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Energy Expenditure (EE) is the sum of resting metabolic rate (RMR), diet-

induced thermogenesis (DIT) and energy expended on physical activity. Diet-induced 

thermogenesis is the increase that takes place in EE after ingestion of food, noting that 

this increase is above the RMR and accounts for 5% to 15% of total EE. This increase 

can be largely related to the increased production of ATP which is used to cover the cost 

of digestion, absorption, transport and storage of the ingested food. Proteins have the 

highest thermic effect (20%-30%) compared with carbohydrates (5%-10%) and fats 

(0%-3%). Moreover, proteins contain high quantity of phosphorus that is required for 

energy production through the synthesis of ATP. However, it is not clear whether the 

high thermogenesis of proteins is affected by their content of phosphorus. Thus, the aim 

of the present study was to explore the impact of phosphorus ingestion on DIT and 

substrate oxidation of healthy lean male subjects consuming two isocaloric meals, a 

normal protein-low phosphorus meal and a high protein-low phosphorus meal using a 

low phosphorus containing protein, egg white.                                                                        

   This is a single-blind, randomized, and placebo-controlled crossover study that 

was conducted on healthy lean male subjects who were randomly allocated into two 

experiments, 12 subjects each, a normal-protein meal experiment (15% of total E from 

protein) and a high-protein meal experiment (50% of total E from protein). Overnight 

fasted subjects undertook 2 sessions separated by a minimum of one week and were 

asked to consume the appropriate meal with phosphorus (500 mg) or placebo tablets in 

a random order. Energy expenditure, % fat oxidation, % carbohydrate oxidation and 

respiratory quotient (RQ) were measured at baseline and for the next four hours 

following meal consumption in a period of 15 minutes interval with 15 minutes break, 

using a ventilated hood and canopy system (COSMED QUARK CPET UNIT) for 

indirect calorimetry measurement. Urine was collected at the end of the experimental 

period in both experiments and the urinary parameters phosphorus, creatinine, and urine 

urea nitrogen (UUN) were measured using Vitros 350 analyzer.                                                                         

 

   Postprandial EE increased following the ingestion of the different meals (Time: 

P=0.000); however, postprandial EE of the phosphorus supplemented group was found 

to be significantly higher than that of the control especially from 60 minutes and 

onward in the normal-protein meal experiment (Phosphorus: P=0.001) and from 120 

minutes and onward in the high-protein meal experiment (Phosphorus: P=0.003). The 



vii 

increase in postprandial EE was not associated with significant differences in fat and 

carbohydrate oxidation between the control and phosphorus treatments in both 

experiments. Additionally, phosphorus supplementation had no significant effect on 

urinary nitrogen excretion in both experiments.  

 

   Phosphorus was able to significantly increase and prolong postprandial EE in 

both the normal-protein meal and the high-protein meal experiments; therefore, it is 

reasonable to conclude that phosphorus is involved in DIT, and the high thermic effect 

of proteins is partially attributed to their high phosphorus content. In line with that, 

results from this study may prove to be of vital importance for future work on the 

potential use of phosphorus supplements for weight reduction. 

 

 

Keywords: Phosphorus, Diet-induced thermogenesis (DIT), Adenosine triphosphate 

(ATP), Normal protein, High protein.  
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CHAPTER I 

INTRODUCTION 

 

Energy expenditure is related to three major components: resting (basal) 

metabolic rate (RMR), diet-induced thermogenesis (DIT) and energy expended on 

physical activity. Diet-induced thermogenesis is mainly related to ATP production that 

is needed to cover the cost of digestion, absorption, transport and storage of the ingested 

food, and it contributes to 5% - 15% of total energy expenditure. Several studies have 

reported a reduced DIT among obese subjects as compared with lean subjects (Segal et 

al., 1985; Segal et al., 1990; Segal et al., 1990; Thorne et al., 1989; Thorne et al., 

1990); however, other studies showed no difference (D'Alessio et al., 1988; Ravussin & 

Swinburn, 1996; Tentolouris et al., 2008). Moreover, these differences in DIT seem to 

diminish following weight loss (Thorne et al., 1989; Thorne et al., 1990) indicating that 

DIT is not a causal factor for obesity. 

 It has been suggested that phosphorus status is inversely related to body weight 

due to the fact that all food sources that cause weight gain are low in phosphorus such 

as refined cereals, sweeteners, and oils. On the other hand, high-protein foods that are 

high in phosphorus have a major and successful role in weight loss. Additionally, 

several studies have reported a correlation between high dairy consumption and 

decreased body weight that could not be explained by calcium (Wagner et al., 2007; 

Yanovski et al., 2009), and since dairy products contain high amounts of phosphorus, 

the decrease in body weight reported could be explained by the involvement of 

phosphorus. In line with that, it was reported that body weight and plasma phosphorus  
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are inversely related to each other (Haap et al., 2006; Haglin et al., 2001; Kalaitzidis et 

al., 2005; Lind et al., 1993; Lindgärde & Trell, 1977). Moreover, a lot of evidence in 

animals supports an inverse relationship between eating behavior and hepatic ATP 

levels. In these studies, a decrease in hepatic ATP is transmitted by the neural afferents 

to the central nervous system resulting in an increase in food intake (Friedman, 2007). 

While the fundamental evidence for this mechanism has been tested primarily in 

animals, human studies indirectly support a potential role for hepatic ATP in energy and 

body weight regulations (Cortez-Pinto et al., 1999; Nair et al., 2003). In addition, data 

from our laboratory showed that the ingestion of phosphorus preload was associated 

with a 30% decrease in energy intake at a subsequent meal (Obeid et al., 2010).  

High-protein diets have been promoted as a successful strategy for weight loss 

due to the fact that dietary protein promotes satiety and thus reduces energy intake at 

subsequent meals (Leidy et al., 2015), and dietary protein is also associated with 

increased thermogenesis (Paddon-Jones et al., 2008). High-protein foods are rich 

sources of phosphorus; however, less is known about the involvement of phosphorus in 

the high thermogenesis of proteins.  

The overall hypothesis of the present study is that phosphorus ingestion by 

healthy lean male subjects would be associated with an increase in DIT, and that the 

high thermogenesis of protein is partially related to its high phosphorus content. The 

present study will, therefore, clarify the effect of phosphorus ingestion on DIT and 

substrate oxidation of healthy lean male subjects consuming two isocaloric meals, a 

normal protein-low phosphorus meal and a high protein-low phosphorus meal.  
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CHAPTER II 

LITERATURE REVIEW  

 
 

A. Diet-Induced Thermogenesis (DIT) 

Total energy expenditure (TEE) is the sum of resting energy expenditure 

(REE), thermic effect of food (TEF) or DIT, and energy expended on physical activity. 

Resting energy expenditure is the largest component and accounts for 65-75% of TEE 

(Paddon-Jones et al., 2008). Diet-induced thermogenesis is the most difficult and the 

least reproducible component of total daily energy expenditure because it is affected by 

the meal size and composition, the palatability of the food, the time of the meal, the 

consumption frequency, the duration of measurements, and the position of the 

participants in addition to other factors that are difficult to control, including subject’s 

genetic background, age, physical fitness, and sensitivity to insulin (Tentolouris et al., 

2008). Meal thermogenesis is enhanced by food palatability. For instance, the ingestion 

of a palatable meal (parmesan fondue, spaghetti with meat balls and chocolate éclair) 

increased DIT by almost 50% more than if the same meal was blended, desiccated and 

consumed as a tasteless biscuit (Johnston et al., 2002). Palatability has been shown to 

influence the cephalic phase of DIT which occurs within the first 40 minutes of meal 

ingestion, and a low palatability is associated with a lower DIT. Moreover, it has been 

shown that the inclusion of a moderate amount of carbohydrate to a low-calorie high 

protein liquid meal-replacement shake can augment DIT (Scott & Devore, 2005). 

Diet-induced thermogenesis is the main form of thermogenesis in humans and 

accounts for 5% to 15% of TEE (Tentolouris et al., 2008). It is the increase in energy 
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expenditure above resting after consumption of food and can be largely related to the 

increase production of ATP which is used to cover the cost of digestion, absorption, 

transport, and storage of the ingested food. The increase in DIT after consumption of     

a meal is strongly related to the energy content and macronutrient composition of the 

meal. The greater the energy content, the greater the DIT (Scott & Devore, 2005), and 

in terms of macronutrient content, proteins have the highest DIT (20%-30%), followed 

by carbohydrates (5%-10%) and fats (0%-3%) (Tentolouris et al., 2008). Accordingly, 

the main determinant of DIT is the energy content followed by the protein fraction of 

the food (Westerterp, 2004).   

The high thermic effect of protein is affected by the protein source and 

digestibility. For instance, animal proteins have a higher thermogenesis than vegetable 

proteins, and rapidly digested protein, such as whey, induces a higher thermogenesis 

than slowly digested protein, such as casein (Westerterp-Plantenga et al., 2006). Studies 

have shown that milk proteins are digested and absorbed at different rates. Moreover, 

whey protein has a higher thermic effect than does protein composed of casein or soy. It 

has been shown that whey and hydrolyzed proteins are rapidly digested and absorbed 

and they improve nitrogen and protein retention. Additionally, animal proteins have a 

higher thermic effect than do vegetable proteins because animal proteins influence 

protein turnover and favor protein synthesis (Acheson et al., 2011) since animal 

proteins are complete proteins having all the essential amino acids and thus influence 

DIT to a greater extent than do lower-quality proteins such as vegetable proteins 

(Westerterp-Plantenga et al., 2009). Another determinant of the high thermogenesis of 

protein is the amino acid composition of the protein. The number of amino groups that 

undergoes conversion to urea in the urea cycle, at a cost of four ATP, ranges from one 
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for an amino acid such as proline or alanine, to three for histidine. Therefore, taking 

into account the stoichiometry of amino acid catabolism and urea synthesis, the 

calculated energy expenditure to produce ATP is ranging from 153 KJ/ATP for 

cysteine, to 99 KJ/ATP for glutamate. For glucose, this value is 91 KJ/ATP 

(Westerterp-Plantenga et al., 2006).  

Several explanations have been proposed for the high thermogenesis of protein. 

It has been suggested that increased protein turnover accounts for most (68%) of the 

thermogenic effect of protein. The body has no storage capacity of excess protein and 

therefore has to oxidize or eliminate excess amino acids resulting in increased 

thermogenesis (Paddon-Jones et al., 2008). The high ATP costs of postprandial peptide 

bond and protein synthesis and the high cost of urea production and gluconeogenesis are 

the main reasons for the high thermic effect of protein (Halton & Hu, 2004). In addition, 

high-protein meals may increase thermogenesis via an up-regulation of uncoupling 

proteins. For instance, an increase in protein intake was associated with an increase in 

uncoupling protein-2 in the liver and uncoupling protein-1 in adipose tissue in animal 

models, changes that are positively correlated with energy expenditure (Paddon-Jones et 

al., 2008). High-protein meals may increase the proton-pump activity in liver 

membranes and thereby induce uncoupled respiration resulting in a higher 

thermogenesis (Mikkelsen et al., 2000). Since dietary protein accounts for a significant 

portion of phosphorus, it is reasonable to assume that phosphorus might be involved in 

the high thermogenesis of protein through increasing ATP production. 

A reduced DIT may contribute to the development of obesity; however, studies 

examining the differences in DIT between lean and obese subjects have found 

conflicting results. Some studies have shown a reduced DIT among obese subjects 
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while other studies have found no differences in DIT between lean and obese subjects 

(Tentolouris et al., 2008). Even though DIT is the smallest component of energy 

expenditure, it may play a role in the development and/or maintenance of obesity 

(Westerterp, 2004). 

 

B. Protein Functions, Sources and Requirements 

Proteins are composed of amino acids linked by peptide bonds. The sequence 

of the amino acids determines the structure and function of proteins in the body.  

Primary roles of proteins include structural protein, enzymes, hormones, transport and 

immunoproteins (Mahan et al., 2012). Dietary protein contains most of the 20 amino 

acids needed for protein synthesis. Amino acids are classified based on the body’s 

ability to synthesize the amino acid from other carbon sources as indispensable 

(essential), conditionally indispensable, and dispensable (nonessential). Dietary proteins 

differ in their amino acid content. For instance, lysine is the limiting amino acid in 

cereals and methionine is the limiting amino acid in legumes. Therefore, protein quality 

is important when considering protein requirements (Arentson-Lantz et al., 2015).  

Rich sources of protein are obtained from animal flesh and animal products 

such as milk and eggs, and from plant foods such as legumes and beans. Animal protein 

is more efficient than vegetable protein because the latter is encased in carbohydrates 

and is less available to digestive enzymes. Further, animal protein has a high biological 

value since it constitutes the essential amino acids needed for protein synthesis. The 

quality of dietary protein can be improved by combining protein sources with different 

limiting amino acids (Mahan et al., 2012). Dietary sources of protein account for a 
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significant portion of phosphorus with meat, poultry and fish being the major sources 

(Sherman & Mehta, 2009). 

Protein requirement is defined as the amount of protein needed to achieve 

growth in neonates, children and pregnant women, and maintenance in adults and the 

elderly (Arentson-Lantz et al., 2015). The amount of protein needed is based on the 

minimum daily requirement to maintain nitrogen balance. Sufficient quantity of high 

quality protein is required to prevent catabolism of own protein stores (Astrup et al., 

2015). A healthy adult human requires 0.8 g of protein per kilogram of healthy body 

weight and this could be obtained when dietary protein makes up approximately 10% to 

15% of total energy intake; however, protein requirements increase during conditions of 

stress and disease (Mahan et al., 2012). The dietary reference intakes (DRIs) established 

for dietary protein are shown in Table 1. 

 

 
 

Table 1. Dietary Reference Intakes (DRIs) for Protein in g/Kg/day      

According to Age Group   

Age Group DRI (g/Kg/day) 

Infants 1.5 

1-3 years 1.1 

4-13 years 0.95 

14-18 years 0.85 

Healthy Adults 0.8 

Pregnant and lactating women 1.1 
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C. Protein and Body Weight 

Over the past 20 years, high-protein diets have been promoted as a successful 

strategy for weight loss. Greater weight loss, fat mass loss, preservation of lean mass, 

reductions in triglycerides, blood pressure, and waist circumference were reported after 

higher-protein energy-restriction diets than after lower-protein energy-restriction diets 

(Leidy et al., 2015).     

Protein is a macronutrient with the most pronounced thermogenic and satiating 

potential compared with carbohydrates and fats, and the most promising nutrient in 

preserving lean body mass. A moderate consumption (25-35 g) of high-quality protein 

during each meal has been shown to stimulate muscle protein synthesis, promote muscle 

health and preserve lean body mass with increasing age. Moreover, an increase in the 

proportion of dietary protein (about 25% Kcal) during a hypo-energetic diet regimen 

induced body weight/fat loss and prevented weight regain in obese individuals 

(Arentson-Lantz et al., 2015). 

The mechanisms by which dietary protein regulates body weight are 

multifactorial. Proteins promote satiety to a greater extent than carbohydrates and fats, 

and thus reduce energy consumption at subsequent meals. In addition, dietary proteins 

are associated with increased thermogenesis and maintenance of lean body mass 

(Paddon-Jones et al., 2008). Diets with increased protein have been shown to be 

beneficial for the treatment or prevention of obesity, osteoporosis, type 2 diabetes, 

Metabolic Syndrome, heart disease, and sarcopenia. Replacing carbohydrates with 

protein reduces daily energy intake by ~ 200 kcal according to studies of energy 

regulation for weight management. The mechanism for this satiety could be mediated 
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by intestinal hormones or by reducing peak post-prandial insulin response (Layman, 

2009). 

Evidence has shown that high-protein diets increase total weight loss and 

increase the percentage of fat loss. A 6-month randomized trial of 60 overweight and 

obese subjects comparing the effects of a high-protein diet (25% energy; 128-139 g/d) 

and a medium-protein diet (12% energy; 76-80 g/d) showed that fat loss was almost as 

twice in subjects receiving the high-protein diet. The benefits of high-protein diets have 

also been demonstrated in long-term studies. A 12-mo study assessing the long term 

effects of a high-protein diet (25% energy) in 50 overweight and obese subjects found 

that weight loss was greater in the high-protein group compared with the normal-protein 

group (12% energy) (-9.4 kg versus -5.9 kg) (Paddon-Jones et al., 2008). Research has 

proven that high-protein diets protect the metabolically active lean tissues during weight 

loss (<15% loss) compared with high carbohydrate low fat low protein diets (30% to 

40% loss) and therefore, result in long-term successful weight loss (Layman, 2009). 

It has been hypothesized that there is an inverse association between calcium, 

the major mineral component in milk, and body weight. A daily increase of 300 mg of 

calcium or approximately one serving of dairy was associated with a yearly reduction of 

~ 1 kg of body fat in children and 2.5 to 3.0 kg of body weight in adults. However, dairy 

products exert a more significant anti-obesity effect than supplemental calcium 

suggesting that there are other components in dairy responsible for weight loss 

(Anderson & Moore, 2004). Diets high in proteins or dairy products are also rich 

sources of phosphorus (Sherman & Mehta, 2009); therefore, the associations between 

such diets and weight loss could be explained by the involvement of phosphorus. 
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D. Distribution of Phosphorus in the Body 

Phosphorus is an essential biologic element that is required by all cells for 

normal function and it is a critical component of all living organisms. It is a multivalent 

nonmetal element naturally found in inorganic PO4 rocks, and is never found as a free 

element in nature because of its high reactivity but it is present in the anion form PO4 

(Kalantar-Zadeh et al., 2010). Phosphorus is the second most abundant element in the 

human body after calcium (Pravst, 2011). The average total phosphorus content in a 70 

kg man is approximately 700 g, of which 85% is in the bone and teeth (in the form of 

hydroxyapatite), 14% in soft tissues and only 1% in the extracellular space. Phosphorus- 

containing compounds are essential for cell structure (cell membrane and nucleic acids), 

cellular metabolism (generation of ATP), regulation of subcellular processes 

(phosphorylation of key enzymes), and maintenance of acid-base homeostasis (urinary 

buffering) (Amanzadeh & Reilly, 2006). Intracellular phosphorus is found mainly in the 

form of organic compounds such as creatinine phosphate, ATP, nucleic acids, 

phospholipids, and phosphoproteins. Phosphorus in the plasma is found in both organic 

and inorganic forms, and the normal serum phosphorus concentration ranges between 

3.0-4.5 mg/dl (Uribarri, 2007). Several enzymes, hormones, and intracellular signaling 

molecules are activated by phosphorylation (Kalantar-Zadeh et al., 2010).  

 

E. Phosphorus Sources and Requirements 

Since phosphorus is present in all living organisms, it is almost found in all 

foods (Kalantar-Zadeh et al., 2010). The main sources of dietary phosphorus are 

organic, from animal and vegetable proteins, and inorganic mainly from food additives.  

Protein-rich foods are the main sources of organic phosphorus including dairy products, 
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fish, meat, and chicken, and plant foods such as legumes, nuts, and chocolates (Noori et 

al., 2010). According to the Food and Nutrition Board of the Institute of Medicine, the 

recommended dietary allowance of phosphorus is 700 mg/d in healthy adults. An 

allowance of up to 1250 mg/d has been suggested in older children and pregnant women 

(Kalantar-Zadeh et al., 2010). The recommended dietary allowance (RDA) of 

phosphorus according to age group is shown in table 2.  

 

 

Table 2. Recommended Dietary Allowance (RDA) in mg/day for     

Phosphorus by Age Group (National Academy of Science, 1997) 

Age Group  RDA (mg/day) 

1-3 years  460 

4-8 years 500 

9-18 years 1250 

19-70 years 700 

>70 years 700 

  

 

Digestibility of phosphorus from animal foods is higher than from plant foods 

(Kalantar-Zadeh et al., 2010). A large fraction of phosphorus (about 75%) in plant-

based foods is mainly found in the form of phytate, and the human small intestine does 

not secrete the enzyme phytase needed to degrade phytate and release phosphorus; 

therefore, phytate phosphorus is not bioavailable in humans unless the food is treated to 

release phosphorus (Uribarri, 2007). The bioavailability of phosphorus from plant-based 

foods depends on the method of preparation (Calvo & Uribarri, 2013). For instance, 

leavening bread with phytase-containing yeast makes phytate phosphorus more 
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bioavailable (Uribarri, 2007). Boiling can remove phytate, also soaking or rehydration 

of dried beans and other legumes make phytate phosphorus more available (Calvo & 

Uribarri, 2013). In contrast, phosphorus from animal-based foods such as meat is well 

absorbed since it is mostly found as organic compounds that are hydrolyzed in the 

gastrointestinal tract releasing inorganic phosphorus (Uribarri, 2007). Only 40% to 60% 

of organic dietary phosphorus is absorbed. Inorganic phosphorus such as phosphorus 

additives are not bound to proteins as phosphorus present naturally in foods. They are 

salts that are highly absorbed in the intestinal tract, usually > 90%. Common sources 

include certain beverages, enhanced or restructured meats, frozen meals, cereals, snack 

bars, processed or spreadable cheeses, instant products, and refrigerated bakery products 

(Kalantar-Zadeh et al., 2010). 

There is a strong positive correlation between dietary protein and phosphorus 

intake. In a study that was done on patients with chronic kidney disease, a regression 

equation that shows the relationship between dietary protein and phosphorus intake was 

developed: Dietary P (mg) = 128 mg P + (dietary protein in g) x 14 mg P/ g protein 

(Kalantar-Zadeh et al., 2010). 

Egg white, a rich source of high biologic value protein, is almost devoid of 

phosphorus and has one of the lowest P-to-protein ratios (Kalantar-Zadeh et al., 2010). 

Phosphorus and protein contents of selected food items including phosphorus to protein 

ratios, and the phytate phosphorus content of selected plant-based foods are shown in 

tables 3 and 4, respectively. 
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   Table 3. Phosphorus and Protein Content of Selected Foods* 

Food Item 
 

P   

(mg/100g) 

Protein 

(g/100g) 

P/Protein 

(mg/g) 

P/Calorie 

(mg/Kcal) 

Meats 

Chicken Breast 213 22.5 9.5 1.8 

Lamb 160 16.9 9.5 0.6 

Ground Beef 175 19.4 9.0 0.9 

Fish 174 20.3 8.6 1.3 

Crab 133 18.5 7.2 1.5 

Breads, Cereals, and Nuts 

White Bread 96.7 8.9 10.9 0.4 

Almonds 479.7 21.2 22.6 0.8 

Pistachio 490.3 20.1 24.4 0.9 

Walnuts 345.7 15.2 22.7 0.5 

Cereals 431 13.7 31.5 0.9 

Milk, Dairy, and Eggs 

Egg white 15.1 10.9 1.4 0.3 

Egg whole 198 12.6 15.7 1.4 

Mozzarella Cheese 352.7 22.2 15.9 1.2 

Yogurt 95.1 3.5 27.2 1.6 

Whole Milk 84 3.1 27 1.4 

Legumes and Rice 

Peas  108.3 5.4 20 1.3 

Beans 38 4.8 7.9 1.1 

Lentils 179.8 9 20 1.5 

White Rice 43 2.7 15.9 0.3 

Brown Rice 103 2.7 38.1 0.8 

 *Individual values taken from the USDA National Nutrient Database. 
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Table 4. Total and Phytate Phosphorus Content of Selected Plant-Based Food Items 

(Ravindran et al., 1994) 

Food Item 
Phosphorus (g/100g) Phytate-P 

(% of Total) Total Phytate-P 

Maize 0.26 0.22 84.6 

Brown Rice (unpolished) 0.38 0.28 73.7 

Rice (polished) 0.31 0.17 54.8 

Wheat Bran 1.15 1.03 76.9 

Cassava 0.16 0.04 25 

Sweet Potato  0.21 0.05 23.8 

Potato 0.24 0.05 20.8 

Soy Bean  0.6 0.37 61.7 

Lentils 0.31 0.2 64.5 

 

 

F. Phosphorus Absorption and Homeostasis 

Phosphate is absorbed in the small intestine by both passive paracellular 

diffusion along an electrochemical gradient and active transport by the luminal sodium 

phosphate cotransporter type 2b (Uribarri, 2007). The net absorption of dietary 

phosphorus through the intestinal tract is approximately 40% to 80%, based on the type 

of the diet and the effect of hormones such as vitamin D (calcitriol), which increases the 

intestinal absorption of phosphorus. In individuals with normal kidney function, > 95% 

of the absorbed phosphorus is excreted through urine. Approximately, 70% to 90% of 

the phosphorus filtered by the glomeruli is reabsorbed by the renal tubular cells, which 

is controlled by PTH and fibroblast growth factor 23, both of which decrease the tubular 

phosphorus reabsorption. Therefore, high dietary phosphorus intake rarely leads to 

major changes in serum phosphorus concentrations in people with normal or partly 
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attenuated kidney function (Kalantar-Zadeh et al., 2010). Unlike calcium, intestinal 

absorption of phosphorus is linearly related to phosphorus intake over the range of 4-30 

mg/kg/day. Hence, the main determinants of intestinal phosphorus absorption are the 

amount of phosphorus present in the diet, its bioavailability, and the presence of 

phosphorus binders. Phosphorus homeostasis is determined by the interactions among 

intestinal absorption, renal excretion, and exchanges with bone and the intracellular 

space (Figure 1) (Uribarri, 2007).  

 

 

 

 

 

 

Figure 1. Phosphorus Homeostasis 
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G. Phosphorus, ATP, Food Intake 

   The physiological regulation of food intake acts mainly at the central level and 

is partially governed by signals produced originally from the liver via hepatic 

postprandial metabolism involving ATP production (Friedman, 2007; Langhans & 

Scharrer, 1992). A lot of evidence has supported a relationship between declining 

hepatic ATP levels and increasing food intake. This decline in hepatic ATP production 

is thought to transduce changes in hepatic energy status into neural signals or hepatic 

vagal afferent activity that is transmitted to the central nervous system (Freidman, 2007; 

Hong et al., 2000; Oberhaensli et al., 1986; Rwason & Freidman, 1994; Riquelme et al., 

1984). In line with that, several studies that were conducted on animals and humans 

reported several abnormalities in hepatic ATP of obese individuals (Chavin et al., 1999; 

Cortez et al., 1999). Additionally, in the human liver, ATP status was reported to vary 

with hepatic ATP store (Nair et al., 2003) and recovery from hepatic ATP depletion 

(using fructose infusion) (Cortez et al., 1999) being inversely related to body mass 

index (BMI). Moreover, an analysis of the metabolic data using the Knowledge 

Discovery in Databases have concluded that decreased energy levels or ATP deficiency 

were strongly linked to the development of obesity which is due to driving of overeating 

and conserving energy (Wlodek & Gonzales, 2003). Accordingly, Obeid et al. (2010) 

found that the addition of 500 mg of phosphorus to different preloads led to substantial 

reduction in ad libitum subsequent energy intake (27-33%). 

 

H. Factors Affecting ATP Production 

   ATP production, including hepatic ATP, depends on the availability of 

phosphorus (Morris et al., 1978; Solomon & Kirby, 1990) along with two other factors. 
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First, there are only limited quantities of free phosphate stored within the cells, and the 

metabolic phosphate of most tissues depend on the extracellular fluid (ECF) inorganic 

phosphate (Pi). When ECF Pi levels are low, this will be followed by cellular 

dysfunction. Second, there is almost constant phosphorus absorption across a wide 

range of intake (Food and Nutrition Board, 1997) suggesting a lack of the adaptive 

mechanism that usually improves phosphorus absorption during low intakes which can 

occur with other micronutrients as well. 

   ATP production is affected by fructose since it has a “phosphate-sequestering” 

capacity. Unlike glucose, fructose is not subjected to a feedback mechanism for fructose 

phosphorylation resulting in the accumulation of fructose-1-phosphate (F-1-P) in the 

liver. Consequently, phosphorus will be unavailable for other important metabolic 

reactions such as the regeneration of ATP (Bizeau & Pagliassotti, 2005; Karczmar et 

al., 1989; Morris et al., 1978; Oberhaensli et al., 1986). In addition, the release of 

insulin after carbohydrate “glucose” ingestion increases the intracellular uptake of 

glucose along with phosphorus and other several electrolytes besides phosphorylation of 

different compounds. Therefore, under conditions of fructose or high-glucose/low-

phosphorus, there will be a competition for phosphorus between phosphorylation of 

some compounds and ATP production. Moreover, there is a link between phosphorus 

and different metabolic situations related to increased body weight or energy intake. For 

instance, the consumption of high-fructose corn syrup (HFCS) and obesity (Bray et al., 

2004), increased protein intake, which is high in phosphorus, and the subsequent 

decrease in energy intake (Halton & Hu, 2004; Latner & Schwartz, 1999), and the 

inverse association between dairy product, which is high in phosphorus, and body 

weight provided that calcium failed to explain such an association (Teegarden, 2005; 
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Wagner et al., 2007; Yanovski et al., 2009). Conversely, an increase in calcium intake 

whether from diet or from supplements reduces the availability of phosphorus by 

impairing phosphorus absorption (Heaney & Nordin, 2002), not forgetting to mention 

that high doses of calcium carbonate are used as phosphate binders. 

   Obesity is characterized by insulin resistance which in turn predisposes to the 

development of impaired glucose tolerance which is known to decrease the peripheral 

uptake of both glucose and phosphorus (Campillo et al., 1982) leading to the reduction 

in the capacity of ATP production thus altering DIT (Felig, 1984). 

 

I. Phosphorus and Body Weight 

   Obesity has increased in the past few decades due to changes in dietary habits 

and nutrient intake, and this was strongly associated with the increase in the 

consumption of sugar, oils, and sweeteners such as HFCS which contain small amounts 

of phosphorus. In addition, refined cereals have small amount of phosphorus due to the 

refinement process which reduces phosphorus content by about 70%. The Food Balance 

Sheet of the FAO (FAO, 2010) reveals that these commodities contributed to 

approximately 56% and 59% of the food supply (kcal/capita/day) in the USA and 

Lebanon, respectively. Furthermore, starchy foods such as potatoes are low in 

phosphorus. The socioeconomic status has a strong effect on the consumption of these 

commodities. For instance, people of low socioeconomic status highly consume starchy 

foods due to the reason that these foods have high energy density (kcal/g food) and low 

energy cost (US$/1000 kcal). This could explain the high prevalence of overweight and 

obesity among people of low socioeconomic status (Drewnowski, 2009). In line with 

that, it is reasonable to assume that body weight and phosphorus intake are inversely 
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related to each other given that the prevalence of overweight and obesity is strongly 

correlated with the increase in the consumption of foods that have low levels of 

phosphorus. 

   The phosphorus content of several major raw nonrefined food commodities 

such as meat, cereals, pulses is around 1 mg P/kcal, so a person consuming 2,500 kcal  

per day, would be getting about 2.5 g of phosphorus. However, the daily phosphorus 

intake nowadays is about 1.4 g/day (Ervin et al., 2004) which is above the present RDA 

but much lower than the predictable intake. Both the ancestral and the current intakes of 

phosphorus are in fact lower than the upper intake limit which is 4g/day (Food and 

Nutrition Board, 1997). 

   Several studies have found a relationship between body weight and phosphorus 

intake, but conflicting findings were reported (Alonso et al., 2010; Beydoun et al., 

2008; Elliott et al., 2008). Some studies have found that serum phosphate is inversely 

related to body weight (Haap et al., 2006; Haglin et al., 2001; Kalaitzidis et al., 2005; 

Lind et al., 1993; Lindgärde & Trell, 1977), and hypophosphatemia was assumed to be 

involved in the development of metabolic syndrome, including increased BMI (Haglin, 

2001). Due to the similarity in the phosphate fractional excretion rate between lean, 

overweight, and obese subjects, the reduction in serum phosphate is mainly due to         

a reduction in dietary intake rather than problems with excretion (Kalaitzidis et al., 

2005). 
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   In summary, ATP production strongly depends on the availability of 

phosphorus and it is important for several processes including eating behavior and 

energy expenditure (Figures 2 & 3). Increase in the consumption of refined cereals, 

sugars (fructose), potatoes, and oils negatively influence the availability of phosphorus 

in our body. The release of insulin will stimulate phosphorylation of many compounds 

compromising the availability of phosphorus needed for ATP production given that 

ATP can act as a phosphate donor (Karczmar et al., 1989). Consequently, an increase in 

insulin release under a low phosphorus diet will impair the situation. Additionally, an 

impaired glucose tolerance reduces the peripheral uptake of phosphorus (Campillo et 

al., 1982) and will therefore affect thermogenesis (Felig, 1984). 
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Low ATP production 
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Increased efficiency of weight gain 

Competition for phosphorus Competition for phosphorus 
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Figure 2. Proposed Interaction among Phosphorus, ATP Production and Obesity 
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Figure 3. Proposed Interaction among Phosphorus, Impaired Glucose Tolerance, 

Thermogenesis and Obesity 
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The objective of the present study was to determine the effect of phosphorus 

supplementation on diet-induced thermogenesis and substrate oxidation, including % fat 

oxidation, % carbohydrate oxidation and respiratory quotient, of healthy lean male 

subjects consuming two isocaloric meals (554 Kcal), a normal protein-low phosphorus 

meal and a high protein-low phosphorus meal, using egg white powder as the main 

source of protein. 

The study was divided into two experiments: 

1. Effect of Phosphorus Supplementation on Diet-Induced Thermogenesis of Lean 

Male Subjects Consuming a Normal Protein-Low Phosphorus Meal 

2. Effect of Phosphorus Supplementation on Diet-Induced Thermogenesis of Lean 

Male Subjects Consuming a High Protein-Low Phosphorus Meal 
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CHAPTER III 

MATERIALS AND METHODS 

 

 

 
A. Study Design 

This study is a single-blind, randomized, and placebo-controlled crossover 

clinical trial. The protocol was approved by the Institutional Review Board (IRB) at the 

American University of Beirut (AUB), under the code NUT.00.22. The trial is 

registered with Clinical Trial.gov, NCT02482142.       

 

B. Study Population 

The study was conducted at the Department of Nutrition and Food Sciences at 

the American University of Beirut (AUB) between September 2015 and June 2016. 

Healthy lean male subjects with an age range between 19 and 35 years and with a 

normal body mass index (BMI: 18.5-24.9 Kg/m
2
) were recruited through direct 

approach. The purpose and the protocol of the study were explained to the volunteers. 

Interested subjects were asked to fill a general health screening questionnaire 

(Appendices I and II) to determine feasibility for participation in the study. Subjects 

who fulfilled the general entrance requirements signed an informed consent 

(Appendices III, IV, V and VI) and were referred for a fasting blood test to determine 

their blood glucose, creatinine and estimated glomerular filtration rate (Est. GFR) at the 

American University of Beirut Medical Center (AUBMC). Exclusion criteria included 

GFR˂60 ml/min/1.73m
2
 and Creatinine˂1.2 mg/dl, subjects with diabetes, 

cardiovascular, cerebrovascular, pulmonary, renal, hepatic, or endocrinological (PTH) 
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diseases in addition to the presence of any other significant medical disease. Moreover, 

subjects who were on regular use of medication that affects body weight and subjects 

with a weight loss ≥ 3% in the preceding 3 months were excluded. Subjects were 

advised to take a weight maintenance diet which contained 250-300 grams of 

carbohydrate per day 3 days prior to the study, and were asked to avoid any intense 

physical activity and the use of nutritional supplements one day prior to the study. 

 

C. Experimental Protocol 

The present study was divided into two experiments. A total of 12 healthy lean 

male subjects were allocated in each experiment in such a way that 7 subjects 

participated in both experiments due to feasibility of participation; however, 5 new 

subjects were allocated in each experiment. 

 

Experiment 1: Effect of Phosphorus Supplementation on Diet-Induced Thermogenesis of 

Lean Male Subjects Consuming a Normal Protein-Low Phosphorus Meal 

A total of 12 healthy lean male subjects participated in this experiment. 

Participants were given a 554 Kcal normal protein-low phosphorus meal (15% of total 

energy from protein). 

  

Experiment 2: Effect of Phosphorus Supplementation on Diet-Induced Thermogenesis of 

Lean Male Subjects Consuming a High Protein-Low Phosphorus Meal 

A total of 12 healthy lean male subjects participated in this experiment. 

Participants were given a 554 Kcal high protein-low phosphorus meal (50% of total 

energy from protein). 
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In both experiments, overnight fasted subjects (>8 hours) were asked to attend 

the research room (fixed r.t. at 22ºC) on 2 visits separated by a minimum of one week 

washout period at around 8:00 am. Anthropometric measurements including weight, 

height, waist and hip circumference were taken. Subjects were then asked to rest for 

around 30 minutes on a couch, then resting energy expenditure (REE), % fat oxidation 

(FO), % carbohydrate oxidation (CO) and respiratory quotient (RQ) were measured for 

30 minutes using a ventilated hood and canopy system (COSMED QUARK CPET 

UNIT, Italy) for indirect calorimetry measurement. The rate of flow of air pumped 

through the hood was maintained by keeping CO2 levels constant in the hood between 

1.00 and 1.20%. Subjects were then given the appropriate meal (normal-protein meal/ 

high-protein meal) with 500 mg of phosphorus tablets (potassium phosphate) on one 

visit or with placebo (cellulose) tablets (Tables 5 & 6) on the other visit in a random 

order. Subjects were blinded on the types of the tablets and they were asked to consume 

the meal within 15 minutes. Postprandial energy expenditure (EE), % FO, % CO and 

RQ were then measured for the next four hours during a period of 15 minute intervals 

with 15 minute breaks. During measurements, subjects were asked to sit in a fixed 

position with as minimal movement as possible, while during the breaks they were 

allowed to move and they were provided with water when needed. Urine was collected 

at the end of the experimental period in both visits and the whole volume was recorded. 

Urine samples were then aliquoted into three labeled tubes with 10 ml of urine in each 

and stored in a freezer at -20˚C for later use to measure the levels of phosphorus, 

creatinine, and urine urea nitrogen (UUN) using the Vitros 350 analyzer. Study design 

is shown in figure 4.  
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Table 5. Ingredients of the Potassium Phosphate Tablets* 

125 mg phosphorus from: 

189.4 mg of Potassium Phosphate Monobasic (KH2PO4) 22.76% 

349.5 mg of Potassium Phosphate Dibasic (K2HPO4) 17.78% 

108 mg of Dicalcium Phosphate 19% 

50 mg of Micro Crystalline Cellulose 

50 mg Stearic Acid 

10 mg Magnesium Stearate 

10 mg Croscarmellose Sodium 

5 mg Silicon Dioxide 

QS Pharmaceutical Glaze 

772 mg Total Theoretical Weight  

*A TCC Company 

 
 

 
 

Table 6. Ingredients of the Placebo Tablets* 

300 mg of Micro Crystalline Cellulose 

200 mg Calcium Carbonate 

160 mg Stearic Acid 

15 mg Magnesium Stearate 

20 mg Croscarmellose Sodium 

5 mg Silicon Dioxide 

QS Pharmaceutical Glaze 

700 mg Total Theoretical Weight 

*A TCC Company 
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Figure 4. Procedure for Diet-Induced Thermogenesis Test Days. M represents the measurements 

for 15 minutes on the COSMED machine; and B represents the break for 15 minutes 
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D. Anthropometric Measurements 

Weight (Kg) was measured using a calibrated Seca balance while subjects were 

wearing light clothes and without shoes, and height (cm) was measured using a portable 

stadiometer with a movable head piece. Waist circumference (cm) was measured at the 

umbilicus level, and hip circumference (cm) at the widest part of the buttocks using       

a flexible, non-stretchable measuring tape.  

 

E. Experimental Meals 

 The normal-protein meal and the high-protein meal had isocaloric content (554 

Kcal), and were prepared using the same ingredients but with varied levels of 

macronutrient distribution (Table 7). The experimental meals comprised of toast, butter 

and protein shake that was prepared using egg white powder, sugar and unsweetened 

cocoa powder with the addition of vanilla and raspberry flavors to increase the 

acceptability of the shake.  A spray-dried egg white powder was used as the main 

source of protein due to the fact that egg white protein is a complete protein having all 

the essential amino acids and is almost devoid of phosphorus (Kalantar-Zadeh et al., 

2010). The polysaccharide xanthan gum was used as a thickening agent and a taste 

enhancer in the protein shake preparation.  

 The normal-protein meal provided 21 grams of protein (15% of total energy), 

73 grams of carbohydrates (53% of total energy) and 20 grams of fat (32% of total 

energy). On the other hand, the high-protein meal provided 70 grams of protein (50% of 

total energy), 40 grams of carbohydrates (29% of total energy) and 13 grams of fat 

(21% of total energy).  
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Table 7. Composition of the Normal-Protein and High-Protein Meals 

 Normal-Protein Meal High-Protein Meal 

(Low in P) (Low in P) 

 

Toast 65 grams 30 grams 

P: 103 mg/100 g 

 

Butter 1.5 Tbsp. (21.3 grams) 1 Tbsp. (14.2 grams) 

P: 24 mg/100g 

 

Egg white protein powder 18 grams 82 grams 

P: 89mg/100g 

 

Unsweetened Cocoa Powder ½ Tbsp. (2.7 grams) ½ Tbsp. (2.7 grams) 

P: 734mg/100g 

 

Sugar 

 

3 Tbsp. (37.8 grams) 

 

4 tsp. (16.8 grams) 

 

Xanthan Gum 

 

0.1 grams 

 

0.2 grams 

 

Water 

 

330 ml 

 

330 ml 

 

Vanilla and Raspberry Flavors 

 

Few drops 

 

Few drops 

 

Carbohydrates  
    

Grams: 72.88 grams 39.6 grams 

Calories: 291.52 Kcal 158.4 Kcal 

Percentage: 52.61% 28.61% 

 

Proteins 
    

Grams: 21.06 grams 69.81 grams 

Calories: 84.24 Kcal 279.24 Kcal 

Percentage: 15.20% 50.43% 

 

Fats 
    

Grams: 19.81 grams 12.89 grams 

Calories: 178.29 Kcal 116.01 Kcal 

Percentage: 32.17% 20.95% 

 

Total Calories 

 

554 Calories 

 

554 Calories 

P (mg) 109 mg 143 mg 
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F. Measurement of Baseline and Postprandial EE, %FO, %CO and RQ 

 The machine measures O2 consumption and CO2 production by the machine’s 

own O2 and CO2 analyzers, and it calculates the difference between the expired air in 

the hood and room air. In addition, the machine automatically calculates energy 

expenditure, % fat oxidation, % carbohydrate oxidation and respiratory quotient. 

Absolute values for each variable were plotted against time, and difference from 

baseline was calculated for each variable by subtracting the absolute value at each time 

point from the average baseline value, and they were plotted against time. Respiratory 

quotient is an indication of substrate oxidation and it is expressed as the ratio of CO2 

produced to O2 consumed while food is being metabolized (RQ=CO2 produced/O2 

consumed), and it ranges from 0.7-1.0 (Fats: 0.7, Proteins: 0.8, Carbohydrates: 1.0).  

 

G. Urinary Parameters: Phosphorus, Creatinine, Urine Urea Nitrogen 

 Urine specimens were thawed at room temperature and were then centrifuged 

for 5 minutes at 3500 rpm at 20ºC using EPPENDORF Centrifuge 5810R. Urinary 

levels of phosphorus, creatinine, and urea nitrogen were measured using Vitros 350 

analyzer.  

 

H. Statistical Analysis 

 Data are presented as means ± SEM of all values. Data analysis was performed 

using the MINITAB 16 software program. Results were analyzed by two-way analysis 

of variance (ANOVA) with treatment (phosphorus or control) and time as the main 

variables. The paired t-test was used to compare urinary parameters between the control 

and phosphorus treatments. Statistical significance was set at P < 0.05.   
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CHAPTER IV 

RESULTS 

1) EXPERIMENT 1: EFFECT OF PHOSPHORUS SUPPLEMENTATION ON DIET-

INDUCED THERMOGENESIS OF LEAN MALE SUBJECTS CONSUMING A 

NORMAL PROTEIN-LOW PHOSPHORUS MEAL 

 

A. Subject Characteristics 

A total of 12 healthy lean male subjects completed experiment 1. Baseline 

characteristics including age, anthropometric measurements and serum parameters are 

presented in table 8. All participants had normal BMI, normal waist circumference and 

hip circumference, and normal fasting blood glucose levels, blood creatinine and 

estimated glomerular filtration rate.  

 

                      Table 8. Baseline Characteristics of the Normal-Protein Group 

Variable Mean ± SEM 

Age (years) 23.08 ± 1.45 

Anthropometric Variables   

Weight (Kg) 73.65 ± 1.90 

Height (cm) 178.09 ± 1.60 

BMI (Kg/m²) 23.279 ± 0.698 

WC (cm) 77.79 ± 1.92 

HC (cm) 98.36 ± 1.60 

Serum Parameters   

FBG (mg/dL) 89.67 ± 2.43 

Creatinine (mg/dL) 0.92 ± 0.04 

Est. GFR (mL/min/1.73mý( 114.92 ± 4.67 

Abbreviations: BMI, body mass index; WC, waist circumference; 

HC, hip circumference; FBG, fasting blood glucose; Est. GFR, 

estimated glomerular filtration rate. 
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B. Postprandial Energy Expenditure 

Resting energy expenditure (REE) of the lean male subjects was almost similar 

in both treatments, starting at 1.26 Kcal/minute in the control and 1.22 Kcal/minute in 

the phosphorus treatments.  Postprandial energy expenditure then increased similarly in 

both the control and phosphorus treatments following meal ingestion till it reached its 

maximum at 60 minutes (1.56 Kcal/minute) with phosphorus supplementation; 

however, this increase was significant according to time only (P=0.000) and there was 

no significant difference according to treatment (P=0.949). Afterwards, postprandial 

energy expenditure started to decline equally in both treatments reaching a minimum of 

1.39 Kcal/minute, but it failed to go back to baseline (Table 9 & Figure 5).  

A similar increase in ∆ postprandial energy expenditure was observed in both 

treatments in the first 30 minutes following meal ingestion. This was followed by a 

significant increase in ∆ postprandial energy expenditure with phosphorus 

supplementation according to time (P=0.000) and treatment (P=0.001), and it reached 

its maximum at 60 minutes (0.34 Kcal/minute). ∆ Postprandial energy expenditure 

started to decrease after 60 minutes in both treatments reaching a minimum of          

0.13 Kcal/minute and 0.17 Kcal/minute in the control and phosphorus treatments, 

respectively, but it failed to go back to baseline (Table 10 & Figure 6).  
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Table 9. Postprandial Energy Expenditure (Kcal/minute) of the Lean         

Subjects Following the Ingestion of the Normal-Protein Meal with or     

without Phosphorus 

Time (minutes) 
Control Phosphorus 

Mean ± SEM Mean ± SEM 

0 1.26 ± 0.05 1.22 ± 0.04 

30 1.49 ± 0.05 1.47 ± 0.06 

60 1.53 ± 0.05 1.56 ± 0.06 

90 1.53 ± 0.06 1.53 ± 0.05 

120 1.49 ± 0.05 1.49 ± 0.05 

150 1.48 ± 0.05 1.48 ± 0.04 

180 1.43 ± 0.06 1.44 ± 0.05 

210 1.39 ± 0.06 1.41 ± 0.05 

240 1.39 ± 0.06 1.39 ± 0.05 
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Figure 5. Postprandial Energy Expenditure (Kcal/minute) of the Lean Subjects 

Following the Ingestion of the Normal-Protein Meal with or without Phosphorus 
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Table 10. Changes in Postprandial Energy Expenditure (Kcal/minute)              

of the Lean Subjects Following the Ingestion of the Normal-Protein            

Meal with or without Phosphorus 

Time (minutes) 
Control Phosphorus 

Mean ± SEM Mean ± SEM 

0 0.00 ± 0.00 0.00 ± 0.00 

30 0.23 ± 0.02 0.24 ± 0.03 

60 0.27 ± 0.02 0.34 ± 0.03 

90 0.27 ± 0.03 0.31 ± 0.02 

120 0.23 ± 0.03 0.26 ± 0.02 

150 0.22 ± 0.02 0.26 ± 0.02 

180 0.18 ± 0.02 0.22 ± 0.02 

210 0.13 ± 0.02 0.19 ± 0.02 

240 0.13 ± 0.03 0.17 ± 0.03 
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Figure 6. Changes in Postprandial Energy Expenditure (Kcal/minute) of the Lean 

Subjects Following the Ingestion of the Normal-Protein Meal with or without 

Phosphorus 
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C. Postprandial Fat Oxidation 

   Baseline fat oxidation started at 62.1% in the control and 65.2% in the 

phosphorus treatments. Postprandial fat oxidation then decreased in both treatments in 

the first 30 minutes following meal ingestion reaching a minimum of 56.0% in the 

control and 59.0% in the phosphorus treatments. Afterwards, it started to increase in 

both treatments till the end of the experimental period reaching a maximum of 81.0% 

and 81.1% in the control and phosphorus treatments, respectively, and there was a 

significant difference between both treatments according to time (P=0.000) and 

treatment (P=0.040) (Table 11 & Figure 7).  

   A similar trend was observed in ∆ postprandial fat oxidation. There was a 

decrease in ∆ postprandial fat oxidation in the first 30 minutes after meal ingestion 

reaching a minimum of -4.7% in the control and -6.3% in the phosphorus treatments, 

followed by an increase that persisted till the end of the experimental period reaching a 

maximum of 16.7% in the control and 15.9% in the phosphorus treatments. However, 

there was a significant difference between both treatments according to time only 

(P=0.000), and there was no significant difference according to treatment (P=0.442) 

(Table 12 & Figure 8).  
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Table 11. Postprandial Fat Oxidation (%) of the Lean Subjects            

Following the Ingestion of the Normal-Protein Meal with or without 

Phosphorus 
 

Time (minutes) 
Control Phosphorus 

Mean ± SEM Mean ± SEM 

0 62.1 ± 5.21 65.2 ± 2.99 

30 56.0 ± 4.63 59.0 ± 5.02 

60 58.7 ± 4.77 65.3 ± 2.87 

90 68.4 ± 3.39 74.2 ± 2.37 

120 73.5 ± 2.63 74.0 ± 2.47 

150 73.4 ± 2.87 76.5 ± 2.13 

180 76.2 ± 1.71 79.2 ± 2.03 

210 79.0 ± 1.68 80.8 ± 1.55 

240 81.0 ± 1.02 81.1 ± 1.19 
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Figure 7. Postprandial Fat Oxidation (%) of the Lean Subjects Following the 

Ingestion of the Normal-Protein Meal with or without Phosphorus 
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Table 12. Changes in Postprandial Fat Oxidation (%) of the Lean           

Subjects Following the Ingestion of the Normal-Protein Meal with                   

or without Phosphorus 

Time (minutes) 
Control Phosphorus 

Mean ± SEM Mean ± SEM 

0 0.0 ± 0.00 0.0 ± 0.00 

30 -4.7 ± 3.70 -6.3 ± 3.42 

60 -3.5 ± 2.96 0.1 ± 2.62 

90 4.0 ± 4.41 9.0 ± 1.87 

120 9.2 ± 4.34 8.8 ± 1.97 

150 9.2 ± 3.67 11.3 ± 1.92 

180 11.8 ± 4.55 14.0 ± 2.52 

210 14.6 ± 5.23 15.6 ± 2.54 

240 16.7 ± 5.57 15.9 ± 2.47 
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Figure 8. Changes in Postprandial Fat Oxidation (%) of the Lean Subjects 

Following the Ingestion of the Normal-Protein Meal with or without Phosphorus 
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D. Postprandial Carbohydrate Oxidation 

   Baseline carbohydrate oxidation started at 19.3% in the control and 15.6% in 

the phosphorus treatments. Postprandial carbohydrate oxidation then increased in the 

first 30 minutes following meal ingestion in both treatments reaching a maximum of 

28.3% and 25.1% in the control and phosphorus treatments, respectively. Afterwards, it 

started to decrease in both treatments till the end of the experimental period reaching a 

minimum of 1.9%. There was a significant difference between both treatments 

according to time (P=0.000) and treatment (P=0.030) (Table 13 & Figure 9).   

   Similar differences were observed in ∆ postprandial carbohydrate oxidation in 

both treatments. ∆ Postprandial carbohydrate oxidation increased in the first 30 minutes 

following meal ingestion reaching a maximum of 9.0% and 9.5% in the control and 

phosphorus treatments, respectively, followed by a decrease in ∆ postprandial 

carbohydrate oxidation in both treatments that persisted till the end of the experimental 

period reaching a minimum of -17.4% in the control and -13.7% in the phosphorus 

treatments. However, the difference between both treatments was significant according 

to time only (P=0.000), and there was no significant difference according to treatment 

(P=0.667) (Table 14 & Figure 10).  
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Table 13. Postprandial Carbohydrate Oxidation (%) of the Lean              

Subjects Following the Ingestion of the Normal-Protein Meal with                   

or without Phosphorus 

Time (minutes) 
Control Phosphorus 

Mean ± SEM Mean ± SEM 

0 19.3 ± 4.89 15.6 ± 2.87 

30 28.3 ± 4.45 25.1 ± 4.92 

60 26.2 ± 4.71 19.6 ± 2.65 

90 16.2 ± 3.38 10.5 ± 2.23 

120 10.7 ± 2.56 10.2 ± 2.27 

150 10.7 ± 2.62 7.7 ± 1.96 

180 7.4 ± 1.59 4.4 ± 1.97 

210 4.1 ± 1.33 2.4 ± 1.56 

240 1.9 ± 0.80 1.9 ± 1.14 
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Figure 9. Postprandial Carbohydrate Oxidation (%) of the Lean Subjects 

Following the Ingestion of the Normal-Protein Meal with or without Phosphorus 
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Table 14. Changes in Postprandial Carbohydrate Oxidation (%) of the        

Lean Subjects Following the Ingestion of the Normal-Protein Meal               

with or without Phosphorus                                     

Time (minutes) 
Control Phosphorus 

Mean ± SEM Mean ± SEM 

0 0.0 ± 0.00 0.0 ± 0.00 

30 9.0 ± 3.62 9.5 ± 3.59 

60 6.9 ± 2.96 4.0 ± 2.63 

90 -3.1 ± 4.08 -5.1 ± 1.86 

120 -8.6 ± 3.67 -5.4 ± 1.99 

150 -8.6 ± 3.08 -7.9 ± 1.94 

180 -11.9 ± 3.97 -11.2 ± 2.59 

210 -15.2 ± 4.60 -13.2 ± 2.62 

240 -17.4 ± 4.99 -13.7 ± 2.47 
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Figure 10. Changes in Postprandial Carbohydrate Oxidation (%) of the Lean 

Subjects Following the Ingestion of the Normal-Protein Meal with or without 

phosphorus 
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E. Postprandial Respiratory Quotient (RQ) 

   Baseline RQ was 0.78 in the control and 0.75 in the phosphorus treatments. 

Postprandial RQ then increased in the first 30 minutes following meal ingestion in both 

the control and phosphorus treatments reaching a maximum of 0.81 and 0.79 in the 

control and phosphorus treatments, respectively, then it started to decrease in both 

treatments till the end of the experimental period reaching a minimum of 0.67 in the 

control and 0.65 in the phosphorus treatments. There was a significant difference 

between both treatments according to time (P=0.000) and treatment (P=0.003) (Table 

15 & Figure 11).  

   Similar changes were observed in ∆ postprandial RQ in both treatments; the 

same increase in the first 30 minutes reaching a maximum of 0.03 and 0.04 in the 

control and phosphorus treatments, respectively, and the same decrease was observed 

afterwards that persisted till the end of the experimental period reaching a minimum of  

-0.11 in both treatments. There was a significant difference between both treatments 

according to time only (P=0.000), and there was no significant difference according to 

treatment (P=0.664) (Table 16 & Figure 12).  
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Table 15. Postprandial Respiratory Quotient (RQ) of the Lean               

Subjects Following the Ingestion of the Normal-Protein Meal with                    

or without Phosphorus 

Time (minutes) 
Control Phosphorus 

Mean ± SEM Mean ± SEM 

0 0.78 ± 0.02 0.75 ± 0.02 

30 0.81 ± 0.02 0.79 ± 0.02 

60 0.79 ± 0.02 0.77 ± 0.01 

90 0.76 ± 0.01 0.73 ± 0.01 

120 0.73 ± 0.01 0.73 ± 0.01 

150 0.73 ± 0.01 0.72 ± 0.01 

180 0.72 ± 0.01 0.69 ± 0.02 

210 0.70 ± 0.01 0.66 ± 0.02 

240 0.67 ± 0.01 0.65 ± 0.01 
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Figure 11. Postprandial Respiratory Quotient (RQ) of the Lean Subjects Following 

the Ingestion of the Normal-Protein Meal with or without Phosphorus 
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Table 16. Changes in Postprandial Respiratory Quotient (RQ) of the           

Lean Subjects Following the Ingestion of the Normal-Protein Meal              

with or without Phosphorus 

Time (minutes) 
Control Phosphorus 

Mean ± SEM Mean ± SEM 

0 0.00 ± 0.00 0.00 ± 0.00 

30 0.03 ± 0.01 0.04 ± 0.01 

60 0.02 ± 0.01 0.01 ± 0.01 

90 -0.02 ± 0.02 -0.02 ± 0.01 

120 -0.04 ± 0.01 -0.02 ± 0.01 

150 -0.04 ± 0.01 -0.03 ± 0.01 

180 -0.06 ± 0.02 -0.06 ± 0.01 

210 -0.08 ± 0.02 -0.09 ± 0.01 

240 -0.11 ± 0.02 -0.11 ± 0.01 
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Figure 12. Changes in Postprandial Respiratory Quotient (RQ) of the Lean Subjects 

Following the Ingestion of the Normal-Protein Meal with or without Phosphorus 
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F. Urinary Parameters 

           Urine was collected at the end of the experimental period in each visit and the 

whole volume was recorded. Using Vitros 350 analyzer, the following urinary 

parameters were measured: total phosphorus, total creatinine, and total urine urea 

nitrogen (UUN). Moreover, phosphorus to creatinine ratio (P/Cr), and UUN to 

creatinine ratio (UUN/Cr) were calculated.  

           Phosphorus to creatinine ratio (P/Cr) was significantly higher with phosphorus 

supplementation (P=0.027); however, no significant differences were observed in the 

other urinary parameters between the control and phosphorus treatments (Table 17).   

 
 
 
 

Table 17. Urinary Parameters of the Control and Phosphorus Treatments of the 

Normal-Protein Group 

Variable 
Control Phosphorus 

P-Value 
Mean ± SEM Mean ± SEM 

V of Urine (ml) 460.8 ± 68.6 354.2 ± 48.7 - 

Total P (mg) 167.7 ± 33.2 236.6 ± 25.6 0.121 

Total UUN (mg) 3468 ± 248 3287 ± 246 0.621 

P/Cr 0.31 ± 0.05 0.50 ± 0.05   0.027* 

UUN/Cr 6.96 ± 0.53 7.02 ± 0.25 0.897 

Abbreviations: V, volume; P, phosphorus; UUN, urine urea nitrogen; Cr, creatinine.                                                                                                                

*P-Value<0.05, values that are significantly different between the control and the phosphorus 

treatments using paired t-tests. 
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2) EXPERIMENT 2: EFFECT OF PHOSPHORUS SUPPLEMENTATION ON DIET-

INDUCED THERMOGENESIS OF LEAN MALE SUBJECTS CONSUMING A 

HIGH PROTEIN-LOW PHOSPHORUS MEAL 

 

A. Subject Characteristics 

A total of 12 healthy lean male subjects completed experiment 2. Baseline 

characteristics including age, anthropometric measurements and serum parameters are 

presented in table 18. All participants had normal BMI, normal waist circumference and 

hip circumference, and normal fasting blood glucose levels, blood creatinine and 

estimated glomerular filtration rate.  

            

                    Table 18. Baseline Characteristics of the High-Protein Group 

Variable Mean ± SEM 

Age (years) 22.33 ± 1.30 

Anthropometric Variables   

Weight (Kg) 73.85 ± 2.40 

Height (cm) 180.18 ± 1.46 

BMI (Kg/m²) 22.733 ± 0.573 

WC (cm) 78.99 ± 1.78 

HC (cm) 98.63 ± 1.84 

Serum Parameters   

FBG (mg/dL) 88.83 ± 1.94 

Creatinine (mg/dL) 0.88 ± 0.03 

Est. GFR (mL/min/1.73mý( 121 ± 2.86 

Abbreviations: BMI, body mass index; WC, waist circumference; 

HC, hip circumference; FBG, fasting blood glucose; Est. GFR, 

estimated glomerular filtration rate. 
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B. Postprandial Energy Expenditure 

Resting energy expenditure (REE) of the lean male subjects was the same in 

both visits (1.20 Kcal/minute). Postprandial energy expenditure then increased equally 

in both the control and phosphorus treatments in the first 90 minutes following meal 

ingestion. Afterwards, the increase was more pronounced with phosphorus 

supplementation starting from 120 minutes and onward reaching its maximum at 120 

minutes (1.51 Kcal/minute), and there was a significant difference between both 

treatments according to time (P=0.000) and treatment (P=0.024). In both treatments, 

postprandial energy expenditure failed to go back to baseline and it remained at a high 

level in the control (1.40 Kcal/minute) and in the phosphorus (1.45 Kcal/minute) 

treatments till the end of the experimental period (Table 19 & Figure 13).  

The same trend was observed in ∆ postprandial energy expenditure.                 

∆ Postprandial energy expenditure increased similarly in both the control and 

phosphorus treatments in the first 90 minutes following meal ingestion. This was 

followed by a significant increase in ∆ postprandial energy expenditure with phosphorus 

supplementation starting from 120 minutes and onward according to time (P=0.000) 

and treatment (P=0.003), and it reached its maximum at 120 minutes (0.31 

Kcal/minute). Moreover, ∆ postprandial energy expenditure failed to go back to 

baseline and it remained at a high level till the end of the experimental period in both 

the control (0.21 Kcal/minute) and phosphorus (0.24 Kcal/minute) treatments (Table 20 

& Figure 14).    
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Table 19. Postprandial Energy Expenditure (Kcal/minute) of the Lean       

Subjects Following the Ingestion of the High-Protein Meal with or           

without Phosphorus  

Time (minutes) 
Control Phosphorus 

Mean ± SEM Mean ± SEM 

0 1.20 ± 0.02 1.20 ± 0.04 

30 1.39 ± 0.05 1.40 ± 0.05 

60 1.44 ± 0.04 1.43 ± 0.04 

90 1.45 ± 0.04 1.48 ± 0.05 

120 1.44 ± 0.04 1.51 ± 0.05 

150 1.42 ± 0.04 1.48 ± 0.03 

180 1.40 ± 0.04 1.47 ± 0.04 

210 1.36 ± 0.04 1.46 ± 0.04 

240 1.40 ± 0.05 1.45 ± 0.04 

 

 

 

 

 

 

 

 

 

 

Figure 13. Postprandial Energy Expenditure (Kcal/minute) of the Lean Subjects 

Following the Ingestion of the High-Protein Meal with or without Phosphorus 
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Table 20. Changes in Postprandial Energy Expenditure (Kcal/minute) of          

the Lean Subjects Following the Ingestion of the High-Protein Meal with          

or without Phosphorus 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. Changes in Postprandial Energy Expenditure (Kcal/minute) of the Lean 

Subjects Following the Ingestion of the High-Protein Meal with or without 

Phosphorus  
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C.    Postprandial Fat Oxidation 

Baseline fat oxidation started at 59.7% and 58.9% in the control and 

phosphorus treatments, respectively. Postprandial fat oxidation then increased directly 

following meal ingestion in both treatments, and it remained increasing till the end of 

the experimental period reaching a maximum of 81.5% in the control and 80.0% in the 

phosphorus treatments. However, there was a significant difference between both 

treatments according to time only (P=0.000), and there was no significant difference 

according to treatment (P=0.120) (Table 21 & Figure 15).  

Similar differences were observed in ∆ postprandial fat oxidation in both 

treatments. ∆ Postprandial fat oxidation increased directly following meal ingestion, and 

it remained increasing till the end of the experimental period reaching a maximum of 

21.9% and 21.1% in the control and phosphorus treatments, respectively. There was no 

significant difference in ∆ postprandial fat oxidation between both treatments according 

to treatment (P=0.328), but there was a significant difference according to time 

(P=0.000) (Table 22 & Figure 16).   
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Table 21. Postprandial Fat Oxidation (%) of the Lean Subjects            

Following the Ingestion of the High-Protein Meal with or without     

Phosphorus 

Time (minutes) 
Control Phosphorus 

Mean ± SEM Mean ± SEM 

0 59.7 ± 5.72 58.9 ± 4.43 

30 66.3 ± 4.03 64.8 ± 3.78 

60 69.1 ± 4.37 65.3 ± 3.02 

90 71.9 ± 3.21 67.2 ± 3.71 

120 75.2 ± 2.66 73.0 ± 3.15 

150 77.7 ± 2.21 75.0 ± 2.65 

180 80.5 ± 1.43 77.3 ± 2.41 

210 80.4 ± 1.26 79.8 ± 1.32 

240 81.5 ± 1.11 80.0 ± 1.88 

 

 

 

 

 

 

 

 

 

 

Figure 15. Postprandial Fat Oxidation (%) of the Lean Subjects Following the 

Ingestion of the High-Protein Meal with or without Phosphorus 

 
 
 

30.0

40.0

50.0

60.0

70.0

80.0

90.0

0 30 60 90 120 150 180 210 240

 F
a
t 

O
x
id

a
ti

o
n

 (
%

) 

Time (minutes) 

Postprandial Fat Oxidation 

Control

Phosphorus

TW-ANOVA 

                 (P-Value) 

Time             0.000 

Phosphorus   0.120 

Interaction     0.999 



 
 
 

52 
 
 

Table 22. Changes in Postprandial Fat Oxidation (%) of the Lean                

Subjects Following the Ingestion of the High-Protein Meal with or           

without Phosphorus 

Time (minutes) 
Control Phosphorus 

Mean ± SEM Mean ± SEM 

0 0.0 ± 0.00 0.0 ± 0.00 

30 6.6 ± 3.51 6.0 ± 1.84 

60 9.4 ± 1.72 6.5 ± 2.52 

90 12.2 ± 3.28 8.3 ± 2.38 

120 15.5 ± 3.88 14.1 ± 1.87 

150 18.0 ± 4.04 16.2 ± 2.34 

180 20.8 ± 4.88 18.4 ± 2.46 

210 20.7 ± 5.11 21.0 ± 3.45 

240 21.9 ± 5.51 21.1 ± 3.46 

 

 

 

 

 

 

 

 

 
Figure 16. Changes in Postprandial Fat Oxidation (%) of the Lean Subjects 

Following the Ingestion of the High-Protein Meal with or without Phosphorus 
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D. Postprandial Carbohydrate Oxidation  

Baseline carbohydrate oxidation started at 20.9% in the control and 21.6% in 

the phosphorus treatments. Afterwards, postprandial carbohydrate oxidation decreased 

in both the control and phosphorus treatments directly following meal ingestion, and it 

remained decreasing till the end of the experimental period reaching a minimum of 

1.7% and 3.8% in the control and phosphorus treatments, respectively. There was a 

significant difference between both treatments according to time only (P=0.000), and 

there was no significant difference according to treatment (P=0.059) (Table 23 & Figure 

17).  

A similar trend was observed in ∆ postprandial carbohydrate oxidation.           

∆ Postprandial carbohydrate oxidation decreased in both treatments directly following 

meal ingestion, and it remained decreasing in both treatments till the end of the 

experimental period till it reached a minimum of -19.2% and -17.8% in the control and 

phosphorus treatments, respectively. There was a significant difference between both 

treatments according to time only (P=0.000), and there was no significant difference 

according to treatment (P=0.188) (Table 24 & Figure 18).   
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Table 23. Postprandial Carbohydrate Oxidation (%) of the Lean            

Subjects Following the Ingestion of the High-Protein Meal with or          

without Phosphorus 

Time (minutes) 
Control Phosphorus 

Mean ± SEM Mean ± SEM 

0 20.9 ± 5.44 21.6 ± 4.26 

30 16.9 ± 3.94 18.4 ± 3.74 

60 14.6 ± 4.25 18.3 ± 3.04 

90 12.0 ± 3.13 16.8 ± 3.87 

120 8.6 ± 2.57 11.5 ± 3.20 

150 5.9 ± 2.13 9.2 ± 2.54 

180 2.8 ± 1.09 6.8 ± 2.31 

210 2.5 ± 1.19 4.1 ± 1.06 

240 1.7 ± 0.87 3.8 ± 1.86 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. Postprandial Carbohydrate Oxidation (%) of the Lean Subjects Following 

the Ingestion of the High-Protein Meal with or without Phosphorus 
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Table 24. Changes in Postprandial Carbohydrate Oxidation (%) of the             

Lean Subjects Following the Ingestion of the High-Protein Meal with or 

without Phosphorus                         

Time (minutes) 
Control Phosphorus 

Mean ± SEM Mean ± SEM 

0 0.0 ± 0.00 0.0 ± 0.00 

30 -4.0 ± 3.59 -3.2 ± 1.81 

60 -6.2 ± 1.62 -3.3 ± 2.32 

90 -8.8 ± 3.27 -4.8 ± 2.30 

120 -12.2 ± 3.83 -10.1 ± 1.76 

150 -15.0 ± 3.95 -12.4 ± 2.31 

180 -18.1 ± 4.80 -14.8 ± 2.50 

210 -18.4 ± 5.09 -17.5 ± 3.54 

240 -19.2 ± 5.44 -17.8 ± 3.43 

 

 

 

                                                                                                                                   

 

 

 

 

 

 

 

 

Figure 18. Changes in Postprandial Carbohydrate Oxidation (%) of the Lean 

Subjects Following the Ingestion of the High-Protein Meal with or without 

Phosphorus 
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E. Postprandial Respiratory Quotient (RQ) 

Baseline RQ was the same in both visits starting at 0.78. Postprandial RQ then 

decreased following meal ingestion in both treatments, and it continued to decrease till 

the end of the experimental period reaching a minimum of 0.66 and 0.68 in the control 

and phosphorus treatments, respectively. There was a significant difference between 

both treatments according to time (P=0.000) and treatment (P=0.008) (Table 25 & 

Figure 19).  

Similar changes were observed in ∆ postprandial RQ in both the control and 

phosphorus treatments. ∆ Postprandial RQ decreased in both treatments following meal 

ingestion, and it remained decreasing till the end of the experimental period reaching a 

minimum of -0.13 and -0.10 in the control and phosphorus treatments, respectively. 

There was a significant difference in both treatments according to time (P=0.000) and 

treatment (P=0.003) (Table 26 & Figure 20).  
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Table 25. Postprandial Respiratory Quotient (RQ) of the Lean Subjects 

Following the Ingestion of the High-Protein Meal with or without       

Phosphorus 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

       

 
 

 
 
 
 

Time (minutes) 
Control Phosphorus 

Mean ± SEM Mean ± SEM 

0 0.78 ± 0.02 0.78 ± 0.02 

30 0.76 ± 0.02 0.76 ± 0.02 

60 0.75 ± 0.02 0.77 ± 0.01 

90 0.74 ± 0.01 0.76 ± 0.02 

120 0.72 ± 0.01 0.74 ± 0.01 

150 0.71 ± 0.01 0.73 ± 0.01 

180 0.68 ± 0.01 0.71 ± 0.01 

210 0.67 ± 0.02 0.69 ± 0.01 

240 0.66 ± 0.02 0.68 ± 0.01 
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                 (P-Value) 

Time              0.000 

Phosphorus   0.008 

Interaction      0.991 

Figure 19. Postprandial Respiratory Quotient (RQ) of the Lean Subjects Following 

the Ingestion of the High-Protein Meal with or without Phosphorus 



 
 
 

58 
 
 

Table 26. Changes in Postprandial Respiratory Quotient (RQ) of the             

Lean Subjects Following the Ingestion of the High-Protein Meal with               

or without Phosphorus 

Time (minutes) 
Control Phosphorus 

Mean ± SEM Mean ± SEM 

0 0.00 ± 0.00 0.00 ± 0.00 

30 -0.02 ± 0.01 -0.02 ± 0.01 

60 -0.03 ± 0.01 -0.01 ± 0.01 

90 -0.04 ± 0.01 -0.02 ± 0.01 

120 -0.06 ± 0.01 -0.04 ± 0.01 

150 -0.07 ± 0.01 -0.05 ± 0.01 

180 -0.10 ± 0.02 -0.07 ± 0.01 

210 -0.11 ± 0.02 -0.09 ± 0.01 

240 -0.13 ± 0.02 -0.10 ± 0.01 
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Figure 20. Changes in Postprandial Respiratory Quotient (RQ) of the Lean Subjects 

Following the Ingestion of the High-Protein Meal with or without Phosphorus 
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F. Urinary Parameters 

           Urine was collected at the end of the experimental period in each visit and the 

whole volume was recorded. Using Vitros 350 analyzer, the following urinary 

parameters were measured: total phosphorus, total creatinine, and total urine urea 

nitrogen (UUN). Moreover, phosphorus to creatinine ratio (P/Cr), and UUN to 

creatinine ratio (UUN/Cr) were calculated.  

           Total phosphorus (P=0.001) and phosphorus to creatinine ratio (P/Cr) (P=0.000) 

were significantly higher with phosphorus supplementation; however, there was no 

significant difference in total UUN and UUN to creatinine ratio (UUN/Cr) in both 

treatments (Table 27).  

 
 
 
 

Table 27. Urinary Parameters of the Control and Phosphorus Treatments of the High-     

Protein Group 

Variable 
Control Phosphorus 

P-Value 
Mean ± SEM Mean ± SEM 

V of Urine (ml) 391.7 ± 66.1 414.2 ± 48.6 - 

Total P (mg) 120.8 ± 15.5 246.9 ± 25.0 0.001* 

Total UUN (mg) 3002 ± 206 3305 ± 353 0.254 

P/Cr 0.27 ± 0.04 0.56 ± 0.05 0.000* 

UUN/Cr 6.75 ± 0.47 7.49 ± 0.64 0.095 

Abbreviations: V, volume; P, phosphorus; UUN, urine urea nitrogen; Cr, creatinine.                                                                                                                

*P-Value<0.05, values that are significantly different between the control and the phosphorus 

treatments using paired t-tests. 
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CHAPTER V 

DISCUSSION 

 

The present study investigated the effect of phosphorus supplementation on 

DIT and substrate oxidation of healthy lean male subjects consuming two isocaloric 

meals, a normal protein-low phosphorus meal and a high protein-low phosphorus meal. 

Our objective is based on the fact that the availability of phosphorus enhances the status 

of ATP in the body, including hepatic ATP, which is essential for many processes 

including eating behavior and energy expenditure (Obeid et al., 2010). Thus, low 

phosphorus intake would be associated with reduced ATP production and therefore, 

would affect food intake and energy expenditure. Furthermore, insulin production 

increases in the postprandial state which triggers the transfer of serum phosphorus into 

the intracellular space to phosphorylate several metabolites. This shift leads to a rapid 

decrease in serum phosphorus levels (Kalaitzidis et al., 2005) and therefore, decreases 

the availability of phosphorus for hepatic ATP production (Obeid, 2013). However, 

phosphorus ingestion provides a surplus of this mineral and thus improves its status in 

the liver and increases hepatic ATP production, which would consequently lead to an 

increase in ATP availability which is associated with an increase in DIT. In addition, 

phosphorus is known to stimulate insulin sensitivity (Obeid, 2013). It has been shown 

that the ingestion of 500 mg of phosphorus was associated with a significant increase in 

insulin sensitivity after 60 minutes of intake (Khattab et al., 2011). Moreover, a review 

paper done by Obeid (2013) has shown a positive correlation between phosphorus and 

DIT.  
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The present findings confirm that there is a strong association between 

phosphorus intake and DIT. There was a significant increase in DIT following 

phosphorus ingestion (500 mg) with the normal-protein meal and with the high-protein 

meal. This increase in DIT is associated with an increase in ATP production that 

depends primarily on the availability of the ingested phosphorus. However, phosphorus 

ingestion with the normal-protein meal and with the high-protein meal did not 

significantly affect fat oxidation and carbohydrate oxidation. Moreover, phosphorus 

supplementation had no significant effect on urinary nitrogen excretion.  

   Our data support studies that have correlated phosphorus intake to decreased 

body weight and visceral fat. For instance, a recent study done on overweight and obese 

adults found that phosphorus supplementation (375 mg) with each main meal 

(breakfast, lunch, and dinner) for 12 weeks was significantly associated with decreased 

body weight, BMI, and WC (Ayoub et al., 2015). The mechanism underlying the 

association between phosphorus intake and reduced body weight, BMI, and WC could 

be explained by the increase in DIT following the ingestion of phosphorus with each 

meal. Our results are also consistent with previous studies that have examined the 

effects of high-protein diets on weight loss. It has been shown that dietary proteins are 

associated with reduced energy intake (Leidy et al., 2015) and increased thermogenesis 

(Paddon-Jones et al., 2008). It is important to mention that dietary proteins are also rich 

sources of phosphorus; therefore, further supporting our findings. 

   It has been shown for many years that the ingestion of dietary proteins causes a 

rapid increase in postprandial energy expenditure immediately following meal ingestion 

(Acheson et al., 2011). In addition, recent findings suggest that diets high in protein 

(HP, >20% of energy from protein) have a higher thermogenic effect than normal-
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protein diets (NP, <20% of energy from protein) over the short term as well as the long 

term (Yang et al., 2014). In line with that, our results have shown that following protein 

consumption, postprandial energy expenditure rises rapidly and was sustained for as 

long as four hours post high-protein meal consumption, and to a lower extent post 

normal-protein meal consumption. However, postprandial energy expenditure of the 

phosphorus supplemented group was found to be significantly higher than that of the 

control especially from 60 minutes (0.34 Kcal/minute) and onward following the 

normal-protein meal consumption (P=0.001), and from 120 minutes (0.31 Kcal/minute) 

and onward following the high-protein meal consumption (P=0.003). The effect of 

phosphorus supplementation with the normal-protein meal on DIT was obvious one 

hour post meal ingestion. This could be explained by the fact that the majority of 

phosphorus needs 60 minutes to be absorbed (Karczmar et al., 1989; Khattab et al., 

2015). However, the effect of phosphorus supplementation with the high-protein meal 

on DIT was obvious two hours post meal ingestion. This could be explained by the 

effect of protein-rich meals on delayed gastric emptying. 

   Postprandial protein synthesis increased with phosphorus supplementation in 

the normal-protein meal experiment due to the fact that phosphorus availability led to an 

increase in hepatic ATP production, and protein synthesis is known to be energy 

expensive with a minimal cost of 4 ATP equivalents needed for the formation of 1 

peptide bond (Bender et al., 2012). Moreover, phosphorus is known to stimulate insulin 

sensitivity therefore, the improvement in insulin sensitivity and the availability of ATP 

led to an increase in postprandial protein synthesis which is translated into increased 

thermogenesis. Therefore, the increase in postprandial energy expenditure with 

phosphorus supplementation in the normal-protein meal experiment was probably due 
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to an increase in postprandial protein synthesis. Additionally, the increase in DIT with 

phosphorus supplementation in the high-protein meal experiment could be explained by 

the energy-requiring pathways of protein metabolism. As mentioned previously, 

enhanced insulin sensitivity and ATP availability as a consequence of phosphorus 

supplementation led to an increase in postprandial protein synthesis; however, the body 

has no storage capacity to cope with high protein intakes and thus, needs to be 

metabolized immediately (Yang et al., 2014). Therefore, the surplus of amino acids that 

could not be involved in protein synthesis are directed into other energy-requiring 

pathways of protein metabolism including gluconeogenesis and ureagenesis. The energy 

costs of protein synthesis and protein break down have been estimated to be 3.6 and 0.7 

kJ/g, respectively (Veldhorst et al., 2009). The high ATP costs of postprandial protein 

synthesis and the high cost of urea production and gluconeogenesis could therefore 

explain the increase in postprandial energy expenditure that was sustained for 4 hours in 

the high-protein meal experiment.  

   Our results are consistent with previous studies that have examined the effects 

of normal-protein diets and high-protein diets on postprandial energy expenditure. 

Postprandial energy expenditure of healthy subjects consuming a high-protein meal 

(25% of total energy) was significantly higher than postprandial energy expenditure 

following the consumption of an adequate-protein meal (10% of total energy), and this 

increase persisted >210 minutes (Smeets et al., 2008). Moreover, a greater DIT resulted 

from the consumption of a high-protein (62% protein) liquid meal replacement shake 

compared with a normal-protein (17% protein) liquid meal replacement shake in healthy 

active subjects (Scott & Devore, 2005). Karst et al. (1984) observed an increase in DIT 

of healthy lean male subjects consuming 1 MJ protein meal in the form of egg white, 
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and this increase persisted over 4 hours. They suggested that protein degradation 

definitely played a role in the high DIT; however, it was not the main causal factor. In 

line with that, it is reasonable to conclude that the higher DIT induced by high-protein 

meals compared to that of normal-protein meals is attributed to their higher phosphorus 

content besides the energy-requiring pathways of protein metabolism.  

   In the overnight postabsorptive state, the body chiefly relies on fat oxidation 

for energy production following glucose utilization that is derived from endogenous 

glucose production, which consists of two processes, glycogenolysis (the release of 

glucose from stored glycogen) and gluconeogenesis (the synthesis of glucose from non-

carbohydrate substrates) (Veldhorst et al., 2009). This was clearly revealed by our 

baseline measurements in which baseline fat oxidation of the lean male subjects was 

high in both the normal-protein meal and the high-protein meal experiments, control: 

62.1%; phosphorus: 65.2%, and control: 59.7%; phosphorus: 58.9%, respectively. On 

the other hand, baseline carbohydrate oxidation of the lean male subjects was low in 

both the normal-protein meal and the high-protein meal experiments, control: 19.3%; 

phosphorus: 15.6%, and control: 20.9%; phosphorus: 21.6%, respectively.  

   There is an evidence for the existence of hierarchy in macronutrient oxidation 

rate in the postprandial state with the following sequence: protein > carbohydrate > fat. 

Additionally, a negative relationship was found between postprandial fat and glucose 

oxidation in lean subjects (Tentolouris et al., 2008). This comes in line with our results 

in which postprandial glucose utilization increased in the first 30 minutes following the 

ingestion of the normal-protein meal with and without phosphorus supplementation, and 

was accompanied by a decrease in fat oxidation. This could be explained by the action 

of insulin release which stimulated glucose utilization and blocked fat oxidation. 
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However, 30 minutes post meal ingestion, the body shifted to fat utilization and glucose 

utilization was decreased, and this persisted till the end of the experimental period. 

Furthermore, an increase in postprandial RQ was observed in the first 30 minutes 

following the normal-protein meal ingestion which is an indication of glucose 

utilization, and this was followed by a decrease in postprandial RQ which indicates fat 

oxidation.  

   Postprandial fat oxidation of the lean male subjects increased directly 

following the ingestion of the high-protein meal with and without phosphorus 

supplementation, and was accompanied by a decrease in glucose utilization that 

persisted till the end of the experimental period. Moreover, a decrease in postprandial 

RQ was observed directly following meal ingestion which persisted till the end of the 

experimental period indicating fat oxidation. A possible explanation of the enhanced fat 

oxidation following a high-protein meal consumption is the low carbohydrate content of 

such meals (Labayen et al., 2004). Additionally, it is known that increased fat oxidation 

inhibits glucose utilization via glycolytic and aerobic pathways. The sites of inhibition 

of glucose utilization are the steps catalyzed by phosphofructokinase, the rate-limiting 

enzyme in glycolysis, and pyruvate dehydrogenase, the enzyme required for the 

formation of acetyl coenzyme A from pyruvate. This relationship is known as the 

glucose-fatty acid cycle which indicates that an elevation in fat oxidation interferes with 

glucose oxidation (Tentolouris et al., 2008).  

   Our data are supported by previous findings in which the consumption of a 

high-protein meal was associated with a higher postprandial fat oxidation as compared 

with a balanced-protein meal in both lean and obese subjects (Labayen et al., 2004). 

Moreover, Lejeune et al. (2006) found that a high-protein diet, compared with an 
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adequate-protein diet, was associated with an increased 24-h satiety, thermogenesis, 

sleeping metabolic rate, protein balance, and increased fat oxidation when consumed in 

energy balance over 4 days.  

   Phosphorus supplementation with both the normal-protein meal and the high-

protein meal had no significant effect on fat oxidation and carbohydrate oxidation, and 

on urinary nitrogen excretion. We expected that the levels of urine urea nitrogen (UUN) 

would be lower with phosphorus supplementation indicating that protein synthesis is 

enhanced and protein degradation is decreased since urea nitrogen is positively 

correlated with protein breakdown. The reason behind that could be the short duration 

of the experimental period and more time could be needed to determine the effect of 

phosphorus ingestion on urinary nitrogen excretion. In agreement with previous studies 

(Garrow & Hawes, 1972; Karst et al., 1984), the increase in DIT in both the normal-

protein meal and the high-protein meal experiments did not affect urinary nitrogen 

excretion. Additionally, Johnston et al. (2002) found no effect of a high-protein diet 

intervention on both plasma urea nitrogen and urine urea nitrogen concentrations.   

   The main strength of the present study lies in its design. A randomized 

controlled trial determines whether a cause-effect relationship exists between an 

intervention and an outcome, and the process of randomization helps minimize the risk 

of any possible bias. Additionally, all subjects had similar baseline characteristics, and 

the content and quantity of the test meals were accurately monitored and the only 

difference was the exposure to the treatment. Furthermore, blinding helps avoid possible 

bias occurring in the responses of the participants to the different treatments.  

   Our study is not without limitations. The first limitation lies in its small sample 

size. Second, although subjects were under good control, some movements and a few 
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moments of sleepiness were unavoidable during the experimental period, which might 

have slightly affected some measurements.  Moreover, it would have been interesting to 

collect subjective appetite scores from the participants, and to measure blood levels of 

hunger and satiety hormones at baseline and in the postprandial state to examine 

whether or not phosphorus supplementation exerts any effect.  
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CHAPTER VI 

CONCLUSION AND RECOMMENDATIONS 

 

Our results have shown that the ingestion of 500 mg of phosphorus with a 

normal protein-low phosphorus meal and with a high protein-low phosphorus meal was 

significantly associated with an increase in DIT and thus, the high thermogenesis of 

proteins is partially attributed to their high content of phosphorus. Phosphorus, 

therefore, could be the key for weight loss through its effect on increasing DIT. 

Accordingly, dietary phosphorus intake has a beneficial role in preventing the depletion 

of intracellular phosphorus and the consequent low ATP production which is translated 

into low thermogenesis. Additionally, our results have shown no significant effect of 

phosphorus ingestion on fat and carbohydrate oxidation, and on urinary nitrogen 

excretion. 

In conclusion, our results support a promising role of the mineral phosphorus 

in weight management through its effect on increasing DIT. Therefore, phosphorus 

could be considered for future use in the form of weight reducing supplements or 

implementing fortification of flour. Further research should be considered to examine 

the exact mechanism of action of phosphorus on DIT and substrate oxidation in the 

human body.   
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APPENDIX I 

GENERAL HEALTH SCREENING QUESTIONNAIRE 

(ENGLISH) 
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APPENDIX II  

GENERAL HEALTH SCREENING QUESTIONNAIRE 

(ARABIC)  
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APPENDIX III 

NORMAL PROTEIN CONSENT FORM (ENGLISH) 
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APPENDIX IV 

NORMAL PROTEIN CONSENT FORM (ARABIC) 
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APPENDIX V 

HIGH PROTEIN CONSENT FORM (ENGLISH) 
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APPENDIX VI 

HIGH PROTEIN CONSENT FORM (ARABIC) 
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