF4E to form eukaryotic 

initiation factor 4F (eIF4F) complexes. Phosphorylation and, hence, activation of p70S6k leads 

to the phosphorylation of downstream targets such as ribosomal protein S6 (rpS6) and eukaryotic 

initiation factor 4B (eIF4B). Through different mechanisms, eIF4E complexes, rpS6, and eIF4B 

increase translation initiation factors and protein synthesis.  

In protein degradation, forkhead box containing protein, O-subclass (FoxO) transcription 

factors induce the expression of ubiquitin genes atrogin-1 and muscle ring finger 1 (MuRF1) and 

these are expressed during conditions of increased protein breakdown (50, 123). Both insulin and 

insulin-like growth factor-1 (IGF-1) promote muscle protein synthesis by activating the 
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PI3K/PKB pathway which stimulates mTOR and subsequent muscle protein synthesis and 

hypertrophy (50). In contrast, leucine, one of the three branched-chain amino acids, promotes 

muscle protein synthesis by directly stimulating mTOR activity (51). 

To date, it has been shown that acute intake of casein before bed increases overnight 

muscle protein synthesis (52, 125). In a follow-up study these same authors demonstrated that 

acute changes in muscle protein synthesis in response to nighttime casein intake may translate to 

improvements in muscle mass. Specifically they demonstrated that daily consumption of a 

protein beverage consisting primarily of casein (~178 kcals, 27.5 g casein (micellar and 

hydrolysate), 15 g carbohydrates, 0.1 g fat) consumed immediately before bed translates to 

greater muscle hypertrophy and strength compared to a non-caloric placebo when combined with 

12 weeks of resistance training in active men (136). Fat mass decreased in both groups but was 

not significantly different between groups, however these men were previously active and it is 

possible that greater changes in fat mass may be observed in obese populations. Regardless, from 

these findings it is evident that acute changes in response to nighttime protein intake may 

positively affect body composition in long-term studies. 

 

2.8 Nighttime Eating 

 For optimal health, traditional practice has been to limit energy intake late at night. This 

assumption has been based on data showing diurnal variations in metabolism indicating a 

nocturnal decrease in glucose tolerance (29), gastric emptying (49), and energy expenditure (75). 

In addition it has been demonstrated that the fate of ingested nutrients changes throughout the 

day (128, 129) and that eating late at night may have metabolic consequences (29, 145). 

Furthermore, studies in free-living adults have shown that meal satiety varies with time of day 

and that food intake during the night is less satiating and leads to greater overall intake compared 

to food consumed during the morning hours (27, 28).  

The potential for unfavorable health outcomes and weight gain with eating late at night 

has been demonstrated in people with night eating syndrome, shift workers, and epidemiological 

data. Briefly, compared to day shift workers, night shift workers have a higher prevalence of 

obesity (95), elevated triglycerides, dyslipidemia and impaired glucose tolerance (73, 74, 90, 94). 

Likewise, individuals with night eating syndrome (characterized by ≥50% of daily calories after 

the traditional evening meal) (154) typically have greater overall daily energy intake, lower 24h 
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fat oxidation (48), and consume a majority of their calories from fat (4) compared to non-night 

eaters. In fact, in some (11, 32, 47), but not all (18, 100, 155), studies an association between 

night eating syndrome and obesity has been reported. In the absence of these populations much 

of the human data regarding nighttime eating stems from epidemiological data which revealed 

that consuming a higher proportion of calories consumed later in the day, as opposed to earlier in 

the day, is associated with negative body weight status (5, 13, 38, 47, 143). However, not all 

studies are in agreement (26, 139, 140, 155). Although these data suggest a link between eating 

late at night and adverse health, it is important to realize that these findings have been observed 

in response to large mixed (carbohydrate, fat and protein) meals and results in higher overall 

energy intake. Both meal composition and energy intake are obvious rationales for their effect on 

weight status and subsequent metabolic responses.  

In the general population, there is a lengthy period between dinner and sleep that suggests 

that recommendations for appropriate food choices for late night, pre-sleep consumption are 

warranted. Given the data presented above, a clear choice would be a small nutrient dense, low 

calorie, food or single macronutrients rather than large mixed-meals. Indeed, although limited, 

over the past few years data from our laboratory (42, 76, 96, 116) and others (52, 59, 125, 148) 

examining the effect of low calorie nighttime feedings in various populations have become 

available (Table 2). The potential link between nighttime feeding and obesity suggests that the 

impact of nighttime feeding in overweight and obese populations may be significant.  

In a four week study, Waller et al. (148) demonstrated that providing a low fat, low 

calorie nighttime snack as opposed to the typical high fat/high calorie food option may provide 

health benefits to overweight and obese adults. Overweight and obese adults (n=58; age, 18-65 

years) were randomized to receive cereal (1 cup of ready-to-eat cereal, 100–135 kcals, 23–32 g 

carbohydrates, 2–6 g protein, < 0.5 g fat, and 1–1.5 g fiber) with 2/3 cup of fat-free milk or a 

control group that maintained their normal eating and snacking behaviors (average snacking = 

6.19 ± 1.58 evenings per week, mean ± SD). The control group was offered the cereal after the 

initial four weeks. The cereal was consumed at night at least 90 minutes after dinner every night 

for the duration of the study. This study reported that nighttime cereal intake lead to a lower total 

daily and evening caloric intake as well as modest weight loss (-0.84 ± 1.61 kg or 1.85 ± 4.07 

lbs) in compliant individuals (148). 
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Table 2. Effects of small meals/snack consumed at night (Table adapted from Kinsey & Ormsbee 2015)(77) 

CHO, carbohydrate; WH, whey protein; CAS, casein protein; ↑, increase; ↓ decrease 

 

Author Design  Subjects Food/Macronutrient Outcome 

Waller 

2004(148) 

Consume cereal with 2/3 cup of fat-free milk at 

least 90 minutes post-dinner vs. or no-cereal for 4 

weeks 

 
Overweight and 

obese adults 

Cereal (100–135 kcals) with low 

fat milk (~60 kcals) 

↓ Body weight  

(-0.84 ± 1.61 kg) 

Groen 

2012(52) 
Single dose of CAS during sleep via nasogastric 

tube 

 Elderly men 40 g CAS (160 kcals) 

↑ Muscle protein synthesis 

↓ Hunger (the following 

morning) 

Res 

2012(125) 

Acute resistance exercise bout (10-11 pm) followed 

by single dose of CAS 2.5 hours post exercise 

(11:30 pm) and then sleep (12 am) 

 
Recreationally 

active men 
40 g CAS (160 kcals) ↑ Muscle protein synthesis 

Hibi 

2013(59) 

Consume a snack during the day (10 am) or night 

(11 pm) for 13 days 
 

Normal weight 

women 

200 kcal snack 

(20g CHO, 3 g protein, 11 g fat) 

↓24-h fat oxidation 

↑ Total & LDL cholesterol 

Madzima  

2014(96) Single dose of  WH, CAS, CHO or Placebo 

consumed 30 minutes before bed 

 
Physically active 

men 

CHO (33 g, 150 kcals) 

WH (30 g, 150 kcals) 

CAS (30 g,140 kcals) 

Placebo (0 kcals) 

↑ Morning metabolism with 

CHO, WH, CAS 

Kinsey  

2014(76) Single dose of  WH, CAS, CHO consumed 30 

minutes before bed 

 
Overweight and 

obese women 

CHO (33 g, 150 kcals) 

WH (30 g, 150 kcals) 

CAS (30 g,140 kcals) 

↑ Morning insulin in all groups 

↓ Hunger (the following 

morning) 

 

Figueroa 

2014(42) 

Single dose of  WH, CAS, CHO consumed 30 

minutes before bed and exercise training for 4 

weeks 

 Obese women 

CHO (33 g, 150 kcals) 

WH (30 g, 150 kcals) 

CAS (30 g,140 kcals) 

↓ Blood pressure 

↓ Arterial stiffness 

Ormsbee 

2015(116) 

Single dose of  WH, CAS, CHO consumed 30 

minutes before bed and exercise training for 4 

weeks 

 
Overweight and 

obese women 

CHO (33 g, 150 kcals) 

WH (30 g, 150 kcals) 

CAS (30 g,140 kcals) 

↑ Morning satiety with CAS 

Greater magnitude of  ↓ body 

fat and fat mass with WH (non-

significant) 



27 
  

In contrast, a study in lean adults showed a slightly different response to a carbohydrate-

dense low, calorie nighttime snack (59). In a crossover design, normal-weight women (n = 11, 

age, 23 ± 1 years, BMI, 20.6 ± 2.6 kg/m2) were given a ~200 kcal snack (carbohydrate, 20.6 ± 

2.6 g; protein, 2.6 ± 1.1 g; fat 11.0 ± 1.0 g) to consume for two weeks either in the daytime (10 

am) or nighttime (11 pm). The authors reported that during the nighttime snacking trial 24 hour 

fat oxidation was lower (nighttime snack, 45.8 ± 14.0 g/day; daytime snack, 52.0 ± 13.6 g/day) 

while total cholesterol (nighttime snack, 161 ± 9.0 mg/dL; daytime snack, 152 ± 8.0 mg/dL) and 

LDL cholesterol (nighttime snack, 83.7 ± 7.0 mg/dL; daytime snack, 76 ± 6.0 mg/dL) were 

higher compared to the daytime trial (59). It is well known that diet composition may influence 

cardiometabolic risk and weight regulation and although both of the aforementioned studies 

opted for high carbohydrate snacks, the higher fat content in the latter study cannot be ignored. 

Thus, although these significant changes were within normal ranges, it is possible that nighttime 

snack composition (e.g. higher fat content) may, in the long-term, have a greater negative impact 

to health.  

 Our laboratory examined the acute (following one night) (76) and chronic (after four 

weeks) effects (116) of consuming carbohydrates (150 kcals, 0 g protein, 34 g maltodextrin, 2 g 

fat), whey protein (150 kcals, 30 g of whey protein (50% blend of whey protein isolate and 

concentrate) or casein protein (140 kcals, 30 g of micellar casein protein, 3 g carbohydrate, 0.5 g 

fat), as a liquid supplement, 30 minutes prior to sleep in overweight and obese women. Acutely, 

we observed that our nighttime snack, regardless of type, produced small but significant 

increases in insulin levels and subsequent insulin resistance, as calculated using the homeostatic 

model of insulin resistance (HOMA-IR), the following morning. It is important to note that the 

insulin levels (ranging from 16.7 – 28.7 μUL) were within the normal range (fasting insulin> 30 

μUL indicates hyperinsulinemia) (86) while the insulin resistance values (ranging from 3.6-6.8) 

were high (HOMA-IR value >2.5 indicate insulin resistance) (102). This study also demonstrated 

that pre-sleep caloric intake may influence next morning appetite as the participants reported 

greater subjective satiety and less desire to eat with no differences among groups (76). To 

examine the chronic effects of this practice we extended our acute study for four weeks and 

added exercise training (two days of resistance training and one day of high intensity 

cardiovascular interval training per week) to the design (42, 116). As a result of exercise training 

all groups showed modest, albeit significant, increases in lean mass and strength and decreased 
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body fat. Nighttime feedings of casein protein lead to significantly greater morning satiety than 

whey or carbohydrate (116) and improvements in blood pressure and vascular function were 

observed for both the protein groups (42). More importantly, the increase in morning insulin 

levels observed acutely (76), although within the normal range,  were negated in the long-term 

when nighttime feeding was combined with daily exercise (116). Interestingly, although not 

statistically significant, we observed an increase in resting metabolic rate (RMR) in the protein 

groups after 4 weeks (whey: pre, 1868 ± 68 vs. post, 2094 ± 68 kcals/d; casein: pre, 2045 ± 63 

vs. post, 2084 ± 63 kcals/d) and a decrease in the carbohydrate group (pre, 2031 ± 74 vs. post, 

1965 ± 74 kcals/d). Consistent with these findings, we demonstrated a significant group effect in 

RMR the next morning in active men (96). Specifically, using a cross-over design, nighttime 

feeding of whey, casein, or carbohydrate (same supplements used in our previous work) resulted 

in a significantly greater RMR the morning after nighttime consumption compared to a non-

caloric placebo (to mimic not consuming anything) (whey: 1947 kcals/d, casein: 1941 kcals/d, 

carbohydrate: 1908 kcals/d, placebo: 1843 kcals/d; p < 0.0001). Interestingly, substrate 

oxidation, as determined by the respiratory quotient (RQ), was significantly lower (indicative of 

greater fat use) for the placebo group (0.76 ± 0.003; mean ± SE) compared to the whey (0.77 ± 

0.003) and carbohydrate groups (0.77 ± 0.003), but was not different from casein (0.76 ± 0.003) 

(96). For a thorough review of the health impact of nighttime eating, please see our published 

review (77).  

While alterations in energy metabolism are multifactorial, it is possible that the 

postprandial response to acute nighttime ingestion of macronutrients may alter overnight fat 

metabolism. These metabolic changes, along with data revealing increased muscle protein 

synthesis may contribute to increased metabolism on subsequent mornings and, potentially, body 

composition improvements in long-term studies. 

 

2.9 Nighttime Protein Intake and Fat Metabolism: A Rationale for Casein 

Data from daytime studies on the postprandial response to casein are inconsistent. For 

instance, Hochstenbach-Waelen et al. (64) were unable to show differences in substrate 

utilization but did reveal a greater negative fat balance (determined by intake/oxidation) and a 

more positive protein balance following a three day diet with a high casein content (25%  vs. 

10% of energy) in normal weight adults. However, casein was the only source of protein and it is 
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unknown whether these changes are the result of increased protein content or characteristics 

specific to casein. In a crossover design, Alfenas et al. (3) examined the effects of breakfast 

consumed with different protein sources (~25 g protein; casein, soy, whey) or carbohydrate on 

appetite and energy metabolism in normal-weight adults. After seven days of consuming the 

respective meals, the casein-supplemented breakfast led to lower energy intake compared to 

baseline and the whey-supplemented breakfast, but did not influence respiratory quotient (RQ) or 

diet-induced thermogenesis compared to the other groups. Whey, on the other hand, resulted in 

lower RQ, indicative of greater fat oxidation, compared to carbohydrate and soy but, overall, no 

changes in total energy expenditure were present for any group (3). 

Another study in normal-weight adults compared the effect of four isocaloric meals (50% 

energy as whey, casein, soy, vs high carbohydrate meal) on energy metabolism, satiety, and 

glucose control during a 5.5 hour postprandial period (2). The high protein meals elicited greater 

postprandial energy expenditure and diet-induced thermogenesis than the high carbohydrate meal 

while whey had the greatest effect on these parameters compared to casein and soy. Cumulative 

fat oxidation over the postprandial period was not different between protein sources but was 

higher after the protein meals compared to the carbohydrate meal. Regarding appetite, hunger, 

desire to eat and prospective food consumption was lower after the casein and soy treatments 

compared to the whey. Postprandial glucose responses were significantly lower following the 

protein meals with no differences among groups. Interestingly, despite this finding, the insulin 

during the 5.5 hour postprandial period was highest with whey compared to the casein and soy 

but not the carbohydrate meal (2). This suggests that although proteins can reduce postprandial 

glycemia, protein sources such as casein and soy may be more beneficial for blood glucose 

control, as their effect on glycemia occurred with little effect on postprandial insulin. 

In contrast to the aforementioned studies, Lorenzen et al. (93) compared the effects of 

whey, casein or skim milk consumed as part of a mixed meal on four hours of postprandial 

satiety, diet-induced thermogenesis, and substrate oxidation in overweight and obese men. No 

differences in appetite sensations were reported, however, the milk-supplemented meal did result 

in less energy intake during an ad libitum lunch compared to whey or casein. Similarly, no 

significant differences in diet-induced thermogenesis were reported, however, the casein meal 

did result in a small but significant increase in fat oxidation compared to the whey test meal (p = 

0.01), but was not different from the milk test meal (casein:~375 kJ/4h; whey:~300 kJ/4h; 
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milk:~325 kJ/4h). One mechanism contributing to the slight increase in fat oxidation in response 

to casein in these overweight and obese men may be the lower postprandial insulin in response to 

casein test meals (2). Although these results are contrary to Acheson et al. who reported no 

differences in fat oxidation between whey and casein test meals in normal-weight adults, a 

significantly lower postprandial insulin response was observed in response to the casein test meal 

(2). Given the metabolic complications associated with obesity, casein-induced reductions in 

postprandial glycemia with little influence from insulin (2) may be important for overweight and 

obese populations. When casein was provided as a single nutrient test meal (~478 kcals) in the 

morning, greater increases in diet-induced thermogenesis that lasted over a longer duration 

compared to a carbohydrate test meal were reported in both lean and obese adults, however, a 

blunted response was observed in the obese group (138). 

Collectively, these studies demonstrate the beneficial effects in response to casein meals 

and suggest that casein may modify substrate utilization to favor fat oxidation while also 

positively effecting postprandial glycemia, which may have significant implications in 

overweight and obese populations. As previously mentioned, whole body NEFA uptake and 

oxidation are dependent on the rate of lipolysis, it is possible that protein-induced effects on 

lipolysis (increased and/or attenuated inhibition of lipolysis) from single test meals may be one 

mechanism contributing to increased fat oxidation in response to protein meals (2, 3, 65, 93). It is 

also conceivable that responses to single test meals may reflect the changes in body composition 

observed in long-term studies with repeated higher-protein intake (1, 8, 87). Whether the protein-

induced effects on lipolysis holds true for single proteins (e.g. casein) when consumed at night 

prior to sleep has not been investigated but data from daytime studies provide convincing 

evidence to support this notion.  Thus, consuming casein before sleep may optimize lipolysis and 

contribute to improvements in muscle protein balance and overall health. 
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CHAPTER 3 

METHODOLOGY 

3.1 Participants 

A power analysis was performed with glycerol as the primary outcome variable which 

revealed a need for 12 participants per group with a power of 0.80, α =0.05, standard deviation 

=16 μmol/L, and difference to detect of 20 μmol/L (115). Prospective male participants were 

recruited by flyers posted on the university’s campus and in local shops in the Tallahassee area, 

as well as craigslist. All prospective participants were pre-screened by phone or email and, if 

eligible, were given an in-person information session prior to their enrollment. During the 

recruitment period, we were contacted by 103 individuals expressing their interest in 

participating while only 32 of these individuals sent their screening document in for review and 

attended scheduled information sessions. Following the information sessions, 12 individuals 

expressed interest in enrolling in the study. Inclusion criteria consisted of the following: 

overweight and obese men (BMI ≥ 25 kg/m2; body fat > 25%), sedentary (<2 days of planned 

exercise per week for < 45 minutes per session within the past 6 months), and aged 18-45 years. 

Exclusion criteria were uncontrolled hypertension (blood pressure >160/100 mmHg), use of 

blood pressure or cholesterol medications, diagnosed cardiovascular disease, stroke, diabetes, 

tobacco users, uncontrolled thyroid or kidney dysfunction or the presence of milk allergies. This 

study was approved by the Florida State University Human Subjects Institutional Review Board 

(Appendix A) and written informed consent (Appendix B) and medical history (Appendix C) 

were completed prior to participation. 

 

3.2 Study Design 

 
This cross-over study was randomized, double-blind and placebo-controlled. 

Randomization to the initial treatment condition was conducted using a computerized random 

number generator (157). Participants reported to the Human Performance & Sports Nutrition 

Laboratory at the Institute of Sport Sciences and Medicine at Florida State University to carry 

out testing and assessments. Each participant came to the laboratory on five occasions: once at 

baseline and twice during each of the treatment periods. Each treatment period required one visit 
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in the evening and one visit the next morning. The first treatment day (first evening visit) was 

completed within a week of the baseline visit and the two treatments periods were separated by a 

minimum of 48 hours to a maximum of two weeks. All of the morning visits, including baseline, 

were fasted (with the exception of the nighttime supplement described below) and started at 6-

6:30 am while all of the evening visits started at 6-6:30 pm. Participants were asked to abstain 

from physical activity, alcohol, and caffeine 24 hours prior to each visit. A timeline for the 

laboratory visits is provided in Figure 3 and specifics for each visit are described below.  

 

  

Figure 3. Schematic of the Study Design. 

 

3.2.1 Morning Visits  

 
Resting heart rate, blood pressure, anthropometric and body composition measurements 

were assessed only at baseline while all other variables below were assessed on all of the 

morning visits.  

 

3.2.1.1 Resting Heart Rate and Blood Pressure 

After five minutes of seated rest, heart rate was measured manually at the radial artery for 

60 seconds while blood pressure was measured using a manual sphygmomanometer (American 

Diagnostic Corp., Hauppauge, NY, USA) and stethoscope (3M™ Littmann® Stethoscopes, 

USA). Both heart rate and blood pressure were measured in duplicate by the same researcher and 

the averages were recorded.  
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3.2.1.2 Anthropometrics and Body Composition 

Height and weight were measured with a wall-mounted stadiometer (SECA, Hamburg, 

Germany) and a digital scale (Detecto®, Webb City, MO) respectively. Visceral adipose tissue 

(VAT), android-gynoid ratio and percent body fat for the whole body and android region were 

assessed by dual energy x-ray absorptiometry (DXA, Discovery W, Hologic Inc., Bedford, MA) 

by certified DXA technician according to manufacturer’s instructions. VAT levels exceeding 100 

cm2 are at an increased risk for cardiometabolic complications while levels exceeding 160 cm2 

are associated with even greater risks (114).   

 

3.2.1.3 Appetite 

Appetite was assessed with visual analog scales (VAS, Appendix D) which have been 

validated (43). The VAS is 100-mm horizontal scale with opposing extremes of each appetite 

sensation (hunger, satiety, and desire to eat) anchored at each end of the 100-mm line (0 = “not at 

all” and 100 = “extremely”). Participants rated their subjective feelings, at that moment, by 

placing a vertical line along the 100-mm scale and these ratings were converted to a score in 

millimeters using a standard ruler. Higher scores are indicative of greater feelings of the 

sensation. 

 

3.2.1.4 Metabolism 

Indirect calorimetry is a non-invasive method used to estimate energy expenditure and 

substrate oxidation. With this method oxygen consumption and carbon dioxide production were 

measured to calculate resting metabolic rate (RMR, the amount of calories burned at rest) and the 

respiratory exchange ratio (RER, indicates whole-body substrate utilization). The present study 

measured RMR and RER using the dilution technique and open-circuit indirect calorimeter 

(ParvoMedics TrueOne 2400 metabolic cart, Sandy, UT) using the ventilated hood technique 

(91). Participants rested in a semi-recumbent position in a dark, quiet, and climate-controlled 

isolated room (20-23°C) with a ventilated hood covering their head and torso. Prior to testing, 

duplicate calibrations were performed on the flow meter using a 3L syringe and gas analyzers 

using verified gases of known concentrations. Thereafter, gas exchange was measured 

continuously for 45 minutes with the last 30 minutes of testing used for data analysis. 
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3.2.1.5 Blood Sampling and Analysis 

Fasting venous blood samples were collected from the finger and the antecubital vein. 

Two blood samples were collected via finger prick and subsequently analyzed for glucose using 

a portable glucose meter (OneTouch Ultramini®, LifeScan, Inc.; Milpitas, CA) and test strips 

(OneTouch Ultra®, LifeScan, Inc.). Antecubital samples were collected into serum vacutainers 

(Becton, Dickinson & Company, Franklin Lakes, NJ). Samples were centrifuged (SorvallTM ST 

16R Centrifuge, Thermo Scientific Inc., Waltham, MA) for 15 minutes at 3500 rpm at 4°C. 

Aliquots of 300 μL were transferred into microtubes and stored at -80˚C for later batch analysis. 

Insulin (IBL-America, Minneapolis, MN) and growth hormone (R&D Systems Inc., R&D 

Systems Inc., Minneapolis, Minn., USA) concentrations were determined in a single assay using 

commercially available ELISA kits according to manufacturer’s instructions. The average of 

duplicate samples was used for data analysis. The intra-assay coefficient of variation for growth 

hormone and insulin were 9.5% and 9.6%, respectively. The homeostatic model assessment of 

insulin resistance (HOMA-IR) was calculated from the following equation: [fasting insulin 

(U/mL) × fasting glucose (mg/dL)]/405 and values greater than 2.5 indicate insulin resistance 

(102).  

 

3.2.1.6 Sleep Quantity and Quality 

Sleep quantity and quality were assessed on a subset of participants (n=5) using wrist 

actigraphy (Fatigue Science ReadibandTM, Blaine, WA) whereby an actigraphy watch was worn 

on the non-dominant arm at baseline and during both treatment periods. The outcome variables 

from the sleep assessment included total time sleeping, sleep latency (the time it takes to fall 

asleep while resting) and sleep efficiency, a measure of sleep quality (the ratio of time actually 

spent asleep to the amount of time spent in bed including resting (110). Sleep efficiency is based 

on sleep latency and averages wake episodes, with higher scores indicating better sleep quality.  

 

3.2.1.7 Dietary Logs and Standardization 

During their involvement in this study, participants were asked to maintain their normal 

dietary and activity habits. Dietary intakes were assessed by 3-day dietary logs completed on two 

weekdays and one weekend day.  All dietary log data were analyzed by the same research 

personnel using the United States Department of Agriculture Super Tracker 
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(https://www.supertracker.usda.gov/default.aspx). Dietary intake was standardized throughout 

the day on the first day of each treatment period. Participants were provided with a choice of 

chocolate and/or vanilla flavored meal-replacement beverages (EnsurePlus®, 350 kcals each, 

Abbott Laboratories, Columbus, OH) to match their total daily caloric needs calculated from 

their baseline RMR, estimated caloric cost of daily activities for sedentary adults (RMR x 0.2), 

and estimated thermic effect of food (RMR x 0.1) used previously in this population (total daily 

caloric needs: RMR + RMR x 0.2 + RMR x 0.1) (115). Participants were only allowed to 

consume their meal-replacement beverages, water, and their nighttime supplement (described 

below) on the entire day of their evening laboratory visits. Compliance was assessed by 

collecting empty meal-replacement beverage bottles and through verbal questioning. 

 

3.3.1 Evening Visits  

3.3.1.1 Nighttime Supplementation 

The nighttime supplement beverages were chocolate flavored and specifically formulated 

by Dymatize® Nutrition for use in this study. In a randomized order, participants consumed 

micellar casein protein (CAS, total protein content: 30 g, 120 kcals;  25 g micellar protein, 1 g of 

L-Tryptophan, 1 g L-Leucine, 100 mg L-Theanine, 1 g colostrum fraction (bovine)), or a non-

caloric sensory-matched placebo (PLA, 0 kcals; non-nutritive sweeteners (sucralose), and 

stabilizers (gums)). Participants were provided with these beverages pre-mixed in a dark-colored 

shaker bottle prior to leaving the laboratory following the evening visits and instructed to 

consume the beverages at least two hours after their last meal-replacement beverage but within 

30 minutes of going to bed.  

 

3.3.1.2 Microdialysis 

Participants were instructed to avoid consuming any meal-replacement beverages one 

hour prior to their scheduled laboratory visit. The microdialysis technique was used to measure 

subcutaneous abdominal adipose tissue (SCAAT) lipolysis by continuously monitoring 

interstitial glycerol concentrations. Participants were informed about the microdialysis procedure 

during their in-person information session. Upon arrival to the laboratory participants rested in a 

semi-recumbent position and had an area ~10 cm from the umbilicus (on the side not typically 

slept on) cleaned with betadine (Betadine® Solution Swabsticks, Purdue Products L.P., 
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Stamford, CT). Prior to use, two microdialysis probes (CMA 20 Elite, 10 mm membrane length, 

20-kDa cutoff, Harvard Apparatus, Inc., Holliston, MA) were placed in 70% isopropyl alcohol 

for 25 minutes and rinsed twice with sterile deionized water (Baxter Healthcare Corporation, 

Deerfield, IL). A sterilized plastic split catheter sheath was placed over an 18G catheter needle 

and prior to insertion into the SCAAT. The insertion site (~5-10 cm from the umbilicus) was 

numbed with a topical ethyl chloride spray (Gebauer’s ethyl chloride ®, Gebauer Company, 

Cleveland, OH) to reduce discomfort. Following insertion, the needle was removed while the 

plastic split catheter sheath remained in the SCAAT. Thereafter, one microdialysis probe was 

inserted into the SCAAT through the split catheter sheath and held in place by Steri-StripsTM 

(3M Health Care, St Paul, MN). A second probe was inserted in a similar manner 10-15 cm away 

from the first probe and served as a backup. Following insertion of the second probe, both probes 

were sealed down with TegadermTM film (3M Health Care, St Paul, MN). Each probe was 

attached to separate portable microdialysis pumps (CMA 107, M Dialysis AB, Stockholm, 

Sweden) that were continuously perfused with a solution containing 0.9% sodium chloride 

(Baxter Healthcare Corporation, Deerfield, IL) and ethanol (290 μL of 200 proof pure ethanol 

injected into a 500 cc sodium chloride pouch) at a rate of 2.0 μL/min and 0.3 μL/min according 

to the schedule outlined in Figure 4. 

               Figure 4. Sample Collection Schedule. RMR, resting metabolic rate 
 

Sample Collection Schedule 

Evening #1: 2.0 μL/min  

• After 1 hour equilibration period- No Ensure consumed ~30 minutes 
 

Evening #2: 0.3 μL/min  

• Switch flow rate, waited 10 minutes for equilibration then attached vial 

• Instructed to consume last Ensure while this vial was on 
 

Overnight: 0.3 μL/min  

• Drank supplement before bed, waited 5 minutes then attached vial 
 

Morning #1: 2.0 μL/min  

• Upon waking the flow rate was switched, followed by a 10 minute 
equilibration period prior to attaching the vial and coming to the lab  

 

Morning #2: 2.0 μL/min  

• Vial changed upon arrival to lab prior to RMR measurement 
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The perfusate was collected in vials at the exit end of each probe (dialysate). Following a 

60-minute equilibration period after the insertion of the second probe (to allow for the initial 

trauma due to insertion of the probe to subside), participants were given verbal and written 

instructions on how and when to change their sample collection vials and perfusion flow rates 

prior to leaving the laboratory (Figure 4 and Appendix E). While away from the laboratory, 

participants stored all vials in the refrigerator. The following morning participants returned to the 

laboratory with their dialysate samples on ice. Samples were stored at 4˚C until subsequent 

(within 24 hours) analysis of ethanol (described below) to determine blood flow (62). Thereafter, 

samples were stored at -80˚C for later batch analysis of dialysate glycerol according to 

manufacturer’s instructions using an automated microdialysis analyzer (CMA 600 analyzer, 

CMA Microdialysis, Solna, Sweden). The CMA 600 uses enzymatic reagents and colorimetric 

methods for the analysis of glycerol (158). A single multicomponent calibrator (Calibrator A, M 

Dialysis AB, Solna Sweden), with known concentrations of the different analytes was used to 

calibrate the assays which are based on kinetic measurements in order to get the analytical results 

as soon as possible instead of waiting for the enzymatic reaction to reach completion, which may 

take several minutes. The absorbance change during the first 30 seconds of the reaction is 

monitored and the maximal reaction rate during this time is used for quantification (158). The 

measuring principle for the determination of glycerol by the CMA 600 is as follows (Figure 5): 

Glycerol is phosphorylated by adenosine triphosphate (ATP) and glycerol kinase to glycerol-3-

phosphate, which is subsequently oxidized in the presence of glycerol-3-phosphate oxidase 

(GPO). The hydrogen peroxide formed reacts with 3,5-dichloro-2-hydroxy-benzene sulphonic 

acid (DCHBS) and 4-amino-antipyrine. This reaction is catalyzed by peroxidase and yields the 

red quinoneimine dye. The rate of formation is measured photometrically at 530 nm and is 

proportional to the Glycerol concentration (158). The average of duplicate measures of dialysate 

glycerol was used for the determination of interstitial glycerol concentrations. 

 

 

 

 

   Figure 5. Principle of Glycerol Determination (158) 

 

Glycerol + ATP                                           Glycerol-3-phosphate + ADP  

Glycerol-3-phosphate + O2                             Dihydroxyacetone phosphate + H2O2  

H2O2+ DCHBS + 4-amino-antipyrine                            ACBS + 2 H2O + HCl 

 

Glycerol kinase 

GPO 

Peroxidase 
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3.3.1.3 Calculation for Interstitial Glycerol. 

The concentration of glycerol in the dialysate sample is only representative of a fraction 

of the actual interstitial concentration, except when perfused at low rates (close to 0 μl/min) as 

the relative recovery of a substance is ~100% at lower flow rates (67). The true interstitial 

concentration of a glycerol can be obtained when the in-vivo relative recovery of glycerol is 

known by adjusting dialysate concentrations for this relative recovery. In the present study the 

zero flow method was used to determine in-vivo glycerol recovery at 0.3 and 2.0 μl/min. The 

zero flow method is based on the assumption that at zero flow the interstitial concentration of a 

substance is equal to the dialysate concentration because they are in equilibrium (83, 134). 

Briefly, the estimated interstitial glycerol concentrations were calculated by first plotting log 

transformed dialysate glycerol concentrations measured at 0.3 and 2.0 μl/min against their 

respective perfusion rates. Linear regression analysis was used to extrapolate the dialysate 

concentration at a zero perfusion flow (0 μl/min), which corresponds to the true interstitial 

glycerol concentration. The in vivo recovery rate for each probe was determined as the ratio 

between the dialysate glycerol concentrations at a perfusion rate of 0.3 or 2.0 μl/min and the 

calculated interstitial glycerol concentrations at zero flow (115). Since the placebo was non-

caloric and hence mimicked fasting, the in vivo recoveries from the placebo trial (88% at 0.3 

μl/min and 46% at 2.0 μl/min) were used as a reference point in the calculation to estimate 

interstitial concentrations for both treatments. All interstitial glycerol concentrations at 0.3 and 

2.0 μl/min were calculated by the following equation: Dialysate glycerolflow rate/Recoveryin 

vivo(Placebo). Many dialysate samples were collected but the primary outcomes of interest in the 

present study were overnight and next morning concentrations. 

 
3.3.1.4 Blood Flow 

Ethanol was included in the perfusate and the ethanol technique (62, 121) was used to 

estimate local blood flow in the area surrounding the probes. During perfusion, ethanol diffuses 

over probe membrane and its removal from the local area is related to blood flow in the vicinity 

of probe membrane because ethanol is not metabolized in adipose tissue to any significant extent 

(61, 62). Within 24 hours of sample collection, ethanol concentrations were measured in both the 

perfusate solutions and dialysate samples using a multi-mode microplate reader (SpectraMax® 

M5, Molecular Devices, Sunnyvale, CA). Briefly 2 µl of the dialysate sample were added to a 
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mixture containing an ethanol buffer (pH 8.9; 74 mM Sodium Pyrophosphate, 60 mM Hydrazine 

Sulfate, 22 mM Glycine) and a nicotinamide adenine dinucleotide solution (100 mM NAD) in 

black 96-well microplates (ThermoScientificTM Immuno Plates, Nazareth, PA). Thereafter, 10 µl 

of alcohol dehydrogenase was added to each well and, following a one hour incubation at room 

temperature in the dark, samples were read with fluorescence at an excitation and emission of 

360 and 415, respectively. The fluorescent NADH product is directly proportional to ethanol in 

the sample (62, 121). The ethanol outflow/inflow ratio (Ethanoldialysate /Ethanolperfusate) is 

inversely related to blood flow surrounding the probe.  

 
3.3.1.5 Compensation 

Upon study completion, all participants were given a thank you letter (Appendix F) with 

their anthropometric, body composition and metabolism data, as well as a copy of their DXA 

scan, $100 and a choice of two protein products from Dymatize® Nutrition (Appendix G). 

 

3.3 Statistical Analyses 

Data were analyzed using JMP PRO 11 (SAS, Cary, NC) with significance set at p < 

0.05.  A repeated measures analysis of variance (ANOVA) was used to identify differences 

among baseline, CAS and PLA treatments for the following variables: RMR, RER, hormones, 

glucose, appetite, and sleep data. In the presence of a significant finding, a Tukey HSD post-hoc 

analysis was used to locate differences. Glycerol and blood flow data were analyzed using a 

Student’s t-test to compare CAS vs. PLA.  A regression analysis was performed to identify if 

relationships between visceral adipose tissue measurements,  glycerol levels, sleep and hormones 

existed..  Values are mean ± standard error (SE).  A power analysis was performed in JMP with 

glycerol as the primary outcome variable which revealed a need for 12 participants per group 

with an effect size of 0.80, α =0.05, standard deviation =16 μmol/L (taken from the control 

group), and difference to detect of 20 μmol/L (treatment-control) (115). 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Results 

4.1.1 Descriptive Characteristics 

A summary of the descriptive data obtained at baseline are reported in Table 3. Heart rate 

and blood pressure was not measured on one participant. Another participant did not return his 

dietary log.   

 

Table 3. Descriptive variables measured at baseline 

 
N = 12 

Age, yrs 27 ± 2.2 
Height, cm 175.8 ± 2.0 
Weight, kg 112.0 ± 6.6 
BMI, kg/m2 36.1 ± 1.9 
Body Fat, % 36.7 ± 1.8 
Android Fat. % 43.8 ± 1.9 
VAT, cm2 167.2 ± 22.7 

A/G ratio 1.19 ± 0.03 

Fat Mass, kg 41.4 ± 4.3 
Lean Mass, kg 66.0 ± 2.7 
Heart rate, bpm 66  ± 3 
Systolic blood pressure, mmHg 131 ± 4 
Diastolic blood pressure, mmHg 78 ± 3 
Total, kcals 2489 ± 191 
Carbohydrate, % 43.8 ± 2.0 
Protein, % 16.8 ± 1.1 
Fat, % 39.2 ± 2.2 

Mean ± SE; BMI, body mass index; VAT, visceral fat tissue; A/G ratio, android-
gynoid ratio;  

 

 

4.1.2 Appetite 

There were no significant differences in subjective measures of hunger, satiety or desire 

to eat, although differences in desire to eat approached a statistical difference for CAS (baseline: 

38 ± 6, CAS: 62 ± 8, PLA: 55 ± 5 mm, p =0.06)(Table 4).  
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4.1.3 Metabolism 

 There were no significant differences in RMR or RER at baseline or across treatments 

(Table 4).  

 

4.1.4 Blood Glucose and Hormones 

Glucose measurements during the PLA treatment were not available for one participant, 

so his data were excluded from all glucose and HOMA-IR analyses. There were no differences in 

glucose (n = 11), insulin, or HOMA-IR (n=11) among baseline, CAS and PLA (Table 4). These 

data met the criteria for hyperinsulinemia (fasting insulin> 30 μUL) (86) and insulin resistance 

(HOMA-IR value >2.5) (102). Baseline insulin levels were positively correlated with VAT 

(r2=0.54; p = 0.006) and android percent fat (r2=0.51; p = 0.009). Growth hormone data were 

missing for some participants at various time points due to technical issues, therefore, only 

participants with data for all three treatment time points (n=8) were included in the analysis. 

There were no differences in growth hormone by treatment (Table 4) and all values were within 

normal ranges (9000 pg/mL or 9 ng/mL) (159). 

 

 

Table 4.Metabolism, appetite and hormone measurements 

Baseline CAS PLA 
p-value for 

treatment effect 

RMR, kcals/day 2150 ± 119 2126 ± 111 2145 ± 106 0.94 

RER 0.75 ± 0.02 0.76 ± 0.01 0.76 ± 0.01 0.75 

Hunger, mm 35 ± 6 49 ± 6 47 ± 6 0.12 

Satiety, mm 36 ± 6 36 ± 4 39 ± 5 0.90 

Desire to eat, mm 38 ± 6 62 ± 8 55 ± 5 0.06 

Insulin, uIU/mL 33.7 ± 6.4 32.9 ± 6.2 31.6 ± 4.9 0.64 

Glucose, mg/dL^ 89.7 ±3.7 90.5 ± 3.1 87.5 ± 3.2 0.34 
HOMA 7.9 ± 1.9 7.3 ± 1.6 7.1 ± 1.3 0.62 
Growth Hormone, pg/mL# 161.3 ± 76.6 153.6 ± 66.7 106.0 ± 29.4 0.73 

Mean ± SE; ^, n = 11; #, n = 8  

 

4.1.5 Sleep Quantity and Quality 

Sleep data at baseline and during the treatment periods were obtained from a subset of 

participants (n = 5). Average minutes resting (lying down but not sleeping) were 408.2 ± 60.2, 

371.0 ± 42.7, and 311.2 ± 94.0 minutes (p = 0.12) at baseline and during the protein and placebo 
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treatments respectively.  Average minutes sleeping were 288.0 ± 74.1, 261 ± 61.2 and 235.0 ± 

94.0 minutes, respectively (p = 0.57).  Average minutes of sleep latency (the time it takes to fall 

asleep while resting) were 50.0 ± 50.6, 64.2 ± 55.9, and 17.6 ± 11.5 (p = 0.27). The quality of 

sleep was assessed by the sleep efficiency scores which were 69.9 ± 9.6, 71.1 ± 18.0 and 74.7 ± 

12.5 (p = 0.85), respectively. Average minutes sleeping were positively correlated with VAT 

(r2=0.81; p = 0.04) and android percent fat (r2=0.83; p = 0.03) 

 

4.1.6 SCAAT Interstitial Glycerol  

Overnight (CAS, 175.0 ± 26.5; PLA, 184.8 ± 20.7 μmol/L; p =0.77) (Figure 6) and next 

morning (CAS, 171.7 ± 19.1; PLA, 161.5 ± 18.6 μmol/L; p = 0.72) (Figure 7) SCAAT interstitial 

glycerol concentrations were not significantly different between treatments. One overnight 

sample was missing from one participant while a next morning sample was missing from another 

participant due to technical difficulties. There were no significant correlations between glycerol 

levels and VAT (Overnight: CAS, r2 = 0.33, p=0.06; PLA, r2 = 0.00, p=0.98; Morning: CAS,  r2 

= 0.00, p=0.78; PLA, r2 = 0.00, p=0.89). Similarly, glycerol levels were not significantly 

correlated to percent body fat at the whole body level (Overnight: CAS, r2 = 0.13, p=0.27; PLA, 

r2 = 0.03, p=0.61; Morning: CAS,  r2 = 0.03, p=0.60; PLA, r2 = 0.33, p=0.06). Likewise, no 

significant correlations were present when compared to android body fat (Overnight: CAS,  r2 = 

0.05, p=0.51; PLA, r2 = 0.02, p=0.65; Morning: CAS,  r2 = 0.00, p=0.98; PLA, r2 = 0.20, 

p=0.17). 

 

Figure 6. Overnight Glycerol Concentrations at 0.3 μl/min. CAS, casein; PLA, non-
caloric placebo 
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Figure 7. Morning Glycerol Concentrations at 2.0 μl/min. CAS, casein; PLA, non-caloric 

placebo 
 

4.1.7 Blood Flow 

Overnight (CAS, 0.13 ± 0.07; PLA, 0.17 ± 0.07 μmol/L; p =0.72) and next morning 

(CAS, 0.73 ± 0.07; PLA, 0.72 ± 0.07 μmol/L; p = 0.96) (Figure 8) outflow/inflow ratios were not 

significantly different between treatments. The ethanol outflow/inflow ratio is inversely related 

to blood flow surrounding the probe. Since no differences in blood flow were measured no 

adjustment for blood flow was necessary. 

 
Figure 8. Ethanol Outflow:Inflow Ratios at 0.3 and 2.0 μl/min. CAS, casein; PLA, non-

caloric placebo 
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4.2 Discussion 

 
It has been suggested that caloric intake should be limited late as night as the metabolic 

milieu may promote fat storage and ultimately weight gain. However, increasing evidence 

suggests that when nighttime energy intake is low in calories (<200 kcals) and high in protein 

content, favorable outcomes may be apparent (77). The use of microdialysis provides a novel 

way to understand metabolic changes that may ensue overnight and into the next morning in 

response to nutrient ingestion prior to sleep. To our knowledge, the present study is the first to 

investigate the influence of casein consumed before bed on overnight and next morning lipolysis 

and fat oxidation in obese men. We report no differences in overnight SCAAT interstitial 

glycerol concentrations or next morning substrate utilization and metabolic rate in obese men 

when casein is consumed before bed compared to a non-caloric placebo. Therefore, despite 

common perception that nutrient intake in close proximity to sleep should be avoided casein 

protein had no impact on fat metabolism.  

Our hypotheses that overnight SCAAT lipolysis, as determined by interstitial glycerol, 

and next morning fat oxidation would not differ among CAS and PLA treatments were 

supported. These hypotheses were made because earlier work from our laboratory noted that 

casein and a non-caloric placebo did not differ in their fat oxidation rates (RER ~ 0.77) the 

morning following nighttime feeding (96). However, this was in healthy young lean men and 

lipoysis was not measured. As upper body fat depots (i.e., SCAAT) are the predominate 

suppliers of circulating NEFAs during the overnight period (70, 101), it is possible that 

alterations in overnight SCAAT glycerol as a result of pre-sleep nutrient intake may induce 

metabolic changes, such as increased fat oxidation, the following morning. Noteworthy, is that in 

obese women we have previously reported no differences in substrate oxidation (RER ~ 0.85) 

the morning following acute nighttime ingestion of protein (casein and whey) or carbohydrates 

(76). However, that study did not include a non-nutritive placebo. Therefore, in the present study 

both SCAAT lipolysis and fat oxidation were measured and compared to a non-nutritive placebo 

in our obese men. We report no differences in overnight SCAAT lipolysis or next morning 

substrate utilization, which favored fat oxidation (RER = 0.76 for CAS and PLA).  

To date, no studies have directly assessed the effect of nighttime protein intake on 

SCAAT glycerol but there is evidence to suggest that proteins may be lipolytic, as determined by 
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postprandial changes in plasma glycerol concentrations. Erdmann et al. demonstrated that both 

high protein (83.0% protein) and high carbohydrate meals (79.7% carbohydrate) suppressed 

postprandial lipolysis, indicated by plasma glycerol levels, from baseline (pre-meal) in obese 

adults. Noteworthy is that the suppressive effect was of less duration with the protein meal (1 

hour and 20 minutes vs. 4 hours) (39). In a second study, Erdmann et al. (40) verified these data 

in the presence of exercise by demonstrating that a snack-sized protein-rich meal (160 kcals, 33.3 

g protein, 0 g carbohydrates, 3 g fat) consumed 30 minutes prior to exercise increased plasma 

glycerol levels during a low intensity exercise bout in obese adults. In contrast, having a snack-

sized carbohydrate-rich meal (290 kcals, 4.6 g protein, 47.0 g carbohydrates, 9.0 g fat) 

suppressed glycerol levels. It was also reported that although the protein meal increased lipolysis 

during the exercise bout this change was to a lesser extent than the fasting condition (40). Taken 

together these data suggest that increasing the protein content of a meal is more favorable for 

lipolysis. Studies have shown that circulating plasma glycerol and local SCAAT glycerol 

concentrations respond to stimuli in an identical manner (60, 97). Therefore it is possible that 

protein induced alterations in lipolysis may still hold true with the ingestion of single proteins. 

However, the present study did not measure the lipolytic response to either whey protein or 

carbohydrate beverages so direct comparisons cannot be made.  

With the exception of the present study, there are no additional data available on the 

impact of casein consumed prior to sleep on overnight SCAAT lipolysis. Yet, data from daytime 

feeding studies suggest that casein intake may favorably alter fat metabolism. Hochstenbach-

Waelen et al. (64) were unable to show differences in substrate utilization but did reveal a greater 

negative fat balance (greater oxidation relative to intake) and a more positive protein balance 

following a three day high casein diet (25%  vs. 10% of energy) in normal weight adults. 

However, casein was the only source of protein and it is unknown whether these changes are the  

result of increased protein content or characteristics specific to casein. In overweight and obese 

men, Lorenzen et al. (93) reported that a casein beverage (34 g) consumed as part of a mixed 

meal at breakfast produced small but significant increases in fat oxidation during the four hour 

postprandial period compared to meals supplemented with a whey beverage (36 g) (casein:~375 

kJ/4h; whey:~300 kJ/4h). Meanwhile, Acheson et al. (2) showed that cumulative fat oxidation 

over a 5.5 hour postprandial period was not different between isoenergetic casein and whey 

meals (50% protein per meal) but was higher compared to a carbohydrate meal (~100% of 
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energy) in normal weight adults. Despite the limited availability of nighttime feeding studies on 

overnight whole body or SCAAT lipolysis, the aforementioned studies and our data showing no 

difference in next morning fat oxidation between CAS and the non-nutritive PLA treatments 

suggest that casein may not negatively impact fat metabolism. While it is possible that casein 

may have modestly inhibited overnight SCAAT lipolysis in the present study, detectable 

differences in our single overnight samples may have subsided prior to waking. Therefore, any 

time-course changes in lipolysis were not likely captured in the current study design. However, 

since overnight SCAAT interstitial glycerol concentrations and next morning fat oxidation were 

not different between treatments, the additional calories from casein before bed did not appear to 

inhibit lipolysis nor favor acute fat storage more than a non-caloric placebo in our obese 

participants.   

It is well known that metabolic rate decreases at night during sleep (75, 133, 151)  and 

lower sleeping metabolic rates have been observed in obese adults compared to their lean 

counterparts (152). It was thought that the reduction in macronutrient oxidation with sleep would 

promote adverse effects on body composition when nutrients were ingested in close proximity to 

sleep. Under conditions of energy restriction, Whitehead et al. (151) showed that a diet high in 

protein attenuated the reduction in sleeping metabolic rate in obese adults compared to diets high 

in fats or carbohydrates. Moreover, Lejeune et al. showed that higher protein diets (30% of 

energy) increased sleeping metabolic rate more than diets lower in protein (10% of energy) in 

healthy women in energy balance (89). As resting metabolism is the largest component of daily 

energy expenditure (60-75 %), it is apparent that overweight and obese populations may benefit 

from small increments in sleeping metabolism by increased protein intake, which will ultimately 

influence RMR. Indeed, we have demonstrated that providing a constant flow of nutrients during 

sleep through bedtime casein ingestion augments next morning RMR in active men when 

compared to a non-nutritive placebo (96). Similarly, although not significantly different, it has 

been reported in both acute (76) and longer-term (after four weeks plus exercise) studies (116) 

that protein before bed promotes increases in next morning RMR. In fact, decreases in RMR 

were only reported when carbohydrates were consumed before bed in obese women. These 

findings, however, were not reproduced in the present study using obese men. Indeed, RMR the 

morning after nighttime ingestion of CAS or PLA was not statistically different (p=0.94, Table 

4). This was unexpected given our previous findings. In line with this, Van Loon’s group 
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reported acute increases in muscle protein synthesis when casein was provided at night (52, 125) 

which may have contributed to the elevated RMR in our previous studies. This is conceivable as 

lean mass is the primary determinant of RMR (58) and acute changes in muscle protein synthesis 

from bedtime casein intake translates to greater increases in hypertrophy when consumed over a 

longer duration and is combined with resistance-type exercise (136). Comparison of the morning 

metabolism data between studies suggests that the obese men in the present study had  higher 

baseline RMR values (2150 kcals/day) than the young men (1843 kcals/day) and obese women 

(2081 kcals/day from casein group). The higher baseline RMR is likely due to the greater mass 

in the obese men as  the percent of lean mass (determined by 100 - body fat) was greatest in the 

young men (96) and lowest in the obese women (76) (83.7% vs 63.3% vs. 51.5%; young men, 

obese men, and obese women, respectively). Regardless, the higher baseline RMR in our obese 

men along with the fact that the protein dose (30 g) is identical between these studies seems to 

suggest that a greater protein dose may have been necessary to further augment next morning 

RMR in this population (see limitations below). While our dose of casein before bed does not 

appear to alter next morning metabolism acutely in obese men, studies demonstrating 

improvements in muscle protein synthesis indicate that favorable changes in body composition 

may be obtained with long-term consumption of casein before bed in combination with exercise.  

Although our hypotheses of no change in fat metabolism were supported, the influence of 

circulating hormones cannot be ignored. It is possible that the lack of significant differences in 

SCAAT lipolysis may relate to the adiposity distribution and subsequent insulin resistant state of 

our participants. The participants in the present study met the criteria for hyperinsulinemia 

(fasting insulin> 30 μUL) (86) and insulin resistance (HOMA-IR value >2.5) (102), that 

coincided with their elevated visceral adiposity (VAT >160 cm2) (114). Independent of insulin 

resistance, high levels of insulin would favor fat storage by decreasing circulating NEFA due to 

the inhibition of HSL and altering substrate utilization to favor carbohydrate use (85). In the 

present study, circulating NEFA and glycerol were not examined as a marker of whole body 

lipolysis, however, the low RER values (~0.76 ± 0.01) and subsequent predominance of fat 

oxidation following both treatments may have resulted in high concentrations of both 

biomarkers. However, this is purely speculation, as these biomarkers were not measured. 

Moreover, glucose levels were normal in the presence of high insulin levels indicating impaired 

insulin signaling and sensitivity of participants in the present study. Research has shown that 
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those with upper body obesity, tend to have greater fasting insulin concentrations compared to 

those with lower body obesity (69, 92). Likewise, upper body adiposity (whether visceral and 

subcutaneous), is positively correlated to insulin resistance, with a stronger correlation associated 

with visceral depots (122). Indeed, obese women revealed increased levels of insulin and insulin 

resistance, determined by HOMA-IR, the morning following acute nighttime ingestion of whey, 

casein, and carbohydrates liquid meals (76). As such, we expected a similar observation with 

obese men in the present study however morning insulin and insulin resistance did not differ 

among CAS and PLA treatments. It is likely that gender differences in fat distribution and 

subsequent insulin levels contributed to the different findings, as men tend to store more fat in 

upper body regions while women store more fat lower body regions. Moreover, it is apparent 

that elevated insulin levels were present at baseline (Table 4) and, fortunately, the addition of a 

casein beverage prior to sleep had no additional impact on these levels. This is likely due to the 

slow-release nature of casein (21) and its lower impact on insulin compared to other 

macronutrients (2, 119). However, these data highlight the need to pre-screen for 

hyperinsulinemia and/or insulin resistance in obese populations prior to enrollment in future 

studies. 

It is also possible that the hyperinsulinemia and low RER may be a result of sleep 

restriction (124). Rao et al. demonstrated that sleep restriction (~4 hours) for five nights leads to 

lower RER (increase fat utilization) with no change in RMR but increases insulin resistance, 

cortisol and catecholamines (124). The sleep data from a subset of participants in the present 

study indicate that there were no differences in the quality or quantity of sleep between 

treatments suggesting that the use of microdialysis and providing low calories before bed had no 

influence on sleep quality patterns. However, it is evident that our participants may have been 

sleep restricted based on the average time spent sleeping at baseline and among the treatment 

periods (baseline: 4 hours, 48 minutes; CAS: 4 hours, 21 minutes; PLA: 3 hours 55 minutes). 

Moreover, baseline sleep quantity was positively correlated with VAT (r2=0.81; p = 0.04) and 

android percent fat (r2=0.83; p = 0.03). Likewise, baseline insulin levels were positively 

correlated with VAT (r2=0.54; p = 0.006) and android percent fat (r2=0.51; p = 0.009). Thus, it is 

evident that the sleep-restricted nature of our participants may have contributed to their 

unfavorable metabolic profile. 
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As growth hormone has a primary role in regulating overnight lipolysis during sleep (25), 

its relevance to this discussion is evident. No changes in next morning growth hormone were 

observed in obese women consuming protein or carbohydrate before bed acutely (76) or when 

combined with exercise over four weeks (116). Similarly, despite the inclusion of a true placebo, 

next morning serum growth hormone concentrations were not different among baseline, CAS or 

PLA in the present study and were within normal ranges. Oral ingestion of amino acids have 

been shown to stimulate growth hormone release (146) and given casein’s slow digestion and 

absorption, it is expected that, compared to a non-caloric placebo or fast digesting proteins like 

whey, a delayed postprandial increase in growth hormone would occur and potentially be 

detectable when measurable the following morning.  However, the hyperinsulinemic state of our 

participants and subsequent elevation in circulating NEFA (although not measured) may have 

masked any changes in growth hormone. This is expected since high levels of NEFA are known 

to inhibit growth hormone secretion as lipid-heparin infusion (to increase circulating NEFAs) 

prevented growth hormone-releasing hormone stimulated secretion of growth hormone in adults 

(68). In addition, sleep-restriction has also been shown to influence GH secretion as it is released 

in a pulsatile fashion overnight (137). 

Other studies examining the effect of nutrients consumed at night prior to sleep have 

shown that this practice may influence appetite the following morning (52, 76, 96, 116). Data 

from our laboratory have demonstrated that acute ingestion of protein or carbohydrates prior to 

sleep increases feelings of satiety while concomitantly reducing the desire to eat the following 

morning in obese women (76). When combined with four weeks of exercise, those consuming 

casein reported greater feelings of satiety (116). When casein or a non-nutritive placebo was 

administered during sleep in elderly men, reduced feelings of hunger were reported with casein 

(52). The present study assessed next morning appetite to determine if, acutely, a similar effect 

on satiety or the desire to eat would be observed in obese men. Surprisingly, our hypothesis that 

CAS would result in greater appetite suppression compared to PLA was not supported as no 

differences in morning appetite occurred. However, data from our laboratory (76, 116) and 

others (2, 12, 52) have demonstrated a satiating effect of proteins. Moreover, when appetite was 

measured postprandially for 5.5 hours, hunger, desire to eat and prospective food consumption 

were lower after the casein treatments compared to whey (2). Interestingly, in the present study, 

the treatment effect for desire to eat approached signficance (p =0.06; baseline: 38 ± 6, CAS: 62 
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± 8, PLA: 55 ± 5 mm). The magnitude of changes appears to favor greater a desire to eat with 

CAS and PLA, compared to baseline however, this was not statistically different. While 

participants were instructed to fast prior to baseline, dietary intake was not standardized the day 

prior to baseline. In contrast, liquid meal replacement beverages standardized dietary intake for 

the entire day of CAS or PLA treatments. It is conceivable that our participants increased 

feelings for a “desire to eat” may have been mistaken for a “desire to chew” given that their food 

intake on those days were in liquid form (different from food intake the day prior to baseline) 

and their subjective feelings of hunger were not close to approaching significance (p = 0.12).  

There are several limitations to the present study that should be addressed. Direct 

comparison of the present findings to previous publications is problematic as the caloric content 

of the supplements used was not identical. The casein supplement used in our previous studies 

(76, 96, 116) was 30 g of protein and ~140 kcals (trace amounts of additional nutrients), but in 

the present study it was 30 g of protein and ~120 kcals (no additional macronutrients present). 

Another limitation is that following nighttime intake of CAS or PLA, our dependent variables 

were measured the following morning. It is possible that any CAS induced effects on our 

dependent variables may have existed but required serial sampling at various intervals 

throughout sleep. As our sleep data indicated that our participants were only sleep for 4-4.5 

hours per night it can be speculated that any casein induced affects would not have been 

observed for another 3-4 hours later due to the slow digestion of casein. While no difference 

among CAS and PLA trials existed as hypothesized in the present study, the influence of whey 

protein or carbohydrate supplementation may have produced significant changes as demonstrated 

in our previous work. However, data showing higher postprandial insulin when whey or 

carbohydrates were consumed, as opposed to casein (2) provided justification for exclusion. 

Neveretheless, this work does add to the body of evidence on the influence of nighttime intake of 

small single-macronutrient meals on lipolysis and fat oxidation to CAS and PLA in obese men. 

The rationale to provide protein as an absolute dose is logical from an economic standpoint, 

however, relative doses may be more appropriate as the individual variations in body 

composition and metabolism may influence the fate of the protein ingested. However, protein 

supplements usually provide between 20-40 grams of protein per serving. Thus, our design has 

practical significance. The present study did not measure circulating NEFA or plasma glycerol, 

which may have provided additional mechanistic information on lipolysis systemically. NEFAs 
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were not measured because their re-esterification to TAG is rapid and, while it is likely that these 

levels would have been elevated, differences among treatments were not likely due to the 

hyperinsulinemic state of our participants prior to enrollment. However, circulating plasma 

glycerol concentrations were not measured in the present study as it has been shown that plasma 

and interstitial glycerol levels in adipose tissue (as measured by microdialysis) respond to stimuli 

in a similar manner despite being 30-40 fold higher in the interstitium (97). Thus, we did not see 

an additional benefit from measuring plasma levels. While catecholamines have a significant 

effect on lipolysis, data have indicated that the overall adrenergic effect on lipolysis at rest is 

inhibitory demonstrated by increased lipolysis in response to local infusion of a non-selective α-

blocker but no change in lipolysis following the infusion of non-selective β-blockers (10). Lastly, 

we used overweight and obese men who were insulin resistant. Thus, the findings cannot be 

easily generalized to other populations.  

As nighttime eating has been thought to contribute to weight gain and obesity, it was of 

interest to examine any acute changes to overnight fat metabolism that may exist as a result of 

nighttime casein intake in obese populations. The findings from the present study indicate that 

consuming casein protein before bed as opposed to consuming a non-caloric placebo (mimicking 

no nutrient intake) does not alter overnight and next morning fat metabolism. Therefore, the 

hypotheses that there would be no difference between treatments in lipolysis or fat oxidation are 

accepted. While our hypotheses were supported, the hyperinsulinemic state and sleep-restricted 

nature of our participants cannot be ignored. The high insulin concentrations and lack of 

sufficient sleep may have masked any potential differences in fat metabolism among treatments 

in the present study and future studies should continue to examine this effect in non-

hyperinsulinemic, non-sleep restricted populations. Our hypothesis that CAS would result in 

more satiety and less hunger and desire to eat compared to PLA was rejected. It is logical to 

assume that a potential mechanism may be due to difference in daily food intake from baseline.  

Considering that we report no differences compared to consuming no calories pre-sleep in 

overweight and obese men, it appears that nighttime consumption of 30 g of casein protein will 

cause no harm. Interestingly, our laboratory and others have reported positive responses to casein 

consumed at night before bed (i.e., improved overnight muscle protein synthesis, metabolic rate, 

lean body mass, strength, cardiovascular health, and reduced hunger) in other populations. Thus, 

when taken together, consuming casein before bed may be useful as a strategy over the long-term 
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to optimize body composition but the role of nighttime eating on lipolysis warrants further 

investigation in obese and non-obese, insulin resistant and non-insulin resistant populations. In 

addition, nitrogen balanced study designs and whole-food choices are needed for practical 

application and influence for the general population. 

Future work in this area should examine the long-term metabolic and anabolic response 

to nighttime protein intake with and without exercise on various performance and recovery 

outcomes. It will also be important to identify whether alterations in morning appetite observed 

in other studies will promote changes in next day food intake and if these potential changes vary 

by food form (whole foods vs. beverages). Lastly, continuing to examine the effect of this 

practice in various populations and identifying whether an optimal dose or calorie limit for 

positive changes exist is essential. 
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APPENDIX A 

INSTITUTIONAL REVIEW BOARD APPROVAL OF STUDY PROTOCOL 
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APPENDIX C 
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APPENDIX E 

TAKE HOME CARD FOR MICRODIALYSIS VISITS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Participant Feeding Timeline  

_______pm Put vial ____ on @ 2.0 µL/min 

  No food or Ensure (30 minutes) 

_______pm  Take off vial ____ and switch to 0.3 µL/min 

Wait 10 minutes and put on vial ____   

  Eat last Ensure bottle(s) at least 2 hours before bedtime 

Bedtime Take off vial ____ 

_______          Drink supplement 

Put on vial ____ 

 

Morning Take off vial ____ and switch flow rate to 2.0 µL/min 

  Wait 5 minute and then put on vial _____ 

 

Bring all vials back to lab on ice! Bring back empty Ensure® 

bottle and Shaker Bottle. 

Be sure to come fasted. Feel free to bring your breakfast. 
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APPENDIX G 

PROTEIN PRODUCT SELECTION FORM 
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